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A* The structural, stereochemical and biogenetic studies

gibberellic reviewed. An
account of the synthetic approaches to the degradation products

of gibberellic acid is also provided.

A Various synthetic routes to gibberone, a degradation
product of gibberellic acid, have been investigated. The main
synthetic approach, which involved the preparation of suitably
oriented spiro-compounds from 4~methylindan~l~one, provided us
with a tricyclic intermediate which 1s theoretically capable of
elaboration to gibberone~ An attempted cyclisation of this
intermediate provided us with a product which possessed physical
properties similar to 6-oxo-gibberone. The exact nature of
this product awaits elucidation® An attempt to prepare the
ozonolysis product of gibberone is also described.

C. Synthetic approaches to gibberic acid, an acid-catalysed
rearrangement product of gibberellic acid, have been explored.
These involved the initial preparation of either a suitably
substituted coumarin convert these
compounds to a suitable tricyclic Iintermediate are described.
Promising results have been obtained from iInvestigations
concerning a route to gibberic acid which involves the use of

spiro-type compounds. The latter route is essentially similar

to that used for gibberone.
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S

HISTORICAL

(1) Gibberellic Acid
(a) Structure
In 1926, the Japanese plant pathologist E. Kurosawa
made the important diaeeveryl that cell-free filtrates
made from pure cultures of the fungus Gibberella fujikuroi

grown on synthetic media would, if applied to healthy rice
seedlingas, produce the elongation symptoms characteristic

0i the Bakanae disease in rice. It therefore seemed almost
certain that a metabolic product of the fungus, produced
when it grew in either the host plant or in culture media,
was responsible for the enhanced zrowth.

This observation was rapidly followed up in Japan
and it was soon shown that many other species of plant
reaponded by extra growth., The conditions of production
of the activ}e material were studied, using the response of
rice seedlings as a crude form of bioassay. VWork on
extraction and purification of the aciive material proceeded
at the same time, and it was found that it could be absorbed
on charcoal and eluted with certain organic solvents.

Eventually in 1938-39, a crystalline material was
obtained?’? in yields of about 10 mg/l. of crude culture
media, which would stimulate growth ii applied to the roots

of seedlings. This substance was originally named



gibberellin B, but subsequently called gibberellin A3.
Further work on the chemisiry of zibberellin A and on its
physiological properties was published in Japan and will
be discussed later.

lore recently, interest in the growth-promoting

metabolites of Gibberella fujikuroi has spread, and from

this increased attention has resulted the discovery of other
active compounds which are related chemically and also in
physiological activity. These compounds are known as the
gibberellins (4),4,,4,,A5) and gibberellic acid
(givberellin A3)4’5'6¢ The last-named component was first
obtained in pure form independently and almost simultaneously
in Britain® and the U.S.

Gibberellic acid can now be produced in much greater
yields than either of the gibberellins and more detailed
and fruitful work on its chemistry has been carried out.



Gibberellic acid is a colourless, crystalline,
optically active monobasic acid which melts with
decomposition at 233-235°C.  The analysis, equivalent
weight and molecular weisht (confirmed by the X~-ray method)
show ite formula to be c19H26°6'4

Gibberellic acid ;ives a negative ferric chloride
test and does not reduce Fehlinss solution or ammoniacal
gilver nitrate solution. It is unstable to alkali and
mineral acid and is rapidly oxidised by alkaline potassium
permanganate. A weak pogitive nitrochromic acid test
indicated the presence of a primary or secondary hydroxyl
group and this was confirmed by the infrared spectrum
{Table 1) and by the preparation of a monoacetyl derivative.
Gibberellic acid also yielded a p—~bromophenacyl ester and
& neutral monomethyl ester. Acetylation of the latter
gave methyl acetylgibberellate which was also obitained by

esterification of acetylgibberellickacid7.
Table 1 - Infrared Absorption Maxima. (Cross’)

Nujol Dioxan
Co | OH GO OH
Gibberellic acid 1746 3305,3390 1784,1736 3470
Acetate 1765,1736 3400 1786,1740 -
Ester 1770,1711 3490 - 3T77,1720 -
Ester acetate 1761,1740,1733 3510 - -

The infrared spectrum of gibberellic acid in Rujol




showed no absorption in the reion normally associated

with carboxylic-0H in solid (dimeric) acids; nevertheless

the band at 1736 eut {dioxan) was assisned to aliphatic
carboxyl for the following reasonsiw

(a) Gibberellic acid formed a methyl ester without the
uptake of water,

(b) The infrared spectrum excluded other acidic groupings
such as a p-diketone (also negative ferric chloride
test).

When gibberellic acid was treated with a small

excess Of O.1lN sodium hydroxide at room temperature a

second equivalent ol alkali was consumed; this, considered

with the fact that the infrared spectra of the acid and

its derivatives (Table 1) in dioxan solution showed strong

bands at 1780 om +

s led Cress to suggest that glbberellic
acid possessed a saturated Y-lactone ring. The rewmaining
oxysen atom was considered to be preseni ae an unreactive,
possibly tertiary alcohol group since the infrared spectrum
of methyl acetylgibberellate possessed a band at 3510 cmt,
It has also been reported8 that gibberellic acid forms a
diacetyl derivative.

The ultraviolet spectrum of methyl acetylgibberellate
showed no maximum in the range 220-320 mu indicating the
absence of an aromatic ring while the presence of two

double bonds was shown by microhydrogenaticn,experiments7.
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The above evidence accounted for all the oxyzen
atoms and indicated that gibberellic acid was a tetracyclic
dihydroxylactonic acid. Further information about the
ring system was gained from a study of the two products
of acid hydrolysisz ¥ild acid hydrolysis (normal
hydrochloric acid at 0%C.) of gibberellic acid yielded,
among other products, allogcibberic acid, 018H2003, together

with a molecule of carbon dioxide. If the hydrolysis was
conducted at 100°C. the allozibberic acid isomerised to

The evidence for the structures assigned to these

compounds is given in the sequel.
Gibberic acid
Gibberic acid (1) was originally assigned the

formula 019H2203 by Yabuta et alg. Subseguently, analyses
and equivalent weight determinations on gibberic acid and
its derivatives established the formula 018H2003 whence it
followed that the hydrolysis of gibberellie acid involved
the loss of carbon dioxide and water7.

The formation of an oxime, a methyl ester, and an
oxime ester demonstrated that gibberic acid was a keto-acid.
The infrared spectrum (Table 2), with a strong band at
1741 emfl. indicated that the keto group was present in a

-1

five-membered ring while the band at 1717 cm — was assigned

to an aliphatic carboxyl group.




Table 2 - Infrared Absorption’

Hujol Dioxan
co OH co OH
Gibberic acid? 1717,1741 3290 1740 -
Methyl gibberate® 1736 - - -

as In CCl, solution, OH absorption at 3525 en™t,
b In 0014 solution, absorption at 1745 cn™t with intensity
corresponding to two carboxyl groups.

The ultraviolet spectrum of gibberic acid (Table 3)
wasd consistent with the presence of an aromatic ring while
its resistance to hydrogenation was taken as evidence for
the absence of ethylenic bonds. A consideration of these
facts and the formula of gibberic acid led Cross to sugzgest
that the basic structure was that of a tetracyclic keto-acid

containing an aromatic ringT.

Table 3 - Ultraviolet Absorption

’\max- log £
Gibberic acid 2659 2749 300 2056, 2.47| 1.49
Gibberic acid® 265.5, 273.5, 292 2,63, 2.56, 1.69

Methyl gibberate 205, 273, 294 2.53, 2.45, 1.61
a« In O.,1N BaOH. The other spesctra were measured in EtOH.
Yatasawa and sumikil® demonstrated that oxidation
of gibberic acid with selenium dioxide gave a yellow acid
{gibberdionic acid) for which (in agreement with their

formula for gibberic acid) they proposed the formula 01932604‘



(2)

CoH
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Farther oxidation with hydrogen peroxide resulted in the
loss of carbon dioxide and the formation of a dicarboxylic
acid for which they proposed the formila 017-18H22-2406'
This rgsult was explained by assumin: that gibberdionic
acid had the partial structure ClﬁﬂlS(COOH)nCG'CHO. These
experiments were repeated by Cross with somewhat different
results. Selenium dioxide oxidation afforded gibberdionic
acid, 81831804’ (23 R = H)» Having assigned a five=~
membered ring ketone to gibberic acid Cross concluded that
gibberdionic acid must be a eycliccxwdiketone7. Evidence
for an o~diketone structure has been obtained in the
followins way.

Oxidation of gibberdionic acid with alkaline
hydrogen peroxide under the conditions described by Yatazawa

110 yielded only a trace af carbon dioxide and an

and Bumik
acid,613H2006‘§H29, which was shown to be the tricarboxylic
acid (3) by analysis of its trimethyl ester for methoxyl.
Gibberdionic acid would zive a tricarboxylic acid if it
contained an -diketone grouping but not if it had the
structure sugzzested by Yatazawa and Sumikilo. Further
evidance for an ({~diketone sztructure has been providad7 by
infrared and ultraviolet determinations. The infrared
gpectrum of methyl gibberdionate showed carbonyl bands
(Fujol) at 1736 ca L (ester),1750 cm™t and 1764 cm ™+ (five-

-1

membered ring X~diketone; ¢f. camphorquinone 1748 cm ~ and
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1760 emfl). The absence of hydroxyl and double bond in
the infrared spectrum sugcested a non-enolisable K -diketone
and this deduction was supvorted by the ultraviolet
spectrum which was almost identical with that of gibberic
acid (Table 3) in both ethanolic and 0.1N sodium hydroxide
solution. ({~-diketones, in which adjacent carbon atoms
carry hydrogen atoms, readily enolise and, in consequence,
have an ultraviolet spectrum characteristically different
from that of the parent monoketone). Thus gibberic acid
contained a wGHQ-GO- groupin; 8o situated in a five-
nembered ring as te preclude the enolisation of gibberdionic
acid. It was postulated, therefore, that gibberic acid
had the partial structure (4).7'1t

Selenium dehydrogenation of gibberiec acid to
l17-dimethylfluorens (gibbersne) (5)7'12'14 and oxidation
to benzene-l:2:3~tricarboxylic aeidll'l3 in significant
yield established the presence of the hexahydrofluorene
nmacleus (6). CGibberene was also obtained by mild
dehydrosenation of the tricarboxylic acid (3) derived from
gibberdionic acid.7 Confirmation for the structure of
gibberene has been provided by degradation and synthesia.lz
Oxidation of gibberene with potassium permanganate in
acetone gave gibbsrenone (7) Cy5H; 50+ which, on more
prolonzed permanzanate oxidation in pyridine, furnished

fluorenone-l:T~-dicarboxylic acid (8). An unambiguous

/H,
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gynthesis of gibbersene, gibberenone, and fluorenone~l:7-
dicarboxylic acid, based on the work of Lonthrop and

Goodwint

5, by ¥ulholland and warat? as a final proof of
structure. Yabuta et al. who have also worked on the
structure of gibbereune postulated that the diacid obtained
from givberene wi;ht be fluorenone-4:5-dicarboxylic
scid (9).2*  This suscestion was later invalidated by
Malholland and Ward who synthesised this compound by an
unambiguous route and showed that its melting point
depressed the diacid obtained by degradation.16
Since gibberene could be obtained from both gibberic
acid (1) and the tricarboxylic acid (3) obtained from
gibberdionie acid (2), Cross et al., concluded that during
the selenium dehydrogenation of gibberic acid no skeletal

rearrangement had eccurred.ll’l7

Thus the dehydrogenation
of gibberic acid involved the elimination of the methylene
earbonyl bridge (~Cﬂ2*CO~) and the methylene gzroup of this
bridge was attached 1o a guaternary carbon atom, Since
the enolisation of the l:2-diketone system of gibberdionic
acid was precluded (p.ll), it was suzgested that the
earbonyl group of the bridse was also attached to a
quaternary carbon atom. The position of the methylene
carbonyl group was finally determined by the followilng

series of reactions. Oxidation of sibberic acid with

alkaline potassium permanzanate at 0%c. yielded
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dehydrogibberic acid (10) whose ultraviolet spectrun
(Table 4) indicated that a double bond had been introduced
in conjugation with the aromatic rin:. Dehydrogibberic
acid did not undergo either acid or alkaline hydrol;sis and
regenerated gibberic acid on catalytic reduciion. It was
rapidly degraded by further treatment with alkaline
permanganate at 25°C. and yielded a dibasic acid, C17H130, 0
ldentical with that described by the Japanese Workersle.
Like dehydrogibberic acid, the dibasic acid had a double
bond in conjuzation with the aromatic ring as shown by the
ultraviolet spectrum (Table 4) and took up 1 mol. of
hydrogen catalytically. The infrared spectrum showed that
the five~membered ring ketone of ;ibberic acid had been
lost. Cross et al., therefore, assizned the structure (11)
to the dibasic acid and postulated that, durin; the oxidation,
the methylene carbonyl bridze had been cleaved and tiat the
tertiary carboxylic group formed had been lost as carbon
dioxide,tt

Decarboxylation of dehydrogibberic acid (10) with
palladium~charcoal or charcoal alone at 230%C. furnished
the neutral ketone, cibberone (12). Yabuta et al. have
also reported tle isolation of gibberone inm 17% yield by
direct dehydrogenation of sibberic acid with selenium at
300-330°C. but they wronsly assicned the molecular formula,

Claﬁlao, to it.l4 This work was later confirmed by
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Cross et al. who also isolated ls7-dimethylfluorene and
three phenolic compounds from the reaction product.ll
One of the phenolic compounds has been shown to be
T-hydroxy-l-methyliluorene (13); the structures of the
other two remain to be elucidated although spectroscopic
evidence has suggested hydroxyfluorene-type structures.

Table 4 - Ultraviolet Absorption Maxima (mu) in Ethanol.

xmax loge
(1) 265,274,300 2.56,2.4T,1.49
(10) 260,269,290,300 4.14,4.09,3.50,3.44
(11) 265 4.01
{12) 259,269,290, 301 4413,4.07,3.62,3.62
(14) 250,257,267,290,301 4.14,4.21,4.10,3.65,3.65
() 269,275,293,297,304 4.44,4.37,3.95,3.90,3.95

(21; R = Me) 2066,271,280,294,305 4.28,4.39,4.25,3.73,3.39
The infrared spectrum of gibberone showed the five-membered
ring ketone absorption at 1745 cm L (0014) and the
ultraviolet spectrum (Table 4) indicated that the double
bond, revealed by catalytic hydrogenation, was conjugated
with the aromatic ring. Gibberone was stable to hydrolysis
by acid or alkali. It yielded 1lt:7~-dimethylfluorene with
selenium at 360°C. and was oxidised by selenium dioxide in
ethanol at 140°C. to a five-membered ring l:2-diketons
givbberdione (14) which, like gibberdionic acid, had almost
identical ultraviolet spectra in ethanol and sodium
hydroxide solution. The spectra closely resembled that of

¢7.
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gibberone (Table 4).

Gibberone, on oxidation with chromic oxide,
yielded a monobasic keto=-acid, Cl7H1804’ which was probably
.identical with the uncharacterised acid obtained in the

same way by Yabuta et al.l4 11

Cross et al. assigned the
structure {(15) to this acid for the followin:; reasons. The
ultraviolet spectrum with peaks at 250 mu (logf 4.18) and
295 mu (log?¢ 3.55) was characteristic of an indanone-type
structure, further confirmation for which was gained from
the infrared spectrum which showed peaks at 1744 (five-
membered ring ketone), 1738 (monomeric carboxyl carbonyl)
and 1717 cn ™+ (indanone carbonyl). The formation of this
acid (15) from gibberone without loss of carbon and with
the addition of three oxygen atoms was consistent with the
oxidation of a trisubstituted double bond to a keto-acid.
The absence of p-diketone or p-keto acid functions in (15)
was confirmed by its stability to dilute acid or alkali
while its stability to neutral permanganate at room
tenperature, or chromic oxide in acetic acid at 75°C..
confirmed the presence of a 2:2-disubstituted indanone
structure. (2:2-dimethylindan-l-one was stable under these
( conditions while 2-methyl- and 2:3~dimethylindan-li-one were

11 concluded

oxidised). TFrom the above evidence Cross et al.
that the keto-acid (15) was a 2:2-disubstituted indan=l-one

and since it had retained the partial structure (4),
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217,

originally present in gibberic acid, the five-membered ring
was assigned to position 2, as in (19).
Permangenate oxidation of (15) in the presence of

magnesium nitratelg’go

yielded, among other products,
benzene~l:2: 3-tricarvoxylic acid, 3-methylphthalic acid and
p-methyliricarballylic acid. This was consistent with
atructure (15), further proof of which was provided by
¢leavage of both non-benzenoid ringe and by an unambiguous
synthesis of the product.gl Thus the keto acid (15) was
converted to the o-hydroxyimino-compound (16) by treatment

22 Beckmann

with butyl nitrite and sodium methoxide.
rearrangement of (16) with polyphosphoric acid gave the
isomeric imide carboxylic acid (17): with toluene-p-sulphonyl
chloride aﬁ& sodiunm hydroxide, however, a tricarboxylic acid
{18) was obtainsed which contained the expected cyano-group
(band at 2250 cn™). That both ketone functions in the
acid (15) had been eliminated was confirmed by the infrared
spectrum (absence of absorption due to saturated five-
membered ring ketone) and by the ultraviolet spectrum

(A\pax 233+ 284, 293 wu 1 log€ 3.89, 3.21 and 3.08
iuspeetively) which showed the abaence of the indanone
chromophore and was typical of a trisubstituted benzoic acid.
The cyano~tricarboxylic acid, which formed an intramolecular
five-membered ring anhydride when heated with acetic

anhydride, was thus assigned the structure (18) and was
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23,

obviously formed by alkaline hydrolysis of the intermediate
p-keto-nitrile (19). Finally the cyano-acid (18) was
hydrolysed by 50% sulphuric acid to an amorphous
tetracarboxylic acid (20; R = H) which furnished two
isomeric tetramethyl esters (205 R = Me) on treatment with
diazomethane. It was concluded that these esters, which
had different optical rotations, were diastereoisomers and
that they had been formed by racemisation at the'kcz) centre
during hydrolysis of the intermediate p-keto nmitrile (19).t
The structure of the two esters was established by a
synthesis of their racemates, the infrared spectira of the
esters obtained by degradation and synthesis being identical
in carbon tetrachloride solution.ot

The synthesis of the tetramethyl esters (203 R = le)
finally established the structure of the keto-acid (15) and
oonseguently the structure of gibberone (12). Thus it was
concluded that the methylene carbonyl bridge in gibberic
acid was attached as in (1) (the possibility that the
methylene and carbonyl groups were interchanged was excluded
for a further reason, namely, the stability of (15) in
agueous alkali). The remaining problem in the structural
elucidation of gibberic acid involved the location of the
carboxyl group and this was solved in the following way.

Dehydrogenation of methyl gibberdionate (2; R = Me)
with 30% palladium-charcoal at 230°C. yielded methyl
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1t7~dimethylfluorene-g-carboxylate (215 R = Me).ll The
infrared (C = O at 1736 om ™ in CCl,) and ultraviolet
spectra (Table 4, p. 17) of this compound indicated that
the ester group was unconjugated while the 9-position for
the ester group was favoured by the fact that alkaline
hydrolyeis gave a small amount of l:7-dimethylfluorene (5)
in addition to the corresponding acid. Structure (21) for
the ester was confirmed by synthesis. Thus treatment of
the 9«lithium derivative of l:7~dimethylfluorene with solid
earbon dioxide?3 afforded 1:17-dimethylfluorens-9-carboxylic
acid (21; R = H), wmethylation of which with diazomethane
gave the methyl ester identical with the ester obtained by
dehydrogenation of methyl gibberdionate.

The isolation of this ester by degradation
established the position of the carboxyl group in gibberic
acid in accordance with the proposed structure (1).

It may be noted that structure (1) was at variance
with the views of the Japanese workeralo who had advanced
the partial structure Clsﬂia(cozﬁ)°00333' In support of
this structure, Seta and Sumiki claimed that the crude
product obtained by Beckmann rearrangement of gibberic acid
oxime gave a good yield of methylamine on vigorous acid
hydrolysia.24 This experiment was repcated by Cross et al.
with somewhat different results. In their hands a careful
examination of the hydrolysis products of the crude mixture
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from the Beckmann rearrangement failled to reveal the
presence of methylamine; about 0.9 mol. of ammonia was
produced, (estimated as chloroplatinate) a fact which
was not inconsistent with partial structure (4). The
remainder of the nitrogen originally present in the oxime
was shown to be present, as'argauic nitrogen, in the
other hydrolysis products.ll

mégibbarie acid, {}1&1{2003. obtained from
gibberellic acid, 61932006, by mild hydreolysis with normal
hydrochloric acid at 20°C., has been formulated as (22).171'2°
Under more vigorous conditions (normal hydrochloric acid -
360%¢./1 nr.) allogibberic acid isomerises to gibberic
acid (1). |

The ultraviolel spectrum of allogibberic acid
{Table 5) suggested that the acid wa® benzenoid and showed
thet the ayomwatic ring and the double bond (shown by
hwﬂrnguma&ion experiment§7
Pihydroallogibberic acid (23) was recovered unchanged (86%)
after treatment with normal hydrochloric acid at 100%C. for

’25) were not conjugated.

i Bour. Owronolysis of allogibberic acid or its methyl
ester yielded 0.4 - 0.5 mol. of formaldehyde whereas
dihydroallegibberic was mainly recovered unchanged. The
other produets formed during ozonolysis were ketones with

one carbon atom less than the starting materials. Thus it



28.

was concluded that allogibberic acid contaiﬁed & terminal
methylene group and in support of this the infrared
spectrum of methyl allogibberate in ethylidene chloride
showed a strong band near 890 en L (= CH?).

Kuhn-Roth estimations on hoth allogibberic acid
and its dihydro derivative gave 1.1 C-methyl groups; the
fallure to show the expected difference (cf. ref. 26) has
been ascribed to the isomerisation of allogibberic to
gibberic acld under the strongly acidic conditions used.

The presence of a hydroxyl group im allogibberic
acid was indicated by the infrared spectrum of the acid
and its wethyl ester (1734 ca L and 3310 cmfl). It was
asaigned a tertiary aaturelv’gs because of the difficulty
of acetylation and the failure to oxidise dihydroallogibberic
acid td & ketone using chromic oxide in pyridin327 or
permanganate in acetone. In addition, dihydroallogibberic
acid failed to furnish a toluene~p-sulphonate or an acetate
under normsl conditions. When the dihydro-acid (23) was
oxidiged with potassium permanganate the hydroxyl group
was not attacked but a dehydro-derivative C,gH, 04 (24)
was formed in which a double bond had been introduced in
eonjugation with the aromatic ring (Table 5). This
reaction io analogous to the oxidation of gibberic acid to
dehydrogibberic aciatt (pe 15). The dehydro-derivative (24)

was converted into dihydroallogibberic acid (23) by
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- B « Ultravielet Absorption Maxima

Amax logs
(22) L L 259t264127312879297 204712t51,2-35,1t28'1025
{23) «. .. 260,264,273 2.18,2.24,2.88

{24) ., .. 250,259,268,290,300  3.98,4.13,4.07,3.50,3.46
eatalytic hydrogenation and its non~crystalline methyl ester
gave a crystalline diol (25) with osmium tetroxide. Further
avidence for the structure of allogibberic acid was obtained
from oxidation and dehydrogenation experiment325 and is
described below.

Ozonolysis of allogibberic acid furnished, in
addition to formaldehyde, the monobasic ketol (263 R = H)
&nd a dibasic keto-acid (273 B = H). The corresponding
esteras (26 R = Me) and (273 R = Me) were obtained when
methyl allogibberate was ozonised. Oxidation of methyl
dllﬁgibberate with zinc permanganate, or via the slycol (28)

followed by fission with sodium bismuthated

y gave the same
products as ozonolysis while treatment of the ketols
(26; R = H and R = Me) with sodium bismuthate yielded the
gorrespondinz keto-acids (273 R = H and R = Me). The keto
#eid (273 R = H) formed an anhydride (29) from which it
evuld be recovered by mild alkaline hydrolysis.

The ketols (26; R = H and R = Me), which showed
reducing properties and were cleaved by sodium bismuthate,

were assizned d-ketol structures by Mnlholland.25 In
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agreement with the evidence described above the ketols

were stable to bismuth oxide and acetic acid®® and
therefore contained a tertiary hydroxyl group. The
infrared spectra of the ketols in solution (Table 6) showed
8 high~frequency band at ca. 1750 cm™t (five membered ring
ketone), the frequency having been raised (cf. gibberone
1745 om™* n 0614) by the presence of an adjacent hydroxyl
group.?®  Oxidation of the ketol (265 R = H), without loss
of carbon atoms, to the dibasic keto-acid (273 R = H)
indicated that the tertiary hydroxyl group was situated in
& saturated six-membered ring. The dimethyl ester of this
scid showed bands in the infrared at 1712 ocm > (six-membered
ring ketone) and 1739 em™t (ester-carbonyl).

Table 6 - Infrared Absorption Mexima (cm™X) in Solution

Compound Solvent CO bands
(26)(R = H) Dioxan 1751, 1734
{26)(R = Me) CHC., 1749, 1739 (sh)

CCl, 1750

Dioxan 1752, 1736
(27)(R = BH) Dioxan 1735 (broad)
(27)(R = Me) CHCL4 1739, 1712
(29) Dioxan 1813, 1766, 1726
Succinic anhydride CHC1, 1871, 1791

Glutaric anhydride CH:Gl3 1815, 1767
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Dehydrogenation of the dibasic acid (27; R = H)
and of dihydroallogibberic acid (23) with selenium
established the position of the tertiary hydroxyl group and
hence one point of attachment of the iive-membered ring on
the hexahydrofluorene skeleton of the ketol (26) and
allogibberic acid.25 Thus while allogibberic acid, like
gibberic acid, gave mainly lt7-dimethylfluorene (5)
(gibberene), dihydroallogibberic acid did not. The latter,
and more readily the keto acid (27; R = H), gave as a main
product a fluorenol whose structure was established as
T-hydroxy-l-methylfluorene (13) by comparison with a
specimen prepared by unambiguous synthesis.3l Sumiki
et &1.32 have also isolated the fluorenol (13) from
gibberellin A; methyl ester (methyl X-dihydrogibberellate)
by ozonolysis and dehydrogenation essentially as described
above for allogibberic acid.

In the dehydrogenation of the acid (273 R = H) to
the fluorenol (13) all the non-skeletal carbon atoms were
eliminated except the aromatic C-methyl group. Thus it
was concluded that the second point of attachment of the
five-meubered ring in the ketol and in allogilbberic acld was
angular as in (26) and (22) reapeetively.z5 The alternative
angulaxr position could not accommodate a five-membered ring
AB or explain the formation of the dehydro-derivative (24)
of dihydroallogibberic acid. Moreover the infrared spectrunm
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of the anhydride (29) (Table 6) showed it to contain a
six-membered anhydride ring. Since methyl allogibberate
can be converted to methyl gibberate by boiling dilute
hydrochloric acid, Mulholland suggested that the carboxyl
group in each of these acids occupied the ;ame position.25
The six-membered rinz anhydride from (273 R = H) was
therefore assizned the structure (29).

Zhe evidence outlined above established the
structure (22) for allogibberic acid.

Allogibberic acid - Gibberic acid Transformation
It has been auggesteal7’2§ that the isomerisation

of allogibberic to gibberic acid could be explained by a
Wagner-lleerwein rearrangement; (22)— (30) —(1). This
explanation was analogous to the conversion of

l=hydroxycamphene (31) to eamphor.33

During the course
of his inveatigations on the biosynthesis of gibberellic
acid (p. 73) Birch reported evidence, based on Kuhn-Roth
oxidations of compounds biosynthesised from (1 - 140) -

acetate, which implied migration of the methylene carbon

atom from C3 to 07. It was suggested that this could occur

a8 a consequence of preliminary hydration followed by
pinacol~pinacolone rearrangement of the resulting glycol
(partial structure 32).34’35 Since this segquence, which
involved a carbonium ion at a bridgehead position, seemed

mechanistically improbable, Birch re-examined his earlier
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experimental findings. Thus by degrading labelled
gibberellic acid (33), obtained from (4 - 4C) - nevalonic
lactone (34), Birch isolated gibberic acid and
demonstrated, by dehydrogenation and oxidation experiments,
that it possessed the labelling pattern as shown in (35).39
This was;in agreement with the migration of Ce to Cg and
conflicted with the alternative mechanism (08 to 07) which
would give the patftern shown in (36). Repetition of the
earlier work on the dezradation of (1 - l40) - acetate~
derived gibberic acid showed that gibvberic acid did not
possess the +4C distribution (37) as reported but
distribution (38) which was in agreemwent with the results
outlined above. This confirmation of the Wagner-leerwein
mechanism also verified the stereochemistry assigned to
allogibberic and gibberic acid in this region (see
“"Stereochemistry” p. 52).
Gibberellic acid

Having elucidated the structures of both
allogibberic and gibberic acid Cross et al. turned their
attention to the structure of gibberellic acid, They
had previously suggested (p. © ) that the acid possessed
& non~benzenoid tetracyclic dihydroxylactonic structure.7
Of the two hydroxyl groups one was considered to be
secondary since methyl tetrahydrogibberellate could be
oxidised to a ketone 020H2606 while the other hydroxyl

37T,
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sZroup was asslgned a tertiary nature beocause of the
fallure to prepare a ditosylate. ihe position oi the
carboxyl groupy was assumed o be the sawe as in . ibberic
acid {and, thersiore, allo ibberie ascid) aince methyl
gibverellate coull be converted to uethyl glbberate.
Of the two double bondas in zibberellic acid one was shown
%0 bo present as & teruinsl wmethylene groupy since
ozonalysis of ite wethyl ester furanished formaldehyds.
These facts led Crosz et al. to sug.est that the conversion
of gibberellic to allogibberic acid involved only the
aromatisation of ring A and consequently conoluded that
ring A socommodated the five-rin; iactone, the secondary
hydroxyl zroup, and a double banﬁ.17

On the basis of the evidence outlined so far Cross
et al. proposed tentative atructures (393 B = H) and (40)
for gibberellic acid and noted that the non-imsoprenoid
altermative structures (41) and (42) were not excliuded by
their ev;ﬂenna.17

In 19%8, the I.C.I. workers (Croes et al.)
published Iurther work on the siructursl elucidation of
gibberelliic acid which, in their opinion, eatablished that

structure (39) was aorr&e$.37

Thus perlodate oxidaiion
of the dimethyl ester (C, U gU-)(43; R = Le) oi ihe
amorphous acid (91932497.ﬁza)(43; A = H), obtained by opening

the laectone ring of gibbersilic acid by mild alkald,
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furnished a compound 02132@07 while oxidation with manganese

‘dioxide in chloroform yielded a ketol 021H2607.H20

(Apag 240 ma; € 17,000 - R,C = CHR). Reduction of the
ketol with sodium borohydride regenerated the ecter
32132807 which was therefore assigned the partial structure
{(44). Accordingly the partial structure (4%) was assumed
to be present in methyl gibberellate (and hence in
gibberellic acid) and could be accommodated im ring A in
either of two ways to give structures (39) or (40). The
muclear magnetic resonance (NMR) spectra of methyl
gibberellate and its derivatives and hydrogenation products
excluded structure (40) for gibberellic acid. Thus methyl
gibberellate showed a sharp, strong peak at a chemical
shift (9) value of + 4.15 which was attributed to a methyl
attached ie a saturated carbon atom (present in (39) but
not in (40)). lioreover the alternative structure (41) was
further invalidated by the absence of a similar sharp peak
in the vieinity of ¢ + 3, usually diagnostic of the
Me-C=C~ group. As a final proof of structure Cross et al,
provided evidence which conclusively established the
position of the secondary hydroxyl group in gibberellic
a0id.2! Treatment of methyl «-dihydrogibberellate

(463 B = Me) with acid gave the keto-acid (473 R = H) which
was oxidised in acetone by chromic oxide-sulphuric acid to

).38

a diketo acid Clgﬂzzoé(presumably (48) Dehydrogenation
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of this with selenium gave 2-hydroxy-li7-dimethylfluorene
(49) identical with a synthetic specimen.*4
Similtaneous with the publicationd! of the

structure (39; R = H) for gibberellic acid there appeared
in the literature a paper by Sumiki et al.39 which reached
the same conclusion regarding the position of the secondary
hydroxyl group in ring A. The latter workers, however,
eriticised structure (39) since they had found that
reduction of methyl gibberellate and methyl X-dihydro=-
gibberellate by lithium aluminium hydride gave the compounds
&1983065 and 619H3265 respectively, which in contrast with
the acid (433 R = H) described above, did not react with
periocdate, They concluded, therefore, that the acid
{39; R = H) was not a simple hydrolysis product of
gibberellic acid and that a molecular rearrangement had
occurred during its formation. Sumiki et al., therefore,
proposed that gibberellic acid possessed the ring A
structure (50) and presented structural arsuments in its
favour. 10,41

In answer to the criticism outlined above Cross
et al. provided evidence which in their opinion
substantiated structure (3%9; R = H) and explained the
stability of its reduction products to periodate.>!
Relactonisation of the acid (43; R = H) followed by

nethylation did not yield methyl gibberellate but gave an
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isomer (m.p. 174) which could also be obtained directly
from methyl gibberellate by the action of 0.01N sodium
hydroxide. Cross et al. sugsested that this isomer was
the 2~epimeric alcohol by analogy with the 2-epimerisation
of methyl X-dihydrogibberellate which had been shown to
take place under identical conditions. Thus they coancluded
that gibberellic acid did not underzo molecular
rearrangement on ﬁild alkaline hydrolysis but that
epimerisation did take place giving a cis-l12-diol. The
stability of the reduction products of methyl gibberellate
and methyl «~dihydrogibberellate to periodate was explained
by postulating either cyelic ether structures or products
with trans-disposed oxygen functions in ring A.

Finally in 1959, further work by Cross et al.
denonstrated that gibberellic acid had the structure
{513 R = H) and, in agreement with the suggestion by the
Japanese workers, admitted that a rearrangement occurred
during the formation of the acid (43; R = H).42

Thus ozonolysis of methyl gilbberellate furnished
a ketol 019ﬁ2207(52) which, with chromic oxide in chloroform,
gave the ketone 019H2007(53)(Amax 229 mu, € 7,050). The
methyl ester of the acid (54), derived from the ketol (52),
on oxidation with manganese dioxide in chloroform also
furnished a ketone 02032208(55)(Amax 229 wmu, &€ T7,500). The

ultraviolet spectra of these compounds indicated tue presence
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of an enone group and this rrompted the YI.C.I. workers to
re~investigate the oxidation of methyl sibberellate with
manganese dioxide, Previously a manganese dioxide
preparation had left methyl gsibberellate unchanged, Further
study, however, resulted in a more active preparation of
this reagent which was found to oxldise methyl sibberellate
to an tp-unsaturated ketone, C,gH,,0g, (56)(A . 228 mu,
€ 9,700)« Hydrogenation of this ketone gave a saturated
ketone (57) which was also obtained, together with the
previously described 8—epimer,l7 by chromic acid oxidation
of the mixed methyl tetrahydrogibberellate derived from
methyl gibberellate by hydrogenation. It was concluded,
therefore, that no rearrangement had taken place during the
formation of the ketone (56) from methyl gibberellate and
that the latter was an allylic alcohol, 2

The above evidence when considered with the earlier
wark,37 which established the position of the secondary
hydroxyl group, was quite inconsistent with the ring A
structure (50) advanced by the Japanese workers*! and left
only two possible structures for gibberellic acid, namely
(51) and (58).

The structure (58) did not accoumodate the

foruation, in dilute acid, of gibberellenic acid 01932206

which was assigned the heteroanmular diene structure

(59; R = H) on the basis of its ultraviolet spectrum
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(Xmax 253 ma, € 21,400) and by the fact that its dimethyl
ester (593 R = Me) furnished & dienone 021H2406 (603 R = MNe)
(Amax 309 mu, ¢ 16,500) on oxidation with manganese dioxide.*?
Cross et al. therefore concluded that gibberellic acid had
structure (51; R = H) and o-dihydrogibberellic acid
{gibberellin 4,) the structure (61; R = H).

Further confirmation for these structures was
obtained in the following way. Treatment with collidine
of the toluene~-p=-sulphonate of the keto ester c2032606
(62; R = Me), obtained from methyl o/ ~dihydrogibberellate
(613 R = Ne) with acid, gave the anhydro-compound (63;

R = Me). This reaction was consistent with the structure
{623 R = Me) but impossible with the alternative structure
(47).

Having admitted that a rearrangement had occurred
during the formation of the acid (43) Cross et al.*? then
concluded that the structure of the isomer (m.p. 174°9C.) of
methyl gibberellate (p.45) was (39; R = Me) which had
previously been assigned37 to methyl gibberellate. This
isomer which was previously considered to be the Z2-epimer
of methyl gibberellate was not oxidised by manganese dioxide.
Moreover a comparison of the nuclear magnetic resonance
spectra of methyl gibberellate and the isomer (m.p. 174°C.)
indicated that these esters were not epimers.

The results of wore detailed studies on the



chemistry of gibberellic acid and its degradation products
have recently been reported in the literature.?3~40
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(b) Stereochemistry
With the establishment of the structure (51; R = H)

for gibberellic aeid42 the problems of stereochemistry,
biogenesis and synthesis remained 1o be solved. Before
the publication of the revised structure of Cross et al.,
Stork and H., Newman published the results of their work on
the stereochemistry of allogibberic and gibberic acid.
These results permitted the assignments of sterecochemistry
as shown in (64) and (65) respe&tiVely.47 They arrived at
their conclusions in the following way.

It was first established that the carboxyl group
in allogibberic acid was c¢cis to the two-carbon bridge of the
bicyelo-(1,2,3)~octane system. This followed from the fact
that the diacid (66) was known to give an anhydride (p.30).
8tork and Newman demonstrated that the C6 epimer of (66)
gave the same anhydride as (66) when refluxed with acetic
anhydride and, since this behaviour was compatible only with
a ¢is relationship of the two acid groupse in (66)5‘8’49
¢oncluded that the 06~earboxyl and the two-carbon bridge
were c¢is to each other.

The mechanism of the rearrangement of allogibberic
to gibberic acid (p.35) required that the two-carbon bridge
in gibberic acid had the opposite configuration from that
which it occupied in allogibberic acid. This mechanilstic

consideration was compelling but, since the evidence was
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aontradietozy?3‘ Stork and H. Newman conclusively
established this point by demonstrating that the rotatory
dispersion curve of (65) was the mirror image of that of
the ketone obitained by ozonolysis of (64),

This "inversion® of the twoecarbon bridge led to
the comclusion that the B/C junction was cis in one member
of the gibberic-allogibberic acid pair and trans in the
¢ther. In support of this catalytic hydrogenation of the
ZSB’laﬂolsfina derived from (65) and from the dihydro-
derivative of (64)((67) and (68) respectively) resulted in
the regeneration of the stereochemistry of 08 present in
the parent substance. Stork and H. Newman suggested that
eatalytic hydrogenation of these bicyclo-octane systems had
thus produced a gis B/C junction in one case and a irans
Junetion in the other, i.e. the reduction had taken place
8is to the two-carbon bridge in one substance and trans in
the other. They concluded, therefore, that since reduction
takes place trans to the two-~carbon bridge in only one of
the two cases 1t must be that in which both the carboxyl and
the bridge are on the same side of the plane. Since such
a trans reduction regenerated the original stereochemisiry,
allogibberic acid was assigned the structure (64).47
The structures (64) and (65) represent the relative

stereochemistry of the four asymmetric centres in these

molecules. Stork and H. Newman showed that it also
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represented the absolute stereochemistry.t! Tmus the
keto acid (66) which has been shown to have a trans B/C
fusion, had a rotatory dispersion curve which possessed
the same sign of the cotton eifect as cholesatanone or the

related (+)*trana~8-mathylhydrindanone.50

The absolute
stereocheminstry of (64) and (65) was thus established.
Ian a later paper Stork and H. Newman extended
their results on the stereochemistry of allogibberic acid
tu.thsﬁ of gibberellic aei&.Sl First of all the
relationship of the lactons ring to the f-orianted two-
earbon bridge of ring D was deduced from the demonstration
that the lactone was »(-oriented. Tetrahydrogibberellic
acid on treatment with 20% sodium hydroxide solution for
eighteen hours yielded a diacid (693 R = H) whose dimethyl
ester had [ <], *'~40.3%. By refluxing the diacid for two
hBours with ethyl acetate containing a drop of concenirated
hydrochloric acid they obtained a lactonic acid (703 R = H)
isomerie with tetrahydrogibberellic acid. The lactonic
eeid methyl ester (70 R = e) had [«]  +34.4°.  That
the lactonic acid (70) possessed the same lactone ring
system as gibberellic acid was shown in the following
manner. Oxidation of methyl gibberellate with manganese
dioxide gave the corresponding ketone (71)(>xmx 228 mu,
€ 7,500). Reduction of this unsaturated ketone with

platinum oxide in acetic acid gave a substance identical

-

2é.
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{infrared, mixed m.p.) with (703 R = Me). This estab-
lished that (70; R = H) differed from tetrahydro-
gibberellic acid ONLY at the 03 hydroxyl group. The
large positive rotation difference between the lactonie
ester (703 R = Me) and the conformationally related
diester (69; R = Me) established the K-orientation of the
lactone ring‘sz

The assignment of p-orientation to the GS hydrogen
atom was based on the following reasoning. It was argued
that if the 05 hydrogen were X, Cg would be axial to ring A
and the GG carboxyl group, which is known to bep , would
have the less stable of the two possible orientations.

Base hydrolysis of the methyl ester of tetrahydrogibberellic
acid followed by relactonisation gave the same 3-epi-
tetrahydrogibberellic acid (70; B = H) obtained from
hydrolysis of the acid itself. Since (70; R = H) had the
original orientation of the carboxyl group, no epimeris-
ation had taken place and it was concluded that 06 was
squatorially linked to ring A.

The observation (quoted above) that the 3-epi
aenfiguxatiaﬁ of (70; R = H) was formed on catalytic
hydrogenation of the 3-ketone from gibberellic acid
implied Y=-stersochemistry for the 3-epi series (adsorption
from the g-side, irans to the lactonme). As a consequence
of this Stork and H. Newman assigned a %;-hydroxyl group
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to gibberellic aeid.sl The same conclusion was reached
by Cross et al. who noted that the base epimerisation of
GB implied axial— equatorial transformation (presumably
via daaldolisaticn~realdolisation).37

Finally Stork and H. Newman provided strong but
not rigorous evidence for the X~orientation of the Cq
hydrogen in gibberellic acid (as in allogibberic acid).’*
They showed that there was a close correspondence in shape
and intensity of the rotatory dispersion curve from the
B8eco keto esters derived from the oxidation of ring D of
methyl allogibberate and of the acetate of methyl
od~dihydrogibberellate ( |« ]::f" +1070 in both cases).
Gibberellic acid was therefore assigned the stereo~-
chemistry (72).7%

The same conclusions regarding the stereo-
chemistry of gibberellic acid wgee reached by Cross et al.
whose results were published simnltaneously.53 The
nomenclature adopted by the latter workers was based on
the fully substituted tetracyclic system (73) to which
they assigned the trivial name, gibbane. Gibberellenic
acid (74)42 with hydrazine hydrate yielded allogibberic
acid (64) and its C(4b)~epimer epiallogibberic acid (75)
(the latter compound was convertible to epigibberic acid7
with acid). Studies of anhydride formation of the keto
acids (76; R = H) obtained from compounds (64) and (75)
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by ozonolysis, and of the optical rotatory dispersion
{(O.R.D.) curves of the corresponding esters (76; R = lie)
led Cross et al. to assign the absolute configurations
(64) and (79) to allogibberic and epiallogibberic acid
respectively. The O.R.D. curves of a pumber of related
keto-acids and esters of type (76) all showed positive
Cotton effect curve554 in accordance with the predictions
of the Octant rule55 for such structures.

Several compounds enantiomeric at C(13) (fluorene
numbering) were prepared from (763 R = Me) by an intra-
molecular Claisen~type condensation at C(6) followed by
fission of the 66'97 bond. These compounds gave negative
- Cotton effect curves.

The 0.R.D. curve for the keto-ester (77) obtained
by ozonolysis of methyl X-dihydrogibberellate was almost
identical with the curve for the keto-ester (76; R = Me,
¢{12+)) derived from allogibberic and significantly
different from that for the keto-ester (76; R = Me, C(12p))
obtained from epiallogibberic acid. Gibberellic acid
therefore has the same trans B/C ring junction as allo-
gibberic acid.

Catalytic hydrogenolysis of methyl gibberellate
and of the ester (78), produced by its alkali-induced
isomerisation, gave the same acid (79) showing that
gpimerisation of the 2-hydroxyl substituent (cf. methyl

é1.
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M«dihydrogibba;allate37) did not occur during the isomer-
isation. Since hydrogenolysis of the lactone ring of
(78) preceded reduction of the £l4—ethylenic bond, which
must then have taken place trans to the liberated carboxyl
group, Cross et al. concluded that the formation of (79)
from methyl gibberellate involved inversion of config-
uration at C(4a).”>

Oxidation and decarboxylation of the acid (79)
yielded a ketone (80) the O.R.D. curve of which showed a
negative Cotton effect in agreewent with a 3-hydrogen at
C{10a). This led to the assignment of the configurations
4ax, 10a B (trans, antipodal to a 3-oxo-S(-steroid) or 4ag,
10ap (cis, curve similar in sign and amplitude to that of
& J~oxo-5p-steroid) for the ketone. Cross et al. stated
that the latter was the more probable configuration
(i.e, cig), C(4a) veing inverted in methyl gibberellate.53
Moreover, the muclear magnetic resonance spectrum of methyl
acetylgibberellate showed that the protons at C(10) and
¢(10a) were trams, thus confirming the stereochemical
aseigmment at C(10a).

Having assigned a /B-hydregen at the 10a position
Cross et al. were left with a choice between two possible
confizurations at the A/B ring junction in gibberellic
acid. This was resolved by an examination of the ring A

ketone (obtained by oxidation of methyl tetrahydro-~
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gibberellate) which showed a strong positive Cotton effect
consistent with the absolute configuration (81). This
éonclusian agread with that of Stork and Newman.51

The assignment of an axial configuration to the
ring A hydroxyl substituent in methyl ¥~-dihydrogibberellate
was also proposed by Cross et 31.53 This configuration
was gupported by the formation of a ring A anhydro compound
and by sodium borohydride reduction of the ketone (81)
which gave predominantly the C(2) epimer of methyl tetra-—
hydrogivberellate.

The evidence outlined asbove led Cross et al. to

propose that the frans-syn-trans structure (72) represented
the absolute configuration of gibberellic acid.’>  They
have also commented on the strained ¢ig-fused A/B structure
(82) which more readily explains the rearrangement of
methyl gibberellate to the ester (78) and the formation
of gibberellenic acid (74) from gibberellic acid by trans
¢limination. They concluded, however, that this structure
was inconsistent with the 0.R.D. results and with the
facile closure and stability of the lactone ring in methyl
A=dihydrogibberellate.

Recently, however, Edwards et al. have assigned
a p-orientation to the lactone ring of gibberellic acid
and have drawn attention to the fact that comparison of

the rotational changes on ring opening of diterpenoid
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lactones of known configuration with that of 3-epitetra=-
hydrozibberellic acid leads them to this conclusion.>®

Thus dihydroisopimaric J-lactone (83)57 was
opened with =modium hydroxide in triethylene glycol at
150%C. The resulting hydroxy-acid had [¢13+4O° whence
DNy= (o] (1actone) = [« (acid) = =130°. Le van Thoi
and Gurgaadsa had reported [“11;-170 for the Y-lactone
from dihydropimaric acid (84) and | <], +33° for the
corresponding hydroxy-acid making ¢ﬁ§;a -50°, Edwards
et al., therefore emphasised that the [\ value for
o&&@ri@nﬁed ¥ =lactones was large and negative,

By ecouparison the /A, values for the opening of
B =oriented X -lactone rings of isorosenonclactone
{85)59‘60 to methyl isorosenonate and of dihydroiso-
rosenonolactone to methyl dihydroisorosenonate are +36°
and +52° respectively.

Since the /\, for the comversion of 3-epitetra-
hydrogibberellic acid’t to the corresponding methyl ester
18 +74° 1t was concluded that the ring A stereochemistry
of gibberellic acid was as shown in (86). In addition
Edwards et al. have concluded that the 3~hydroxyl group
was X -~oriented in gibberellic acid and B~oriented in
J~epitetrahydrogibberellic acid.

A more detailed account of the stereochemical
gtudies on epiallogibberic and epigibberic acid has

recently been reported in the literature.el’Gz
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- {¢) Biogenesis
After the erroneous assignment of structure (39;
R = H)37 for gibberellic acid speculation arose concerning
its bilogenesis. In 1958-9, Birch produced evidence which
indicated that gibberellic acid was biosynthesised by a
variaent of the diterpene resin acid procass.34'35 This
invelved, hesides oxidation, a number of additional ateps

for which there were biochemical or laboratory analogies.

649.

The various steps included (a) oxidative loss of the methyl

group attached to the 12~positiony (b) ring contraction
of ring 3 with extrusion of a carbon atom and formation of
& eyclopentane carboxylic acid unit, and (c¢) rearrangement
of ring C resulting in the generation of a phyllocladene-
type of bridged-ring structure.

Step (a) was conaidered to be analogous to the
loss of* the angular group attached to the l4~position in
the lanosterol-cholesterol conversion.63 In view of the
occurrence of diterpenes with oxygen substituents in the
k9~ or 10~positions or both (e.g. rosenonolactonse (87).64
rosololactone (83)65 which occur together, and
xanthopherol (89)66) Birch suggested that step (b)
proceeded via a 9:10-dioxygenated intermediate and listed
ways in which this could be transformed to a cyclopentane
ecarboxylic acid unit. These included; (1) a benzil=-

benzilic acid type of rearrangement leading to a
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l-hydroxycyelopentane carboxylic acid; (ii) a Faworski-
type rearrangement of an esterified 2-hydroxyketone
leading directly to a cyclopentane carboxylic acid, and
(i4i) rearrangement of s diesterified diequatorial
eyclohexane-112-diol of a type observed to convert an
ll~-acetoxy (or tosyloxy)-l2-tosyloxy (or acetoxy-) steroid
into s 0~n9rsteraid67 from which a cyclopentane aldehyde
would result., TFinally, step (c) was analogous to the
acid-catalysed transformation of rimuene to phyllocladene.68

By degrading labelled gibberellic acid obtained
from growth media containing either CH;McoH or (2-4c)-
wavelonic lactone (91) Birch was able to show that the
degradations were in gquantitative agreement with the
labelling patterns shown in (39a) and (39b) and with the
formation of glbberellic acid from 4 molecules of
mﬁvalonic lactone or 12 molecules of acetic acid. The
degradation methods were essentially those used in the
gtructure determination.

Reference to the predicted lébelling patterns
(908) and (90b) in the diterpene precursor showed clearly
that the lactone carbonyl carbon atom was derived
specifically from the 3-position of mevalonic lactone and
that the carboxylic carbon of zibberellic acid arose
speeificelly from the 9-position of the diterpenoid

precursor. In addition the degradations indicated that
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the formation of the phyllocladene ring system occured
throuzh the misrstion of 06 from 07 to C18 as in the
sequence (92)—(93). Thus the orizinal methyl group
- {vecoming = CH, in the final product) remsined attached
t0 a labelled carbon atom if 033140025 was the precursor.
This view of the wechanism of formation of the bridged
ring system was in accord with the views expressed by
Wenkert in the case of the analogous phyllocladene system.sg
As a result of his initial degradational studies
on labelled gibberellic acid, Birch3%*3% also obtained
information regarding the rearrangements of gibberellic
acid which questioned the validity of the Wagner-Meerwein
mechanism, (94)—(95), proposed by Cross et a1.t7 for the
gibberellic~gibberic acid transformation (p. 35). By

degrading gibberellic acid (39a), derived from CH314co

2t
Birch obtalined gibberic acid to which he assigned the
labelling pattern (37) on the basis of further degrad-
ational experiments. Thus it was su;gested that the
transformations involved preliminary hydration of the
exomethylene double bond followed by a pinamcol=pinacolone
rearrangement (96)—(97). Since the latter sequence
involved a carbonium ion at a bridgzehead and as such was
mechanistically improbable, Birch examined the rearrange-
ment further. Repetition of the earlier work, however,

showed that gibberic acid did not possess the 140-
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distribution (37) but distribution (38) which was in
agreenent with the Wagner-lMeerwein mechanism of rearrange-
ment. Further confirmation for the latiter was obtained
by degrading gibberellic acid (98) obtained from (4—14c)~

36 Thus Birch was able to show

mevalonic lactone (34).
that the gibberxic acid obtained from (98) had the
labelling pattern (99) in agreement with the migration of
66 to @8. In addition, dehydrogenation and oxidation of
(99) furnished (100) and indicated that the loss of the
D=ring bridge had involved the losa of one of the four
labellsd atoms. The alternmative mechanism of methylene
carbon migration would have given gibberic acid with the
labelling pattern (36) which, on dehydrogenation and
oxidation, would have retained its four labelled atoms.
This confirmation by Birch of the Wagner-—Meerwein
mechanism has also verified the stereochemistry assigned

to $he compounds in this region.

T5.



(d) The Gibberellins
In addition to gibberellic acid (cibberellin A3)

the fungus Gibberella fujikuroi produces other monobasic

acid compounds (gsibberellin Ay A, and 54)* Those which
closely resemble gibberellic acid in biological properties
and chemical structure are collectively known as the
gibbverellina. At the present time the maturally occuring
gibberellins consist of a group of tetracyeclic lactonic
sarboxylic acids. All have one or more hydroxyl
substituents and the majority have one or more ethylenic
bonds present in or attached to the tetracyelic system;
there is no evidence that either of these structural
features is essential to biologicel activity. The
gibberelline can now be regarded as a new class of natural
plant-growth hormones.

Takahashi et al.® working with strains of the
fungue different from those of the I.C.I. workers and using
a medium with s higher nitrogen carbon ratio obtained a
mixture, "gibberellin A%, from which they isolated
gibberellin Ay 01932406’ gibberellin A,, GIQHZEOS' and
‘gibberellin A, (gibberellic acid). Using the same medium
a8 the Japanese workers but a different strain of
G. fujikuroi Stodola et el.” obtained e mixture which they
aeparateﬁvo by chromatography on Celite into glblerellin A,,
and gibberellin X (gibberellic acid). Gibberellin A, has



also been isolated from immature bean seed (Phaseolus
multiflorus). Recently lacmillan et al.™ nave isolated
another plant-growth promoting acid from the same source
and, aince it is very similar in biological properties
and chemical structure to the fungal gibberellins, they
bave named this compound gibberellin AS.

Gibberellic acid, gibberellin Al’ and gibberellin
AQ have been shown by hydrogenation experiments to contain

6,73

two, one and ne double bonds respectively. Kitamura

et al. considered the possibility that the gibberellins A
and A2 might be reduction products of gibberellic acid

74 However
Grove et al. have shown that gibberellin Al is a dihydro
derivative of gibberellic acid.’’ Thus careful, partial

hydrogenation of methyl gibberellate (uptake 0.94 mol.)

but their evidence is somewhat inconclusive.

furnished a mixture from which an acidic and neutral
fraction were isolated. Crystallisation of the latter
gave a mixture of methyl dihydrogibberellates [«]+55°
which was separated into o~ and ,Bwiaomsrs,£¢]b+46° and
EKJD*74° respectively. The former was identical with
gibberellin A, methyl ester and with methyl X -dihydro-
gibberellate. Grove et al. also provided evidence which
indicated that methyl o ~dihydrogibberellate (gibberellin
Al) was formed by reduction of the ring A double bond in

gibberellic acid.g Thus ozonolysis furnished formaldehyde

71.



T8.

0
Ho O
cH,
COR
(1)
a
N
N
o
COR
(63)
0
(¢
HO
h,
CoH

(102)

CorR

o)

OH

"CHy



(s fact previously reported by Seta et al.>?) which
indicated that the terminal methylene group in ring D was
8till present in methyl K-dihydrogibberellate (gibberellin
Al). Gibberellin A, may therefore be assigned the
structure (613 R = H). The structures of gibberellin A,
and gibberellin A4 remain to be elucidated.

Gibberellin AS’ 019H2205, has recently been
assigned the structure (10l; R = H). Hydrogenmation of
the ester (1015 R = le) furnished a tetrahydro derivative
and the absence of hydrogenolysis producte suggested that
there was no double bond allylic to the lactone hydroxyl
function as in gibberellic acid.42 Acid catalysed
rearrangement of the acid (1013 R = H) furnished the keto
acid (63; R = H). Similar treatment of K-dihydro-
gibberellic acid (gibberellin Al) (613 R = H) with dilute
hydrochloric acid gave the analogous ketome (62; R = H)
which indicated that the acids (10l; R = H) and (61; R = H)

37 Treatment of the

have the same C/D ring structure.
toluene-p-sulphonate of (62; R = Me) with collidine
furnished an unsaturated ester identical with (63; R = lMe)
while hydrolysis gave the corresponding acid (63; R = H).
It was concluded, therefore, that only structure (101j

R = H) for gibberellin Ag was consistent with these
resulta.72

Recently the structure (102) has been assigned



to gibbam%lm Aq which is yet anothex metabolic product
of the fungus Gibberella fujiluro 1.76

Se.
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(2) Sypthetic Boutes to Degradati

As yet there has been no recorded synthesis of

gilbberellic acid or any of its immediate degradation
products. Recently, however, House and his co-workers at
the Massachusetts Institute of Technology have published
the results of thelr preliminary studies on synthetic
approaches to the degradation products of gibberellic
acia. 77178179 1ye cssential details of their £indings
are outlined below.

After a fairly extensive study of the preparative
routes to 2-~substituted indenones, House devised a
synthesis of 2-(2-indenonyl)-propionic acid (105) which he
regarded as an important starting material for his pro-

71

jected syntheses. Thus the propionic acid (103) was

first obitained by the cyclisation of X ~benzyl glutaric
acid in the presence of anhydrous hydrogen fluoride as

80

previously described by Ansell and Hey. Reaction of

the indanone (103) with N~bromsuccinamide afforded a

mixture of bromo-acids (assigned the structure (104)) which

reacted readily with ¥-collidine to form the desired
indenone (105) (15% overall yield) and an isomeric neutral
compound (36% yield). The latter was assigned the
¥ ~lactone structure (106) from an examination of its
spectral properties.

Having achieved the synthesis of the required

g2,
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indenone (105), House then investigated methods of
preparing cig~hexahydrofluorenone derivatives and
succeeded in synthesising the gis-keto-acid (108) by two

8 One route involved a Diels-Alder

altornative routes.
reaction between (105) and butadiene. The resulting
unsaturated gis-keto-acid (107), obtained in 58% yield,
was hydrogenated with 10% palladium-charcoal to yield the
desired hexahydrofluorenone derivative (108).

The alternative route to (108) ianvolved direct
substitution of hexahydrofluorenone (109) and, since

previous rsatesal’az’BB

to this compound were not entirely
satisfactory, House et al. devised an alternative synthesis.
Beaction of cis- or trans-hexahydrofluorenone with either
aorylonitrile or methyl acrylate afforded the cis-ketones
{110) and (111) both of which could be hydrolysed to the
gis-keto acid (108).

Further studies by House et al. have demonstirated
the possibility of using 2-ethoxy-l:3-butadiene for pre-
paring hexahydrofluorenones in ring 0‘79 Their studies
were initiated primarily with a view to obtalning
preparative routes to hexahydrofluorenones with oxygen
substituents at position 2. Using ethyl irans-cinnamate
a8 dienophile & mixture of two isomeric keto acids (114)

and (115) we® obtained and, as expected from previous
studies, the predominant component was the adduct (114).
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Both acids on oyclisation with polyphosphoric acid
afforded the diketones (112) and (113) respectively. An
alternative route to (112) was then explored using
indenone ethylene ketal as dienophile. According to the

mg4 of the Diels~ilder reaction this

probable mechanis
route was expected to yield a derivative of the diketone
{113) a®s a major product in the reaction. However the
sole product,isolated in ca. 25% overall yield, was found
to be gis~ hexahydrofluorene-3:9-dione (112).

House et 31;79 have also studied the condensation
of 1l,2-indanedione (116) with methyl vinyl ketone as a
possible preparative method for the enedione (117). The
product obtained, however, proved to be the aldol-
condensation product (118) or (119). This product could
also be obtained when the dione (116) was treated with
pyridine.

Thus House's original intention of obtaining a
hexahydrofluorenone with an oxygen substituent in
position 2 remains to be realised.

Recently we have obtained information that
Professor G. Stork and his co-workers at Columbia
University, New York, are engaged on synthetic approaches
to the degradation products of gibberellic acid and that
they have succeeded in preparing the indanone~diester

(120).8%
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At the time of writing we have been informed86

that Loewenthal, at the Israel Institute of Technology,

has successfully synthesised the racemic form of zibberone.
The synthesis, which is essentially a four-step process,

18 outlined below and will be the subject of a forthcoming

comnunication,

CoR ‘ CoR
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THEQRETICAL

(1) Synthetic Approaches to Gibberome

A consideration of the structure of gibberone
(12)11 has prompted us to formulate possible synthetic
routes to this compound. It is cur opinion that the
synthesis of gibberone presents a challenge to the organic
chemist in that it is related to the wider problem
presented by the synthesis of compounds heving a basic
structural similarity to phyllocladene (121).

Thus we devised a synthetic route which, it was
hoped, would surmount the problem presented and which
would provide us with some control over the stereo-
chemistry of the final product. The starting material in
our projected route was 4-methylindan~le-one (122).87'91
The latter compound was considered to be eminently suitable
in this respect since it contained a8 correctly substituted
aromatic ring A fused to a five-membered ring ketone
capable of further elaboration. In addition, the
preparative roate387"91 available to this starting indanone
were facile and took place in fairly high overall yield,
Thus Doebner condensation of o-tolualdehyde with malonic

91,9 the eovrespeading  Cnvamic acid,
acid. j Hydrogenation of a solution of the latter in
sodium hydroxide using 5% palladium-charcoal as catalyst

gave an almost quantitative yield of o-methyldihydro-
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cinnamic acid which underwent polyphosphoric acid cyclis-
ation at 100%°C. to furnish the desired indanone (122),

Nany synthetic pathways, based on reasonable
literature analogies, were scrutinised before a finsl
decision was made about the way in which our starting
indanone was to be elaborated. Sone preliminary experi-
ments were performed on some of these pathways and will
ve describved later. In the event, the choice of route
was based on its practicability and by the fact that it
might also provide us with a means of synthesising the
diketo~acid (15), obtained by ozonolysis of gibberane.ll
The essential feature of this route was the addition, to
the indanone framework, of a spiro-ring which could be
eleaved in such a way as to provide us with appendages
eapable of forming the basis of the rings C and D of
gibberone. The way in which we attempted to achieve this
objective is described in the sequel.

When 4~methylindan~l-one (122), in dry benzene
solution, was treated with acrylonitrile in the presence
of Triton B at roowm temperature, dicyaneethylation took
place, as expected, at Coe The crude oily reaction

product thus obtained was hydrolysed, almost quantitatively,

with 15% potassium hydroxide solution to the crystalline
keto~diacid (123; R = H) whose infrared spectrum (nujol)
showed peaks at 1720 ew™! (indanone carbonyl) and 1700 cm

-1
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 {carboxyl). No attempt was wade to increase the yield
in the c¢yanocethylation reaction but we have little doubt
that this could be accomplished by uscing more {orcing
conditions or by employing the wmodified conditions

deseribed by Woodward. 2

Fischer~Spier esterification
of the dimcid (1233 R = H) yielded the corvesponding
diethyl ester (123; R = Et) which, on Dieckmann cyclis-
ation using sodium sand, provided us with the crystalline
Bpiro- p ~keto-ester (124). The infrared spectrum of (124)
showcd peaks at 1720 cut (ester and indanonc), 1670 cw™t
(x:p ~unsaturated ketone) and 1615 cn™L (eno% double bond)
while the ultraviolet spectrum exhibited absorption maxima
at 250-252 mu (& 26,200) and 295-300 wu (€ 3,080). The
spiro-;3 ~keto~ester (124) was regarded as a key inter-
mediate in the projected synthesis of gibberone and its
degradation product (15). Subsequent acid hydrolysis,
with concomitant loss of carbon dioxide, resulted in the
formation of the crystalline spiro-diketone (1..'2‘5)(@“x
1720 cw '}, indanone and cyclohezanone: ) max 290-255 mu
(¢ 12,700) and 295-300 mu (& 3,080)).

¥ith regard to the synthesis of gibberone, we were
now faced with the problem of devising a method for
cleaving the six-membered ring ketone of (125) in such a
way as 10 provide ues with a means of constructing rings C

and D of gibberoue. The method used was based on the

73.
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initial reaction of exceas methylmagnesium bromide with
the spiroketone (125). In this way the colourless diol
(126) was obtained, whose infrared spectrum showed a peak
at no carbonyl absorption in the region 1600-1800 cm .
The ultraviolet spectrum exhibited an absorption maximum
at 265 mu (£ 43Q). Dehydration of this crude diol was
effected by refihxing with p~toluene-sulphonic acid in dry
benzene and resulted in the formation of a viscous brown
senisclid product. The infrared spectrum of thse latter
showed the absence of hydroxyl bands and the presence of
a styrene double bond (1630 amfl). Chromatography of the
¢rude reaction product on alumina, using petroleum ether
(bep. 60~80°%) as eluant, provided us with the colourless,
erystalline spiro diene (127) whose spectiral properties

(N max 1635 em™t, styrene double bond: >‘max 255 mu

(¢ 15,500), 290 mu (= 3,940) and 300 mu (£ 3,520)) were
conaslstent with the assigned structure. Further elution
0f the column with ether provided a yellow viscous oily
material which d4id not exhibit styrene absorxption in the
infrared and whose structure remains to be elucidated.

It may be noted that during one dehydration experiment a
much larger proportion of p-toluene-sulphonic acid was
used and, in this case, work up in the usual manner

| furnished a colourless gum which failed to crystallise

and whose infrared spectrum possessed only aromatic peaks
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in the region 1600~1800 emfl. The ultraviolet spectrum
of this product, however, exhibited absorption bands
identical to those shown by (127) but with their intensity
very much reduced. This product, which was not‘investig~
ated further, is regarded at this preliminary juncture as
an acid-catalysed rearrangement product of the dienme (127).
In connection with the aforementioned dehydration
we were cognizant of the fact that an alternative mode
of dehydration was possible to furnish the di-exo diene
{128). The evidence we possessed at this stage in our
synthesis, namely, spectral properties and elemental
analysis, d4id not permit an unequivocal exclusion of this
structural possibility. It was our opinion, however,

based on literature analogy93

and on the rather meagre
evidence of a peak at T90 smfl in the infrared spectrum of
the dehydrated product, that our diene possessed the
structure (127). This was later confirmed by the sub-
sequent cleavage experiments.

Thus we assumed for the present the diene structure
{127) and proceeded to consider the various methods,
available in the literature, which had been employed for
the c¢leavage of ethylenic systems {0 oxygenated pro-
duets. 9499  0r these, ozonolysis seemed the most suitable
for our present purpose. In point of fact, ozonolysis

of pure crystalline diene in ethyl acetate at -80%.,
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followed by oxidative hydrolysis, furnished a 75% yield
of crude acidic material which resisted our attempts at
c¢rystallisation.  The formation of this acidic product
(1293 R = H), in the yield indicated, further confirmed the
stmicture (127) assigned to the starting diene since the
alternative di-exo structure (128) would have provided us
with the non-acidic spiro-diketone (125). ZEsterification
of the diketo-acid (1293 R = H) with diazomethane gave a
product whose infrared spectrum in carbon tetrachloride
solution showed peaks at 1735 em™+ (ester carbonyl) and
1715 om ™+ (indanone carbonyl) in agreement with the

assigned structure (329; R = Me). loreover, the ultira-

violet spectrum, which exhibited absorption maxima at
250 mu (& 7,200) and 295 mu (¢ 1,390), was typical of an

indanone~type compound.lao

The spectral properties out-
lined above for the esterified ozonolysis product led us
to conclude that we had effected cleavage of the spiro-
diketone (125) in the desired manner and that the diketo-
ester (129; R = Me) obtained would provide us with entry
into the proper tricyclic series,

The "obvious" way in which this could be
accomplished was by internal aldol condensation of (1293
R=Ms)., A wide choice of acidic and basic condensing
agents i!p available in the literature for effecting such

101-105

condensations. In the event, treatment of

98.
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{1293 R = Me) with 1% sodium methoxzide in a mitrogen
atmosphere furnished a red semisolid acidic product which,

on trituration with ether, gave a yellow crystalline

compound having an infrared spectrum (1705 em™+

1665 emfl, cyclohexenone; 1625 on ™t

y Carboxyl;
y styrens double bond)
consistent with the desired enone—acid structure (130}

R = H). This was subsequently confirmed when esterifi=-
cation with diazomethane yielded the crystalline methyl
ester (130; R = Me) which exhibited the expected spectral

properties, (N nax 1735 emfl, ester; 1670 cmfl

hexenone; 1630 cum t
(£ 8,300) and 300 mu (£ 19,500)), and whose elemental

analysis provided us with final proof of stracture.

¢ Cyclo=

» 8tyrene double bond "A'max 238 mu

It may be noted that esterification of the red
gum, obtained as & by-product in the cyclisation reaction,
afforded a viscous oil which resisted our attempts at
crystallisation and whose infrared spectrum in carbon
tetrachloride selution (1735 cm™™, 1715 em +) was
rominiscent of that of the starting diketo-ester. We
eoneluded, therefore, that either the aldol condensation
had not proceeded to completion or that, more likely,
some dealdolisation bhad occurred. In addition, we were
also aware of the fact that a retro-liichael reaction
eould have occurred, (see (131) and arrows), to furnish

the indanone-ester (132) possessing spectral properties
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similar to (129). The formsr explanations seemed to be
invalidated, however, when re-treatment of the crude
esterified by-product with either 1% sodium methoxide or
p-toluene~sulphonic acid in benzene failed to produce
further quantities of the tricyelic enone-acid or ester.
Chromatography of this by-product on alumina enabled us
to obtain a yellow viscous 0il free from traces of enone
ester but, as yet, we have been unable to characterise
this material conclusively.

The disappointingly low yield inm the cyclisation
reaction and the rather obscure nature of the side-
product(e) (vide infra) prompted us to consider other
condensing agents for the aldol condensation. When the
diketo-acid (1293 R = H) was treated with potassium

hydroxide in agueous &ioxanlgz

no solid enone acid was
obtained and the infrared spectrum of the reaction product
indicated that the desired cyclisation had not proceeded
to any significant extent. Succeasful cyclisation of
{1293 R = H) was accomplished, however, using 1% sodium
ethoxide but‘the yield of tricyclic material did not
warrant a change to these conditions. In ordexr to prevent
any retro-hichael reaction or dealdolisation occurring
during the cyclisation, we then resorted to acidic
conditions. ©Prolonged treatment of the dlketo-ester

(129; R = lie) in benzene with p~toluene-sulphonic acid101,
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however, failed to provide us with more thsn a trace of
tricyclic material. Beyond this no further variation of
the cyclisation conditlons was attempted.

Ve return now to the uain synthetic pathway. 1In
the tricyclic ketone (1303 R = Me), the presence of the
l2:15-double bond, with the attached quaternary cenire,
013, makes possible the unambiguous introduction of
substituents at 07. It will be noted that, while con=-
structing ring C »y the steps outlined above, we had made
part-provision for the construction of ring D by having
the required carbomethoxymethyl side chain already built
into the tricyclic system. A consideration of the
gtmucturse of gibberone enforced the "obvious" conclusion
that the substituents required at C7 were a methyl and a
carbomethoxy group or its equivalent. The latter group
would then be required to undergo Dieckmann cyclisation
with the angular carbomethoxy group to furnish ring D.

In the event, we envisaged a reaction scheme
invelving the preparation of the p-keto-nitrile (133;

R » He) since we considered that the preparative route to
this compound would be more facile than the introduction
of the carbomethoxy group via the pyrolytic decarbonyl-
ation of the glyoxalate derivative (134; B = ke)%C,
Moreover, the steric requirements of the nitrile function

are smalle. Before describing the specific wmeans whereby
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this objective could be realised, let us consider, for
the moment, the stereochemical iwmplications of our
synthetic pathway.

The introductlon of methyl and nitrile groups at
Gv poses the stereochemical question of whether the
nitrile function (or the ester derived therefrom) will
then undergo Dieckmann cyclisation with the angular
carbvomethoxymethyl group. The requirenments for success
in this latter reaction are a gis relationship of these
two groups and thus we envisaged a reaction sequence which
would satisfy this requirement. Construction of the
molecular model of the tricyclic ketone (1303 R = MNe)
demonstrated that this compound was esseniially planar,
with the carbomethoxymethyl group projecting above or below
the plane. The reaction sequence contemplated for the
preparation of the C-methylated A-keto-nitrile (135;
R = Me) involved the preliminary formation of the un-
substituted cyano-ketone (133; R = Me).  C-methylation of
this enolic systen would be expected to involve attachment
of the methyl group to the side of the molecule opposite
to that occupied by the angular carbomethoxymethyl
functlion. A ¢ig relationship between these two groups
would be assured. It is probably of interest to note
that in the total synthesis of estrone one step involved
the C-methylation of the keto-diester (136). The
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resulting compound (137) possessed the stereochemistry
indicated.lo?

Duringthé&' elegant studies on the total synthesis
of steroids, V. 3. Johnson and his co~workers evolved &
facile procedure for preparing C-methylated A -keto-

108,109

nitriles from substituted eyclohexanones#*, Ve

considered this procedure to be euinently suitable for the
preparation of the desired intermediste (135; R = Me)., 1In
order to obltain comparative spectre and to test the
practicability of Johnson's method on a small scale, a
series of model reactions we® carried out using 2-methyl-
cyclohexanone as starting material. Thus the hydroxy-
methylene derivative (138) was prepared without difficulty
and underwent smooth conversion to the isoxazole (139).
Treatwent of (139) with sodium methoxide resulted in the
formation of 2-methyl-~6-cyano~cyclohexanone (140). It
may be noted that the assignment of structure in this model
serlies was based to a large extent on the characteristic
and predictable infrared spectra of the products. The
falrly higzh overall yield and the practical facility

#% The specificity of this procedure prompted Johnson to
gugcest 1ts use in distinguishing chemically between
the presence of six-membered and five-membered ring

xetones in natural produots.loa
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encountered in this series of model reactions encouraged
ug in our further enquiries.

Accordingly an attempt was made to prepare the
hydroxymethylene derivative of the enone-ester (130;
R = Me) using the conditions prescribed by Woodward for
the preparation of the steroid intermediate (141).102 The
erude reaction product thus obtained gave a dark brown
colouration with aslcoholic ferric chloride solution and
exhibited the expected spectral properties ({7max 1740 cmfl,
ester; 1670 cm > 1640 ou™', 2 ~diketone : A\ __ 233 mu
(€ 7,350) and 300~305 mu (€ 12,800)). Subsequent treatment
of the crude hydroxymethylenme derivative (142; R = le) with
hy@roxylamine hydrochloride furnished an oil which was
asaigned the isoxazole structure (143; & = Me) on the basis
of its ultraviolet (238 mu, € 7,200 and 320 mu, £ 11,700)

1, ester; 1630 co*

and infrared spectrum (1730 cm » styrene
double bond and C=N) and by its failure 10 give a positive
forric chloride test. Cleavage of the substituted
isoxazole (143; R = lie) in the desired manner was then
accomplished by treatment with sodium methoxide/methyl
iodide and resulted in the formation of the crystalline
C—-émsthylévted 3 ~keto-nitrile (1353 L = le). Confirmatory
evidence for this structure was provided by its ultra-
violet and infrared spectrum ()‘max 240 mu, £ 8,150 and

302-310 wa, £ 20,300 3 V ey 2250 ew™}, nitrile; 1740 cm™T,
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ester; 1675 om -1

+ eyclohexenone; 1640 om ™, styrene double
bond). The presence of the very weak nitrile band in
the latter is probably due to the "quenching effect® of

the oxygenated functions in the moleeule.llo

It may be
noted that, prior to the above cleavage reaction,a pre-
liminary inveatigation into the efrect of sodium methoxide
on the isoxazole (143; R = Me) had resulted in the
formation of a solid acidiec product. Subsequent esterif-
ication of this material with diazomethane furnished a
orystalline alkeli-soluble ester whose infrared spectrum
in carbon tetrachloride solution, (2250 em™ 2200 cmfl,

nitrile; 1735 cmfl, ester; 1670 cmfl

s Cyclohexenonej

1620 om™t, styrene double bond), was consistent with the
expected /3~keto~nitrile structure (1333 R = Me). In
the event, the isolation of this compound became
unnecessary due to the *"in situ" alkylation/esterification
procedure later employed (p.109). Hevertheless, apart
from confirming the general validity of introducing a
nitrile function adjacent to the carbonyl group im (130),
the unsubstituted pJ-keto-nitrile (1335 R = Me) later
apsumed the mantle of importance when a comparison of its
melting point and solubility with that of (1353 R = Me)
provided us with the first indication that we had in fact
obtained the C-methylated /3~keto—nitrile.

As a result of the stereochemical arguments

/.
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outlined above (pi105) and in view of the recent stereo-
chemical conversion of the isoxazole (144) to (145).111
we were confident that the nitrile and carbomethoxymethyl
functions of (135; R = lie) possessed the required cis
relationship and that entry into the proper tricyelic
stage of our synthesis had been achieved with complete
stereochemical control. The two remaining steps in our
projected synthesis, namely, the construction of ring D
and the reductive removal of the 85 ketone, now awaited
accomplishment. The way in which we intended to realise
these final objectives and the underlying principles
involved, are described in the sequel.

During his studies on the total synthesis of

108,109 constructed

equilenin, Johnson and his co-workers
ring D of this compound by a series of synthetic steps
one of which is parxticularly relevant to the present
discussion. Thus by treating the methylated p -keto-
nitrile (146) with methyl succinate and potassium tert-
butoxide the unsaturated keto-acid (147) was obtained.
Obviously this remarkably facile one-step process had
involved the usual Stobbe condensation of a ketone with a
succinic ester followed by a cyclisation of the Dieckmann
type and alkaline fission of the methoxycarbonyl group.

The intermediates in this reaction were thus assigned the

structures (148; R = Me) and (1493 R = Me).
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The striking structural analogy between our
C-methylated J~keto-nitrile (135; R = Me) and the inter-
mediate (148; R = Me) proumpted us, therefore, to speculate
on whether the former compound would, under these
conditions, provide us with the desired tetracyeclic di-
ketone (150) by & similar one-step process., In the event,
when the C-methylated J-keto-nitrile (1353 R = Ne) was
treated with potassium tert~butoxide a crystalline product

wag obtained whose infrared spectrum (1766 en™+

1, cyclohexenone; 1622 cm ™t

y Cyclo=-
pentanone; 1677 om™ , styrene
double bond) was compatible with the tetracyclic diketone
struoture (150). A comparably high wave number

(1768 omfl) has recently been assigned to the five-membered
ring ketone in (151), a degradation product of delphinine.ll2
In this case it has been suggested that dipole~dipole
interaction of both carbonyl groups, due to the rigid
struoture of (151), could reasonably account for this shift

112 We consider that a similar

t0 higher wave number.
explanation 1s equally applicable in the case of the rigid
tetracyclic diketone structure (150).

Further confirmation for the presence of the
enone chromophore in our product was provided by the
ultraviclet spectrum which exhibited absorption maxima at
238 mm (< 6,850), 300-302mu (£ 15,400) and 330 m

(£ 14,600). The presence of the band at 330 mu (not
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present in the starting material) could be explained in
terms of ifmelectroa interaction between the chromophore
and the carbonyl group in the five-membered ring.
Unfortunately our supply of reaction product at this stage
(3.8 mg., impure) prevented us from confirming the
structure (150) by elemental asnalysis.

At this time, however, we received information
that Loewenthal had succeeded in synthesising gibberone
(see p. 87) and that the penultimate compound in his
synthesis was the tetracyclic diketone (150) .86 Although
obtained by a completely different route, the physical
properties of this compound were similar to those of our

impure reaction product (Table 1)«

Table 1
Diketone (150) Reaction Product
BePe .o <« 207°C. | 204-207°C.
Vs ue eo 238 mu (& 7,400) 238 mu (£ 6,850)
300 m (2 19,000)  300-302 mu (£ 15,400)
330 mu (= 15,300) 330 mu (= 14,600)
X.R¢(CHOL;) .. 1742 om 1766 om™>
1661 en™t 1677 om™*
1621 om ™t 1622 om™*

The exact nature of this reaction product awaits

elucidation.
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As indicated previously, the main synthetic
pathway to gibberone involved the important internediate
(124). The poteniial synthetic utility of this compound
became evident to us when we were considering synthetic
avenues to the diketo-acid (15). liost of these involved
the preliminary preparation of the methylated spiro-
diketone (152) from which, it was hoped, the corresponding
nor-compound (153) could be readily prepared by convention=
al ring-contraction methods. Aiccordingly, methylation of
the spire- g -keto-ester (124) with methyl iodide in the
presence of sodium furnished 2 neutral product which on
subsequent acidie hydrolysis and decarboxylation furnished
the erystalline methylated spiro~diketone (152). Two
conventional methods of ring conbtraction were then chosen
to test the general validity of our synthetic route and we
investigated these by a series of small-scale experiments.

When the methylated spiro-diketone (152) was
treated with freshly distilled furfural in the presence of
sodiun hyﬂrcxi&ell3 a yellow gun was obtained which
resisted our attempis at crystallisation but whose ultra~
violet spectrum {250 mu, £ 13,000 and 325-~330 mu,€ 17,50C0)
was consistent with that of fthe furfurylidene derivative
{(154). TFurfurylidene derivatives of cyeclic ketones
normally exhibit ultraviolet absorption at 324 mu
(e 20,000).113 Ozonolysis of the furfurylidene derivative,
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followed by oxidative hydrolysis, furnished an acidic
product which exhibited characteristic indanone  absorp=-
tion in the wltraviolet (A _  250-255 mu (& 9,200) and

29% ma (¢ 1,800)). Ailthough ecrystallisation of this
acidic product seemed possible, no attempt was made to
purify it during this preliminary investigation.
Esterification with diawzomethans furnished the correspond-
ing dimethyl ester (15%; R = Me) which, on Dieckmann
eyelisation using sodium sand, furanished a viscous oil.

The pA-keto-ester structure (156) was assizned to this

compound on the basis of its infrared spectrum (1720 cmfl.

indanone and easter; 1665 cmfl cyclopentenone; 1620 cmfl,
enol double bond) and by the fact that it gave a purple
colouration with alcoholic ferric chloride solution.
Subsequent acidic hydrolysis and decarboxylation furnished
a neutral compound whose infrared spectrum was consistent
with the methylated nor—-spiro-diketone structure (153).
Chromatography of the erude product on alumina, using
benzene-petroleun ether (b.p. 60-80°) as eluant, provided

a c¢olourless mobile oil whose infrared (1745 cn~t

pentanone; 1715 cm™t

(252 mu (£ 12,300) and 298-300 mu (£ 2,200)) were in full

y Cyclo-

y indanone) and ultraviolet spectrum

agreement with the assigned siructure. Final confirme
ation for the latter was provided by elemental analysis.
Preliminary results of investigations into the
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validity of another ring-~contraction method were also
obtained. Thus, parallel with the series of experiments
outlined above, an attempt was made to prepare the oximino
eompound (157) by treating (152) with butyl nitrite and
sodiunm methexide.22’114 Beckmann rearrangement of the
erude product, followed by alkaline hydrolysis, furnished
an acidic compound which was esterified with diazomethane.
The infrared spectrum of this impure ester in carbon
tetrachloride solution was identical with that of the keto-
diester (1555 R = Me)s, The overall success of the
furfurylidene method of ring-contraction, however, made

the further investigation of this lakter approach un=-
necegsary.

With the preparation of the methylated nor-spiro-
diketone (153) we came within one stage of our final
objective, As yet, however, no attempts have been made
to complete the synthesis although methods of incorporat-
ing the carboxymethyl group into the methine position of
the eyclopentanone ring have been considered in detail,

We presume that this could be accouplished by the pre-
liminary intreduction of a suitable blocking group101'115’116
prior to reaction with ethyl bromoacetate or its equivalent.
Subsequent removal of the blocking group and hydrolysis

of the ester function would then provide the desired

diketo-acid (15)., Resolution, of course, would be
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required at some suitable stage in the synthesia,

We conclude this section on the synthetic
approaches to gibberone with an account of some miscellan~-
eous experiments which were intended to lead directly or
indirectly to the indanone ester (132). One of the more
gonventional ways of building the gibberone framework
would seen to involve the initial preparation of this
compound using 4~-methylindan-l-one (122) as starting
material, A lMichael reaction, using methyl vinyl ketone

or its equivalent,ll7’lla

would then be expected to yield
the diketo-ester (129) and the remainder of the synthesis
woulkd then follow the lines already indicated. This mode
of approach occurred to us very early in our work since
it followed closely the synthelic route originally
envisaged to gibberic acid. I{ was perhaps inevitable,
however, that, due to the success we experienced in our
other synthetic scheme (vide infra), very little experi-
mental effort was expended on this conventional route.
Direct attempts to introduce a carbethoxy group
inte (122), using ethyl chloroacetate and sodamide or
sodium as condensing agents, provided us with unchanged
indanone. A similar failure to introduce this group
directly into the indanone ester (1583 R = Et) (p.146)
then prompted us to consider indirect methods of achiev—

ing our objective. It may be noted, however, that no
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attempt was made t0 utilise the elegant enamine method

of preparing alkylated cyclic ketonesllg

since we felt
that our previous failure to prepare the pyrrolidine or
morpholine enamine of (1583 R = Et) (p.148), and the
reported general failure of indanones to provide these

intarmadiates,lzo

made the possibility of success remote.
Recently, however, Newman has devised an elegant
procedure for preparing 2-carboxymethylene-~« -tetralone
(159) and has alluded to its general applicability.l2t
In point of fact, when the indanone (122) was treated with
tartaric acld, in the presence of sodium periodate, smooth
conversion to the corresponding carboxymethylene derivative
(1603 R = H) occurred. Subsequent catalytic hydro-
genation of (160j R = H), using 5% palladium-charcoal as
catalyst, followed by esterification of the non~ketonic
agidic produet, furnished a neutral compound which was
ansigned the hydroxy-ester structure (1613 R = Me) on the
basis of its ultraviolet (A .. 265 mu, & 320) and infra-
red spectrum (3150 cmfl, hydroxyl; 1720 om ™+
Thie was later confirmed by elemental analysis. Attempts

y ester).

t0 remove the unsaturated centre in (160; R = H) by
partial hydrogenation provided a non-~homogeneous product
whose infrared spectrum showed peaks at 3500 om™+
(hydroxyl), 1760 em™ (w)( ¥-lactone) and 1725 em ™+

(carboxyl and indanone carbonyl). We considered, there-

i27.
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fore, that the product was a mixture of the required keto-
acid (1325 R = H) and the lactone (162) derived from the
completely hydrogenated hydroxy-acid (1613 R = H). That
the majority of the reaction product contained an intact
indanone carbonyl group was confirmed by the weak
intensity of the lactons peak and also by the charactere.
istic ultraviolet spectrum (>\max 250 mu, € 9850 and

29% ma, £ 1,840). Although these attempts to achieve
partial hydrogenation seemed promising, we decided to
investigate an alternative and less ambiguous means of
selectively reducing the unsaturated cenire.

Thus it occurred to us that the unsaturated keto~
ester (160; R = Me) might well behave as a l:4-dicarbonyl
compound ond that reduction with zinc and acetic acid,
{widely used for the conversion of ene-li4~-diones to the
corresponding saturated l:i4-diketones), would furnish the
saturated keto-ester (132; R = Me). Unfortunately,
however, when (1603 R = H) was treated with diazomethane

a non-acidic crystalline material was obtained whese infra-

red spectrum was singularly inconsistent with the expected
structure (160; B = Me). Specifically the spectrum
falled to show signs of the unsaturated linkage although
the indanone carbonyl and ester functiona appeared to be
intact, Purther confirmation for the presence of the

indanone carbonyl was provided by the ultraviolet spectrum

129.
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()\m 260 m, < 13,200 and 300 ma, £ 2;580) which wes
100 Our
failure to obtain the methyl ester of (1603 R = Me) in
this way was finally substantiated by elemental analysis

typlcal of compounds belonging to this class.

which alluded to a more complex structure.

The simplest and most logical explanation of the
facts outlined above can be provided in terms of the
alternative pyrazoline structures (1635 R = Me) and (164;

R = Me). It would seem, therefore, that treatment of
(1603 R = H) with diazomethane involves preliminary
eaterification followed by addition of diazomethane across
the ene-~lt4~dione system. A completely analogous reaction
is the conversion of erdin (1653 R = H) or geodin (165;

R = Me) to the pyrazoline (166).122 Further experimental
evidence will be required, of course, before a final choice
between the structures (163; R = Me) and (164; R = le) can
be made.

It may be noted, however, that our failure to
obtain the methyl ester (160; R = Me) did not invalidate
the projected reduction of the latter with zinc and acetic
acid. On the contrary, the fact that the unsaturated
keto~acid (1603 R = H) behaved as an ene-l:i4~dione in the
above reaction augured well for the success of the

reductive step. The difficulties associated with the use
of diazomethane could obviously be removed by Fischer-Speir



esterification and further work in this direction is
anticipated. Alternatively it may be possible to reduce
the free acid (160; R = H) with zinc and acetic acid.

In addition, many of the synthetic methods avail-
able in the literature’?3+124 £or the introduction of a
carbomethoxymethyl function into the 2-position of cyclie
ketones remain to be investigated,

/32,
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(2) Synthetic Approaches to Gibberic Acid

The close structural similarity of gibberic acid
(1) and gibberone (12) leads one to the obvious conclusion
that the problems presented by the synthesis of either of
these compounds are, for the most part, common. It would
seem, therefore, that the ideas on which the main
syathetic route to gibberone was based (p. 89) would be
applicable with scant modification to the synthesis of
gibberic acid. Historieally, however, our investigations
into synthetic approaches to gibberic acid were carried
out prior to our interest in a synthesis of gibberone and
thus the synthetic approaches outlined below bear little
relationship to those in seetion 1 (p. 89).

Although several diffsrent synthetic routes to
gibberic acid have been investigated we shall, for the
purpose of clarity, confine curaeléea to the two main
iines of approach on which the majority of ocur praciical
work has been based. These are named arbitrarily as
followa:~

A. Coumarin route.

B. Indanone route.
Each of these are dealt with in the sequel.
A, The basic idea of this route was the synthesis
of a suitably substituted coumarin which, on alkaline

cleavage and subsequent cyclisation, would furnish a
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trieyclic intermediate capable of further elaboration.

One of the most elegant methods of preparing coumaring
consists of allowing phenoly to react with B ~keto-esters
under strongly acidic conditions (Pechmann reaction).125'128
heccordingly, X-carboxy-¥ -methyl-pimelic acid (167)129
was prepared and its trimethyl ester, on oyclisation with
sodium hydride in ether’3° at 0°C., furnished 2:4-dicarbo-
nethoxy~4-methyloyclohexanone (166)129 which was used
without purification. Treatment of (168) with p-cresol
in the presence of 80% (v/v) sulphuric acid at room
temperature afforded a colourless crystalline compound
whose ultraviolet spectrum (A max 279 mu, £ 10,025 and

318 mm, € 6,130) exhibited the characteristic absorption
bands normally associated with eoumarine.l31’132 Coumarin
itself exhibits absorption bands at 278 mu (£ 10,500) and
310 mu (€ 6,000) in the ultraviolet .33 Consequently, we
assigned the structure (169; R = Me) to this product and
this was confirmed by elemental analysis. Cleavage of
(1693 R = Me) with dimethyl sulphate and alkalil3?
resulied in the formation of the unsaturated methoxy-
diacid (170) whose ultraviolet spectrum (X, 285-288 m,
£ 2,530) daid not exhibit the normal styrene absorption
bands. This initially surprising fact, however, is not
without precedent since the snomalous ultraviolet specira

of compounds possessing the styrene chromophore in a
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similar environment have been reported in the literature.l31
Carlin has provided evidence which sugzests that the
anomaly ie due to steric inhibition of /i-electron
everla@.135

At this juncture it was hoped that oyclisation of
(170), with concomitant double shift, would provide us
with the desired tetrahydrofluorenone (171). However,
treatment of (170) with either concentrated sulphuric acid
or polyphosphoric acid merely yielded the coumarin acid
(1693 R = H), Further confirmetion for this latter
structure was provided by the fact that an identical
product was obtained by simple alkaline hydrolysis of the
coumarin-ester (16G; B = Me). Analogous instances are
known of suitably substituted unsaturated wmethoxy-acids
undergoing this somewhai unusual conversion to a coumarin
with elimination of methanol, 3®+237  Ap attempt was also
made to cyclise the unsaturated diacid (170) via its
anhydride. Treatment of (170) with acetic anhydride/
acetic acid furnished a erude product whose infrared
spectrum contained the characteristic twin anhydride
peaks (1810 cmf1, 1725 cmfl). The double bond shift
assoclated with the formation of this anhydride is of
course necessitated by Bredt's rule and i1s analogous to the
conversion of {172), (173) and (174) to the anhydride
(175).138 Atteunpted Friedel~Crafts cyclisation of the
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anhydride {176) using stannic chloride, however, failed
to yield the desired keto-acid (171). Instead this
mode of eyelisation again provided us with the coumarin-
acid (169; R = H).

Since the double bond in the alicyclie ring of
{170) was assumed to be a major contributery factor in
directing the above cyclisations towards the coumarin
rather than the tetrahydrofluorenone (171), it was decided
that reductive removal of this tetrasubstituted double
bond was essential. Unfortumately catalytic hydro=
genation using Adams' catalyst with ethyl acetate, acetic
acld oxr ethanol as solvent, failed ~—— a fact not without
precedent in similar compounds. ILoewanthal, faced with
this same difficulty in the case of the unsaturated acid
(177), reverted to the reductive technique of lithium/
liquid ammonia with considerabls success.136 This
prompted us, therefore, to attempt the same technique on
(170). As a rvesult of this a compound was isolated whose
melting point was depressed by admixture with starting
material or with the coumarin-acid (1693 R = H). The
atructure (178) was assizned to this product on the basis

-1

of spectral properties (V max 1710 cm —, carboxyl t A

max
230 mu, £ 2,300) and elemental analysis.
With the preparation of (178) and the consequent

removal of any possibility of coumarin formation a series
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of meaningful oyclisations could now be undertaken. Un-
fortunately, however, our attemptis to oyclise (173) using
either concentrated sulphuric acid or polyphosphoric acid
a8 e¢yclodehydrating agents, failed. This failure is not
altogether surprising, however, when one considers that
s8lmilar cyclisations, involving electrophilic attack
meta to & methoxyl group, have proved diffioult to achieve,
@48+ A -phenylpropionic acid (179) can be cyclised to
{180) in 73% yield while, under the same conditions, the
yield for the conversion of the p-methoxy-acid (131) teo
(182) is only 3$¢139

At this stage we abandoned our efforts to obtain
& suitable tricyclic intermediate via coumarin~type
compounds« It may be noted that, in addition to the
undesirable electronic effects associated with the methoxyl
group (vide infra), the eventual presence of this group
in the final product and the possible difficulties
assoclated with its removal were other fundamental object-

ions to this synthetic approach.

B, As the name implies, the basic theme of this
synthetic approach to gibberic acid (1) involved the pre-
liminary preparation of a suitably substituted indanone.
We considered that 3~carbethoxy-4-methylinden-l-one (1583
R = Et) would be eminently suitable in this respect since
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it contained the essential features of rings A and B of
gibberic acid. In addition the presence of an active
methylene group at C, rendered (158; R = Et) potentially
capable of further elaboration. The preparative route
which was devised to this compound is described in the
sequel.

114~-addition of the grignard reagent, prepared
from o~bromotoluene, to tetraethyl ethylene tetra-
carboxylate (183)140'141 resulted in the formation of the
tetra~ester (184; R = Et) which, on alkaline hydrolysis
and thermal decarboxylation, afforded o-tolylsucecinic
acid (185). Subsequent cyclodehydration of (185) with
polyphosphoric acid at 140°C. yielded a mixture of
staxrting material and the desired indanone-acid (1583
R = H) (\7max 1720 cm™r, indanone; 1690 om™ >
}\m 250 mu, £ 10,040 and 295 mu, & 1,930) which were
separated by silica chromatography. The overall yield

s carboxyl 3

of (1583 R = H) in the cyclisation stage was 44% and
attempts to augment this by the alternative use of
hydrogen fluoride or concentrated sulphuric acid as cyclo-
dehydrating agents, met with failure. The ethyl ester
(1583 R = Et) was prepared in the usual way. It may be
noted that although the substituted succinic acid (185)
readily formed an anhydride (186) no attempt was made to
utilise this intermediate for the preparation of the
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irndanone~acid (1583 R = H). The analogous conversion of
the anhydride (187) to (188) in 666 yield *? augured well
for the success of this mode of preparation but it was
felt that the overall yield in this two-step process could
not be expected to exceed 44%. Since the termination of
this work, however, an interesting paper has appeared
purporting to a new route to indanones of this general
type.l43 This would seem to indicate that the conversion
of 4~methylindan-l-one (122) to (1587 R = H) could be
achleved with little difficulty. Turther work on this
possibility is anticipated.

Although the above method of preparing the
indanone~ester (158; R = Et) was laborious on a large
socale, several possible routes fa the tetracyclic system
of gibberic acid were investigated. The most convention—-
al and stralightforward of these synthetic approaches
envisaged the initial preparation of the keto-diester (120)
from which, it waas hoped, the important tricyclic inter-
mediate (189) oould be obtained by the well-~known Robinson
annelation raaétien.ll7'lla Unsuccessful attempts to
prepare (120) by treatment of (1583 R = Et) with ethyl
bromeoacetate in the presence of sodamide or sodium
ethoxide as condensing mgents, however, soon prompted us
to consider indirect methods of achieving our objeotive.

Of these, the elegant enamine method of preparing
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alkylated oyeclie ketenesllg seemed the most promising.
Once again, however, our efforts were thwarted by the
failure of (158; R = Et) to form either a morpholine or
pyrrolidine enamine. This rather surprising result has
also been experienced by Stork and his co-workers who
have recently obtained (120) by an indspendent route.85
It has also been claimed that indanones in general fail
to form enamine derivatives,l?0
Although we had by no means exhausted the many
methods available in the literature for the imtroduction
of a carboalkoxymethyl group into the 2-position of coyclic
xetones, 1231124 410 failure of the attempts described
above led us to consider the preparation of derivatives of
the indanone-~ester (158; R = Et) which would possess
enhanced reactivity at 02. An sttempt was therefore made
to prepare the hydroxymethylene compound (190) by treating
(158; R = Et) with ethyl formate and sodium ethoxide,2>*104
The crude reaction product, which resisted our attempta
at erystallisation, was assigned the structure (190) on
the basis of ite characteristic infrared spectrum
{1730 emfl, ester; 1670 cm + 1630 emfl, S =diketone). The
enclic nature of this product was also confirmed by a
positive ferric chloride colour test and by its ability

t0 give a complex with saturated cupric acetate solution.

Unfortunately, the attempted C-alkylation of (190) using
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ethyl bromoacetate and sodium ethoxide failed to yield the
required product (191). C-alkylation of A-diketones
using methyl iodidel44 or propargyl bromidel45 are welle-
known reactions but it is interesting to note that
O~alkylation predominates when ethyl or propyl bromide is
uaad‘l44’l46 The latter compounds, 1ike ethyl bromo-
agetate, react by an SN2 mechanism and this may constitute
a possible explanation for the failure of our alkylation
experiment. It may be noted that a successful synthesis
of (191) would have enabled us to obtain (120) by base-
eatalysed removal of the formyl group.l45 Alternatively,
condensation of (191) with acetoacetic ester, in a manner
reminiscent of that employed in synthetic steroidal
wurk.l47 could have provided us with the highly important
compound (192).

The failure of these attempts to prepare (120)
and the appearance, at this time, of an interesting paper
by Newman on the preparation of bicyclic compounds from
monocyclie ,s-diketoneems Jed us to consider an alternative
synthetic approach. This envisaged the preparation of
the ethoxalyl derivative (193) followed by Michael
addition of methyl vinyl ketone (or its Mannich base) to
yield (194) or its ring~closed product (195). Accordingly,
the indanone-ester (1583 R = Et) was treated with diethyl

oxalate and sodium methoxlide and a smooth conversion to
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(193) achieved. Unfortunately, from our attempts to
prepare the Michasl addition product (194) only starting
could be isolated, It is interesting to note, however,
that even if a successful synthesis of (194) had been
achieved its ring closure to (195) was qusstionable when
one considers that the analogous cyclisation of (196) to
(197) was only realised at the expense of the elimination
of the ethoxalyl function.l4d

It 1s perhaps relevant at this stage to describe
soue preliminsry enquiries which were undertaken at a
much later date as a direct result of our investigations
into the synthetic approaches to gibberone. The general
validity of the main synthetic acheme outlined in this
latter section (p. 89 ) seemed theoretically possible
and thus we envisaged a synthesis of gibberic acid which
was basically identical to that described for gibberone
éxcept with respect to starting material. The indanone
eater (158; R = Et) seemed especially suited for this
latier purpose.

In the event, an attempt to achieve dicyano-
ethylation of (158; R = Et) resulted in the isolation of
a ¢rude reaction product, the infrared spectrum of which
exhibited the expected nitrile absorption band at 2250 em™t,
Subsequent alkaline hydrolysis of this crude reaction
product, followed by silica chromatography of the dcidic
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nixture obtained, yielded the crystalline indanone acid
(1585 R = H) and an acidic 0il which resisted our attempts
erystallisation. . The latter material, on esterification
with dlazomethane, furnished an ester which also failed
to crystallise. Chromatography of this esterified
produst on alumina followed by short-path distillation
under reduced pressure, yielded a colourless oil which
wag assigned the structure (198) on the basis of its
infrared spectrum {1735 cmﬁl, ester; 1715 cmfl, indanone
ecaybonyl) and elemental analysis, We feel confident
that the rather low yield experienced in the cyanoethyl-
ation step could be overcome by suitable modification of
the reaction conditiona. Although further experimental
work has still to be undertaken on this synthetic approach
the isolation of (198) seems to substantiate its general
validity. The remainder of the synthesis would, of
course, follow the lines previously indicated in section 1
(ps 89).

It 4s also anticipated that further experimental
effort will be expended on a sultable preparation of the
keto-diester (120) since many relevant synthetic ideas,
reported in the literature, have yet to be tested,
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(1) e-Methylcinnamic acid
This was obtained in 75% yield by the methed

dasoribed by Bachmann. t

The following modifications were made to the
method previously reported,gl 4 solution of éwmathylw
cinnamie acid (20 g.) in 10% sodium hydroxide (120 ml,.)
econtaining 5% palladium-charcoal (3 g.) was hydrogenated
wntil the theoretical amount of hydrogen had been absorbed
(2 hours), Piltration, followed by acidification of the
cold filtrate with dilute hydrochloric acid, ylelded a
white solid which was filtered off and dried. Crystallia-
ation from petroleum ether (b.p. 60-80°) yielded colour—
less plates (18.5 g., 91%) m.p. 102-104°C. (1it. m.p.104°C.)

This was obtained by modification of the wmethod
previously daaeribaé.gl A mixture of o~methyldihydro-
einnamic acid (8 g.) and polyphosphoric acid (150 g.) was
stirred vigourously for three hours at 100°G., The viscous
red syrup which resulted was added, with stirring, to iced
water (400 ml.) and a yellow solid precipitated. The
agueous mixture was extracted with benzene and ether and

the organic extracts washed with sodium bicarbonate
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solution, water aad~ﬁrit&,{ﬂsﬂa4). Evaporation of the
solvent ylelded a crude yellow solid which, on crystallis=-
ation from petroleum ether (b.p. 60-80°C.), gave (122)
(5+5 gy T9%) as pale yellow prisms m.p. 98-101°C. (1it.
mepe 962,57 99-200°,9° 103-1049.88),
Kgte-diacid (123; R = H

Acrylonitrile (2.2 g.) was added slowly, at room

temparature, to a stirred solution of the indanone (122)
{3 g.) and Triton B (300 mg.,) in dry benzeme (30 ml,).
Btirring was sontinued for 16 hours and the deep brown
bensene solution was then washed with water., Evaporation
furnished a viscous oil which was refluxed for 8 hours
with 10% potsssium hydroxide solution (100 ml.), The
slkaline solution was cooled, filtered, and extracted with
bensmene. Acidification of the ice-cold agueous layer
yielded an off-white so0lid which was collected by
filtration and dried (4.5 g., 75%). Crystallisation from
ot water gave (123; R = H) as colourless plates m.p. 160~
164%0. (Founds C, 65.98§ H, 6.23; 0;¢H, 505 requires

Gy 66,193 H, 6.25), The infrared spectrum (majol)

showed peaks at 1720 ot (indanone carbomyl) and 1700 om ™t

{carboxyl).
The diethyl ester (123; R = Et) was obiained in
the usual way as a viscous oil and was used without

purification. The infrared spectirum showed bands at



1735 et {(ester) and 1715 en™* (imdanone carbonyl) .

‘The crude keto~diester (123; R = Et) (21.6 g.)
was. added dropwise, over one hour, to a stirred and gently
refluxing mixture of sodium sand (1.44 g.) and dry benzene
(175 ml«). Stirring and refluxing was maintained for a
further 12 hours. The orange reaction mixture was then
eooled and shaken with ice-cold dilute hydrochloric acid.
After separating the benzene layer, the aqueous layer was
extracted with ether and the organic extracts combined,
washed with sodium bicarbonate solution, water and dried
{ngse¢). Evaporation of the solvent yielded a yellow
solid which was dissolved in a minimum amount of ethanol,
boiled with charcoal, and filtered. On cooling, the
ethanolic solution deposited colourless needles (11.2 g.)
MePs 129-133°C. A further crop (2 g.) was obtained by
ooncentration of the solution and the addition of a small
qusntity of water. Total yield, 13.2 gy TO®« Re-
erystallisation from 35% etharmol gave (124) as colourless
needles m.p, 131~133°C. (Found: C, T1.785 H, 6.84;
3135§604 requires G, 71.98; H, 6.71). The infrared
spectrum (carbon tetrachloride) showed peaks at 1720 on™L
(8) (ester and indanone carbonyl), 1670 on”t (8) (chelated
eater carbonyl) and 1615 om L {(w) (enol double bond) while
the ultraviclet spectrum exhibited absorption maxima a$

/37,
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250-252 mu (2 26,200) and 295-300 mm (= 3,080).
Spiro-diketone (125)

A mixture of the spiro-j3 -keto-ester (124) (10 g.),
glacial scetic acid (40 ml.), concentrated hydrochloric
acid (10 ml.), and water (6 ml.) was refluxed, under
nitrogen, for 5 hours. The cooled solution was added,
with stirring, to ice and water (150 ml.) and the white
80lid obtained removed by filtration and dried (7 g., 92%).
Crystallisation from squeous ethanol gave colourless prisms
m.ps 123-126°C. (Found: O, 79.18; .H, 7.19; Cy.H, 40,
required C, 78.92; H, 7.06), The infrared spectrum
{carbon tetrachloride) had a peak at 1720 cmfl (broad)
{superimposed indanone and cyclohexanone) and the ultra-
violet spectrum showed bands at 250-255 mm (< 12,700) and
298 mu (= 2,420).

Spiro-diel (126)

Methylmagnesium bromide was made by adding a
solution of methyl bromide (20 ml.) in dry ether (25 ml.)
to & stirred mixture of wagnesium turnings (2 g.) and dry
ether (10 ml.). 4ir was excluded from the reaction
vesgel by a slow siream of nitrogen and the loss of methyl
béamide was prevented by using & methanol—drikold con-
denser (fitted with a silica gel tube to exclude moisture).
After changing t¢ a water condenser, a solution of crude
spire-diketone (125) (4.6 g.) im 50% ether-tetirahydrofuran



(100 ml.) was added dropwise to the stirred and gently
refluxing Grignerd resgent. Refluxing and stirring was
contimued for 3 hours after which time the Grignard
complex was decomposed by careful addition of saturated
ammonium chloride solution (80 ml.). The organic layer
and the ether washinge of the aqueous layer were washed
with water and dried. Removal of the solvenit gave (126)
an & colourless gum (5.1 g., 97%) which was used without
purification. The infrared spectrum (film) showed peaks
at 3400 om (e)(broad)(hydroxyl) and 1600 em > (aromatic)
while the ultraviolet spectrum had an absorption maximum
at 265 ma (£ 430).

Spiro~diene (127)

A solution of the crude diol (126) (5.1 g.) in
dry bengene (150 ml.) containing p~tolueme-sulphonie acid
(400 mg.,) was refluxed for 3 hours in a Desn and Stark
apparatus. The deep red benzene solution was cooled,
waghed with sodium bicarbonate solution, water and dried
(Eg&04)‘ Removal of the solvent under reduced pressure
yielded & brown semisolid (4.3 g., 97%) which was
ehromatographed on alumina (grade 111). Elution with
petroleun ether (60-80°) gave (127) as a white solid
(2.8 g+, 64%) which on crystallisation from petroleum
ether (b.p.~6Q~8Ga) furnished white prisms m.p. 67-69°C.
{(Found: C, 90.67; H, 9.20} 017320 requires C, 91.01



Hy 8.99). The infrared spectrum (carbon tetrachloride)
showed peaks at 1635 ea‘l (styrene double bond) and
1600 em™} (aromatic) while the uwltraviolet spectrum
exhibited bands at 255 mu (£ 15,500), 290 mm (& 3,940),
and 300 =ma (% 3,520).

A solution of the crude diol (126) (6.5 g.) in dry
benzene (150 ml.) containing p-toluene-sulphonic acid
(50 mg.) was refluxed for 4 hours in Dean and Stark
apparatus. The yellow benzene solution which resulted was
worked up in the manner deseribed above and yilelded a
yellow gum (5.2 g.) whose infrared spectrum (fitm) showed
peaks at 3300 em T (hydroxyl), 1630 om ™+ (atyrene double
bond), and 1600 en™t (aromatic). Re-treatment of the
yellow gum with p-toluene~sulphonic acid (1 g.) under the
conditions desoribed above, but using a shorter reflux
time (2 hours), furnished a brown gum which was chromato-
graphed on alumina (grade 111). Elution with petroleunm
ether (b.p. 60-80°) gave a colourless viscous oil which
failed to crystallise, The infrared spectrum showed &
peak at 1600 en ™t (aromatic) while the infrared spectrum
possessed bands at 257 mu (£ 3,180), 290 mu (£ 810), and
300 ma (£ 695).
Diketo-ester (1293 R = Me

A slow stream of ozone was passed through a
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solution of the dieme (127) (1 g.) in analar ethyl acetate
(50 ml.) which was kept at =70°C. by means of a methanol-
drikold bath. After 2 hours the blue ethyl acetate
solution was allowed to attain room temperature and the
~ othyl acetate carefully removed under reduced pressure
using a water bath kept at 50°C. The gummy yellow residue
which remained was dimsolved in glacial acetic acid (15 ml.)
and to this wazs added 30% hydrogen peroxide (5 ml.) and
dilute hydrochloric acid (2 drops). The solution was
allowed to stand overnight at room temperature and then
heated on the steam bath for a short time (10 minutes) to
decompose excess hydrogen peroxide. Sodium bicarbonate
solution was then added to the reaction mixture which had
been concentrated to half its bulk by removal of acetie
acid under reduced pressure. The alkaline solution was
washed with ether, scidified with dilute hydrochloric acid,
and finally extracted with ethyl acetate. Repeated
washing with water and removal of the ethyl acetate (after
drying: ugso4) yielded (1293 R = H) as a pale yellow gum
(1 g., 82%) which resisted our attempts at crystallisation.
The infrared spectrum (film) showed peaks at 1700 o™t
{broad)(indanone carbonyl, aliphatic carbonyl and carboxyl
superimposed) and 1600 cxt (aromatic).

Treatment of the crude gum, obtained above, with
ethereal diazomethane yielded the diketo-ester (129;
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R = Me) as a viscous yellow oil (1 &¢y 97%) which was
used without purification. The infrared spectrum
(earbon tetrachloride) showed peaks at 1735 on™t (ester)
and 1715 em™> (indanone carbonyl) while the ultraviolet
speotrum possessed bands at 250 mu (£ 7,200) and 295 ma
(£ 1,390).
irieyelic enone-eat R = Me

A solution of the diketo-ester (129; R = Me)
{800 mg,) in sodium methoxide solution (100 ml., prepared
from 1 g+ sodium and 100 ml. methanol) was refluxed, under
nitrogen, for 4 hours. The deep red solutiom was con-
centrated "ia wvacuo" to 30-40 ml., diluted with water
(7% wl.), and acidified with dilute hydrochloric acid. The
turbid solution which resulted was extracted with ethyl
acetate, washed with water and dried (35394). Hemoval of
the solvent under reduced pressure yielded a red gum
{600 mg.) which, om trituration with ether, gave the tri-
eyelic enone-acid (1303 R = H) as a yellow solid (250 mg.,
33%). The infrared spectrum (carbon tetrachloride)
showed peaks at 1730 o™t (sh){ester), 1705 en™t (carboxyl),
1665 o> (cyclohexenone), and 1625 on™t (styrene double
bond). Repeated trituration with ether gave a white solid
{m.p. 313~225°ﬂ.)but po further purification was attempted.
The corresponding methyl ester (1303 R = lie) was
obtained as a pale yellow solid by treatment of the enone-
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acid (1303 R = H) with ethereal diazomethane. Trituration
of the solld ester with ether followed by crystallisation
~ from petroleum ether (b.p. 60«80°), containing a trace of
ethyl acetate, ylelded (1303 R = Me) as colourless prisms
Baps 109-111°C, (Founds C, 75.36) H, 6,263 Gyl a0,
requires C, 75.53;3 H, 6.71). The infrared spectrum
{carbon tetrachloride) showed peaks at 1735 om + (ester),
1670 em™t {cyelohexenone), and 1630 em ™+ (styrene double
bond) while the ultraviolet spectrum possessed bands at
238 ma (< 8,300) and 300 mu (s 19,500).

tion of the crude by-product
Evaperntien of the ether used for trituratiom of

the erude‘ennncﬁaeia,(;gag B = H) yielded a xed gum which,
on esterification with ethereal diazomethane, gave a
viseous red oil whose infrared spectrum (carbon tetra-
chloride) showed peaks at 1735 emfl (ester), 1715 cmfl

{ indanone carbenyl), and 1665 cm e {w)(cyclohexenone). Two
sttempts were made to obtain further quantities of tri-
eyelic material from this crude oil and these are desoribed
in the sequel,

Ay The crude oil (250 mg.) obtained above was refluxed
with 1% sodium methoxide solution (50 ml.) for 3 hours in
a nitrogen atmosphere. Work up in the usual way gave a
red gum which was esterified with diasomethane. The red

viscous oil (180 mg.) which resulted possessed peaks at
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1740 emfl (ester), 1715 en L {indanone carbonyl) and

1665 om™+ {w)(cyclohexenone). Chromatography on alumina
(grade 111) using petroleum ether (b.p. 60-80°)~ benszene
(131) as eluant provided a viscous yellow oil whoss
infrared spectrum (carbon tetrachloride) showed peaks at
1735 on™L (ester) and 1715 cm™' (indamone carbonyl). 4
small quantity of oily material was obtained from a later
Iraction and gave peaks at 1735 en™t (ester), 1715 em™
{indanone carbonyl), 1670 omt {m){oyclohexenone) and

1630 enfl‘(w)(atyranm double bond). Attempts to obtain
reasonably pure enone-ester from this small amount of oil
were unsuccessful,

B, A solution of the crude oily by~product (200 mg.)
in dry benzene (80 ul.) conmtaining pure p-toluene-sulphonic
acid (100 mg.) was refluzed for 2 hours in a Dean and Stark
apparatus. Work up in the usual way (p.159 furnished a
red oil whose infrared spectrum showed peaks at 1730 amfl
{ester), 1670 ou™> (w){cyclohexenone), and 1630 en L (w)
(styrene double bomd). Attempts to obtain the tricyclic
snone-ester (130} R = Me) from this orude product, using
erystallisation or chromatography on alumina, falled.

the diketo-acid (1293 R = H) and

Several attempts were made to achieve a more

efficient preparation of the tricyclic enone-ester (1303



B = le) and the experimental details of these attempts
are outlined below,

Ae - The impure diketo-acid (1293 R = H) (1.2 g.) was
dissolved in dry diozan (35 ml.) and the solution cooled
in ice, An ice-cold solution of potassium hydroxide

(3 &.) in water (20 wl.) was édéed, the air was displaced
by nitrogen, and ithe reaction mixture allowed to attain
room temperatures The reaction mixture was then stirred
for 3 hours, diluted with water, extracted with ether,
a¢idified with dilute hydrochloric acid, and the aqueous
layer finally extracted with ethyl acetate. The ethyl
acetate extract was dried (Mgso4) and the solvent removed
under reduced pressure to yield a red gum (1.1 g.) which
resisted our attempis at crystallisation. The infrared
spectrum showed a broad peak at 1700 on™t (carbonyl and
carboxyl) .

Re~treatment of this product with sodium ethoxide
solution, in the manner described below, provided the
tricyolic enone-acid (1303 R = H).

B. A solution of the impure diketo-acid (1293 R = H)
(1.2 g.) in 1% sodium ethoxide solution (100 ml.) was
refiuxed for 3 hours under nitrogen. The yellow turbid
reaction mixture was allowed to stand at room temperature
for 4 hours and then worked up as described on p.162. The
$rioyclic enone-acid (1303 R = H) was thus obiained as a

68,
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pale yellow solid (250 mg., 22%)., TEeterification with
ethereal diazomethane furnished the enone-ester (1303
Ra Me).
G« A solution of the diketo-ester (129; B = Me)
(150 mg.) in dry benzene (80 ml.) containing p-toluene-
salphonic acld (29 mg.) was refluxed for 4 hours in a
Dean and Stark apparatus. Work up in the usual way
provided an oil whose infrared spectrum (1735 cn™t (ester)
and 1715-emfa'(indan0ne carbonyl)) was identical with that
of the starting wmaterial.

Re~treatment of this product with sodium methoxide,
in the manner previously described (p.162), furnished the
snone~ester (129; R = Me).

2-Formy

To a vigorously stirred suspension of powdered
dry sodium methoxidet0? (430 mg.) in dry benzene (10 ml.)
was added ethyl formate (590 mg., dried over potassium
carbonate and freshly distilled) at room temperature. The
mixture was stirred for 30 minutes and cooled in ice, A
solution of 2-methyleyclohexanone (450 mg.) in dry benzene
{19 ml.) was sdded in a thin siream to the stirred ice-
c¢old suspension which was kept at 0°Cc. for a further
35 mimutes. After stirring overnight at room temperature
the yollow turbid mixture was diluted with benzene and
ether and acidified with ice~cold dilute sulphuric acid.
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The organic layer was combined with the ether washings of
the aqueous layer, washed with wilute sodium bicarbonate
solution, water and dried (Mgso4). Removal of the

solvent under reduced pressure gave a mobile yellow oil
(450 mg., 54%) which gave a deep red colouration with
aleoholic ferrie chloride solution. The infrared spectrum
{eaxrbon tetrechloride) showed peaks at 1700 cm?l {(n) and
1640 en™ (s)(broad)(B —diketone).

A solution of 2-formyl-6-methylhexanone (138)
(400 mg.) in glacial acetic acid (15 ml.), containing
hydroxylamine hydrochloride {300 mg.), was heated under
reflux for 25 minutes., The cooled solution was diluted
with water, extracted with ether and the ether extracts
washed with sodium bicarbonate solution, water and dried
(Hg$ﬁ4). Removal of the ether under reduced pressure
yielded s mobile yellow oil {300 mg., 76%) which gave no
colouration with alcoholic ferric chloride solution. The
infravred spectrum (film) of this product showed peaks at
1715 en™t (w){(trace cyclohexanome) and 1640 ox ™t (C=H).

A solution of the isoxazole (139) (300 mg.) in
dry benzene (5 ml.) was added to an ice-cold solution of
sodium (80 mg.) in dry methanol (2 ml.) and the resultant
mixture wae set aside, with occasional shaking, for 2 hours
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at room temperature. After dilution with water, the
clear yellow solution was extracted with ether and the
ether layer washed with 0.5% potassium hydroxide solution.
The alkaline layer, after acidification with dilute hydro-
chloric acid, was extracted with ether and the organic
layer washed and dried (mgse4). Removal of the solvent
under reduced pressure yielded a mobile yellow oil

(200 mg., 66%) whose infrared epectrum (film) showed peaks
at 2250 om >+ {(nitrile) and 1710 om™ (eyclohexanone).

To a vigorously stirred suspension of powdered
dry sodium methoxidel9? (450 mg.) in dry benzene (15 ml.)
was added s solution of ethyl formate (600 mg.)(dried over
potassium carbonate and freshly distilled) in dry benzene
(5 ml.). The mixture was stirred for 40 minutes at room
temperature under nitrogen and then cooled in ice. A
solution of the enone-ester (130; R = Me) (1 g.) in dry
bengene (35 ml.) was added dropwise to the stirred ice-
cold suspension which was kept at 0°C, for a further 30
mimites, More benzene (35 ml.) was added and the dark
brown-green reaction mixture was left stirring overnight
at room temperature.

The solution was diluted with water, ether, shaken
with dilute sulphuric acid and the deep yellow organic
layer separated off and dried. Removal of the solvent
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yielded a red oil (900 mg., 81%) which gave a deep reddish-
purple colouration with alcoholic ferrie chloride solution
and whose infrared apectrum (carbon tetrachloride) showed
peaks at 1740 cm ™t (ester), 1670 ent (sh)(eyclohexenone)
and 1640 om™> (4 -diketons, emol and styrene double bond).
The ultravielet spectrum exhibited absorption maxima at
238 mu (£ 7,350) and 300-305 mu (< 12,800). In O.1F
aleobolic sodium ethoxide solution the ultraviolet spectrum
showed bands at 232 mu (€ 7,900), 295 mu (£ 13,100) and
390-395 mu (< 5,150).
Isoxazole (1433 R = Ne)

A solution of the formyl derivative (1423 R = Me)
(900 mg.) in glacial acetic acid (25 ml.), containing
powdered hydroxylamine hydrochloride (900 mg.), was re-
fluxed for 25 minmutes under nitrogen. The deep red
solution was cooled, diluted with water (200 ml.) and the
pink turbid mixture extracted with ethyl acetate. The
organic extracts were washed with water, shaken with
charcoal, filtered and driedv(mgso4). Removal of the
solvent yielded a red oil (700 mg., 78%) which gave no
colouration with alooholic ferriec chloride selution. The
infrared spectrum showed peaks at 1730 on~! (ester) and
1630 om > (w)(styrens double bond and C—N) while the
ultraviolet spectrum exhibited absorptiom maxima at 238 mu

(¢ 7,200) and 320 mu (£ 11,700).



A solution of the isoxazole (1433 R = Ne)(400 mg.)
in dry benzene (7 ml.) was added, under nitrogem, to an
ice~cold solution of sedium (130 mg.) in dry methanol
3 ml,) and the resultant mixture was set aside, with
oceasional shaking, for 1 hour at room temperature. Aafter
dilution with water, the solution was extracted with ether
and the ether layer washed with 0.5% potassium hydroxide.
The combined aqueous layers, after acidification with
dilute hydrochloric acid, were extracted with ether and
the organic extracts washed and dried. Removal of the
solvent under reduced pressure yielded a yellow gum
{250 mg., 62%) whose infrared spectrum (film) showed peaks
at 2250 cm™t, 2190 om ™+ (mitrile), 1710 om T (carbexyl),
1660 ez + (cyclohexenone) and 1620 cm™ (styrene double
bond). Trituration of this acidic produet with ether
gave a pale yellow solid which was insoluble in carbon
tetrachloride. Subsequent esterification with ethereal
~ diazomethane furnished a yellow solid which, en tritur-
ation with ether, and repeated crystallisation from
petroleum ether (b.p. 60-80°), containing a trace of ethyl
acetate, gave (133} R = Me) as off-whiie prisms m.p. 139~
142°. The infrared spectrum showed peaks at 2250 ow™,
2200 em * (nitrils), 1735 cm+ (ester), 1670 o™l (cyoclo-
hexenone) and 1620 cmfl (styrene double bond).

170.
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C~lethylated f&*keteénitrile (l}ﬁi R = MQ1

A solution of impure isoxazole (143; R = Me)
(700 mg.) in dry benzene (18 ml.) was added, under

nitrogen, to an ice-cold solution of sodium (150 mg.) in
dry methanol (5 ml.). The resultant mixture was set
aside, with occasional shaking, for 30 minutes at room
temperature and then refluxed for 10 minutes. After
cooling, methyl iodide (1 ml.) was added and the stirred
golution was left for 1 hour at room temperature. Reflux
was atarted and continued for 2 hours during which time
an additional quaniity of methyl iodide (0.5 ml.) was
added. The eaalad'red solution was diluted with ether
and benzene and the organic layer washed with water and
dried. Removal of the solvent under reduced pressure
gave a red oil (500 mg., 68%) which, on trituration with
ether, yielded a yellow solid (250 mg., 34%) m.p.150-180°.
Repeated crystallisation from ethyl acetate gave (1353

R = Me) as colourless plates m.p. 191~-193°C. (Pound: C,
73.82; H, 5.965 N, 4.58; O;gf, g0,N requires C, 73.763
Hy, 6.19; N, 4.53). The infrared spectrum showed peaks
at 2250 cm™* {nitrile), 1740 on + (ester), 1675 cm™t
{cyclohexenone) and 1640 omt (styrens double bond) while
the ultraviolet spectrum exhibited absorption maxima at
240 mu (£ 8,150) and 302-310 mu (£ 20,300). Found: ¥ (mass

spectrometer), 309 Calc. for CygH;g0.F & M 303.
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Attempted preparation of tetracyclic diketome (150)

To a cold solution of potassium (30 mg.) in dry
tert-butanol (30 ml.) was added a solution of (135; R = Me)
(20,25 mgs) in dry tert-butanol (2 ml.). The aystem was
filled with nitrogen and the red solution was left stirring
overnight at room tempsrature. After careful acidific-
ation with dilute hydrochloric acid, most of the tert=-
butanol was removed under reduced pressure (with minimum
application of heat) and the gummy residue dissolved in
benzene. The bensene solution was washed with water,
sodium bicarbonate and dried (ﬁg804). Removal of the
solvent under reduced pressure furnished a crude semisolid
(9 mg.s 54%) which, on trituration with ether and sub-
limation at atmospheric pressure, gave white prisms (6 mg.,
36%) m.p. 204~207°C. (depressed on admixture with the
starting nitrile), The solid product, which was sparingly
soluble in ether and carbon teirachloride, failed to give
a positive reaction with either sodium bicarbonate or
alcoholic ferri¢ chloride solution. The imfrared specirum
{chloroform) showed peaks at 1766 cmfl {cyclopentanone),
1677 on™t {cyclohexenone) and 1622 et {styrene double
bond) while the ultraviolet spectrum exhibited absorption
maxima at 238 m1 (£ 6,850), 300-302 mu (£15,400) and

330 mu (£ 14,600).



i73.

lethylated spiro-diketons (152)

4 solution of the spiro-g -keto-ester (124) (6 g.)
in dry benzene (30 ml.) was added dropwise to a stirred
mixture of sodium sand (500 mg.) and dry benzene (5 ml.).
After 30 minutes at room temperature the stirred mixture
was refluxed for 1 hour under nitrogen. DlMethyl iodide
(2 mls) was added to the cooled yellow emulsion and the
reaction mixture was stirred and heated under reflux for
8 hours. After cooling, the benzene layer was separated
off and the aqueous layer diluted with water (30 ml.) and
extracted with ether. The cowmbined organic extracts were
washed with 5% potassium hydroxide solution, water and
dried (Hgsa4)g Removal of the solvent under reduced
pressure yielded a viscous red oil (6 g., 95%) which gave
no colouration with alcoholic Ferriec solution. The infra-
red spectrum (film) of this ocrude produect had a broad
peak at 1710 om™t (ester, indanone carbonyl and cyolo-
hexanone)

A mixture of the crude oil obtained above, glacial
acetic acid (29 ml.), concentrated hydrochloric acid (8 wl.)
and water (4 ml.) was refluxed, under nitrogen, for
6 hours. The cooled solubtion was added, with stirring,
to ice and water (120 ml.) and the crude yellow solid
obtained removed by filtration and dried (4 g., 86%).
Crystallisation from aqueous methanel gave (152) as white
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prisms m.p. 106-112°C. (2.3 g., 50%). Recrystallisation
raised the m.p. to 112-114%C. (Found: C, 79.173 H, T.64;
016880, requires €, 79.31; H, 7.49). The infrared
spectruw showed a broad peak at 1710 cm + (indanone
carbonyl and cyclohexanone) while tie ultraviolet spectrum
exhibited absorption maxima at 252 mu (£ 12,500) and
298-300 mu (£ 2,300).
Furfurylidene derivative of methylated spiro-diketome (154)
- A mixture of the methylated spiro-diketone (152)
(500 mg.), 95% ethanol (4 ml.), 15% sodium hydroxide
solution (0.8 ml.) and redistilled furfural (0.3 wml.) was

et aslde for 2 hours at room t2mperature. No precipitate
was observed and the dark red mixture was diluted with water,
extracted with ether, and the organic extracis washed dried
(mg$04). Removal of the solvent under reduced pressure
gave a yellow gum (600 mg., 91%) which resisted our attempts
at crystallisation., The ultraviclel spectrum exhibited

absorption maxima at 250 mu (£ 13,000) and 325-330 mu
{i 17'5(}0)4;

A solution of the crude furfurylidene derivative
{154) (600 mg.) in analar ethyl acetate (40 ml.) was
ozoniced at -70°C. for 30 mimutes. The solution was
allowed to attain room temperature and the athyl acetate

carefully removed under reduced pressure using a water



/75,

bath kept at 5096. The zumny residue was dissolved in
glacial acetic acid (5 ml.) and to this was added 304
hydrogen peroxide (2 nml.) and dilute hydrochloric acid
(1 ml.). After staniing overnight at room temperature
tha reactioa mixture was Jiluted with water and sodium
biearbonate solution and finally extracted with ether.
The ether extracts of the acidified agueous layer were
waghed thoroughly with water and dried (MgSO4). Removal
of tne solvent yielded a pale yellow acidis gum (400 mg.,
T3%} which was used without purification. The infrared
specetrum showed a broad peak at 1700 e+ {bro=d)(indanone
carbonyl and c¢arboxyl) while the ultraviolet spectrum
exhibited absorption maxima at 250-255 ma (& 9,200) and
235 ma (£ 1,800).

Phe corresponding dimethyl ester (155§ R = le)
was obtained in the usual way as a red oil (320 ng.) whose
infrared spectrum showed peaks at 1735 om™* (ester) and
1710 cm™ (indanone carbonyl).

“g3y - r (156
gmz:apira@l& keto-ester (156)
4 selution of the impure diketo-ester (1553 R = Me)

(320 mg.) in dry benzene (30 ml.) was added dropwise, under
nitrogen, to atirred and gently refluxing nixture of sodium
sand (70 mg.) and dry benzene (20 ml.), Stirring and re-

fluxing was maintained for a further 12 hours. The

reaction mixture was then cocled, shaken with ice-cold



dilute hydrechloric acid, and the benxene layer separated
off. The aqueous layer was extracted with ether and the
organic extracte combined, washed with sodium bicarbonate
solution, water and dried (mgso4). Removal of the
solvent yielded a red oil (230 mg., 79%) which gave a
deep violet colouration with alcoholic ferric chloride
solution. The infrared spectrum (carbon tetrachloride)
showed peaks at 1720 en™t (indanone carbonyl and ester),
1665 on™t (chelated ester carbonyl) and 1620 em ™+ (enol
double bond).

Methylated nor-spiro~diketone (153)
A mixture of the nar~spira~f3~kato-estar (156)

(230 mg.), glacial acetic acid (8 ml.), concentrated
hydrochloric acid (3 ml.) and water (1.5 ml.) was re=
fluxed, under nitrogen, for 7 hours. The resultant
solution was cooled, shaken with charcoal, filtered and
added to ice and water (40 ml.). The turbid solution
thus obtained was extracted with ether and the organic
layer washed with sodium bicarbonate, water and dried.

Removal of the ether under reduced pressure gave (153) as

1 76.

a red viscous oil (120 mg., 65%) which gave no colouration

with aleoholic ferric chloride solution. Subsequent
treatment with charcoal yielded a yellow oil which was
chromatographed on alumina (grade 111). Elution with
benzene-~petroleum ether (b.p. 60-80°) (111) gave (153) as
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a colourless viscous oil which was micro-distilled onto
a cold finger by using an oil bath at 140-160°C. and a
pressure of 0.4 mm. (Found: C, 78.41; H, 7.40} 01551602
requires C, 78.92; H, 7.06). The infrared spectrum
showed peaks-at 1745 en™* (cyclopentanone) and 1715 em
(indanone carbeayi) while the ultraviolet spectrum
exhibited absorption maxima at 252 mu (£ 12,300) and 298~
300 mu (£ 2,200).

The methylated spiro-~diketone (152) (120 mg.) in
dry methanol (0.5 ml.) was treated with a solution of
sodium (30 mg.) in dry methanol (0.5 ml.). Butyl nitrite
(0.1 él.) was added and the reaction mixture was set aside,
under nitrogen, for 2 days. The yellow solution was then
diluted with water (2 ml.) and acidified carefully with

3N hydrochloric acid until maximum turbidity was obtained.
Extraction with ether and evaporation of the washed and
dried ether extract yielded (157) as a colourless gum
which was heated at 120-130°C. with a mixture of p~-toluene-
sulphonyl chloride (150 mg.) and 10% sodium hydroxide
solution (2 ml.). A4fter cooling, the reaction mixture
was diluted with water, acidified with dilute hydrochloric
acid, and extracted with ether. ILvaporation of the
washed and dried (MgSQ4) ether extracts yielded a yellow

gum (75 mg.) which was heated under reflux for 4 hours
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with 10% sodium hydroxide solution (5 ml.). The cooled
alkaline solution was acidified, extracted with ether,
and the combined extracts washed and dried. Removal of
the solvent under reduced pressure yielded an acidic gum
which was esterifisd with ethereal diazomethane. Work
up in the usual way furnished a red oil whose infrared
spectrum (1735 em™, 1710 om™>) was identical with that
of the keto-diester (155; R = Me) (p. 175).

yl-4-methylindan-

A. To a stirred mixture of sodium sand (230 mg.) and
dry benzene (10 ml.) was added a solution of 4-methylindan-
l-one (122) (1.5 g+) in dry benzene (20'ml;). The system
waé filleé with nitrogen and the reaction mixture was
stirred for a further 2 hours at room temperature. To

the dark red reaction mixture was added a solution of ethyl
chloroacetate (2 ml.) in dry benzene (30 ml.) and the |
resultant solution was refluxed and stirred for 3 hours.
After cooling, the reaction mixture was added to iced water
(40 ml.) and the organic layer, after dilution with ether,
was separated off and dried (mgso¢). Removal of the
sélvent under ieéneed pressure yielded a red semisolid
which on erystallisation from petroleum ether (b.p. 60-80°)
gave‘a pale yellow solid m.p. 96—100°C. The melting point
was not depressed by admixture with the starting material.
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B. A mixture of 4-methylindan~l-one (122) (1.46 g.),
sodanide (450 mg.), and dry benzene (25 ml.) was refluxed
and stirred under nitrogen for 8 hours. To the ice-cold
dark red reaction mixture was added a solution of ethyl
chlorcacetate (2 ml.,) in dry benzeme (10 ml.). = After
refluxing and stirring for 4 hours the reaction mixture
was worked up in the manner described above and a red
semisolid was obtained. Trituration with ether followed
by orystallisation from petroleum ether (b.p. 60-80°)
yielded the starting indanone (122), identified by m.p.
and mixed m.p.

To a écaléd suspension of sodium yeriodate

{4.28 g.), partly dissolved in concentrated sulphuric
acid (0.4 ml.) and water (24 ml.), was added a solution
of tartaric aeid (3 g.) in water (6 ml.). After

5 minutes the lice béth was removed and the mixture was
shaken mechanically for 25 minutes at roon temyerature.'
In order, 4-methylindan-l-one (122) (1.5 g.), sodium
hyﬁroxide (3 g«) in water (54 ml.), and ethanol (50 ml.)
were added., After 14 hours at rooﬁ temperature, the
reaction mixture was heated to 60°C. for 10 mimutes. The
alkaline solution was cooled, diluted with water and
extracted with ether. Acidification 6f the aqueous layer
gave (160; R = H) as a yellow solid (1.4 g., 67%) which
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was filtered off and dried. The infrared spectrum (mijol)
of this crude material (m.p. 135-200°C.) showed peaks at
1710 emfl, 1680 cm™+ (indanone and carbonyl) and 1640 em™t
(double bond) and the ultraviolet spectrum exhibited
absorption bands at 255 ma (£ 10,030) and 285 mu (& 7,600).

Trituration of the crude produet with ether
followed by crystallisation from methanol yielded white
prisms m.p., 200-209°C, (decomp.) (Found: C, 7T1.63; H, 4.87;
Glﬂﬂiﬁﬁs requires C, 71.283 H, 4.99).

L6¥ | L7538 X &4

Ao A soiutien of (1603 R = H) (1.1 g.) in 1% potassium
hydroxide (75 ml.) containing 10% palladium-charcoal

(500 mg.) was hydrogenated to completion. Filtration,
failowed by acidification of the alkaline solution yielded
a white‘salid (900 mg., 82%) which was esterified with
ethereal diazomethane. Vork up in thé ﬁsual way furnished
a pale yellow solid which gave no reaction with 2314~
dimitrophenylhydrazine reagent. Repeated crystallisation
from petroleum ether (b.p., 60-80%) yielded l-hydroxy-2-
earbcmsthoxymafhyln4«mathslindane (1613 B = Me) as colour—
less needles m.p. 110-112%. (Found: C, 70.683 H, 7.683
61331663 requires C, 70.893 H, 7.32). The infrared
spectrum (mujol) showed peaks at 3150 en™t (broad)
{hydroxyl) and 1720 onl (ester) while the ultraviolet



spectrum exhibited an absorption maximun at 265 mu (£ 320).

B. A solution of (1605 R = 1) (800 mg.) in ethanol
(100 ml.) containing 10% palladium-charcoal (400 Bgs) Was
hydrogenated until 110 wml. of hydrogen had been absorbed
(10 minutes). Filtration, followed by removal of the
solvent under reduced pressure yielded a colourless oil
(700 mg., 87%) which solidified to a white solid.
Crystallisation from aqueous methanol (3 times) gave white
prisms m.p. 124~134°C. This product reacted with sodium
bicarbonate solution and gave a red 2:4-dinitrophenyl-
hydrazone. The infrared spectrum (carbon tetrachloride)
shawaa peaks at 3500 en™L (w)(hdeoxyl), 1760 cm™t (w)

{ ¥'~lactone) and'1725 em™t (carboxyl and indanone carbonyl)
while tﬁa ultraviolet spectrum exhibited absorption maxima
at 250 mu (& 9,850) and 295 m (< 1,840).

-

Treatment of the unsaturated keto-acid (1603

R = H) (100 mg.) with ethereal diazomethane for 1 hour and
work up im the usual way furnished a pa;e yellow solid
(100 mg.) whose infrared spectrum (nujol) showed peaks at
1735 en™d (ester) and 1710 cn™t (indanone carbonyl).
Crystallisation of the yellow solid from ethyl acetate-
petroleun ether (b.p. 60~80°) yielded the pyrazoline

(163; R = Me or 164; R = lie) as white prisms m.p. 91-95°C.

81
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The ultravio;et spectrum exhibited absorption maxime at
260 mu (£ 13,200) and 300 mu (S 2,580). 4t the time of
writing we await a more accurate fimal analysis for this
compound.
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(2) ¥ ~Methyl=X —carboxy-piunelic acid (16

This was prepared by the method described in the
literature.1??  The triuethyl ester was obtained in the

usual way and was used without purification.

Anhydrous ether {150 ml.), containing dry methanol
(7.5 ml.), was added slowly, with stirring, to sodium
hydride (2.4 g.). A vigorous effervescence ensued and
was allowed to subside. To this stirred ice~cold solution
wag added the trimethyl ester of (167) (26 z.) over a
period of 20 minutes and the resultant reaoction mixture was
stirred at ice bath temperature for a further 18 hours.
Dilute hyéraahlaiie acid (approx. 100 wl.) was then added
t0 the veasction mixture and the ether layer separated off,
washed with 107 sodium carbonate solution, water and dried.
Removal of the solvent under reduced pressure gave (168)
a8 a pale yellow oil (20 g., 88%). The ianfrared spectrum
(£ilm) showed peaks at 1730 en™t (ester), 1665 cm™t
(chelated sateé carbonyl) amnd 1620 en L {enol double bond).
Coumarin ester (1693 R = MNe)

Py a stirred ice~cold mixturs of p-cresol (18 g.)
and the cyclic p-keto-ester (168) (20 g.) was added 80%
(v/v) sulpburic acid (200 uml.) in a thin stream. After
30 minutes the iee‘bath was removed and the mixture

atirred for 24 hours at room temperature. The clear red
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solution was added, with stirring, to ice water (600 ml.)
and the pale yellow solid which precipitated was filtered
off and dried. Crystallisation from methanol gave (169;

R = Me) as white prisms (13 g., 52%) m.p. 144-148°C.
Recrystallisation from methamol raised the m.p. to 152°C.
(Pound: €, T1.223 H, 6.12; 81731804 requires C, 71.31;

Hy 6.34). The infrared spectrum (mujol) showed peaks

at 1730 ow™* {ester), 1700 P (coumarin) and 1620 om +
{w)(doudble bond) while the ultraviolet spectrum exhibited
abserption maxims at 275 ma (£ 10,025) and 318 mu (£ 6,130).

A stirred mixture of the coumarin ester (1693
R = Me) (8 g.) and 40% potassium hydroxide solution
{130 ml.) was heated on the steam bath until dissolution
was complete., Dimethyl sulphate (120 ml.) and 40%
potassium hydroxide solution (270 ml.) were added separate-
1y and concurrently to this vigorously stirred solution
over a period of 3 hours. The solution was left for a
further 20 hours st room temperature and then cooled
thoroughly. The atraw-coloured solution was then filtered,
slowly acidified with dilute hydrochloric acid, and the
pale yellow so0lid which precipitated was filtered off and
dried (7 g., 82%). Crystallisation from agqueous methanol
gave a white solid (5.5 g., 65%) m.p. 172-178%C. Repeated
erystallisation from aqueous methanol yielded white prisus
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mepe 173-178%. (Founds C, 67.38; H, 6.43; Ole, 9.68;
91631604 requires C, 67.09; H, 6.62; OMe, 10.20). The
infrared spectrum (nujol) showed peaks at 1690 om <
(carboxyl), 1625 em™ (w)(double bond) and 1600 cm ™t
(aromatic) while the ultraviolet spectrum exhibited an
absorption maximum at 285-288 mu (£ 2,530).

As 4 mizture of the umsaturated diacid (170) (60 mg.)
and polyphosphoric acid (20 g.) was stirred for 1 hour at
60°C. The dark green syrup was added, with stirring, to
iced water (100 ml.) and the solution was extracted with
& mixture of ether and benzenme. After washing with water
the organic extracts wers dried (Mg304). Removal of the
solvent under reduced pressure yielded a yellow solid

(30 mg.) whose ultraviolet spectrum showed absorption
maxima at 278 mu (£ 10,040) and 318 mu (£ 6,550).
Crystallisation from methanol gave white prisms m.p. 218~
223°C. undepressed by admixture with authentic coumarin
acid (1693 R = H).

B. A mixture of (170) (100 mg.) and concentrated
sulphuric acid (20 ml.) was stirred for 1 hour at room
temperature. The dark green mixture was added to ice
water and the yellow solid which deposited was filtered
off and dried (6% mg.). Crystallisation from ethyl
acetate/petroleun ether (b.p. 60-80%) gave (1693 R = H)



as white prisms m.p. 222-224°C. (Found: C, 70.66; H, 6.02;
91631554 required C, T0.57; H, 5.92). The ultraviolet
spectrum exhibited absorption maxima at 275 ma (£ 10,060)
and 318 mu (£ 6,550).
Coumarin scid (169; R = H)

The coumarin ester (169; R = Me) (100 mg.) was

heated for 1 hour on a steam bath with 4N sodium hydroxide
solution (20 wl.) and methanol (2 ml.). The solution was
cooled, filtered, and the filtrate acidified with dilute
hydroochloric acid, A white s0lid deposited and was
filtered off and dried (60 mg.). COrystallisation from
methanol gave (1693 R = H) as white prisms m.p. 221-224°C.
(Pound: C, 70.84; H, 6.24; 0163i604 requires C, 70.57%
Hy 5.92)« The infrared spectrun (nujol) showed peaks at
1710 eﬁ"l {broad) (carboxyl and coumarinm), 1630 on™t {w)
(double bond) and 1600 on ™t (aromatic) while the ultra~
violet specetrum exhibited absorption maxima at 275 mu

(€ 10,030) and 318 mu (£ 6,500).

Anhydride (176)

| 4 mixture of the unsaturated diacid (170) (1 g.)
and acetic anhydride (40 ml.) was refluxed for 4 hours.
Removal of acetic anhydride under reduced pressure (1 mm.)
yielded a yellow gum (950 mg.) whose infrared spectrum
(film) showed peaks at 1810 emfl, 1725 en ™+ (anbhydride),
1640 emfl {double bond) and 1600 cu™d (aromatic). No

186.



further purification of this naterial was attempted.
Attemplted cyclisation of the anhydride QIZSQ
Ae The anhydride (176) (90 mg.) was treated with

concentrated sulphuric acid (15 ml.) for 2 hours at roonm

temperature. The dark green reaction mixture was added
to ice water and the pale yellow solid which deposited
was filtered off and dried (60 mg.). Crystallisation
from ethyl acetate/petroleum ether (b.p. 60-80°) gave
white prisms m.p. 218-222°C. The m.p. was undepressed
on admixture with coumarin acid (169; R = H).
Be A mixture of the anhydride (176) (100 mg.),
stannic chloride (200 mg.) and dry benzene (10 ml.) was
set aside, with occasional shaking, for 15 mimites at
roonm. temperature. Concentrated hydrochlorie acid and
ether were added, the helerogeneous mixture shaken, and
the organic layer sepavated off, After washing with 5%
hydrochloric acid and water the ether layer was thoroughly
washed with 5% sodium hydroxide solution. Acidification
of the alkaline layer yielded a pale yellow solid which,
on eryata&lisatian from ethyl acetate/petroleum ether gave
white prisms m.p. 220~224°C. The welting point was
undepressed on admixture with coumarin acid.
Saturated methoxy-diacid (178

A solution of the unsaturated diacid (170) (3 g.)
in tetrahydrofuran (50 ml.) was added, with stirring, to

/87.
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ligquid ammonia (170 ml.). Lithium (0.7-0.8 z:) was
added in small, freshly cut pieces uatil the reaction
mixture remained blue for approximately 1 minmute., The
c¢olour was then immediately discharged by adding powdered
emmonium chloride.  The reaction mixture was allowed to
evaporate overnight and fthe white solid which remained
was dissolved in water and the solution saturated with
sodium chloride. After extraction with ether the ice~
0old aqueous layer was acidified with dilute hydrochloric
acid and the solid deposit filtered off and dried (1.4 g.,
46%)+ Crystallisation from agueous methanol yielded
(178) as white prisms m.p. 210-214°C, (800 mg., 26%).
Repeated erystallisation from agueous methanol raised the
m.p. to 212-215°C. (Found: C, 67.01; H, 6,985 CyH,0,
requires C, 66.65; H, T7.24). The melting point was
depressed on admixture with either the unsaturated diacid
(170) or the coumarin acid (1693 B = H)» The infrared
spectrum (nujol) showed a broad peak at 1710 cq?l (carboxyl)
while the ultraviolet spectrum exhibited an absorptilon

waxisum at 280 mu (€ 2,300).

L Treatment of the saturated diacid (178) (650 mg.)
with polyphosphoric acid (60 g.) at 100°C. for 1.5 hours
and work up of the deep red syrup in the usual way (p. 185),
provided a deep yellow solld (400 mge.). Crystallisation



from aqueous methanol gave poorly-shaped cr&stala MepPe215=-
223%. The melting point was not depressed on admixture
with starting material.
B. Treatment of the saturated diacid (178) (50 mg.)
with conoentrated sulphuric acid (15 ml.) at 100°C. for
5 hours and work up in the usual way (p. 185) yielded
only & trace of yellow sclid. Trituration of the solid
with ether gave a pale yellow 80lid whose m.p. 215-220°¢.
was undepressed on admixture with startirg material.
Tetraethyl ethylene tetracarboxylate (183)

This was prepared by the method described in
the literature.t4C

Tolyl-gugecinic acid

Magnesium turnings (washed with ether and dried)
{18 g.) were activated with a ocrystal of iodime. To the
cooled turnings was added a solution of methyl iodide
(0.5 ml.) in dry ether (100 mi.). A solution of o-tolyl
bromide (129 g.) im dry ether (150 ml.) was then added
dropwise to the stirred mixture and after effervescence
had ceased the mixture was gently refluxed for a further
30 mimates. A solution of the tetra-ester (183) (47 g.)
in dry ether (500 ml.) wae added dropwise to the stirred
Grignard reagent and the reaction mixture refluxed for
1 hour. Decomposition of the Grignard complex thus
obtained was effected by carefully adding 25% ammonium

189.
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chloride (250 ml.) to the cooled mixture. Stirring was
continued for 40 minufes after which time the ether layer
was separated from the aqueous layer which contained much
80lid material. To this aqueous layer was added
sufficient 10% acetic acid to dissolve the solid and the
resultant solution was exiracted thoroughly with ether.
The combined ether extracts were washed with water and
dried (Eg59¢). Removal of the ether under reduced
pressure yielded a red o0il. This was distilled under
reduced pressure and the tetra~ester (1841 R = Et)
gollected as & yellow oil b.p. 220-240°C./16 mm.(43 g., T1%).

The tetra~ester (1843 R = Et) (43 g.) was re-
fluxed with 29% potassium hydroxide solution (400 ml.) for
24 hours., The resultant solution was cooled, extiracted
with ether, and the agueous layer acidified with 40%
sulphurie a#id- The turbid solution thus obtained was
extracted with ether and the ether extracte washed and
dried (xg504)‘ Removal of the solvent gave (1843 R = H)
e & pale yellow solid (22 g., T0%) .

Decarboxylation was effected by fusing (1843 R = H)
at 165+175°C. On cooling, s red-brown solid was obtained
which on erystallisation from ethyl acetate/petroleum ether
(60-80°) yielded a pale yellow solid (8 g., 51%) m.p. 173-
178%C. Reerystallisation from ethyl acetate/petroleum
ether (60-80%) gave (185) as white prisms m.p. 181-182%.
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(Found: C, 63.17; H, 6.04; G11H1204 requires C, 63.45;
H, 5.81)s The infrared spectrum showed & broad peak at
1697 em™t {carboxyl).
2=Carboxy-4-methylindan-l=-one (158; R = H)

A mixture of o-tolylsuccinic acid (185) (5 g.)
and polyphosphoric acid (175 g.) was stirred vigorously
for 70 minutes at 135°C. The dark coloured syrup which

resulted was added, with stirring, to ice water (500 ml.)
and the solution extracted thoroughly with ether. The
ether extracts were washed with water and dried (Mgso4).
Bemoval of the solvent under reduced pressure gave a deep
yellow s01id (3.6 g.) m.p. 142-155°C. which was chromato-
graphed on silica. Elution with benzene~ether (20:1)
yielded a white solid (2.1 g., 46%) m.p. 154=157°C. which,
on crystallisation from ethyl acetate/petroleum ether
(bep. 60-80°) gave (158; R = H) as white prisms m.p. 158~
159°C. (Foundt C, 69.11; H, 5.56} C;;H, 0, requires
¢, 69,463 H, 5.30). The infrared spectrum (nujol) showed
peaks at 1720 em~} (indanone carbonyl) and 1690 em™t
(oarboxyl) white the ultraviolet spectrum exhibited absorp-
tion maxima at 250 mu (£ 10,040) and 295 mu (£ 1,930).
Further elution of the column with benzene=-ether
(1031) yielded o-tolylsuccinic acid (500 mg.) m.p.176~180°c.

Fischer-Spier esterification of (158; R = H) gave
3-carbethoxy-4-methylindan-1-one (158; R = Et) in 82% yield.




Crystallisation from aqueous ethanol gave colourless
needles m.p. 71°C. (Found: C, 71.55; H, 6.18; Cy 3Hy 04
requires U, Tl.54; H, 6.47). The infrared spectrum
(nujol) showed peaks at 1735 om + (ester) and 1715 om™t
(indanone carbonyl).

o~Tolylsuceinic anhydride (186)

A mixture of o~tolylsuccinic acid (185) (650 mg.)
and acetioc anhydride (2 ml.) was heated under reflux for
1 bour. BRemoval of the acetic anhydride under reduced
pressure furnished a yellow oil (400 mg., 67%) which, on
distillation, yielded (186) as a colourless viscous oil
170-172°C./0.85 mm. (Pound: C, 69.23; H, 5.60; Cyp;H; 0,
requires C, 69.46; H, 5.30).

. of 2-carbethoxymethyl-3-carbethoxy-
L-one (120)

A. A mixture of the keto-ester (1583 R = Et)(220 mg.),

dnf éthsr (15 ml.), and sodamide (800 mg.) was stirred under
nitrogen‘far 45 minuﬁes. Ethyl bromoacetate (0.5 ml.) was
added and the réaction mixture refluxed for 3 hours. The
¢ooled solution was diluted with water, acidified, and
extracted with ether. After drying (Mgsc4). the ether was
removed under reduced pressure and a red semisolid was
obtained. Trituration with ether and crystallisation of
the resultant solid (150 mg.) yielded starting material
(identified by m.p. and mixed m.p.).
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B. A mixture of the keto-ester (158; R = 2t)(350 mg.),
dry sodium methoxide®? (350 mg.) and dry benzene (12 ml.)
was stirred under nitrogen for 1.5 hours. A solution of
ethyl bromoacetate (350 mg.) in dry benzene (10 ml.) was
added to the mixture and stirring was continued for a
further 4 hours. Water was added and the diluted mixture
was axxractga with benzene. The organic extracts, on
evaporation, yielded s red 0il which resisted our attempts
at crystallisation. The crude reaction product was

heated under reflux with 10% potassium hydroxide (50 ml.)
and ethanol (3 ml.) for 35 minutes during which time the
solution became very dark in colour. The cooled solution
was acidiflied with dilute hydrochloric acid, extracted with
ether, and the ether extracts washed dried. Removal of
the solvent yielded a red oil from which no pure material
could be isolated. |

preparation of the pyrrolidine enamine of

}A golution of the keto-ester (1583 R = Et)(500 mg.)
and redistilled pyrrolidine (0.8 ml.) in dry benzene (50 ml.)
containing p-toluene-sulphonic acid (2 mg.) was refluxed in
a Dean and Stark apparatus for 5 hours. Evaporation of the
dark green solution gave a semisolid product which, on
trituration with ether, gave a pale yellow solid (300 mZe) o
Orystallisation of the latter from aqueous ethanol yielded
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the starting keto-ester, identified by w.p. and mixed m.p.

fttemgted Eregaraticn of the morpholine enamine of
H =t

A solution of the keto-ester (158; R = Et)(420 ug.)

and redistilled morpholiné (250 mg.) in dry benzene (10 wl.)
é@étaining p-toluehewsulphonie acid (2 mg.) was refluxed
for 21 hours. 'Wark up in the usual way provided a semi~
g80lid product from which atarting material (300 mg.) was
isolated by trituration with ether. This was identified
by m.p. and mixed é.p. |

The above experiment was repeated using a larger
proportion of m@n@h@line (L g.)+» Once again, however,
only starting material could be isolated.
2-Formyl~3~carbethoxy~4-methylindan~l-one (190)

The keto-sster (1583 R = Et) (1.5 g.) in dry
benzene (15 ml.) was added with shaking during 10 minutes

to & stirred mixture of ethyl formate (1 g.), dry benzene
(15 ml.), and dry powdered sodium methoxide (750 mg.) which
was cooled in ice., The mixture was kept in ice for

30 minmates, then at room temperature overnight, and was
then shaken with ice water. Ether was added and the
combined aqueocus layer and water washings of the organic
layer were acidified with ice-cold dilute hydrochloric
gacid. The turbid solution thus obtained was extracted
with benzene and ether and the combined organic extracts

washed with water and dried. Removal of the solvent gave
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the crude formyl derivative (190) as an orange solid

(143 ge» TT%).  The latter material gave positive
reactions with alcoholic ferric chleride solution and
saturated cupric acetate solution. Irituration with ether
gave a yellow solid (m.p. 90-95°C, ) which resisted our
attempts at erystallisation. The infrared spectrun (majol)
showed peakg'at 1730 cm ™+ (ester), 1670 emfl. 1630 cn™d

(ﬁ ~diketone) and 1600 et (aromatic). The crude

derivative obtained above was used for further work without

purificatien,

A solution of the formyl derivative (190) (1 g.)
in dry benzene (30 ml.) was added to a stirred mixture of
powdered sodium methoxide (250 mg:) and dry benzene (5 ml.)
kept under nitrogen. After 1 hour, a solution of ethyl
bromoacetate (7.5 ml.) in dry benzene (15 ml.) was added
and the yellow suspension was stirred under reflux for
48 nours. The reaction mixture was diluted with water and
the separated benzene layer was combined with the ether
washings of the aqueous layér. The total organic extracis
were washed with ice-cold 5% potassium hydroxide solution
(to remove enolic material), water and dried. Removal of
the solvent yielded a red viscous oil (650 mg.) which gave

a deep red colour with alcohelic ferric chloride solution.
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The infrared spectrum showed peaks at 1730 cm"l, 1670 cm'l.
and 1640 am"l‘(w}. Repeated extraction of an ether
solution of this oil with ice-cold 5% alkali followed by
removal of %the ether under reduced pressure yielded only

& trace of oil. Acidification of the combined alkaline

extracts provided an enolic product whose infrared spectrum

was identical with that of the starting material.

- The keto-ester (1583 R = Bt) (1 g.) in dry benzene
(8 ml.) was added, with stirring, to a mixture of ethyl
axala&e'(l«ﬁ‘g.), dry benzene (6 ml.) and powdered sodium
mathoxidelaz (500 mg.) which was cooled in ice. The
mixture was kept in ice for 2 hours, refluxed for 2 hours
under nitrogen, and tbﬁn left overnight at room temperature.
After dilution with water, the aqueous layer was separated
and the benzene layer extracted with 2% sodium hydroxide
solution. Tha-total aquecus layers were acidified with
dilute hydroschloric acid and the acidified solution was
extracted with ether and benzene and the orgenic exiracts
washed with water and dried. Removal of the solvent
yielded a crude yellow solid (1.2 g., 82%) which gave &
red colour with alcoholie ferric chloride solution.
Repeated crystallisation from aqueous ethancl gave (193)
as pale yellow prisms m.p. 104-106°C. (Found: C, 63.75)
H, 6,16} 31731806 requires C, 64.14; H, 5.70). The
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N - -] .
infrared specirusn (aujol, showed peaks at 1730 ca — {(esier),

1715 em’l, 1670 en * ( P =diketone and ester) and 1600 ca
{aromatic) while the ultraviolet spectrum exhibited an
absorption maximum a2t 320 wmu (£ 13,700).

Attempted preperation of the Michasl adduct (194)

Aa A mixture of the ethoxalyl derivative (193)

{350 mg.), 4~&iethylamima&butanonems (200 mg.), pyridine

{210 mg.) and dry benzens (10 ml.) was refluxed for 18 hours.
The reaction mixture was cooled, diluted with benzene and
washed with dilute hydrochloric acid, water, saturated
sodium chloride solution aund dried.  Hemoval of the benzene
under reduced pressure gave a yellow semisolid which gave a
red colouration with alcoholie ferric chloride solution.

Ko alkali~insoluble material could be obtained from this
érude reaction product, whieh, on‘trituration with ether
and crystallisation from agqueous ethanol, gave the starting
ethoxalyl derivative (identified by m.p. and mixed m.p.).
B. To a atirred mixture of the cthoxalyl derivative
{193) (700 mg.) and methyl vinyl ketone (1.5 ml.) was

added s 25¢% solution of triethylamine in acetic acid

(0.3 ml.). After a short time a red solution developed
and was left overnight at room temperature. Ilost of the
volatile matier was then evaporated off and a red semi~
80lid was obtalned which gave a deep red colour with

alcoholic ferric chloride solution. The semisolid product
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was dissolved in ether and the ether solution extracted
thoroughly with 5% sodium hydroxide solution. The alkaline
layer was acidified, extracted with ether, and the ether
extracts washed and dried. Removal of the solvent under
reduced pressure yielded a yellow solid whieh, after
erystallisation from aqueous ethanol, was identified as
starting material (193) by m.p., mixed m.p., and by its
infrared spectrum. Only a trace of alkali-insoluble
material was isolated when the original ether layer was

evaporated.

To & stirred mixture of the keto-ester (1583 R=Et)
(2 g.), Triton B, and dry benzene (20 ml.) was added a
solution of acrylonitrile (1.1 g.) in dry benzene (10 wl.).
The resultant mixture was stirred for 16 hours at room
temperature, washed with water and the solvent removed under
reduced pressure. A yellow viscous oil (2 g.) was obtained
whose infrared spectrum (film) showed peaks at 2250 em ™+
(w)(nitrile) and 1710 em™t (broad)(ester and indanone
carbonyl).

The yellow oil, obtained above, was refluxed with
10% potassium hydroxide solution (80 ml.) for 5 hours. The
turbid solution was then shaken with charcoal and filtered.
After acidification with dilute hydrochloric acid, the

solution was filtered and the yellow filtrate extracted
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with ethyl acetate. The ethyl acetate extracts were
washed with water and dried (wgsa4). Removal of the
solvent under raduced pressure yielded an acidic senmi-
solid (1.8 g.) which was chromatographed on silica.
Elution with benzene-ether (5:1) yielded the keto-acid
(1585 B = H) (600 mg.) m.p. 154-157°C. (m.p. undepressed
on admixture with authentic keto-acid). - Further elution
with ether and methanol yielded a yellow gum (1 g.) which,
on esterification with diazomethane, yielded a red viscous
oil (1 g.) whose infrared spectrum (carbon tetrachloride)
ghowed peaks at 1735 et (ester) and 1715 cm™* (sh)
(indanone carbonyl). Chromatography on alumina (grade 111)
u#ing bengene~ether (2011l) as eluant yielded a pale yellow
,bil whieh, on micro-distillation onto a cold finger, gave
(198) as a colourless viscous oil (Found: C, 64,253

Hy, 5.90; $3932407 requires C, 63.825 H, 6.43). The
infrared spectrum (carbonm tetrachloride) showed peaks at
1735 en™ (ester) and 1715 emfl (indanone carbonyl).
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