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Part I.

A Synthesis of Polyhydroxystilbenes.
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INTRODUCTION,

0f the mony woods in commercial use, some have been
found to be more resistant to decay and insect attack than
others, and it has been suggestedl that such resistance
results from the presence of substances toxic to the fungi
which normally initiate the decomposition processes. In
general, this durability seems to be restricted to the

so-~called heartwood of the tree.

The physiology of heartwood formation has not been
studied in much detail. Héartwood is dead tissue which
does not take part in the transport of water and is
therefore much drier than sapwood and much more difficult
to impregnate. (As 2 rule it is also darker in colour
than sapwood, or becomes coloured on exposure to the
atmosphere or light, due probably to the oxidation of
various chr&mogens such as phenols, tonnin,
leucoanthocyanins, etc.). It seems quite natural that
many plants during evolution should acquire an ability to
protect the dead, and therefore especially vulnerable,
heartwood by means of suitable preservatives excreted

into the dead wood, or bark, as metabolic end-products.

This postulated connection between a high degree
of durability and the presence of some kind of fungal

inhibitor was substantiated by the isolation, from
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entirely unrelated genera of coniferous and
dicotyledonous trees; of a family of fungal=inhibitory
stilbenes, all of which, so far, have been shown to be
substituted 3',5'-dihydroxystilbenes (1; 5-styryl-
resorcihols), containing free or methylated hydrbxyl

groups.

However, important as such compounds may be in
nature as protectors against disease, they also have
value from a taxonomic point of view. Not all plant
Properties are significant in botanical classifications,
and more attention is paid by taxonomists to the minor
characteristics and constituents, since they are usually
inherited by succeeding generations without undergoing
much change. Comparatively recent specializations
possess little taxonomic importance, and thus heartwood
constituents are of greater significance in this respect
than those of more highly specialized organs, since it is
reasonable to suppose that once a good preservative was
established, there would be no necessity for further
impro#ements, and so the ability to form such a preserv-
ative would be handed down from species to species.

Minor changes may have occurred; hydroxyl groups may have
been introduced, or methylated, or dehydrations may have
taken place, but the fundamental structure remains

unaltered.
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It was in an attempt to correlate chemical and
botanical classifications that o systematic study of
pine heartwoods was initiated by Erdtmang and
subsequently carried on by Lindstedt3, an investigatidn
which originated primarily because of the outstanding
economic- importance of these conifers. Analysis. of
the phenolic content of the heartwood of forty-eight
Pinus species showed the presence of 2o number of related
phenols and flavones, the principal constituents being
pinosylvin (2) or its mono-methyl ether (3). These
compounds are responsible for the high resistance of the
wood to attack by fungi (by inhibition of spore
germination) as evidenced by tests carried out in vitro
on & variecty of such organisms, Erdtman and his
associates have shown that while either pinosylvin or
its methyl ether is present in the heartwood of the
majority of Pinus species, neither is to be found in any
other genus of conifer, However, the discovery of other
stilbenes, possessing o hydroxy substituted nucleus, in

4 suggests that

entirely unrelated genera of dicotyledons
these polyhydroxystilbenes may also prove characteristic

of certain hardwood genera.

The wood of the Osage orange (Toxylon pomiferum)

was found to be remarkably resistant to decay, a fact

_3...






subsequently explained by the isolation of hydroxy-

resveratrol (5; 2;4;3‘,5'—tetrahydroxystilbene), _

previously isolated from wild hellebore root by Takaoka5’6

and shown to be toxic to five out of thirteen organisms

tested., Resveratrol (63 4;3‘,5'~trihydroxystilbene)
1

was also isolated from wild hellebore root',

An examination of the heartwood of Pterocarpus

dalbergioides, P, macrocarpus, P. soyauxii, and

P, tinctorius revealed the general occurrence of
pterostilbene (7), pterocarpin (8) and homopterocarpin (9),
compounds previously isolated from red sandalwood by
McGookin; Robertson and WhalleyB; and Spgth and Schlagerg.
Experiments carried out at the D.S.I.R. Forest Products
Research Laboratory showed pterostilbene to be strongly
toxic to the brown rot fungus; whereas pterocarpin and
homopterocarpin do not affect the growth of this wood
rotting organism. Thus the presence of pterostilbene

in the aforementioned Pterocarpus species is at least a
contributing factor to the fungal resistant quolities of

their heartwoods.

"Iroko" timber from the African tree Chlorophora

excelsa (Benth and Hook f), although widely used and long
noted for its resistance to fungal and insect attack, did

not occasion any chemical investigation regarding its

-4 -
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durability until 1949 when F.E. King and M.F. Grundonlo
isolated from it chlorophorin (10), another pinosylvin
phenol, having the same hydroxyl pattern as hydroxy-
resveratrol (5). In 1956, the most fully substituted
naturally occurring stilbenes so far encountered were
isolatedll from the heartwood of the South American trees

Vouacapoua macropetala and V. americana. Both contained

3.4,3',5' ~tetrahydroxystilbene (11), and present also in

V. macropetala was 3,4,5,3',5'-pentahydroxystilbene (13).

Rhapontigenin (12), the monomethyl ether of (11), was

isolated12 as a glucoside in Turkish rhubarb root (Rhus
pontifica).

The fact that all the phenolic compounds so far
isolated from the heartwood of these unrelated species
are derivatives of 3!',5'-dihydroxystilbene (1) would secem

to denote the existence of a common biosynthetic origin,

The discoveries in the last decade of the importance
of acetic acid, in the form of its thiocester, acetyl
coenzyme-A, as a building unit in cellular synthesis have
gimplified a number of difficulties concerning biosynthetic
pathways; Three distinct synthetic routes in which
"acetate" is involved can be distinguished:-

I. The condensation of acetate fragments into the branched

chain compound mevalonic acid (14) and the ultimate

~5=
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conversion of this into such building units as (15) -
the origin of steroids, carotenoids and terpenes -

and (16) (flowsheet I).

II. The linear condensation of acetate fragments
into chains, with or without ultimate cyclization

into benzene, naphthalene or anthracene derivatives.

ITII. The addition of two—-carbon units to a
precursor which may or may not be acetate derived,
This route is most commonly recognized in the

addition of - CH,.CO - units to a carboxyl group (17).

Birch and Donovan13 have suggested routes‘
IT and IITI as a general hypothesis for the plant
biosynthesis of natural product molecules
containing orcinol or phloroglucinol nuclei. In
the simplest formulation, continuous condensation
of two-carbon units (such as unreduced acetate)
can lead to the formation of a f -polyketo-fatty
acid chain (18). Cyclization of an intermediate
of this type (probably as its coenzyme—A ester)
can toke place in several ways to give phenolic
substances:
(1) Aldol condensations, giving rise to orcinol

derivatives, (19) and (20),

—6—
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(ii) Claisen condensations, which lead to

phloroglucinol—~type compounds (21).

This general biosynthetic scheme is supported
by the fact that there are many examples of compounds
of the type (19), (20) and (21) to be found in nature.
It moy bé that the {5~polyketo precursors are in fact
formed in nature os enzyme-—-substrate complexes, and that
they cyclize spontaneously on releacse from the enzyme
surface, With longer chain.{3—diketones, more complex
reactions moy occur (23, 24), and if the starting acid
was other thon a fatty acid of the type RCOOH, e.g. an
ancid of the type Ar.CH = CH-COOH, the scheme could be
extended to account for the origin of more complex

molecules,

The heartwood of nearly one hundred pine species
is known to contain, in association, two groups of
compounds; one based on pinosylvin (2), and the other
on 5,7-dihydroxyflavone (25), the individual components
of each group differing only in degree of methylation
and oxidation level. The fundamental carbon skeleton
of each of these two groups could be derived from o
common precursor by the routes already indicoted if the
starting acid were cinnamic ncid (i.e., 2 phenylpropane

derived unit), and the chain generanted by three

_7._
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successive additions of effective acetate units to each
cinnamyl coenzyme—A ester (flowsheet II), The B -keto
intermedicte (26) can now undergo cyclization as before:-
(1) Aldol condensation giving the substituted

stilbenes (2) ~nd
(11) Claisen—~type condensation leading to the flavone

type of compound (25),

The formation of resveratrol (53 23) by the
condensation and ring closure of (22) as mentioned above
is but one possible route to this compound. The
ocourrence in nature of other stilbenes with different
hydroxylation patterns indicates an alternative method
of biosynthesis in which one ring is phenylpropane
derived; and the other acetate derived. It has been
suggested that one (thé resorcinol-A)t> ~ 6 oy both
(A and B)l7 aromatic rings of naturally occurring
hydroxystilbenes (27) are biosynthetically derived from
acetate units. In the first cose, 1t was considered
that the remcining benzene ring was produced via the
shikimic acid pathwoy, and more recent Worle involving
tracer experiments has confirmed the view that ring B
does indeed originate from shikimic acid, and the A

ring from acetate units.

-8
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Shikimic acid is the key intermediate in the
biosynthesis of aromatic ring compounds from carbohydrate
precursors,l9 - 22 the well-known phenylpropanoid
(06 - 03) units being derived from shikimic acid by
addition of a three—carbon unit. Extracts have been
obtained from micro-organisms (BE. coli mutants) which
are capable of carrying out the combination of
phosphoenolpyruvate (28) with orythrose-4-~phosphate (29)
to give shikimic acic (32), (by way of dehydroquinic
(30) and dehydroshikimic (31) acids) (flowsheet III);
Further condensation of phosphorylated shikimic acid

with (28) results in prevhenic acid (34) via chorismic

acid®d (33). This latter acid (33) is 2 labile compound
which can be converted both enzymatically and chemically
into various intermediates in the biosynthesis of aromatic
compounds24. It rearranges, on mild heating under
alkaline conditions, into prephenic acid (34) and 2

model of (33) shows that the C(3> of the enolpyruvic

acid side chain lies in close proximity to C(1) of the

ring, which would prcsumably facilitate such a

conversion to (34).

With the formation of prephenic acid (34), the
pathway branches and the hydroxyl can either be lost

v}a dehydration to phenylpyruvic acid (35) or retained

-9
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o OOH
RICOCH,),CO.5.CoA ¢ R.COCH,COS CoA

(18)



to give p-hydroxyphenylpyruvic acid (35a). Each of
these products can undergo tronsomination, giving
phenylolanine (36) 2nd tyrosine (362) respectively,
Cinnamic acid (37) is obtained by enzymatic

deamination25

of (36), and p-hydroxycinaamic acid_(37a) -
an intermediate in the biosynthesis of the coumorins -
can arise cither by an analogous deamination of
terSin926 (362) or by hydroxylation of cinnamic acid
itself, Tracer experimentsz7 (using generally labelled
shikimic acid) have disposed of the possibility that an
important pathway to the cinnamic acids is by extension
of 2 substituted benzoic acid by the addition of o two-

carbon unit,

Recent Work28 on fatty acid biosynthesis has

shown that the unit nctually involved in the choin
extension is malonyl coenzyme-A (38), formed by the
carboxylation of acetyl coenzyme-A ester, an essential
primary step in the biosynthesis (flowsheet 1V).

However, this does not significantly 2lter the above
biogenetie scheme, although it is interesting to speculate
that the actual cyclization which occurs may be influenced
by the nature of the long chain {3~keto intermediate,

which could be either an acyl-malonyl derivative

~]10=—
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R.CO.CH(COOH).C0.SCo.A., or an acyl-acetyl derivative,

R.CO.CH,.C0.SCo0.A,

o
Theories and hypotheses must be substantiated by
laboratory experiments, and as early as 1893, J.N.
Collie?? had observed the formation of orcinol (although
in poor yields) (20) and of the related 2,6-dimethyl-4—
pyrone (39; dehydracetic acid) by intramolecular aldol
condensation of heptane-2,4,6-trione (183 diacetylacetone).
Birch3Y synthesized the two —polyketones; 8—phenyloct—
T-ene—2,4,6~trione (40) and its corresponding dihydro—
derivative (41). The former (40) might have been
expected to undergo cyclization, via an aldol condensation,
to give pinosylvin (2). However, treatment of trione
(40) under a variety of conditions gave no indication
whatever of the production of pinosylvin. A closer
analogy to Collie's conversion of the heptane trione
(18; R = CH3) t0 orcinol would be cyelization of trione
(41) to dihydro-pinosylvin (42)., This is also a compound
of some bilosynthetic interest since it occurs with
pinosylvin derivatives in pine heartwoods3l. Birch
finally accomplished this latter cyclization to (42),
obtaining as a by-product 4-benzyl-5-methyl-resorcinol
(43), produced by the alternative intramolecular aldol

condensation of trione (41).

-1]~
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In the present Work{ the dehydrogenation of
dihydroresorcinols (44) was studied, in particular the
dehydrogen&tion of S5-styryvlcyclohexane-1l,3~dione (45),
as this would provide = convenient route to pilnosylvin
end its analogues. It is of interest To note that an
alternative biogenesis of "pinosylvin—type" compounds
can be formulated (flowshecet V), with the cyclohexane-
l;3~dione (45) as an intermediate., Thus, if the
cinnamic acid is first converted to its homologous
coenzyme—A ester (463 styrylacrylic acid), it may o~dd
on two units of.malonyl coenzgyme-A to give the ester
(47). This latter con now only cyclize to a 5-styryl-
cyclohexane—l;3~dione (48), and by dehydrogenation, may
give the corresponding appropriately substituted

pinosylvin (49).

The vital step in this scheme is that the stérting
ester (46) already contains two double bonds, ~nd
therefore; in the final "active" species (47) cyclization,
’via an internal Michael condensation, can only follow
one path. Furthermore, the formation of the
styryleyclohexane dione (48) as an intermediate may be
the driving force of the reaction. The starting ester
(46) could; of course, arise from one of the

intermediates in the original scheme, Deamination of

10~
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phenylalonine (36) produces cinnomic acid (37), from
which ester (46) could be obtoined by a2ddition of a
malonyl coenzyme-A ester unit, with subsequent
decarboxylation, .~ reduction and dehydration of the

intermediate product (50).

A laboratory synthesis based on such a scheme was
successfully estnablished in the course of the present
study; and both pinosylvin (2) and the 3,4-methylenedioxy
derivative (51) of 3;4;3‘;5‘—tetrahydroxystilbene (11)
were prepared, Tracer experiments based on this schene
might well be of interest as regards its status as a
possible biosynthetic pathway. The object of the present
work was, in fact, to estoblish a general method of
synthesis for these polyhydroxystilbenes since they are
of interest from academic and taxonomic view-points.

They moy also have o considerable potential use as

fungicides,

~13~
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DISCUSSION.

The known naturally occurring polyhydroxystilbenes
are substituted 5—styrylresorcin01532(l). A1l previous
attempts to synthesise this class of compounds have been
characterized by rather drastic reaction conditions and
have been of limited applicability. The general method
employed in such attempts may be illustrated by the
recorded synthesisdd of 3',5'~dihydroxystilbene

(23 pinosylvin) itself (flowsheet V1).

3,5-dihydroxybenzaldehyde (52) was condensed with
sodium phenylacetate (53) in the presence of acetic
anhydride by a Perkin reaction to give the corresponding
stilbene carboxylic acid (54) in 46% yield. This latter
was then subjected to a drastic high temperature
degarboxylation (copper powder in gquinoline solution at
2400), and the resulting oily mixture of cis- and trans-
3',5'~diacetoxystilbene (55) hydrolysed with base, acid
isomerised, and distilled under vécuum to produce the
required trans-3!',5'-dihydroxystilbene (2). To date,
this method has been successful only in the preparation
of pinosylvind® €2) and its mono—>% (3) and diemethyl35
(4) ethers, resveratrol36 (6); pterostilbene37 (7) and
rhapontigenin38 (12). It has the serious disadvantage

of the vigorous decarboxylation conditions which result

14~
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in an oily mixture of cis— and trans— stilbenes,
Isonerization to the more stable desired trans—stilbene
was achieved by acid in the cases of pterostilbene3z its
nethyl ether and pinosylvin, and by thermal rearrangement
for pinosylvin dimethyl ether. However, yields were low

in all cases, only 24% of the oily mixture (55) being

pure pinosylvin,

The present alternative route to pinosylvin was
suggested by the ready availability of 5-styrylcyclohexane-
1,3-dione (45), This latter can be prepareds’ by the
reaction of cinnamaldehyde with acetone (flowsheet V11)
followed by Michael addition of diethyl malonate to the
resulting cinnamylideneacetone (56),  Subsequent Claisen
ring closure, with hydrolysis and decarboxylation, yields
_ the required dione. The advantagesof this scheme lie
in the ready accessibility of the starting materials and
also in the fact that reaction conditions are nild, The
intermediate styrylcyclohexane—l,3—dione (45) is quite
stable and contains two carbonyl groups which are conven-—
iently situated for conversion to the required neta—
Positioned phenolic groupings. The two carbonyls also
confer reactivity on the methylene group between then in
the nucleus, thereby making it a suitable site for the

introduction of & side-chain such as is found, for

-15~



OH - OH ?H

/// \ |
HO—<—/‘—CH=CH CH,CH=C —CH,CH,.CH==C

3

| |
OH CH, CHy

(10)

OR

(58) R = CO.CH,

57)

,‘ @-(CHmCH)fco..LCH:—-—cH)z_@
o ' ( , - =z



example, in chlorophorin (10).

It occurred to us that a2 simple dehydrogenation of
the intermediate styryloyclohexane—l;3~dione (45) should
lead directly to pinosylvin (2). Dehydrogenation of such
compounds to resorcinols had indeed already been effected
by a variety of methods; anhydrous ferric chloride

directly on the dione4o

41

, sulphur or seleniunm on the dione

enol ether and palladium -~ calcium carbonate on the

dione dibromide42.

In the present work we found that 5-styrylcyclohexane-
1,3-dione (45) was smoothly transformed in high yield (72%)
to pinosylvin diacetate (58) on treatment with palladised
charcoal in refluxing acetic anhydride, Base hydrolysis
then converted the diacetate to the parent pinosylvin,

7 identical in all respects with a sample derived from

natural sources,

To extend this synthesis to more highly substltuted
3' 5'—d1hydr0XJstllbenes with substituents in ring B, the
correspondingly substituted cinnamylideneacetone would
obviously be required as starting material, The method
employed in the pinosylvin synthesis (flowsheet V11) was
considered, However, despite the fact that the reaction

conditions are mild, there is a serious disadvantage to
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this synthetic route. The initial condensation gives
rise to a mixture of two products, namely a nonoarylidene-—
acetone (56) and a bis-compound (57). The separation of
these two is difficult and so the overall yield is low.

It was therefore necessary to devise an alternative route
to these compounds, preferably using the fairly readily

aveilable substituted benzaldehydes as starting reterial.

Since pure piperonal (58) was commercially obtainable
it was chosen as a trial compound for these studies, It

was converted to the corresponding 3,4-methylenedioxy-—
cinnanylideneacetic acid (61; piperic acid) by a nethod

which; it was hoped, would possess considerable generality.
This involved (flowsheet V111) a Grignard addition of
l-methoxybut—l-ene~3-yne nagnesiun bromide (59) to
piperonal (58) with subsequent lithium aluminiun hydride
reduction of the triple bond, followed by acid catalysed
réarrangement to the conjugated 3;4—methylenedioxy—
cinnanylideneacetaldehyde (60). Oxidation of this latter
with silver oxide gave piperic acid (61). The overall
yield of acid from piperonal was good (89%) and the
product was shown to be identical with an authentic

sample of piperic acid by conparison of melting points;

nixed melting points, infrared and ultraviolet spectra,

Theoretically, the required styrylcyclohexane~l,3-

-17~
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diones should now be obtainable via a Michael condensation
of the appropriate cinnanylideneacetic acid, probably as
its methyl ester (62); and ethyl aceteacetate, with
subsequent ring closure, hydrolysis and decarboxylation
(flowsheet 1X). This reaction was attempted several

tines but without success,

It was then decided to attenpt this condensation
using the corresponding methyl ketone. However, conversion
of piperic acid to the desired nethyl ketone (63;
nethysticone) proved unexpectedly difficult. The reaction
of lithium methyl with the acid’3, cadmiun dinethyl with
the acid chloride44 and treatment of the corresponding

45

diazoketone with hydrogen iodide all gave surprisingly

poor results.

In view of this disappointing lack of success, an
alternative approach to the required sﬁbstituted
cinnamylideneacetones was attenpted. It had been briefly
reported in a patent46 that pyrolysis of. the acetoacetate
of phenylethynylcarbinol (65; Ar. = Ph) gives
cinnamylideneacetone (56) (presumably via the Cope-like
rnechanism indicated in flowsheet X). This reaction was
therefore investigated and various nodifications were
enployed to improve the yields of the product. The

technique was finally perfected into what should prove
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Tlowsheet X.

Ar~CHO + NaC=CH —y Ar—-CH—C=CH
(64)

l
OH

- Ar—CH—C=CH  + CH3~.CO~CH2~CO‘OC2H5
o (64) | -

- OH
Ar—CcHYC=CH "
r.— —L= p o
C j | + CZHSQH  =+
bo—corcHyco-cH, o

(65)

l

Ar.—CH’;EJ:“—CH,ECl:H -‘ACQ—CH3 + | Co
H

ke

 Ac—CH=CH—CH=CH—CO—CH,
- (67) |




to be a snooth general method for the preparation of this
class of compounds i.e. the naturally occurring polyhydroxy-—

stilbenes.

The required acetylenic carbinol (64) was Fformed
(flowsheet X) from an appropriately substituted aromatic
aldehyde by .reaction with sodium acetylide in liquid.
ammonia47, and then heated under reflux for several hours
with acetoacetic ester in enhydrous toluene., The ethanol
formed in the reaction (flowsheet X) was distilled off
with the toluene, but the volume in the reaction flask was
kept constant by a continuous dropwise addition of more
pure toluene, thereby hoping to minimise the intermolecular
condensation of acetoacetic ester to dehydracetic acid
(66; formed as a by-product) by increased dilution.

The progress of the alcoholysis was followed by examining
the refractive index of aliquots of the distillate. When
this reached a constant value, close to that of pure
toluene; it was assumed that the ester exchange was
conplete and the remaining toluene was then replaced;

again by slow distillation,with decalin.

According to the patent46, the ethynylcarbinolaceto~

acetate (65) was rearranged to the corresponding arylidene-

acetone (67) by heating to 170° over six hours. However,
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it was found to be extremely difficult to maintain this
temperature for such a prolonged period; overheating
gave rise to charring and polymerisation, while with
insufficient heat the reaction did not attain completion.
This problem was finally overcome by using the high
boiling decalin as solvent for the rearrangement process,
This vital modification avoided the extensive pyrolysis
previously encountered and furnished the desired product

direct from reaction mixture in good yield and in a pure

form,

When this finally improved process was applied to

the acetylenic carbindl derived from piperunal (643 Ar =
CHZOZPh) the crystalline 3;4—methylenedioxycinnamylidene—
acetone (63) was readily obtained in fair yield.,  This
was converted to the 3;4—methylenedioxystyrylcyclohexane—
l;3—dione (68) by condensation with diethyl malonate.
Dehydrogenation of this dione by the palladised charcoal-—
acetic anhydride technique resulted in a smooth trans-—

formation to the diazcetate (69) which was then converted

to the parent phenol (70) by base hydrolysis. It was
hoped to cleave the methylenedioxy ring in this product
to afford the naturally occurring 3,4,3',5'-tetrahydroxy-

stilbene (11) or rhapontigenin (12), the monomethyl
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ether of (11), but lack of time prevented this,
Pinosylvin itself was also obtained via this process,
starting from the corresponding ethynylcarbinol (643

A.I' = Pho)o

It was also hoped to further illustrate the

general applicability of this synthesis by preparing
tetrahydroxystilbene (11) directly from protocatechu-
aldehyde (71), and hydroxyresveratrol (5) from [ -

resorcylaldehyde (72), the free hydroxyl groups in each
starting aldehyde being suitably protected, either as
the tetrahydropyranyl ethers or as a carbomethoxy
derivative. However; owing to circunmstances, 1t was
not possible to continue with this work and so these
projected syntheses were not attempted. The work has;
however, established a general synthetic route of sone
‘practicality to the substituted 3';5'-dihydroxystilbenes

from the corresponding "ring~B substituted" aldehydes.
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EXPERIMENTAL.

All infrared spectra were determined as nujol rmulls
unless otherwise stated, and were run on a Perkin-Elmer

137 spectrophotoneter.

Ultraviolet spectra were measured in absolute

ethanol solution with a Unicam S.P. 500 spectrophotdmeter.

A1l melting points are uncorrected and were

determined on a XKofler block.

Microanalyses were by Mr. J.M.L. Cameron, B.Sc.,

and his staff.

Pinosylvin Diacetate (58).

5—Styrylcyclohexane~l;3—dione57 (662 mg.);
palladised charcoal (650 mg. of 10%) and acetic anhydride
(10 ml,) were heated under reflux for six hours. When
cool, the reaction mixture was poured into water (30 ml,),
allowed to stand for twelve hours, and the catalyst
removed by filtration. The filtrate was extracted with
ether (3 x 50 ml.), and the combined extracts washed
with N sodiwm hydroxide solution (3 x 20 ml.), water
(2 x 20 ml.); brine, and finally dried over anhydrous
magnesium sulphate. The residue obtained on removal of

the ether crystallized to give crude pinosylvin

2D



diacetate (660 mg.) A specimen on recrystallization
from methanol gave colourless prisms of n.p. 99—1010,
alone or admixed with an authentic sample. (Found:

C 72:91; H 5:57. CygH (0, requires C 724965 H 5:44%).
V mex. 1768 (acetyl c%rbonyl) 1603 (double bond),

1580 (aromatic unsaturation), 963 (trans double boni)

912 (0-Pn) cm ™, Nmax. 228 ( € 16,150), 295 (€ 28 ,000),
308 (& 28 ooo), shoulder at 342 m f (& 12,800).

Pinosylvin (2).

The pinosylvin diacetate (307 mg.) was dissolved
in methanol (10 ml.) and water (6 ml,) and sodium hydroxide
(580 mg.) added. The mixture was heated on a steam—bath
until all the alkali had dissolved, the solution changing
from colourless to yellow to reddish brown. It was then
allowed to stand at room temperature for four hours.
Dilution with water, acidification to congo red paper
with 6N hydrochloric acid, and extraction with ether gave
a crude product which crystallized as plates from benzene
to give pinosylvin (150 mg. 70%) m.p. 155-157°, alone or
adnixed with an authentic sanple. (Found: ¢ T9+53%

H 6:02, Cq, 12o2 requires C 79+22; H 5-70%).
~/ max, 3350 cm, (hydroxyl), no carbonyl absorption,
N max, 300 (  26,500), 310 m p ( € 26,500).
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Preparation of Piperic Acid (61) from Piperonal.

1-lethoxybut-l~ene~3-yne (26 gn,) in 175 ml. of
tetrahydrofuran was added to a solution of ethyl nagnesiun-
bromide, also in tetrahydrofuran, the temperature being
naintained at about 40°, The mixture was stirred for an
hour at room temperature, cooled with ice—water; and 1o it
was added (over a twenty minute period) a solution of
piperonal (37¢5 gm.) in 50 ml., of tetrahydrofuran.  The
reaction was then allowed to stir overnight at room
temperature under an atmosphere of nitrogen. The nixture
was again cooled and treated with 16 cc, of absolute
ethanol, Twenty minutes later, solid lithium aluminium
hydride (9 gn.) was added in small portions over a 20-30
ninute interval, The mixture was again stirred overnight
under an atmosphere of nitrogen. Treatment with ethyl
acetate (12 ml,) and water (56 ml.) together with 6
sulphuric acid destroyed the excess lithium aluminium
hydride and at the same time hydrolysed the Grignard
conplex to a hydroxyl, which then elininated to complete
the conjugation, The agqueous and organic layers were
separated; the latter being extracted with ether. The
combined organic layers were washed with bicarbonate
solution, brine, and dried over anhydrous sodium sulphate.
The product, 3;4+methylenedioxycinnamylideneacetaldehyde,

was not isolated, and the 'silver oxide' oxidation was
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carried out "in situ". The theoretical yield of aldehyde
was calculated, and to the alcoholic (20 ml.) solution
was added double molecular quantities of silver nitrate
(89 gm.,) solution. Three molar quantities of 0-5N sodium
hydroxide solution were added dropwise over 40 nminutes
with stirring and in a cooling mixture, The reaction
mixture was allowed to stand overnight and then filtered
through celite to remove metallic silver, The filtrate,
an alkaline solution of the sodium salt of piperic acid
together with any unchanged aldehyde, was extracted with
ether and the piperic acid precipitated from the agueous
solution by acidification with hydrochloric acid. The
precipitate was filtered and dried; the total yield of
crude acid being 50 gm. (89%)., The acid gave yellow
needles fron ethanol; n.p. (in a sealed capillary) 224°
alone and when admixed with an authentic sample of the
natural product. (Found: € 65°91; H 4+70. Cq, 1004
requires C 66°05; H 4:62%),

Methyl ester of piperic acid (62).

The acid (205 gm,) was refluxed with 25 gm., of a
2% methanolic-hydrogen chloride solution for ;ix hours.
The crude product recrystallized from methanol as yellow
plates m,p. 146° (lit.5o e P 146°), (Found: C 67'42;

H 5.24, C. 0, requires C 67+233; H 5.21%), This

13812
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ester was also prepared by treatment of the acid, in

ether, with an excess of ethereal diazomethane.

Attempted Michael Condensation of Piperic Acid lethyl

Ester with Ethyl Acetoacetate.

Sodiun (O;E gn; 1 atom) was dissolved in 40 ce. of
freshly distilled anhydrous ethanol and to the solution
was added methyl piperate (5 gn; 1 mole) and acetoacetic
ester (3 gm; 1 mole), the mixture being heated on a
steamn-bath for three hours. A solution of sodiun
hydroxide (2 gn; 2 mole) in water (10 cc) was then added,
and the whole refluxed for a further three hours. The
reaction mixture was acidified to litmus with an agueous-—
concentrated hydrochloric acid (2: 1) solution, and the
alcohol removed by distillation; a periodic check being
made to ensure that the solution remained acidic, The
reaction nixture was further acidified to congo red paper
with nore of the previously used acid solution, cooled in
ice, and the solid which was precipitated filtered and
washed with a little water, However, instead of the
expected styryloyclohexane~l;3~dione, infrared and
ultraviolet spectra, together with a mixed melting point,
indicated that the solid product was in fact unchanged

piperic acid.
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Action of Lithium Methyl on Piperic Acid.

A golution of lithium methyl (0<06-0:07 molar) was
prepared43 and added to a stirred solution of piperic
acid (5;6 gr. ) in tetrahydrofuren. The nixture was
refluxed for 30 minutes in an atmosphere of nitrogen;
cooled to room temperature and then water slowly added to
destroy any excess methyl lithiumn. The aqueous and
organic layers were separated, the former being extracted
several times with ether and the combined organic layers
were washed with brine and dried over fnhydrous magnesium
sulphate, Evaporation of the organic solvents gave
2+2 gn. of crude methyl ketone (40%); but there was a
considerable anount of unchanged piperic acid (3 gm.)

recovered on acidification of the agqueous layer.

Action of Cadmium Dimethyl on Piperic Acid Chloride.

Piperic acid chloride (5 gnmj; 0:027 mole), obtained
by refluxing the acid for two hours with an excess of
redistilled thionyl chloride, was dissolved in anhydrous
benzene (200 cc.) and the solution added to a cooled,
stirred suspension of cadmium dimethyl44, also in benzene,
When addition of the acid chloride was complete, the
nixture was refluxed for two hours and then diluted with
water, The agueous and organic layers were separated,

the former being extracted threec times with benzene.
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The combined organic extracts were washed with bicarbonate
solution, brine, and dried Over anhydrous nagnesium sulphate.
However, removal of the benzene gave an intractable, black

tarry product.

Hydrogen Iodide on the Diazoketone from Piperic Acid.,

Piperic acid chloride, obtained by treating the acid
(1-12 gn.), in benzene, with excess oxalyl chloride, was
dissolved in bengene (5 ml.) and added slowly to an ethereal
solution of diagzonethane, After standing for several
hours, the excess diagomethane was renoved with the organic
solvents by distillation under reduced pressure and the
resulting crystalline solid dissolved in chloroform.,
Hydrogen iodide (1 ml. of 55%) was added to this chloroform -
solution and the nixture shaken in an ice-bath. Bubbling
indicated the expected evolution of nitrogen. When the
gas evolution ceased, the reaction nixture was diluted
with water, washed several times with thiosulphate solution,
brine, and then the chloroforn layer dried over anhydrous
nagnesiun sulphate. The product was again a sticky black
tar, and although several attenpts were made to purify it

by chromatography, no success was achieved.

3,4 éMethylenedloxyolnnamylldeneacetone (63).

3, 44ﬂethylened1oxyphenylethynylcarblnol, prepared by

the nethod of Clapperton and MacGregor , (38 gn. of
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n.p. 33-35°), redistilled ethyl acetoacetate (42 gn.) and
anhydrous toluene (200 ml.) were subjected to slow
distillation in a stream of nitrogen. Pure toluene was
added periodically to keep the volwie in the distillation
flask constant. When the refractive index of the
distillate reached a steady value; decalin (180 nl.) was
added dropwise and the distillation continued until the
internal temperature in the reaction flask reached 170O
and all the toluene had been removed. The whole was then
heated under reflux for a further six hours. Crude
3,4-nethylenedioxycinnanylideneacetone (25 gnj 55%)
crystallized out of the decalin solution when it was cooled.

A specinen crystallized fron ethanol as pale yellow needles
n.p. 89-90° (1it.2T m.p. 89-90°).  (Found: C 72+363

. il - ° . 0'; ey
H 6:02,  Cq3H;,0, requires C 72:21; H 5°6%) N max 1650

(dienone), 1490 and 1250 er, T (nethylenedioxy group).

314éMethylenedioxystyrylcyclohexane—l,3—dione (68).
3;44Methylenedioxycinnamylideneacetone (9+8 gn.) and
redistilled diethyl malonate (7 nl.) were added to a
solution of sodiun (1-07 gm.) in anhydrous ethanol and the
nixture heated under reflux for 2% hours. A solution of
sodiun hydroxide (37 gn.) in water (15 cc,) was added

and the whole refluxed for a further 2% hours and then
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allowed to stand for 12 hours. The reaction mixture was
acidified to litmus with dilute hydrechloric acid and the

alcohul removed by distillation, When cool, the solution
was acidified to congo red paper with more dilute hydro-

chloric acid, and the precipitate removed by filtration.,

The crude naterial (6°8 gn; 56%) crystallised frca ethyl
acetate to give 3,4-methylenedioxystyrylecycluhexane-l,3-
dione as yelluw prisms n.p. 179 - 181°, (Founé; ¢C 70;9;

H 5}68. ‘Q15H14O4 requires ¢ 69;8; H 5;5%)f I\ nax,
1603, 1550, 1490 and 1250 om . N Dag: 260 m a (€ 24,800);

BEOH/ME 573 n (€ 29,200), 285 mm ( € 27,800).

Dehydrogenation of 3;4%Methylenedioxystyrylcyplohexane—

1l,3-dione. ’ )
3;44Methylenudioxystyrﬁcyclohexane—l,3~dione (149 gn.)

was dehydrogenated by refluxing with palladised charcoal

(1167 grn, of 10%) in acetic anhydride (20 ml.) for six

hours, The product, isolated as previously described,

was chronatographed on silica gel, using benzenegchloroform

(3:1) as eluent. The najor fraction (12 gn; 47%)

crystallized from methanol to give the diacetate (69)

as white prisms m.p. 134—1350. (Found: C 6689

H 4+64, 019H1603 requires C 67:05; H 475%) ) max.
1762 (acetyl carbonyl), 1603 (double bond), 1250 and 1490



(methylenedloxy group) A max.293 (€12 650>
302 ( € 14,100), and 330 n pm (€ 20,300).

3 4—Methylened10xy-—3 5‘—d1hvdr03gyst11bene (70),

The diacetate, prepared above (02 gm.); dissolved
in methanol (20 nl,) and water (1 nl.) was hydrolysed with
sodiun hydruxide (0+48 gn.) as before. The crude dark
brown product (0;13 gr. 85%) on sublination in high vacuun
gave the 3,4-methylenedioxy derivative of 344 3‘;5‘—
tetrahydroxystllbene as white prlsus, n.p. 171 - 173 .
(Founds C 70-2; H 5 05. 15 1204 requlres C 70233
H 4+72%)., D nax, 3, 3oo-34oo (hydroxyl), 1603 (double bond),
1490 and 1250 (nethylenedioxy group) 935 (trans double
bona) cn l. A_ nax, 229 ( £_2l 600) 290 ( i~l7;550);

302 (& 20, 600) 328 1 J/L( € 27,200),

The availability of styrylcyclohexane~1,3-dione
prompted the exanination of i1ts conversion to styryl-—

glutarinide, a structure analugous to the cyclohexinide
group of antibiotics, This transformation was effected

in the folluwing way (flowsheet X1):—

2=3tyryl-glutaric acid (73)

Styrylecyclohexane~l,3~dicone (l 75 gn.) was dissolved

in tertiary butanol (175 nl.). To this solution was
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Plowsheet X1,

(73)

(45)

COQOH
| ; COOH

CH:::.CH v
(74)




added sodium periodate (14 gr.) in water (50 nl.) and the
nixture stirred overnight at room temperature. The
precipitated sodiunm iodide was removed by filtration,
washed with ether; and the agueous/organic filtrate
extracted with ether to remove any unchanged dione and
then with sodiuwm bicarbonate solution to remove the free
acid, The acid (0°58 gri, ) was precipitated from the
bicarbonate with concentrated sulphuric acid and
reorystalllzed fron benzene Yo give plates n,p. 134 135048.

(Found. C 66°79; H 6 03. 13 14O4 requires C 66 65
H 6+02%),

2=Styryl-glutaric anhydride (74).

The acid prepared above (0°56 gri,) was boiled with
five times its weight of acetic anhydride for six hours.
The crude product (0¢497 gn.), obtained on evaporation of
the acetic anhydrlde under reduced pressure, had a nelting

p01nt of 135-138° (1it. 9 Tle Do 1380 sinters at 135 0y,

2-Styryl-glutarinide (75)..

The anhydride (0+126 gn.) was heated in a Wood's
netal bath to about 125 - 1350 and anhydrous ammonia
bubbled through it for an hour. The nixture Was!heated
for a further hour (205 — 215°) and allowed to cool. The

residue was purified by sublination, and crystallized as
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needles fron acetone, n,p. 175*5 - 179° with sublination
0 o * 2% ° o . ’ l
at 148°, (Found: C 72 33; H6 04’,; N 6+76.  Cq4f5N0,
requires C 72+54; H 6+09; N 6°51%),
N\

...33-;
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INTRODUCTION,

Early work in the monoterpene field:L had indicated
that the structures of several members of this class of
compounds appeared to be derived from the condensation of:
two five—carbon fragments (1). With the subsequent
elucidation of more complex terpenoid structures, this
simple rule that terpene skeletons are, in principle;
divisible into isopentane units was still found to apply.
These 05 building units can be linked together either in
a regular head-to-tail fashion, as is found in the carbon
skeleton of farnesol (2) and those of the sesquiterpenes
derived fron it; or irregularly as in the case of the
diterpenoid skeleton of abietic acid (3). The fact that
this fiwe~carbon isopentane {or isoprene) unit apparently
represents the single stiructural feature linking the many
varied terpenoid groups would seem to imply a common

biochemical origin for these compounds.

The structural complexities of this class of natural
products werc simplified by the ennunciation of Ruzicka's
Biogenetic Isoprene Ruleg. This proposed that all terpen-
oids can be derived from the condensation of isopentane
units into a number of simple acyclic intermediates such
as geraniol (4), farnesol (5), geranyl geraniol (6) and

squalene (7). These then undergo cyclizations and
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rearrangements (where appropriate) by accepted reaction
mechanisms to give the individual members of the classes

of mono-, sesqui—; di- and triterpenoids (and steroids)
respectively. The ennunciation of this Biogenetic

Isoprene Rule not only served to outline possible biogenetic
rathways to the terpenoids but also extended; in any one
case, the number of carbon skeletons which could be
postulated on the basis of a simple linkage of isopentane

units.

The nature of the pathways and mechanisms involved
in the biogenesis of terpenoid compounds can be considered
in three distinct stages. First, there is the problem of
the origin of the actual isopentane building units. Second,
the manner in which these units, once formed, condense to
the postulated acyclic precursors of the Isoprene Rule,
PFinally, the mechanisms involved in the cyclization and
rearrangements of these preoursors; or their equivalents;

to the individual terpenoids.

The importance of acetic acid, in the form of its
coenzymew~h ester, as a building unit in cellular synthesis

has been recognized for some time3’4o

In particular, it
is well-known as a carbon source for a number of steroids
and terpenoids e.g. oholesterol5(8), geraniol6(4) and

squalene7(7). The synthesis of cholestervl from acstic
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acid labelled on the methyl and carboxyl carbon atoms3 has
been more fully studied than that of any other "terpenoid".
It was Sir Robert RobinsonBrwho first suggested a probable
biogenetic relationship between squalene and the steroids
by postulating a cyclization and demethylation of squalene
(7) which would lead to cholesterol (84A) as indicated
(route A), A later alternative scheme (B) was advanced
by Woodward and Bloch9° However; 2. steroid molecule
synthesised from labelled acetate, would have an isotope
distribution as shown, A comparison of the two schemes

A and B indicates that in the cholesterol so formed the
carbon atoms at positions 7, 8, 12 and 13 are derived from
different acetate carbons. However, the more recent

degradative Studiesg’lo

on an appropriately labelled
cholesterol haw completely elucidated the order of every
acetic acid residue in the steroid molecule and shown it

to be in complete agreement with thevoriginal hypothesis
of Woodward and Bloch9o The sequence of labelled carbon
atoms in the prcduct is also consistent with a derivation
based on a linkage of isoprenoid units. However, although
it was now obvious that the acetate molecules condensed 10
five—~carbon fragments, the cxact nature and mode of
formation of these isopentane units from acetate caused

considerable difficulty until Folkers isolated ﬁ ~hydroxy-
b -methyl- 4 ~valerolactone (9), the lactone of

~3G9-
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mevalonic acid (10; MVA) and it was showni®s13 that it
could replace acetate in the biosynthesis of cholesterolg
The extentl3 to which mevalonic acid was incorporated into
cholesterol suggested that this molecule is itself directly
involved without prior cleavage to smaller units. The
acid can be shown14 to be derived from acetyl coenzyme-—A
ester molecules via o series of Claisen—type condensations

(flowsheet 1),

The importance of mevalonic acid in terpenoid
biogenesis has been emphasized and supported by the
biochemical studies of Birch and Arigoni. These workers
and their collegues have demonstrated the incorporation
of 2~1404MVA into soyasapogenol—Al5 (11); rosenono-

16,17 (12)

lactone , gibberellic aciatl (13), mycelian-—

19 (14) ana mycophenolic aciat? (15). This work

amide
confirmed the view of TaVorminal3 that at some stage in
its incorporation, the mevalonic acid decarboxylates to a
five~carbon unit and the carboxyl carbon atom does not
appear in the product. The exact nature of the isopentane
(isoprene) unit involved in terpenoid biogenesis and its
evolvement from MVA was elucidated by Lynen25’28 and
Bloch26. They also indicated the mechanism by which the
"active" isoprene undergoes condensation to yield the
farnesol and geraniol precursors postulated by Ruzicka2

(flowsheet 11),
~40—~
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The action of adenosine triphosphate (ATP) on
mevalonic acid (10) produces first of all mevalonic acid-
S—phosphate (16; MIVA):; fFurther phosphorylation of this
yields mevalonic acid-5-pyrophosphate (17). Both these
compounds still contain the carboxyl group of MVA since
they can be formed from both 1—140 and 2—14C~mevalonic
acid, However, prolonged action of ATP and yeast
extracts on PMVA (16) yields not only mevalonic acid-5-
pyrophosphate (17) but also a new compound which lacks
the carboxyl group of IMVA.  The formation of this new

compound , which was shownzo,gl’22

to be isopentenyl
pyrophosphate (18; IsPP))from the pyrophosphate of
mevalonic acid (17) involves both decarboxylation and
dehydration since, although the process is ATP dependent22,
no additional phosphate group is introduced. In addition,
~the mechanisms of the dehydration and decarboxylation
processes must be concerted (flowsheet 111) since there

is no deuterium transferred to an intra-chain carbon atom

when squalene is synthesized from mevalonic acid in heavy

water,

Isopentenyl pyrophosphate (183 IsPP) undergoes
enzymatic isomerization to dimethylallyl pyrophosphate
(19; DmalPP) in the presence of isopentenol pyrophosphate
23

isomerase“’, and it is these two compounds (IsPP and

DmalPP) which must now be regarded as the "active isoprene"

R
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precursors of the terpenoids.

Isopentenyl pyrophosphate, labelled with 14C on G~1;
has been engymatically converted into squalene and ¥ ?
cholesterolZO. In experiments using crude yeast extract
from which TPNH (the reduced form of triphospho-pyridine
nucleotide essential for the reductive dimerigzation of
farnesyl residues) had been onitted, an acid-labile allylic
pyrophosphate was isolated and shown to be farnesyl

20,21 (o7,

pyrophosphate FaPP)., The biosynthesis of this

latter compound involves more than a simple self-condensation
24,25

of dimethylallyl pyrophosphate since it has been shown
that synthesizing systems containing only &ne or other of
the "active isoprenes", i.e. either IsPP oxr DmalPP but not
both together, fail to produce the farnesyl pyrophosphate.
The synthesis of FaPP does in fact Jc'equijc'eZAr an initial
condensation (flowsheet 1V) between isopentenyl
pyrophosphate (18; IsPP) and its isomerized form (19;
DmallPP) to give geranyl pyrophosphate (20; GePP).
20,24 1na Bloch?®

Lynen have postulated that this
condensation involves the formation of an allylic carbonium
ion from heterolytic cleavage of (19) and this can alkylate
the activated double bond of IsPP (18),. Subsequent loss
of a proton furnishes the geranyl pyrophosphate (20). This

product is also an allylic pyrophosphate and can now

.







similarly alkylate another molecule of ISPP; this second
condensation resulting in farnesyl pyrophosphate (21);'
However, the existence of a éarbonium ion has not been

proved and the proton elimination and alkylation may well

be concerted, Further condensation of farnesyl
pyrophosphate (213 FaPP) with o third molecule of
isopentenyl pyrophosphate (18; IsPP) to give geranylgeraniol
(6); the postulated isoprenoid precursor of the diterpenes;

has not as yet been demonstrated experimentally,

Support for the Biogenetic Isoprene Rule had thus

reached the point of indicating how the isoprene units are
first formed and then condense to give Ruzicka's postulated
acyclic isoprenoid intermediates., The next extension of
the Rule to be considered was the manner in which these

simple precursors undergo cyclization and rearrangement to

the many and varied terpenoid types. The greater part of
this work has been concerned almost exclusively with the
transformation of farnesyl pyrophosphate into cholesterol,
via squalene and lanosterol; but the results can be
extrapolated to the as yet more obscure areas of terpenocid

biogenesis,

The condensation of farnesyl pyrophosphate molecules
t0 squalene requires the presence of TPNH,. Any proposed

mechanism for this process must be consistent with two
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facts, namely that on condensation of six molecules of
5—D2—mevalonic acid (10) +to give one molecule of squalene
(7), only ten of the possible twelve deuterium atoms are
incorporated into the final product (flowsheet V), the two
missing deuterium atoms being lost from the central two
carbon atoms of squalene; also, the synthesis of squalené
from mevalonic acid in heavy water results in the uptake

of four deuterium atoms from the solvent, two of which were
found on the terminal isopropyl groups and two on the
central two carbon atoms of the product. These facts ha%e
been accounted for in the mechanism proposed by Cornforth:
and Popjak29 for the biogenesis of squalenc (flowsheet V1),
This mechanism postulates that farnesyl pyrophosphate (21)
undergoes condensation not with another molecule of itself
but rather with an allylic isomer nerolidol pyrophosphate3o
(22). Since such a2 condensation gives rise to squalene
(7) via dehydrosqualene (23) all of the above facts can be
explained since this requires that two of the protons
originally bound to C-5 of mevalonic acid be eliminated
énd subsequently replaced by two others, When the
synthesis is carried out in heavy water therefore, the

replacements may be deuterium atoms.

2

Ruzicka's initial form™ of the Biogenetic Isoprene

Rule made no comment regarding stereochemistry. This
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was remedied by a later extension to the Rule31 which
indicated that the configuration of the product terpenoid
is dependent on the conformation adopted by the cyclizing
molecule, Ruzicka's proposed scheme for the biogenesis
of all the known cyclic triterpenoids and steroids from
cyclization of a suitably orientated squalene molecule
was based on certain well-defined assumptions regarding
the course of acid-catalysed cyclizations and rearrange-—
ments. The principal requirement concerns the addition,
elimination and rearrangement processes and necessitates

that they proceed by stereospecific trans—anti planar

mechanisms - which result in all the newly formed bonds

being parallel.

The conformation of the cyclizing molecule is
important in that the initial polarization by a cationold
species can be assisted by the T electrons of the isolated
double bonds provicded the chain is folded so as to allow
maximum overlap of the ™ orbitals. If the molecule is
so orientated, cyclization is fully concerted and without
formation of intermediate carbonium ions. Evidence for
the synchronous nature of the cyclization and its initiation
(in the case of squalene) through the medium of OH' or its
equivalent has been obtained from tracer studies carried

out on the cyclization of squalene to lanoster0132’33.
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These assumptions can be illustrated by considering the

simple isoprenoid substituted hexa—l;5~diene (24). This
can undergo aclid—catalysed cyclization either in a chair
conformation (25) to givé a trans-anti-trans product (26)
or in a boat conformation (27) to a trans-syn-trans

systen (28),

By analogy with these cyclizations occurring by a
concerted trans—anti planar mechanism, natural squalene,
which undergoes transformation to lanosterol, has all its
double bonds in the trans-configuration, but the same '
isomer can give rise to all the basic triterpene skeletons
depending on the conformation adopted by the molecule |
prior to cyclization. Ianosterol (29), which is convertéd
to cholesterol (8) with oxidative loss of three carbon |

34

atoms- ", arises from cyclization of the chair~boat~chair—‘
boat conformation of squalene (7a). The repetitive form
of the carbon skeleton of onocerin (30) on the other hand
indicates a derivation from squalene with simultaneous
cyclization of both ends of the all-trans molecule, thesei
ends being folded in the chair-chalr conformation (Tv).
The dammarene diols (31), which differ from each other
only in the configuration of the long side chain, are

produced by cyclization of squalene folded in the chair-

chair-chair-boat conformational sequence (7c¢), followed
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by antiplanar addition of OHT, However; all triterpenoidé
(and steroids) derivable from squelene, regardless of the |
initial conformation of the squalene molecule, have the
same configuration in the C-10 position viz., a C-10
(ﬁﬁﬁmethyl. No examples have as yet been found of
triterpenoids (or steroids) with an "unnatural" C-10

Ggrmethyl group.

According to the Biogenetic Isoprene Rule; all the
varied skeletal types of the diterpenoids are derivable
from the cyclization and subsequent rearrangement of
geranylgeraniol (6) or the related geranyl linalool system
(32), this latter compound having been found to occur
naturally35. Thus the eight main types of carbon skeleton
comprising the di-; tri-, tetra- and pentacyclic
diterpenoids con be derived, in principle, from these
related precursors via the isomeric, allylic bicyclic
alcohols (33) and (34) of the labdane group. No detailed
biochemical studies comparable to those dealing with the
formation and cyclization of squalene to cholesterol have :
been undertaken for this group of compounds, Nevertheless;
it can be shown that even those diterpenes with the most
apparently complex and highly rearranged structures can be
derived, on paper at least, from these simple precursors, -

The structure of pleuromutilin36 (35) provides a good
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illustration of this point, and the biochemical studies
undertaken so far37’38, using labelled mevalonolactone and
acetic acid, indicatc that its biogenesis follows the route

shown in flowsheet V11.

It is of interest to note that in the biosynthesis
of diterpenoids, the initiating electrophile is usually a
proton, whereas in the case of triterpenes and steroids
from squalene, OH' or its equivalent is postulated. There
are exceptions to both cases and several diterpenes are
known which carry oxygen in ring A - mostly at position
C-3 as would be expected on biogenetic grounds. Three
examples of such oxygenated diterpenes are beyerol (36),

cassaic acid (37) and hinokiol (38).

As the present work is concerned with a menmber of
the labdane group of diterpenoids, the derivation of this
skeleton from the postulated geranylgeraniol precursor will -
now be considered in some detail, The stereochemical
implications of the previously discussed cyclization of
squalene via a series of concertved antiparallel 1;2—
additions would appear to be applicable to the cyclizationg
of geranyl geraniol (6) (or its equivalent geranyl linalool),
since in 2ll the authenticated cases, the stereochemistry
at positions 5, 9 and 10 is in accordance with this type

of cyclization. Although antipodal compounds are found

48~







in the diterpenoid group i.e. having an "unnatural"
C—lOv&i)methyl group as opposed to the "normal" C-10 QB)
configuration, the absolute configuration remains the same.
A1l the diterpenoids have been shown>? to hove the frons-
anti—~trans arrangement predicted by the Biogenetic Isoprene
Rule. Diterpenoids so far found with this "unnatural®

C-10 stereochemistry include andrographolide (39), clerodin
(40), darutigenol (41) - the only known pimaranoid diterpene
with a C—Jﬁ)(d>ﬁmthyl; beyerol (36) and trachylobanic acid
(42).

Protonation of the double bond in the 3;4—position
of the geranyl geraniol precursor (6) initiates concerted
cyclization in a trans—-anti planar fashion to a trans—
decalin carbonium ion (43). This species can then be
neutralized via solvent attack, proton loss or Wagner-
Meerwein l;Z—Shifts of hydrogen or methyl groups, and these
processes, which may or may not be accompanied by an
allylic rearrangement of the d~; P ~unsaturated primary
alcohol, give rise to the skeletons of all the members of
the labdane group. These include manool (44), sclareol
(45); labdanolic acid (46); the rearranged labdane
clerodin (40), polyalthic (48) and daniellic (49) aoids;
the last two compounds having the terminal four carbon

atoms of the side chain form & P -gubstituted furan ring.
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It would therefore appenr probable on the basis of
the'Biogenetio Isoprene Rule and the mass of evidence
accumulated in its support that the C-~5/C~10/C~9 backbone
in all of the diterpenoids would have a trans-onti
configuration, However, this assumption was called in
question by the apparent existence of a small group of
diterpénoids, the proposed configuration at positions
5, 9 and 10 in each of which resulted in a trans—syn (50)
rather than the trans-anti (51) arrangement. Of the
compounds included in this group, cafestol (52) and
kahweol (53)40, gibberellic acid (13)41; rosenonolactone
42 54)43,44

(12) and its derivatives™ , isopimaric acid ( and,

most recently, rimuene (55)45 have now been shown to follow
the orthodox pattern, In Tact, up to the present time,
eperuic acid (56). has remained the only obstacle to the

complete stereochemical uniformity of the diterpene

39

family in accordance with the Biogenetic Isoprene Rule,
However, in the course of the present work, it has

been shown that the previously proposed46

47

and subsequently
accepte stereochenistry of eperuic acid cannot be
supported cither on the basis of the previously recorded42
or additional evidence now obtained. This therefore

disposes of the last known "anomaly" to Ruzicka's Isoprene

Rule,
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DISCUSSION,

1. The Stereochemistry of Eperuic Acid.

Eperuic acid (563 R=H), the chief constituent of an
oleo—resin derived from the wallaba tree of British Guiana;
was isolated and its structure elucidated by King and
Jones48f They made no assumptions regarding the stereo-
chemistry of this compound beyond the fact that the ¢ — 17
acid (57) obtained from Barbier - Wieland degradation of
the side chain (m.p. 134—1350; [QJD - 29,9°) appeared to

be antipodal with that of the same structure obtained from

embrein®” (583 m.p. 136-137°; [QJD + 339).

Their work on the structure and stereochemistry of
labdanolic acid, a constituent of gum labdanum, led Cocker
and Halsal129 4o structure (46), or a stereoisomer, for

48 1ad indicated that methyl

this acid, King and Jones
eperuate (56; R = CHB) was a stereoisomer antipodal to
the dehydration product (59) from methyl labdanolate since
a comparison of the rotations of these two compounds

(- 28¢2° and + 27O respectively) showed that they were

not identical, Comparison of the C-17 acid (57) from
labdanolic acid with that from marrvbiin and ambrein
proved that the rings in labdanolic acid are trans - fused

and have the same absolute configuration at C~10 as ambrein

and the di- and triterpenes i.,e. an angular C-10 (p)

-51~
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methyl group. The ﬁ —~ configuration of +the C-9 side
chain in labdanelic acid was established by oomparing the

hydrogenation product (60) from dehydrolabdanolate with

methyl dihydrocativateBl (61), the two being identical,

A comparison of the physical data of degradation
products from labdanolic acid with the corresponding

48 yaa

products from eperuic acid for which King and Jones
proposed identical structures (exclusive of stereochemistry);
brought Cocker and HalsallSo to the apparently startling
conclusion that eperuic aeid has 2 carbon skeleton (56) in
which rings A and B are antipodal to those of all the other
then known di- and triterpenes and steroids. This was

the first encountered example of the existence of two

naturally occurring antipodes in the diterpenoid series

as all the members of this group had been thought to
possess the C~10 ((5) angular methyl group of the steroids.
‘However; the optical rotatory dispersion curves of the
keto esters (62) from the two series of acids were fbund46
to be near but not exact mirror images; as would be
required of antipodes. This discrepancy, coupled with
the more serious divergence of the melting points of the
corresponding acid oximes (63) of the two series (eperuic
2230; labdanolic 1900) was attributed to a configurational

difference at 0-9;
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On the evidence which existed, there does not appear
to have beenaany strong reason for choosing C~9 rather
than C-13, the other relevant asymmetric centre, as the
site of a poséible configurational difference, especially
when o comparison of the physical constants quoted by |
Cocker and Halsallso suggests that the two series become
more closely antipodal as soon as the 0-13 asymmetry is
removed by Barbier -~ Wieland degradation of the side-chain
(2lthough this point was not made by these authors’0),
Also, assignment of such a configurational difference to
C~9 implies that the side-~chain at this position is axially
( 3)- attached, giving an anomolous (on the basis of the
Biogenetic Isoprene Rule) trans — syn backbone. sSuch an
assumption is also brought into question by an examination
of the hydrolysis conditions employed48’5o to0 obtain the
two keto acids (623 R' = H) prior to oxime formation
(methaﬁolic 2N potassium hydroxide under reflux for one
‘and two hours respectively) since such conditions must
result in the side chain of both ketones (and oximes)
existing in the more stable equatorial coanfiguration.
Therefore; any stereochemical difference between the two
oximes, derived from the labdanolic and eperuic acid series

respectively, must be contained in the configuration at C-13,

There was already in the literature52 a method for
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the preparation of both Iabdanolic and 13~epilabdanolic
acids (46) by oxidative rearrangement of sclareol (45).

The conformation of the side chain at C-9 in eperuic acid
would be established unequivocably if the keto acid oxime
(63) from the 13-epi acid proved to be completely antipodal
to the corresponding derivative from eperuic acid, The
present work demonstrates that eperuic (56) and dehydro-
13-epilabdanolic (59) acids are completely antipodal. The
C-9 side chain in epemic acid therefore has an (oL)
configuration, resulting in a C-~5/C-9/C-10 backbone with a

normal trans - anti stereochemistry.

Sclareol (45); in acetic acid solution, was
oxidatively rearranged with chromic aoid52'and the
resulting mixture of allylic aldehydes (64) subjected to
gilver oxide oxidation to the corresponding acids
(flowsheet V111l). ©Esterification and hydrogenation gave
a mixture of the saturated C-13 epimeric labdanolate esters
(65) which were separated by careful gradient elution
chromatography over activated alumina, However; although
methyl 13—epilabdanolate was obtained pure and in good
yield; it was not possible to obtain methyl labdanolate
uncontaminated by the 13-epiner even after repeated
gradient elution chromatography since the two compounds

have almost identical polarities. Thus the methyl

.y






labdanolate employed in this present study was obtained
from natural gun labdanum53. Dehydration of the two
50

epimers with phosphorus oxyChloride in pyridine afforded
in each case a mixture of methyl labd—8;9—<66) and labd-
8,20~enocates (67) containing 58% and 72% respectively of
the exocyclic olefin from the 13-normal and 13-epi esﬁers;
the percentage of exocyclic isomer in each mixture being
determined by a quantitative infrared comparison of the
band at 890 cm_% with the corresponding band in 3-methylene-—
cholestane. It is of interest to note that whereas Cocker
and Halsall5o obtained only the exocyclic isomer on
dehydration, in the present work both were obtained from
~each ester as indicated by infréred spectra, gas-liquid
chromatography, the production of two ketones on ozonolysis

and two diols on osmylation, the mixtures in each case being

separated and the components identified.

Each olefin mixture was ozonizedSO and the required
.mono~keto ester (62) separated by chromatography. The
corresponding keto~ester from natural methyl eperuate
kindly supplied by Professor G. Jones (the specimen used
was a similar mixture of double-bond isomers containing

32% of the exomethylene isomer) was similarly obtained,

Comparison of the three keto esters showed no

detectable difference (apart from sign) in their rotatory
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dispersion or circular dichroism, and therc were only minor
differenoes in the infrared solution spectrum of the ketone
derived from methyl labdanolate when compared with the other
two, which were ldentical., However, a comparison of the
three corresponding acid oximes (63) proved more decisive,
Eperuic acid and 13-epilabdanolic acid gave oximes of

m.p., 224-226°, 223-226° and optical rotation - 82° and

+ 87° (pyridine) respectively. Their infrared (KC1 disc)
spectra and X-ray single crystal rotation photographs were
identical, but differed from those of the oxime, m,p,.188-

190°, [et] + 53° @yridine) from labdanolic acid.

The keto esters from labdanolic and eperuic acids
are therefore antipodal except for the configuration at

C-13, which is identical in both cases.

There still renained the rather remote possibility
that inversion at C-9 may have occurred during the
formation of the keto ester (or the oxime) from eperuic
aclid and that therefore this acid is epimeric with the
antipode of dehydrolabdanolic acid at C-9 as well as at
C-13, However, this unlikely situation was disposed of
by an examination of the three diol ester mixtures obtained
from osmylation of methyl eperuate and the dehydration

products from methyl labdanolate and methyl 13-epilabanolate,
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Reaction of the mixture of olefinic esters already
described with osmium tetroxide in pyridine afforded in
each of the three cases a mixture of products (693 70)
from which the required primary-tertiary diol ester (70)
was separated by chromatography over activated alumina,
its constitution was supported by elementary analysis; an
infrared solution spectrum, the formation, under mild
conditions, of an (oily) monoacetate (71) and mono-p-
nitrobenzoate (72) 2nd the presence in the nuclear magnetic
resonance spectrum of a two-proton singlet at 6+5 arising
from the equivalent methylene protons of the primary alcohol,
The diol esters from eperuic acid (m,p. 885900; Ei] 546
# 49) and 13-epilabdanolic acid (m.p. 88-90°, E’L] 516
- 50) haa identical infrared sclution spectra and X-ray
powder photographs but differed from those of the diol

ester (m.p. 77~79O, Ei} 516 " 20°) from labdanolic acid,

It is therefore established that eperulc acid has

the normal trans — anti configuration exhibited by all the

known diterpenoids of established structure in accordance

with the Biogenetic Isoprene Rule.
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2: The C-~13 Configuration in Labdanolic Acid.

| | The absolute configuration at C-13 in the parent
nenbers of the labdane group of diterpenoids, m%nool.(44),
sclareol (45) and labdanolic acid (46) have been the
subject of much recent interest54~58; However, it would
appear, as will energe from the following discussion, that
attenpts to determine the stereochemistry at C-13 based on
indirect nethods of configurational analysis can lead to

considerable uncertainty and confusion.

By their conversion of sclareol into manool, Buchi

and Bieman54

were drawn to the conclusion that these two
diterpenes have the same configuration at positions 5, 9,
10 and 13. They arrived at the absolute configuration of
C—13 in these two compounds by comparing nolecular rotation

differences in the sclarevl series with the corresponding
values in the (~)-linalool series; as indicated:-—
1.Sclareol (45; R = CH=CH,) Dinhydrosclareol (45; R = CH,CH,)
-9° 0+0° A=+ 9°0°
(=)~Linalool (7'3) (=)-Tetrahydrolinalool (74)
~22+6° ~0+87° A =4 21+7°

2.Sclareol monoacetate (753 R=H) Sclareol diacetate (753 R=Ac)

~1240° ~106+8°% A = 4 17.2°
(~)=Linalool (73) Linalylacetate (76) |
~22+6° ~13+0° A=+ 9:4°
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These two comparisons indicated that (-)-linalool and

C~-13 in sclareol have the same adsolute configuration and
since an (S)-configuration had already becn assigned to
(=)-1inalool by Prelog and WatanabeBB, this same stereo-
chenistry was now given to both manool and sclareol.

Later work57 resulted in changing the absolute configuration
of (=)-linalool from (S) to (R) and a consequent change in
the assignment of C-13 stereochenistry in manool and
sclareol became necessary. The C~13 (R) configuration in
sclareol was finally conclusively established by degradation
of both sclareol and laevo-rotatory (R)-1inalool to the

same optically active 1aoton958 (77). Barltrop, Bigley

and Rogers56’59

also arrived at this conclusion that (—)-
linalool and C-=13 in sclareol and manool had an identical
(R)—=configuration on the basis of molecular rotation

differences in the three series.

However, their attempt in the sanme publication56 to
establish the 0—13 configuration in labdanolic acid was
based on certain erroneous assunptions which invalidate
their conclusions and leave the C-13 configuration in
labdanolic acid undecided, The structure of labdanolic
acid and the stereochemistry at all the asymmetric centres
except C—ls had already been firmly established5o.

Lederer52 had previously assigned an (R)-configuration
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to C-13 in methyl labdanolate based on a study of molecular
rotation differences, and Barltrop, Bigley and Rogers56
were led to reinvestigate this work since they had found
molecular rotation data to be inconclusive in the presence
of hydrogen bonding. They prepared56 nethyl labdanolate
and methyl 1l3-epilabdanolate and since they claimed to
observe no hydrogen bonding in either compound, assumed
Lederer‘s_assignment to be correct. Barltrop and his
collegues quote 2 single sharp band at 3540\cm7; in the
carbon disulphide solution spectra of methyl labdanolate
and its l3-epimer as evidence for the absence of intra-
molecular hydrogen bonding; but it would appear more likely
that this band indicates exactly the opposite i.e. that
both epimeric esters can form an intramolecular hydrogen
bond. In fact it has been demonstrated in the course of

60 snd its

the present work that both methyl labdanolate
13~epimer do possess an intramolecular hydrogen bond.
Infrared spectra of both these latter compounds, in carbon
disulphide and carbon tetrachloride solutions, had bands
at (approximately) 3600 (free hydroxyl), 3550 (bonded
hydroxyl) and 1740 cmfl The "closure" of the ten-
membered ring involved in this bonding is sterically

unexceptionable and can be represented by (78).

Thus, the stereochemistry of C~13 in labdanolic
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acid is again open to question and an independent and
unaembiguous deternination of the C-13 configuration in
labdanolic acid (and hence of eperuic acid) was therefore

uncertaken.

The classical method for determining the oonfiguration
at an asymnetric centre involved degradation of the molecule
to a simple, known, opbtically active compound which still
contains the original asymmetric centre. However; in
this case there appeared to be a quicker and more direct
solution to the problem, bhased on the cyclic hydroxy esters
(79), the compound from methyl eperuate having already

been prepared by King and Jones48.

It has becn generally established6l for a wide
variety of rigid six-membered ring systems that axial ring
protons absorb at higher field than do their epimeric
equatorial counterparts. The coupling constant for
vicinal protons depends on the dihedral angle between the
protons and has a maximum value of about 16 c.p.S. for
a diaxial coupling (i.e. a dihedral angle of 180°), 1Im
the case of the cyclic hydroxy—esters (79), assuming the
carbomethoxyl group is in the more stable equatorial
configuration and ring C has a chair conformation, a C-13
(@ ) methyl group (80) would result in an axial-equatorial

H-H coupling between C-~13 and C~14 and the alternative
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C~13 (&) methyl (81) would produce the larger diaxial
coupling constant. Also, since the C-14 proton is
adjacent to a carbomethoxyl group it should be more

easlly identifiable by being shifted downfield.

Thus, it was with this in view that the cyclic
hydroxy~esters (79) were prepared from eperuic, labdanolic
and 13-epilabdanolic acids, the previously describéd 1oNno—
keto ester (62) from each series being treated with alcohol-
free sodiunm methoxide in toluene48. The quoted yield48
of cyclized material was low, being only 24% and several
attenpts were made to establish an improved technique for
the cyclization. The keto—esters were reacted with
sodamide and lithiun anide suspensions in liquid ammonia
respectively, but T.L.C. examnination of the reaction
products from both nethods indicated a considerable mixture
of products together with unchanged starting material.
Also, these alternative nethods had the additional
.disadvantage that the strongly basic reaction conditions
were sufficient to hydrolyse the carbomethoxyl group; making
re—egterification of the mixture necessary after the work—
up. However; by careful adlition of the keto—ester in -
anhydrous toluene to stirred sodium methoxide; from which
all the alcohol had been scrupulously removed; it was
possible to obtain yields of up to 60% of crystalline
cyelized product.






Startlingly, a comparison of the cyclic esters fron
mefhyl labdanolate and 13-epimethylabdanolate indicated that
the two compounds were identicall Their infrared and
nuclear magnetic resonance spectra were indistinguishable:
they had melting points of 202—2030 and 201~202° respect—
ively, undepressed on adnixturc; optical rotations (~30°
and - 31° respeétively) were also identical, The infrared
spectra in carbon tetrdchloride solution indicated the
expected hydrogen bonding and had bands at 3622 (free
hydroxyl), 3582 and 3524 cmet (bonded hydroxyl).  The
carbonyl region of the infrared spectrum showed a large
bonded ester band at 1713 cm?l with the smaller, free ester
band at 1743 cm?l The two bonded hydroxyl bands can be
attributed to conformations (82) and (83) respectively;
the latter being the more intense, The 60 megacycle
nuclear magnetic resonance gpectrum had peaks at T €°3
(3 proton singlet; methyl ester) and T 7.0 (1 proton
singlet) which disappeared on equilibration with deuterium
oxide, Also there was no indication of the C-14 proton

having been moved downfield.

The discovery that these two derivatives from the
epimeric acids appeared to be identical was disturbing,
but even more so was the melting point 202~203o (184—5048)

and rotation -~ 26° of the corresponding cyclized keto ester
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from methyl eperuate, since this was expected to be
completely antipodal to the corresponding compound from

methyl 13-epilabdanolate.,

To eliminate the possibility of any confusion in the
previous handling of the three samples; the preparations
were carefully repeated using natural methyl eperuate;
methyl labdanolate from gum lebdanum and methyl 13-
epilabdanolate from the oxidative rearrangement of sclareol.
The appropriate keto esters were formed in each case and
carefully recyclized, but.again the melting points and
optical rotations were identical (200—2020; Ei] D~ 2093
201-2039 [oL] 5 ~ 299 204, [oL] ; ~ 30° respectively).
X~ray single crystal rotation photographs of the
derivatives from methyl labdanolate and nethyl 13-
epilabdanolate were indistinguisinble, and it would there-
fore appear that epimerization of C-13 in one of the

isomers was taking place during the cyclization.

62 has demonstrated that hydrogen atons

Recent work
beta to a carbonyl can be abstracted by alkali and that
reprotonation can proceed via an inversion of configuration.
The anion so formed in this case (84) could be stabilized
s indicated. However, such a stabilization would depend

on the polarizability of the C = 0 and also (and perhaps

nore inportant) on the extent to which the carbonyl carbon
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aton can sustain a positive charge. This is obviously
less in the case of an ester than with a ketone. If
such a situation could be assumed to exist here then
reprotonation would furnish the most stable configuration
at C~13, nanely an azial proton =and an equatorially (°L)—

attached methyl group (85).

The failure of this apparently straightforward
approach to the absolute configuration at C-13 in the
labdanolic and eperuic acid series led ué o consider niore
orthodox routes to an unambiguous assignment of configur-
ation., Cleavage of the side chain at C~9 +to give an
optically active (‘3)~methyl adipic acid which still
retains the original asyrmetric centre at C-13 was there-

fore chosen as an alternative approach to this problem.

The first attempt toachieve such a cleavage

involved a Baeyer ~ Villiger oxidation of the diketone (68)
. Obtained from the previously described ozonolysis of double
bond isoners which conprise natural nethyl eperuate, The
required diketone was separated from the ozonolysis mixture
by chromatography over activated alunina and conpared with
the product obtained from osmylation of the same isomeric
mixture, with subsequent lead tetraacetate cleavage of the
ditertiary diol (693 Flowsheet X). Cumparison of the

two compounds indicated that they were identical. They
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both appeared as a single spot with the sane Rf value on
T.L;C. Gas-liquid chronatographic examination of the

two compounds, individually and as a mixture, indicated
that they had the sane retention tine (36,5 minutes on
10% A.P.L. at 225°), Their infrared and nuclear magnetic

resonance spectra were also identical.

It was hoped that alkaline hydrolysis of the expected
Baeyer - Villiger product (86) would furnish an optically
active (3 —nethyl adipic acid (87). However, despite
several atternpts under different reaction conditions, using

both m—-chloroperbenzoic and trifluoroperaoetio63

acids,
apparently only the partially oxidized keto-acetoxy ester
(88) was obtained as evidenced by the survival of ketonic
carbonyl absorption in the infrared spectruﬁ.(”bgé%? 1740,
1700 cmfl) (but see below). Hydrolysis of this compound
gave an acid fraction, presunably (89) since a nuclear
nagnetic resonance spectrunm compared with that of authentic

‘naterial indicated that it was not the desired (3 —nethyl

adipic acid.

An alternative scheme (flowsheet X1) for the side
ch.in cleavage started from the previously described nono-
keto ester (62) fronm nethyl 13-epilabdanolate.  Treatment
of this compound with a solution of trifluoroperacetic

63

acid in methylene chloride gave a single product which

was not the starting material (T7.L.C.). The infrared
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solution spectrum had N ﬂaX‘4 1740 om.l and no

abéorption at 1712 oot (cyclohexanone). The product
was therefore assumed to be the lactone (90). Alkaline
hydrolysis of this lactone, followed by re—esterification
of the acid fraction with ﬂiazomethane; gave The hydroXy—
diester (91), 2lso a single product on T.L.C.  The
constitution of this latter compound was confirmed by
elenentary analysis. The infrared (carbon tetrachloride)
solution spectrun had bands at 3635, 3600 and 3500 om?l;

1 The nuclear

with a broad carbonyl absorption at 1740 cu,
nagnetic resonance spectrun had a six~proton doublet (the
two nethyl esters) at T 6°<4 and a diffuse one-proton
gsinglet at T 69, which disappeared on equilibration

with deuterium oxide.

Several attenpts were made to oxidize this alcohol
(91) to the corresponding carbonyl compound (92), using

64 and Jones reagentGS,

both chromiun drioxide in pyridine
but in 211 cases the product was seen (T.L.C.) to contain
sone unoxidized alcohol. The mixture was separated by
chromatography over activated alumina and the keto-diester
(92) treated with trifluoroperacetic acid63. It was

hoped to obtain the triester (93) from this Baeyer -
Villiger oxidation but several attenpts gave back unchanged

starting material (T.L.C. and N gé%% 1740, 1700 enTt),
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The difficulty experienced in obtaining results with
this last Baeyer - Villiger reaction caused some concern
and as a last resort it was decided to use an oxidation
procedure from the classical era of terpene chemistry,

namely nitric acid oxidation.

The first of these oxidations attenpted involved
heating the product mixture (91 and 92) from the Sarett

64 . s .
" with concentrated nitric ncid at steam-bath

oxidation
tenperature in the presencc of a2 catalytic amount of
vanadium pentoxide. Comparison of the re—esterified
product mixture with an authentic sample of nethyl [ -
nethyl adipate by gos-liquid chronatography indicated the
presence of the reguired ester, but only as a minor
constituent of 2 comsiderable mixture of products. Since
1t therefore appearcd, froil the large number of other
products present in the nixture, that heating with
concentrated nitric acid was too drastic, various other
oxidation experinents were corried out using nilder
conditions, e.g. dilute nitric acid in the cold and with
heating, concentrated nitric acid at roon temperature,
alkaline potassiun permangancte in the cold and with
heating -~ but none of these subsequent reactions gave any
trace of the required product, as indicated by gas-liquid

chromatography.
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In order to obtain more starting material for
oxidation, the nixture of double bond isomers comnprising
nethyl eperuate was ozonized and the resultant nixture of
ketones (623 68) trented with o solution of trifluoro-
peracetic acid without prior sepzaration. It was
considered that Baeyer ~ Villiger oxidation of such a
nixture (flowsheet X11) would, with subsequent hydrolysis
(to open the lactone 90) and re—esterification of the acid
fraction, yield a mixture of the compounds (89) and (91),
Since both of these coupounds contain a side chain
suitable for oxidative cleavage, separation of the
conponents of the mixture at o previous stage is not

nandatory.

However, this time the Baeyer -~ Villiger reaction
conditions were slightly different from all the previous
attenpts, the ketonic naterial remaining in contact with
the peracid solution, in the cold, for at least forty—
elight hours before refluxing for a further six hours.
Gas=liquid chromatography of the hydrolysed and re-
esterified product nixbure, conpared with an authentic
sanple, indicated the presence of methyl A -nethyl

adipate. Thus, under these conditions, Baeyer -
Villiger oxidation of the diketone (68) must have

produced the acetoxy-diester (86),
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It is reported66 that (+) p —nethyl adipic acid
gives, when distilled at 180° (1 mm.); the colourless acid
n.p. 85-89° and it appeared that this night provide a
suitable method of purification since chromatography of
the ester nixture obtained Ffron the Baeyer - Villiger
oxidation had met with little success. However, it was
found that distillation of an authentic sample of (+) B -
methyl adipic acid under the recorded conditions of
temperature and pressure (in = sublination apporatus) did
not in fact give either the unchanged acid, the anhydride
or even Sﬁmethyl oyclopentanoné%sby a conparison of the
infrared spectrum of the sublimation product with those of
authentic sanplcs of acid and cyclopentanone. Thus, since
it was obvious that the separation of B -methyl adipic
acid from the product mixture would be dAifficult an

alternative nethod of isolating the optically active

naterial was required,

2 -lethyl adipic acid had been cyclized66’67 to the
corresponding 3-nethylcyclopentanone (94) by distillation
from bariun hydroxide at 300°. This was first of all
attenpted on an authentic sanple of the (3 -methyl adipic
acld and an infrared solution spectrunn of the product
compared with that of an authentic sample of 3-methyl-

cyclopentanone, Both had a single sharp carbonyl band
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at 1740 cm?l This cyclization was repeated on the
nixture of products from the oxidation of eperuic acid,
using a fraction rich in ‘ﬁ'ﬁnethyl adipic acid obtoined
by chromatography. An infrared solution spectrum of the
product did show the cyclopentanone carbonyl at 1740 cm?l;

but contaminants could not be removed by distillation.

69 for cyclization of the

An alternative method
dicarboxylic acid involved refluxing with acetic anhydride
and pyridine followed by decarboxylation of the resultant
anhydride (95). This was achieved with an authentic
sample of P ~nethyl adipic acid but only a ninute amount
(as judged by infrared solution spectrum of the carbonyl

region) of impure ketone was obtained from the eperuic

acid oxidation product.

Since the determination of the absolute configuration
of C-=13 in the labdanolic and eperuic acid series depended
on obtaining from this mixture a specimen of an optically
active conmpound having a specific rotation whose nagnitude
would leave no doubt as to its origin and the cyclopentanone
could not be separated from the attendant impurities by
distillation, its conversion to the dibenzylidene
derivative was considered, This is a nicely crystalline
compound66 TleDo 150;5—152;50; E*JD - 53;50, and indeed

was easily prepared fron an authentic sample of
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3-methylcyclopentanone, However attenpts to prepare this
derivative from our ninute anounts of inpure 3-nethyl-—

cyclopentanone were unsuccessful.

Lack of time prevented any attenpt being made to
isolate the required J -nethyl adipic acid via preparative
scale gas-liquid chronatography on the ester mixture,
although this would now appear to be a profitable'approach

to the problen.
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3, Some Oxidation Products of Sclareol,

In the course of the oxidation of sclareol to obtain
the labdanolic and 13~epilabdanolic acids required for the
work in section 1 a nunber of secondary products was
obtained. Since these have not been previously discussed
in the literature, there now follows a brief discussion

0f their chenistry.

Oxidative rearrangement of sclareol (45) with
chromic acid in acetic acid solution gives rise to a
nixture of three main products (cf. flowsheet V111), the
two previously discussed epimeric labdanolic acids and a

saturated ether to which Bory and Lederer52

, without firm
support, assigned the structure (96). We now supply

evidence which confirms Lederer's structure.

Elenentary anslysis of compound (96) supported
Lederer's proposed structure and this was further
strengthened by exanmination of infrared and nuclear
nagnetic resonance spectra. The infrared (carbon tetra-
chloride) solution spectrun had o single sharp ester
carbonyl band at 1740 cm?l and no absorption in the
hydroxyl region. This spectrurl also had =) 22;4 1177,
1098 and 1076 omfl, bands characteristic of a tetra-
hydropyran ring. The 60 megacycle nuclear nagnetic

resonance spectrun had peaks at T 64 (a three-proton
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singlet, corresponding to the methyl ester); T T°7

(a two-proton singlet due to the CH, group alpha to
carbomethoxyl)s T 8°7 and 8'76 (two singlets; probably
corresponding to the methyl groups at C-8 and C~13; though
it cannot be stated which frequency corresponds to Which
nethyl group); C 9-14; ge2, 9+24 (the three singlets

due to the quaternary methyl at C-10 and the gem~—dimethyl
at C-4), A nass spectroscopic molecular weight
deternination (336) agreed with the molecular weight

calculated for structure (96).

Further evidence for structure (96) was obtained
from its hydrolysis to the eorrespondi?g acid (97) and
lithium aluninium hydride reduction to the primary
alcohol (98). This latter compound analysed correctly
for 026H3602 and a solutigg spectrunm had no carbonyl
absorption but *B,ﬂg§}4 3630, 3490 cm?l, the hydroxyl
presumably being bonded to the ether oxygen. The nuclear
nagnetic resonance spectrun had peaks at T 6+4 (a two-
proton triplet arising from coupling of the hydroxyl
proton with the alpha OH2 group)é T 6+8 (one proton, a
diffuse singlet which disappears on equilibration with
deuterium oxide); T 8448 and 8+74 (two singlets
corresponding to six protons, probably those of the

nethyl groups at C-8 and C-13); T 9°+15, 922 and 9+25,

=T 4=
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three singlets arising from the remaining three methyl

groups.

An attenpt was made to dehydrate this alcohol, by
refluxing with phosphorus oxychloride in pyridine, in
order to convert it to either manoyl oxide or 1l3—epinmanoyl
oxide. However, the reaction product was in fact the
chloride (99) on the basis of eleinentary analysis;
positive Beilstein reaction; no unsaturation in the
infrared solution spectrun and no vinyl protons in the
nuclear magnetic resonance spectrum; The infrared

spectrun showed only CH2 absorption and the ether bands

D ocl ' ’ 1
nax

nagnetic resonance spectrum showed a two-proton triplet

at 4 1120, 1098 and 1076 cm, The nuclear

centred at T 6.25, After completion of this work,

Fetizon7o

published a comparison of alcohol (98),
obtained from reduction of ester (96); with the product
from hydrobcration of 13-epimanoyl oxide, which suggests
that (98) has the same stereochenistry at C—13 as manoyl
oxide., |

In the course of separating the nixture of epimeric
labdanolates (65) from ether (96) by gradient elution
chromatography over activated alumina, it was noticed

that there werc several other ninor constituents present

in the fractions containing the ether (96). These were
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separated from the ether by thick plate chromatography

in a solvent systen of ethyl acetate-light petroleum

(1: 9). Only two were present in sufficient abundance
for a structure determination, and it is of interest to
note that the presence of the expccted 13—epiﬁer of ether

(96) was not observed.

The next conmponent to be exanined was shown to be
the nor—ester (100) of ether (96). This was confirmed
by elenentary analysis, an infrared spectrun sinilar to
that of (96) 2nd 2 nuclear magnetic resonance spectrum
which was sinilar to that of ether (96) except that it

lacked the two-proton singlet at T 7.7,

A mass spectroscopic molecular weight determination
corresponded to the calculated molecular weight (322) for
structure (100), However, 2 comparison of the mass
spectra obtained by us fron compounds (96) and its nor-
ester (100) with Fetizon's recently published7o spectrun
of (96) indicated sone outstanding differences between |
the spectra of the two; presunably identical, ethers (96).
Our nass spectrun of this ether (96) has a large peak at
H%e 74 which can be postulated as corresponding to the
side chain (a) together with one additional proton. This
breakdown can he represented as shown and is corigborated

by a small peak at ?/e 262, Fetizon on the other hand
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postulates a loss of 73 mass units to explain the ion at
%@ 263 in his spectrun, the suggested fraguentation being
as indicated,. However, his spectrun does not seem to

contain a corresponding peak at “/e 73{

There are other differences between the two spectra;
our nass spectrum has ions at & 244 and 191 whereas the
corresponding peaks in Fetizon's spectrum have %@ 245 and
1925 also the relative abundances of the ions which are
corzion to both spectra are not identical. I+t was at first
thought that the two ethers were in fact C-13 epimers but
this possibility was discounted since Fetizon's ether (96)
is stated to be that previously isolated by Bory and
Lederer’ m.p. 107-111°; {FZ]D + 18°,  Our ether (96)
has m.p. 107—1090; [&]D + 189, It is unlikely that
instrumental differences or even sampling techniques could

produce such discrepancies.

The only other compound to be isolated in a workable
anlount from the nixture was thought, on the basis of an
elenentary analysis and a nuclear magnetic resonance
spectrum, to have the structure (101). This latter had
peaks at T 6°4 (three-proton singlet, methyl ester);

T 7:78 (three-proton singlet, acetate CHB); T 8.2
(three-proton singlet, C-8 methyl group); T 9.13, 9-18,

9+22 (three singlets, methyl groups). The infrared
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(carbon tetrachloride) solution spectrun hod no hydroxyl

. C -
absorption and ;Dﬂmgl4 1740, 1735 and 1240 cm.l

This
postulated acetoxy—-ester structure (101l) was confirmed by
a nass spectroscopic nolecular weight determination in
which the ion of highest 9@ value corresponded to a nass
nunber of 264; This agrees with o loss of acetic acid

fron the postulated structure (calculated nolecular weight

324) and is confirmed by o fairly abundant peak at Tt 60.

The acetoxy—-ester (101) was hydrolysed with agueous
methanolic potassiun hydroxide and re-esterified with
diazomethane. It was seen from T.L.C., that the product
was a nixture of two conmpounds which were at first thought
to be the expccted hydroxy ester (102) and unchanged
starting material (101) since the less polar conponent
had an Rf value sinilar to that of the original acetate
(T.1.C.), Attempts to seporate the constituents of the
mixture by chromatography over activated neutral alunina
produced 2 single (T.L.C.) pure crystalline compound,
Rechronatography of the residue yielded o further crop of

this crystalline material (n.p. 123-4°, L;] D+ 429,

CC1
1ax

4 1780 cm?l) which was identified -as the lactone
(1033 m.p. 123~4O, E;J Dt 46°) previously obtained7l

from the products of permanganate oxidation of sclareol,

Thus the nixture obtained from hydrolysis and re-

T8



esterification of (101) mmust have been the expected
hydroxy~ester (102) together with o little of the lactone
(103), chromatography over alumina, which was probably

slightly basic, increasing the yield of the lactonc,
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EXPERIMENTAL,

411 nmelting points were determined on a Kofler Dblock

and are uncorrected, 411 boiling points are uncorrected.

Infrared solution and KCl disc spectra were recorded
linearly in cn?l as percentage transmission by Mrs. F.
Lawrie with a Unican S.P. 100 double-bean spectrophotometer
equipped with an S.P. 130 sodiun chloride prism-—-grating
double monochromator operated under dry-air conditions.

The wave~nunber scale was calibrated against water vapour
(3656-2000 cm:l) and acetone (2000~650 cnTl).  Some
infrared spectra were recorded on & Perkin-Elmer 237

spectrophotoneter.

Proton magnetic resonance spectra were recorded by
Dr. J.D. Connolly and Mr, J. Gall with a‘PerkinéElmer
60 negacycle spectroneter, using tetramethylsilane as
internal reference in carbon tetrachloride solutions of

saiiples,

Woelnn alwuina, deactivated to the appropriate
Brocknann grade72 was used for column chromatography.
Thin layer chromatcplates (T.L.C.) were prepared73 fron

Merck's 'Kieselgel G'.

Analytical gas-liquid phase chronatograns were run

on a Pye-Argon chronatograph with a Strontiun-90 Ionization
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detector.

Mass sﬁectral molecular weights were determined
with an A.E.I. M.5.9 nass spectrometer by Mr. T. Bryce,

B.Sc., and Miss J. Wilkie.

Optical rotations were neasured in chlorofornm unless

otherwise stated,

The light petroleum used was of Db.p. 60-80° unless

stated to the contrary.

Methyl Labdanolate and Methyl 1l3-epilabdanolate.,

Sclareol (45) was oxidized with sodiun dichronate
according to thz method of Stoll and Commarmont74. The
aldehydic product (58% yield) was further oxidized with

silver oxide52

, the total 2cid product (98% yield) ester-—
ified with diazomethane and hydrogenated in ethanolic

solution in the presence of platinum oxide.

The nixture of saturated esters (24°5 g.) was then
adsorbed on activated alumina (neutral, grade 111, 1°8 kg.)
and displaced by gradient elution [2 l. of benzene: Ilight
petgoleum (25 3) 2dded to 4 1. of (1: 9) followed by 3 1.
of (3: 2) and 3 1. of (3: l)]. Fractions 9 to 60 (10'3 g.)
gave the ester (96), m.p. (fron methanol) 107-109°, [qu
+18° (¢ 2.05), 109-111°; + 18° 22,  Fractions 140 to

184 (635 g.) gave nethyl 13—-epilabdanolate, m.p. (from
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light petroleurn) 71-74°, (J]:D + 3% (c 1°28) [74e75°;

+ 2OJ 52. The infrared spectrum, as a KCl disc, was
identical with the recorded spectrum?z. oubsequent
fractions gave methyl labdanolate contaminated with methyl
ls-epilabdanolate (shown by comparison of infrared spectra)
which could not be satisfactorily separated by repeated
chronatography to give the required quantity of methyl
labdanolate, The methyl labdanolate used m.p. 69—729,
4]y - 7° (e 2:12) (727745 - 7°] 52 was extracted’>

fron gun labdanuii,

" Dehydration of Methyl Labdanolate and Methyl 13-epi--

labdanolate.

The two hydroxy-esters were dehydrated with phos-—
phoryl chloride in pyridine5o at 200; The products had
LA]D + 21° [+ 270]50 (c 2°09) from methyl labdanolate
and ~ 22° (¢ 4+46) fron methyl 13-epilabdanolate. Gas—
liquid chromatography (0+5% A.P.L./80-100 Embacel; 175%;
40 ml, Argon/min.) showed the presence in both cases of two
products of retention times 8 and 9¢5 min. Quantitative
infrared comparison of the band at 890 et (CSZ; exX0~
;wthylene) in each nixture with the corresponding band in
3-nethylene cholestane gave its content as 7 2% (13—epi)

58% (13-normal).
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Ozonolysis of the Dehydration Products.

The olefin nixtures obtained above were ozonised in
ethyl acetate at - 70° 50. The ketonic product containing
two najor conponents (1.L.C.) was chronatographed over
sctivated alurina (neutral, grade 111). The fractions
containing the least polar component (T.L.C.) were exanined
for honogeneity by gas-liquid chromatography (10% 4.P.L.;
0059, 40 ml. Argon/min.; retention time 24 mins.).  This

component showed DLy 1712 (cyclohexane), 1739 (methyl
nax.

ester) cnit. HydrolysisSO furnished 20-nor-8-oxolabdan-—
}?—oic acid, and 20-nor-8-oxolabdan-l13-epi-15-oic acid
which were characterised as the oxines as follows:-—

Fron labdanolic acid, prisms from ethanol, m.p. 188—1960;
{}L]Dfr 52° (pyridine, c 0+84).

Fron 13-epi-labdanolic acid, ncedles from ethanol, n.p.

222-2269, [nL]D + 879 (pyridine, c 0°72).

Natural nethyl eperuate, 11%5 144960 ‘“&]D - 229, wes
shown by gas-liquid chromatography (0+8% A.P.L.; 1759
40 ml. Argon/min.) to consist of a nixture of two oplefins
Whose retention tines were identical with those of the
Previously described dehydration products. Quantitative
infrared estimation (see above) showed the presence of

32% exocyclic olefin. Ozonolysis, separation of the

Products as above (G.L.C., T.L.C. and I.R. conparisons
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match the product from methyl 13-epilabdanolate) and
hydrolysis furnished the oily enantio—-20-nor-8-oxo~l3~labdan-—
15—o0ic acid, characterised as the oxine (needles fron

ethanol) n.p, 224-226°; {A]D ~ 829 (pyridine, c 1+18),

Methyl 8Y, 2o§.—dinyaroxylabdan:;5—oate.

The olefin mixture (499 ng.), obtained fron dehy-
dration of nethyl labdanolate (with phosphoryl chloride in
pyridine) {sce-aho¥e), in anhydrous ether (10 ml.) and
pyridine (10 nl,) and osnmium tetroxide (500 ng.) were kept
in the dark for two days, and the nixture of osmates
decomposed with hydrogen sulphide, The gumny nixture of
diol esters (550 mg.; +two components by T.L.C.) was
separated by chromatography over activated alumina (grade

11 neutral, deactivated with 7¢5% of 10% acetic acids; 30 g.)

Elution with benzene-light petroleun (1l: 1) afforded
@ethyl 8;, 9§w7 dihydroxylabdan—15—ocate (108 ng,; D nax.
3580, 1735 cn?l) which could not be induced to crystallise.
Benzene then eluted the second product, nethyl 8?, 20?—-
dihydroxylabdan-l5-oate (270 mg,) pPrisms from ice—cold
light petroleun (40-60°), 1.p. T7-79°, Kg:]§i6 ~ 200
(pyridine, C 1+11) (Found: C 70-.98; H 10°78, 021H38O4

CCLy 3644, 3615 (free

rax.

requires C 71+14; H 10+8%),
hydroxyl); 3570 (bonded hydroxyl)s; 1740 (ester) et

Singlet (2H) at T 6.5 (in CD013 with T.M.S. as internal
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standard), In a later osmylation, the osmate esters were
deconposed by stirring the reaction mixture, at roon
tenperature, with sodium bisulphite solution and agqueous
pyridine until a clear orange solution was obtained75.

The agqueous solution was then extracted with chloroform to

give the gummy mixture of diol esters.

Acetylation of Hethyl—8z, 20Kzﬁﬁhydroxylabdan—15—bate.
t ) -

This prinmary-tertiary diol (39 mg.) was converted
quantitatively (T.L.C.) into an oily nonoacetate by
dissolving in pyridine and leaving overnight at roon

tenmperature with an equal weight of acetic anhydride.

film 1

Mmax. 3550, 1735, 1240 CIn,

The oily product had VD

Benzoylation of Methyl—éﬁ, 20(l—dihydrozylabdan—lS—oate.
The primary-tertiary di;i (100 ng,) was dissolved in

pyridine, recrystallized p-nitrobenzoyl chloride (330 1g. )

added and the mixture allowed to stond overnight at rbom

. tenperature. Conversion to an oily mono p-nitrobenzoate

was quantitative (T.L.C,), the single product having

filn

oo 3600, 1720, 1280 and 1120 cnit

This prinary-tertiary diol ester also formed an oily
acetonide quantitatively (T7.L.C.) by stirring with excess
acetone in the presence of anhydrous copper sulphate at

roonn tenperature for four to five hours,
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Methyl 8;1 20i?—dihydroxy—l3—e@ilabdan—l5—oate,

Prepared from the dehydration product of nethyl 13-
epilabdanolate by osnylation as above, this afforded fine
needles from ice-cold light petroleun (40—600), e
88-—90O IfL]§i6 ~ 5° (pyridine, c 2+22) (Found: C 71°47;
H luel7. 021H3804 requires C 71+143 H 10-8%), I.R.,
T.L.C. and N.M.R. properties showed only very ninor
differences fromn the corresponding diol emanating'from

nethyl labdanolate.

Antipode of Methyl 8?, 20‘ —~dihydroxy—-l3—epilabdan—-15-oate.,
p) P

Preparcd from natural nethyl eperuate by osnylation
as above, this afforded fine needles from ice-cold light
petroleun (40-60°) n.p. 88—9Oo,tyL]§i6 + 49 (pyridine;

c 1-80).

Reduction of this diol with lithium aluminiunm hydride
afforded an oily triol (one product by T.L.C.; absence of
)

N nax, 1700-1800 cni™).  The derived p-nitrobenzoate and

J\~naphthylurethane were likewise non—crystalline,

The dihydroxy acid obtained by alkaline hydrolysis

and its cycelohexylarnine salt could not be crystallised.
/

Alternative Dehydration of Methyl l3—epilabdanolate.,

This was atternipted with the object of obtaining only

the exomethylene isomer76o Methyl 13—-epilabdanolate
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(300 ng.) was heated under reflux for twelve hours with
anhydrous copper sulphate (10 g.) in anhydrous benzene
(40 ml.), However, the single product (T7.L.C.) appeared
to be methyl labd-8~en~15-oate since an infrared spectrum

showed no absorption at 3500 or 890 cm?l :b :giim 1740 cmjl

Cyclization of Methyl 20-nor-8-oxolabdan-l5-ocate (62),

The keto ester (360 ng.) was cyclized in the presence
of alcohol-free sodium nethoxide according to the method of

48 e crystalline product (122 ng.,) re-

King and Jones
crystallized fron benzene/light petroleum to give colourless
needles which sublimed to prisns at 1700 and had a n,p. of

O i ' * o . : !
202-203%,  (Found: C T4+663 H 10°+82, Coof3493 pequires

¢ 744495 H 10063%). L] - 30° (g 0-78). N Py
3622, 3582, 3524, 1743, 1714 oot  Nuclear magnebic
resonance spectruri had bands at C 63 (3H, singlet); T

7 (IH diffuse singlet)3;T 9 (3H, singlet); T9:19 (6H singlet);
- 9+27 (3H singlet).

Cyclization of Mcthyl 20-nor-8-oxo—l3—-epilabdan-15-oate.

The keto ester from nmethyl l3-epilabdanolate (543 mg.)

8 ana the product (325 ng.), when re-—

was cyclized as above4
crystallized fron benzene/light petroleun, also gave colour-
less needles which changed to prisns in the range 165—1750,
and had n.p. 204°,  (Found: C 7T4+35; H 10+77. C20H3403

requires C T74+49; H 10+63%). [&]D ~ 319 (c 0+62).
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)ggiz}gezz, 3582, 3524, 1743, 1713 cmo*

Alternative Methods for Cyclization of Keto Esters (62).

(1) A solution of the keto ester fron nethyl eperuate (50 1g.)
in anhydrous ether was added to = suspension of sodamide in
liquid ammonia. When the addition was conplete, the
armonia was replaced by anhydrous ether and the nixture
stirred under reflux for two hours. Excess sodamide was
destroyed by careful addition of an agueous hydrochloric
acid solution and the nixture extracted with ether. The
washed and dried ether extracts gave acidic naterial (T.L.C.
and I.R.) which on re—esterification with an ethercal
solution of diazomethane gave a nixture of products,
including unchanged starting naterial. Chronatography of
the product nixture (58 ng.) over activated acidic alunina
(grade lll; 7 g.), eluting with benzene: 1light petroleun

(1: 4), gave 3 ng. of crystalline product, m.p. 198-200°,

- (2) The cyclization of methyl eperuate keto ester was also
attenpted using lithium metal in liquid aimonia, but agein
a considerable mixture of products was obtained. These

nethods of cyclization were therefore abandoned.

Cleavage of Methyl 8,9-dihydroxylabdan—~15-oate.

(a) With sodiun periodate.

(i) To the ditertiary diol nethyl 8,9-dihydroxylabdan-—

15-0ate (55 mg.) dissolved in methanol was added a solution
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of sodiun periodate (163 ng.) in water, The nilky white
suspension was then left at 0° for one hour. However; an
infrared spectrui and T.L.C. of the product obtained on
extraction with chloroform indicated that it was‘unchanged

starting naterial.

(i1) The process was repeated using an increased
arount of periodate (240 ng.) and the mixture shaken for
one hour at room temperature, Lgain a quantitative yield

of ditertiary diol was obbtained.

(iii) To the diol was added a further 240 ng. of
gsodiun periodate in aqueous solution and the nixture shaken
at roon tenperature for forty-—-four hours, but again the

product was mainly unchanged starting material.

() With lead tetra-acetate.

The diol (50 ng,) dissolved in acetic acid was left
in the dark with excess lead tetraacetate for thirty-six
hours; The nixture was then diluted with Water; extracted
with chloroforn and the orgenic layer washed with brine;
blcarbonate solution, brine, dricd and the solvent
evaporated to give an oily diketone identical (by i.R.;
G.L.C,, N.M,R.) with that obtained from ozonolysis of
nethyl eperuate. The diketones from the two sources were

exanined for homogeneity by gas-liquid chronatography
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(16% A.P.L. at 225°, 45 nl. argon/minute) and both had a
retention time of 36¢5 nmimutes, - i 1740; 1720;

1716 cm?l. Both nuclemr nagnetic resonance spectra h%d
peaks at U 6 4 (3H, singlet, nethyl ester), T 8+0
(EH; singlet, nethyl ketone); T 8°77, 8:88, 91 (4 methyl

groups).

Baeyer — Villiger Oxidation of the Diketone (68).

(a) With m—chloroperbenzoic acid..

(1) To the dione (53 ng.) dissolved in analar
chloroforn was added excess m—chloroperbenzoic acid and the

nixture stirred overnight at roon temperature. Excess

peracid was destroyed by the addition of a 10% solution of
sodiun sulphite until no further reaction was obtained with
starch iodide paper. Washing with a saturated solution of
sodiun bicarbonate was not sufficient to extract all the
renaining m—~chlorobenzoic acid and this was removed from
the product mixture by filtration through a short column of
activated alumina (grade 1V, acid); eluting with benzene-
light petroleun (1: 1), A single (T.L.C.) oily product was
obtained which ~ppeared to be the acetoxy-keto ester (88),
filn
mnax,
spectrunn showed T 6+4 (3H, singlet,methyl‘ester‘CH3);

1740, 1700 cmfl A nuclear nagnetic resonance

T 805 (3H, singlet, acetate OH3);T'8-8 (3H, singlet,
CH3)3 T 9-03 (9H, 3 methyl groups).
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(ii) The Baeyer - Villiger reaction was repeated on a
further 213 ng. of diketone and stirred for sixty hours at
roor1 tenperature. The single product (T.L.C.) obtaincd
from chromatography (80 ng.) was hydrolysed with nethanolic
potassiun hydroxide solution. The nuclear nagnetic
regonence -sped¢trumof the-acid fraction was examined and
found to be quite different from that of an authentic sanple

of (+) (> -methyl adipic acid,

(b) With trifluoroperacetic acid.

A solution of trifluoroperacetic acid in nethylene
chloride was added dropwise to a cooled stirred suspension
of diketone (72 ng.) and anhydrous disodiun hydrogen
phosphate (200 mg.) in methylene chloride, The nixture
was heated under reflux for 2% hours, diluted with water,
the agueous layer separated and extracted several tines
with methylene chloride. The corbined organic layers were
washed with a saturated solution of sodiwn bicarbonaﬁe;
brine, dried over anhydrous sodiun sulphate and the solvent
evaporated, The oily product (80 mg.) was chronatographed
~over activated alumina (grade 1V, acid; 10 g.). Elution
with 30% benzene-light petroleun gnve a single pure compound
(T.L.C.) which appeared to be identical with that already
Obtained from Baeyer — Villiger oxidation with n~chloroper—-

benzoic acid (T.L.C. cnd =) igiﬁ 1700 enTh).
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Baeyer — Villiger Oxidation of lMethyl 20-nor-~8-o0xo=l13-—

epilabdan~15-oate (62),

The monoketone, methyl 20-nor-8-oxo-l3-epilabdan-15-
oate (207 nmg.), was treated with trifluoroperacetic acid as
described above for the diketone (68), The product was
chromatographed on activated alumina (grade 1V, acid) and
the required lactone (one spot on T.L.C.) eluted with 10%
benzene-light petroleun, :) §2i4 1740 cn?l (esfer and
§ lactone)., Mo ketonic absorption at 1700 en7t.

Hydrolysis of the Lactone (90).

The lactonc—ester (152 mg.) was refluxed on a stean-—
bath for twenty minutes with sodium hydroxide (200 ng,) in
aqueous nethanol. The acid fraction was re—esterified
with diagzomethane to give the hydroxy diester (91).

~ ggi% 3635, 3600, 3500 (free and bonded hydroxyl)
1740 cm?l (broad oarbonyl). The nuclear nognetic
resonance spectrun had T 6¢4 (6H doublet); T 6-9 (1H,
diffuse singlet); T 7:87 (4H, singlet, CH, alpha to
carboriethoxyls); U 9-1 (singlet, 4 methyl groups); The
viscous hydroxy diester was distilled (1600 at 0415 rm, )
and analysed. (Founds C 68-37; H 10-24, e
requires C 680735 H 10-34%).

Oxidation of the Hydroxy diester (91).

(1) Chroniun trioxide (150 ng.) was added to the

hydroxy diester dissolved in pyridine and the mixture
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left overnight at room tenperature. Excess chroniun
trioxide was destroyed by addition of nethanol and the
chromate complex decomposed by water. The aqueous
solution was extracted with ether, washed with dilute
sulphuric acid (to remove the pyridine), brine, and dried
over anhydrous sodium su%phate. Evaporation of the ether
gave 150 ng. oily »nroduct which was seen fron T.L,C. to

contain unchanged starting naterial,

(2) The hydroxy-diester (150 ng.) was dissolved in
acetone and treated with twenty drops of Jones Reagent64’65
(6N chromic acid + 12N sulphuric acid) at ice-bath terper-
ature, with stirring, for ten ninutes. The nixture was
diluted with water and extracted with ether. The guwmy
product was again a nixture of hydroxy (91) and keto (92)
diesters (T.L.C.). The components of the nixture were
separated by chromatography over activated acidic alunina
(grade 1V); the desired keto-diester (92) being eluted with
benzene—light petroleun (1:9), D i;;? 1740, 1700 enn7t,
Nuclear magnetic rasonance spectrun had T 6-38 (6H, sharp

doublet), T 8.73, 8:79 (two singlets, probably nethyl

groups); T 9+05 (singlet, gem-dinethyl).

Baeyer -~ Villiger oxidation of the keto-diester (92),

(1) The keto diester (93 ng.) was treated with tri-

fluoropsracetic acid as previously described, the reaction
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nixture being heated under reflux for two hours. However,
T.L.C. and an infrared spectrum of the product indicated

unchanged starting material. ~ filn 1740, 1700 cm?l.

naX,

(ii) The process was repeated on 70 ng. ketone, using a
large excess of peracid and the nixture refluxed overnight,
but the unchanged starting naterial was again obtained
(68 ng.)

The remaining keto di ester was divided into two

portions and the Baeyer - Villiger oxidation attenpted again.

(iii)  One portion of the keto diester (50 ng.) dissolved
in nethylene chloride was refluxed with excess m~chloro-

perbenzoic acid for twelve hours.

(iv) The second portion of keto diester (20 mg.) was

refluxed with a solution of trifluoroperacetic acid in

niethylene chloride for forty hours.

However the infrared spectra of the products from
both these attempts still showed carbonyl absorption at

1700 cm:l, and there was apparently no change py T.L.C.

Nitric Acid Oxidation of the C-9 sicde chain.

(1) A nixture of the hydroxy- (91) n~nd keto-diesters
(92) (200 ng., obtained from inconplete Sarett and Jones
oxidations of the hydroxylic materizl) was heated on a

stear~bath for twelve ninutes (three to four mninutes under
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reflux) with concentrated nitric acid (2¢6 ml.) and a

catalytic amount of vanadium pentoxide. The reaction
mixture was cooled, poured on to ice and extracted with
ether, The organic extracts were washed with brine; dried
over anhydrous sodiun sulphate and the acidic product |
obtained (T.L.C.) treated with excess of an ethereal
solution of diazonmethane prior to exanination by gas-liquid
chrormatography (10% P.E.G.A., 125°, ‘35 nl. Argon/minute),
Comparison with an authentic sanple of (+) methyl—-p -
nethyl adipate (retention time 10 mins.) indicated the
pPresence of a suall anount of the required ester in a
considerable mixture of oxidation products. An attenpt
was nade to remove sone of these other products by chron-
atography of the ester mixture (200 ng.) over activated
acidic alumina (grade lV; 20 g.), eluting with benzene~
light petroleun (1: 9) the fractions being exanined by gas-
liquid chromatography. Those fractions (30 ng.) containing
nethyl-p -nethyl adipate were filtered through a second
colunn of activated acidic alunina (grade 111; 20 g.)
eluting with light petrolewn since they still contained a
considerable nuimber of contaminants. However, this proved

unsuccessful since the impurities were also eluted im-petrol.

An attenpt to purify the acid according to the method

66

of Eisenbraun - by distillation of the hydrolysed ester
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nixture at 180° and 045 mm. pressure was unsuccessful and
it was discovered that distillation of authentic (+) ‘& -
nethyl adipic acid under the same conditions did not yield

the pure, unchanged acid either,

(ii) The ketonic-hydroxylic nixture of diesters

nentioned above (13 mg.) was stirred at room temperature

with concentrated nitric acid and vonadiun pentoxide

for two hours,

(1ii) To pure hydroxy-diester (913 12 mg.) dissolved in
a little analar dioxan at ice-bath tenperature was added

65% nitric acid (3 nil,) and a catalytic amount of vanadiun

pentoxide. The mixture was then allowed to warm up to rooi

tenperature and stirred for thirty minutes,

(iv) The nixture of ketonic and hydroxylic diesters
(18 ng.) was heated under reflux for one hour with 65%

nitric acid (5 nl.) in the presence of van~diun pentoxide,

None of the products fron the above experinents
contained p ~nethyl adipic acid, as seen when the ester—
ified nixture was conpared by gas-liquid chromatography with

an authentic sanple.

Alkaline Potassiun Permanganate oxidation of the C-~9 side

chain,
(1) To pure hydroxy diester (91; 40 ng,) dissolved
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in a little analar dioxan was added, with stirring and at
ice~bath temperature, 5% aqueous-alkaline potassium
pernanganate solution (2 mi.). The nixture was stirred

at roon temperature for one hour, diluted with water and
extracted with ether to rerove any neutral naterial, The
aqueous solution was then acidificd with dilute sulphuric
acid, re—extracted with ether, the ether extracts washed
with brine and dried over anhydrous sodiun sulphate, The
acidic (T.L.C.) product obtoined on evaporation of the
solvent was esterified with diazonethane and exanined by
gas~liquid chronatography as before. However, the product
was almost entirely unchanged hydroxy diester and contained

no nethyl-~ P~methyl adipate.

(ii) The unchanged product from above was heated with
nore of the alkaline pernanganate solution (3¢5 ml,) for
thirty ninutes on a stean bath, but no methyl—ﬁ-{wthyl

adipate was obtained,

Baeyer — Villiger Oxidation of the Mixture of Ketones

(62 and 68).

The Baeyer ~ Villiger reaction was carried out on the
nixture of niono~ and diketone obtained from ozonolysis of

nethyl eperunte as previously described,
Hydrogen peroxide (2 ml. of 90% plus) and trifluoro-
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peracetic anhydride (12 wml.) were introduced, with stirring,
into dry methylene chloride (25 ml,) at ice-bath temperature.
The suspension was then placed in the deep freeze for
several hours (at least four) until the mixture becane
hormiogeneous. The solution of peracid was added drorwise,
with cooling, to a stirred suspension of the ketone nixture
(246 g.) and disodiun hydrogen phosphate in anhydrous
nmethylene chloride (100 nl.). When the addition was
complete, the nixture was placed in the deep freeze and
left, with only an occasional shake, for forty-eight hours,
and then heated under reflux for a further six hours. It
was cooled; the inorganic salts dissolved in water and the
aqueous nixture left for several hours to ensure hydrolysis
of any excess anhydride which had contaminated previous
ginilar experinents. The reaction was worked up as before,
the product being hydrolysed by refluxing for thirty
minutes with sodiun hydroxide (2+5 g.) in methanol (30 nl,)

and a few drops of water.

The acidic fracticn froi: the hydrolysis was re-~
esterified with an ethereal solution of diagomethane and
the resultant ester mixture (1¢76 g.) exanined by gas-liquiad
chromatography. Comparison with an authentic sanple of (+)
methyl~f’amethyl adipate indicated the presence of the

required ester in a considerable nixture of products. This
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nixture was filtered, in light petroleuwii, through a
colurm of activated acidic alumina (grade 1V, 60 g.), the
fractions being exanined by gas-liquid chromatography.
However, it was not possible to obtain the methyl—ﬁ-

nethyl adipate pure and free fror: contaninants.

Cyclization of Authentic A Methyl Adipic Acid to 3~
! .

Methylcyclopentanone.,

(1) An authentic sample of (+)f5amethyl adipic acid

(14 mg;) was distilled with finely ground crystalline barium
hydroxide in a Wood's metal bath according to the nethod of
Thorpe and Kon67. The distillate was extracted with ether,
the organic extracts washed with brine, dried and the
infrared (carbon tetrachloride) solution spectrwun of the
product conmpared with that of authentic 3-methylcyclo=-
pentanone. The two spectra were ildentical, having single

sharp carbonyl bands at 1740 enTt.

(2) Toﬁ—imthyl adipic acid (38 ng.) was added 1 ml, of
a solution of pyridine (0+5 ml.) in acetic anhydride (5 ml;)
and the nixture refluxed for two hours, It was then
diluted with water and extracted with ether, The organic
extracts; after washing with bicarbonate and brine, gave an
0ily product which appeared to be the anhydride (95) fron

CcC

the infrared solution spectrumns Tb wiA 1820, 1760 cm?l,

L
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This oily material was distilled in a sublination

tube at atmospheric pressure and the product (a nixture of

' ) ¢C1L

cyclopentanone and acid maxd 1740, 1700 cnTt with a

’
broad hydroxyl region) washed with a saturated solution of

sodiun carbonate, The solution spectrun of this purified

1

naterial showed a sharp single band at 1740 ca.— and was

therefore assuned 10 be 3-nethylcyclopentanone,

Cyclization of Impure @A -Methyl Adipic Acid to 3-dlethyl-
I

cyclopentanone,

(1) A sample of the ester mixture (96 mg.) containing
methyl—f3~methyl adipate was hydrolysed and the crude acidic
material distilled with finely ground crystalline bariun
hydroxide in a Wood's metal bath. The oily product
obtained from the very snall anount of distillate had

7% ggi% 1740 (cyclopentanone), 1700 om?l, the latter being

the stronger band. Distillation of this product did not

inprove its purity.

(2) Another sample of impure nethyl-p -nethyl adipate
(200 mg.) was hydrolysed and the crude acid product
refluxed for two hours with 1 ml., of a solution of pyridine
(0¢5 ml.) in acetic anhydride (5 ml.). On cooling, the
reaction nixture was diluted with water, washed with
saturated sodium carbonate solution; brine; dilute hydro-

chloric acid, brine and finally dried over anhydrous sodiun
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sulphate. The dark brown gumiy residue obtained on
evaporation of the solvent was sublined in a cold finger
apparatus. The distillate appeared to be mainly acetic
anhydride but the infrared spectrum, in carbon tetrachloride

solution, did show a small band at 1740 enTt.

A1l attenpts to obtain the dibenzylidene derivative

froxm these two impure products were unsuccessful. .

Oxidation Products of Sclareol.

The nain products from the chromic acid oxidation of
sclareol (apart fror: the epimeric esters of labdanolic acid)
were separated by thick plate chromatography, using ethyl-

acetate-light petrolewa (1: 9) as solvent systen.

Ether (96).

This was a white crystalline solid, plates from
rethanol m.p. 107-109°; [ot] p + 18° (c 2+05) [109-1110;
+ 180:]52. (Found: C 75.28; H 10-74, 021H3603 requires
C 74295; H 10°78%).

D %1y 17405 1117, 1098 snd 1076 entt (ether ring). |
Nuclearamagnetic regsonance spectrun had peaks at U 6+4 (3H;
singlet, nethyl ester CHS); T 7.7 (2H, singlet, CH, alpha
to carbouethoxyl); T 847, 876 (two nethyl groups);
‘E'9°l4, 9.2, 924 (o gen—-dimethyl and a quaternary CH3>‘

Mass spectroscopic nolecular weight 336 (calculated, 336),
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Hydrolysis of Compound (95),

The ester (84 ng.) was refluxed for two hours with
potassium hydroxide (200 nmg.), methanol (2 ml,) and a drop
of water., The crude product (97) recrystallized fron light
petroleun as oolourleés neecdles, n.D, 114-116° (116~8O)7O;
(Found: C 74:74; H 1049, 020H3403 requires C T4°49;

H 10-63%).,

Lithiun Aluminium Hydride Reduction of (96).

To the ester (125 nmg.) dissolved in anhydrous ether

(10 ml.) was added an excess of lithiun aluminiun hydride
and the nixture left overnight at 0°. The excess lithiun
aluninium hydride was destroyed by careful dropwise addition;
with cooling; of a saturated solution of sodium sulphate.
The oily product (107 ng.) had no carbonyl absorption and
Voo 3630, 3490 el
The alcohol (97) was distilled (140° ot 0°05 mm.) and
analysed., (Found: C 77523 H 11°52, Cop 3602 requires
C 77865 H 11.76%).,
The nuclear magnetic resonance spectrun had peaks at

T6e4 (2H,triplet); T 6.8 (1H, diffuse singlet)s

T8.48, 8°74 (6H, two methyl groups); L 9-15, 922, 925

(three methyl groups);

Attenpted Dehydration of Alcohol (98).

The alcohol (100 ng.) dissolved in anhydrous,
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redistilled pyridine (3 ml.) was treated with phosphorus
oxychloride (0°*5 l. ), The mixture was hezted under reflux
for three hours and left stending overunight. Evaporation
to dryness, dilution with water and extraction with ethyl
acetate gave 40 ng. of an olly product which moved as one
spot on a chromatoplate and was much less polar than the
starting alcohol, There was no unsaturation in the
infrared spectrum and no vinyl protons in the nuclear
nagnetic resonance spectruil,. The conpound gave a positive
Beilstein reaction. (Founds C 73753 H 10°55,

Cpotl35C1 O requires C 73+5; H 1o~72%).‘

Compound (100).

This was shown to be the nor-ester of compound (96).

It distilled at 120° (005 mm.), (Found: C 73+69;

H 10-72, CZOH3403 requires C 74~49; H 10+63%), ,
Mass spectroscopic nmolecular weight 322 (calculated, 322),.
2>ggi% 1740 em7ts 1120, 1098 and 1076 omir.
Nuclear nagnetic resonance spectrum had peaks at T 6°3 (3H,
singlet, methyl ester); T 8°74 (singlet, nmethyl group);

T 8.8 (3H, singlet, methyl group); T 9-13 and 9-.23 (9H;

two singlets).

Compound (101),

Crystallized fron petroleu: ether (40-60°) as

colourless needles ri.P. 69-72°¢C, (Found: C T0+583
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H 10°00., 0195324&)4 requires C 7o~'3'3; H 9:94%),

N 1735, 1730, 1240 exiTl,

Ngclear magnetic resonance spectruir had peaks at "('év4
(3H, singlet, methyl ester); T 7.78 (3H, singlet; acetate
CH'B); T 8.2 (3H, siﬁglet, -8 methyl)s ©C 9~12; 9*18;

9¢22 (three singlets, methyl groups).

Hydrolysis of comnpound (101),

The acetoxy—ester (34 ng.) was refluxed for two hours
with potassiun hydroxide (200 ng.) in aqueous ﬁethanol‘(Zml,L
The acidic product was esterfied with diazomethane and
chromatogranphed over activated neutral alunina (grade 111,

12 g.). Crystalline naterial (14 mg.) was eluted with
benzene~light petroleum (1: 1;5) and rechromatography of
the residue produced a further 6 ng. of this compound, n.p.
(from light petroleum) 122-124°; {oL] D * 42° (c 0;38).
[:}23—403 + 4'6”0]71;' N gZiZL 1780 enT',
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