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ABSTRACT

SYNTHET!C STUDIES TOWARDS PANACENE (1)

2-Trimethylsilyloxyfuran (23) and 2-acetyl-1,4-benzogquinone
(6) were prepared according to published methods. The
uncatalysed addition of 2Z2-trimethylsilyloxyfuran {23} to

the guinone (6} gave c¢is-3a,8b-dihydro-8-acetyl-7-hydroxyfuro-
[3,2-blbenzofuran-2-(3H}-one (24) in 50% yield. The reaction
of other 1,4-benzogquinones was invesitigated, establishing the
necessity of an activating substituent at C-2 of the guinone.
Attempts to reduce the acetyl group cf cis-3a,8b-dihydro-8-
-acetyl-7-hydroxyfurol(3,2-blhenzofuran-2-(3H)-~one {24} to the
ethyl group present in panacene (1) were unsuccessful, although
reduction of the ketone with sodium borcohydride gave
cis-3a,8b-dihydro-8~(1'-hydroxyethyl}-7-hydroxyfurel3,2-bi}-

benzofuran-2-{3d)-one (51).

The conversion of cis-3a,8b-dihydro-8-acetyl-7-hvdroxyfuro-
{3,2-blbenzofuran-2-(3H)-one (24) to cis-3,3a,%-trihydro-
5-hydroxy-5-methylfurol3,2-cll2]benzopyran-2,6,9-(5H)-trione

(58} was carried out using ceric ammonium nitrate.
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CHAPTER 1

INTRODUCT | ON

1.1 Panacene (1)

Panacene (1), a potent fish antifeedant, is one of several
halogenated marine natural products isolated from Aplvsia

brasiliana in 1977 by Meinwald et al.T. Spectrosceopic

techniques revealed the presence of a bromo-allene moiety,
aﬁd the uncommon cis-3a,8b-dihydroifurc(3,Z2-blbenzofuran
ring system. This ring svstem has been reported in only
one other natural product, the alkaloid rutagravine (2)2,
and in a decomposition product (3) of the naturally occur-

ring coumarin micromelin (4).
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1.2 The c¢is-3a,8b-Dihvdrofuro(3,2-blbenzofuran Ring System

Independently of the synthesis of panacene (1) itself, the
parent cis-3a,8b-dihydrofure{3,Z2-b]benzofuran ring system
has been made by several group54'5’6. In 1971, Eugster
et al.4 reacted furan (5) with 2-acetyl-1,4-benzoquinone
(6), obtaining cis-3a,8b-dihydre-8-acetyl-7-hydroxyfuro-

[3,2-blbenzofuran (7) in 7% yield (Egn.t1).

U*@L———»

(5 (6) {(7) {(8)

In the same year, Arora  and Brassard5 reported the
reduction of the substituted 2-coumaranenyl acetic acids
(8) and (9) with sodium borohydride, to give high yields
of the lactones (10) and (11) (Egn.2).



Egn. 2
QCH

Later, in a study of the oxidation o©f benzofuran (12}
with manganic acetate, Kasahara et al.6- reported the
isolation of the lactone cis-~3a,8b-dihydrofurec(3,2-b]

benzofuran-2-(3H)-one (13} in 21% yield (Egn.3).

*
Mn{oAc)
—~———~Q} -+ B R
_‘ HOAc/AcQ ‘U 2d8. 3
~ HQAe m

(12) (13),21% 42%



More recently, Wenkert et _al. ! effected a Fétizon

oxidaticn of the alcohol (14} to give the unsubstituted
ring system (15) in 17% yield. The alcohol itself was
a product of the copper-catalysed decomposition of ethyl
diazoacetate in benzofuran (12}, followed Dby reduction

with lithium aluminium hydride {Scheme 1).
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Reagents: (i) NZCHCOOEt, Cu, heat; (ii) LiAlﬂq;

(iii) Ag2CO3 on celite, benzens
(17% yield).

Scheme 1



1.3 Previous Syntheses of Panacene (1)

Studies towards the total synthesis of panacene (1) have
led to the development of other reactions producing the
cis-3a,8b-dihydrofurc{3,2-blbenzofuran ring system. To

date, two syntheses of panacene (1) have been reportedg'g.

In 1982, Feldman gg_éi.s published a total synthesis of
panacene (1) and l1-epibromopanacene {16). The c¢cis-dihydro-
benzofuran (17), prepared from ethyl 6-ethylsalicylate (18),
underwent smooth oxidative cyclisation upon treatment with
N-bromosuccinimide to form the cis-3a,8b-dihydrofuro(3,2-bl-
benzofuran ring system. The initial bromide (19) was
converted in situ to the corresponding acetate, which upon
hydrolysis and subsequent oxidation, afforded the aldehyde
(20). Several more steps were then required to convert the
aldehyde (20} into panacene (1} and 1-epibromopanacene (16)

(Scheme 2.

Later that vear, Feldman9 published a biomimetic synthesis
of panacene {1}. 1In this case, the key step involved
brominative cyclisation of the hydroxyenyne (21} to give a
1:1 mizture of panacene (1) and W—epibromopanacéne (16)

in 62% yield (Egn.4}.

Et H
| L
H‘\“OH = . 3 N
N \\ij Ean. 4
RI
H
(21) (1):R'=H,R%=Br.

(16):R'=Br ,R%=H.
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Reagents: {i) NBS, CH3CN; (ii} KOAc, DMIP; (iii) NaOCH3, CH3OH; {iv} (COCl}z, Me 50,

2
TEA, CH2C12._. C{i-iv): 64% vyield

Scheme 2



It should be noted that both syntheses of panacene (1)
produced a racemic mixture, and both involved stepwise
construction of the cis-3a,8b-dihydreofuro(3,2-blbenzofuran

ring system.



1.4 The Proposed Svnthesis of Panacene (1}

Retrosynthetic analysis suggested that the ethyl-lactone
{22) would be useful for the total synthesis of panacene
{1} {Scheme 3}.

Et

+ SiMe,

Scheme 3
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Based on the work by Pelter et al_10, and other group511’1“’13’

it was propesed that the 1,4-addition of 2-trimethyl-
silyloxyfuran (23} to 2-acetyl-1,4-benzoguinone (6} might

be a useful starting point for the synthesis of the

required lactone {22) {Scheme 4)}. Thus, after initial
1,4-addition of 2-trimethylsilyloxyfuran {23) ortho to the
ketone substituent on the gquincne ring, a second 1,4-addition
of the resulting phenoxy group onto the neighbouring
butenolide moiety might occur, giving the 8-acetyl-7-hydroxy-
lactone (24). Reduction cof the ketone to an ethyl group,

and removal of the hydroxy group would then give the 8-ethyl-
lactone (22}.

1.5 Other Additions to Quinones

Additions to guinones have been reviewed in detaili4. The

addition of enol ethers, allylsilanes, and Z2-t-butoxy-
furan to guinones is particularly relevant to the proposed

synthesis.

Eugster et al.4 have reported the 1,4-addition of furan
{5} itself to 2-acetyl-1,4-benzoguinone (6}, in which
arcomatisation and attack of the phenolic oxygen onto the

dihydrofuran moiety occurred only to a limited extent

{Egn.1, p.2 ).

In 1978, the 1,4-addition of

Z2-acetyl-1,4-naphthoguincne {
12

2~-t~-butoxyfuran {25} to
26) was carried out by Kraus
et al. (Scheme 5}. 1In this case, tautomerisation was
followed by methylation, which blocked the phenoxy group.
Furthermore, the robust nature of the t-butoxy group

prevented formation of a butenclide moiety and subsequent
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Reagents:

(i} PhCH

(i-1ii):

3

, O or —?SOC; {ii) acid ox

62% yield.

Scheme 5
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cyclisation to give the cis-3a,8b-dihydrofuro(3,2-blbenzo-
furan ring system. It was also found that under no
circumstances would 2-t-butoxyfuran (25) add to unactivated
guinones such as 1,4-naphthoguinone, or benzoguinone.

1,4-Addition to activated benzoguinones was not examined.

The addition of allylsilanes and allystannanes to
2-alkanoyl-1,4-gquinones was reported in 1986 by Unco et al.13
{Scheme 6). The cation (27) produced initially, underwent
two competing reactions. Allylstannanes tended to cause
formation of the metal elimination product (28), whereas,
allylsilanes increased the proportion of intramolecular
electrophilic attack on the carbonyl oxygen atom, with
concommitant rearomatisation. This is analogous to the
proposed attack cof a phenoxy group onto a butenolide

moiety.

It can be seen that the proposed use of 2-trimethylsilyl-
oxyfuran {23) in the synthesis of the lactone (22) (Scheme
4, .11 } 1s supported in several ways. It has been
shown that addition of furan {5) to 2-acetyl-14-benzo-
gquinone (6)4 resulted in limited formation of both the
desired ring system (7), and the uncyclised product (29)
{Egn.1, p.2 ). Use of a modified furan, such as an enol
ether, would enhance the initial 1,4-addition reaction12
(Scheme 5, p.12). Furthermore, a silyvloxyfuran, being
mere labile than an alkoxyfuran, would be expected to
encourage butenolide formation, and hence favour subseguent

cyclisation (Scheme 4, p.1%).



CH O

o]
{28)
L: Lewis acid

M: Sn or Si
R: Me or Ph

Scheme 6

MR,

14
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Whilst the 1,4-addition of various nucleophiles to
guinones has been demonstrated4'12'13’14, the potential of
this addition-aromatisation-addition sequence, for
generating the cis-3a,8b-dihydrofurol3,2-blbenzofuran ring
system from an activated quinone and 2-trimethyl-
silyloxyfuran {23), has not been realized. The aim of this
thesis, therefore, is to investigate this novel furofuran
annulation reaction, and to explore its use as the basis

of a new synthetic route to panacene (1}.
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CHAPTER 2

D1SCUSSION

The investigation ¢f the proposed furofuran annulaticn
{Scheme 5, p."3)} required the synthesis of 2-trimethyl-
silyloxyfuran (23) and 2-acetyl-1,4-benzoquinone {6},
2-Trimethylsilyloxyfuran (23) itself is made by silylation

of the enolate anion of furan-2-{5H)-one (30) (Egn.5).

__EWN o Bgn. 5

TMSCI
SiMe,

2.1 Synthesis of 2-Trimethvlsilyloxyfuran (23)

Until 1974, the best method known of synthesising furan-
-2-(5H)-one {30) had an overall yvield of only 33%, and
involved handling the irritant ae-bromo-y-hutyrolactone

{31) as an intermediate15 {Scheme 7).
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(31 303

Reagents: (1) P(55% vield); {ii) EtBN(GO% yield).

—_— T

Scheme 7

Since that time, twoc more satisfactory preparations have

been developedja’17. Takano et al.16 made furan-2-(5H)-one
in 65% yield from furan {5) and maleic anhydride {32). The
three steps involved were a Diels-alder reaction, salective

reduction, and a retro-Disls-ARlder reaction (Scheme 8}.

(30) (5)

Reagents: (i) NaBH,, EtOH (80% yield); (ii) 140-150°C/
20 mm Hg (79% vyield}.

Scheme 8
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More recently, Nasman et al.17 reported a simple one-pot
preparation of furan-2-{5H)-one (30} from furfural {33},

in 54% vield, (Scheme 9},

In view of the shorter time required, the one-pot procedure17
was chosen in preference to the higher-yielding three-step

synthesis16.

Reaction of furfural (33) with formic acid in agueous
hydrogen peroxide produced the formate ester (34), which
was hydrolysed in situ to give a 1:4 mixture of the
isomers (30) and {35). Treatment of the organic phase
with triethvlamine, after removal of dichloromethane

and formic acid, effected isomerigation of the non-
conjugated isomer {35} to furan-2Z-(5H}-one (303}.
Distillation under reduced pressure gave the pure product
{30}, identified by its boiling point and 1H n.m.r.
spectrum17. Due to the moisture sensitivity of the next
reaction, furan-2-(SH}-one (30) was dried over magnesium
sulphate, then redistilled before use.

An early study18

showed the most satisfactory preparation

of silyl enol ethers to be reaction of the carbonyl compound
with a base such as triethylamine, to form the enoclate
anion, followed by excess chlorotrimethylsilane to give the
O-silylated product. The preparation of Z2-trimethyl-
silyloxyfuran (23) itself was not reported until 1977.
Asaoka et al.19 treated the butenolide, furan-2-{(5H}-one
{30), with triethylamine and chloroctrimethylsilane, at

room temperature, to give 2-trimethylsilyloxyfuran (23) in

90% yield (Egn.5, p.16 }.

More recently, Ricci et al.zo used N,N-diethylamino-
trimethylsilane in ether, to convert the butenclide (30)
to 2-trimethylsilyloxyfuran (23} in 80% yield. As this
reagent was not readily available, the method of Asacka

et al. was used. Few experimental details were given,



O

(30) (35} (30)

Reagents: (i) HCOOH, n202, H20, CHZClz,‘Nazsoq,K2CO3; (ii) Et3N, Foluene.

(i-11i) 54% yield.

Schemes 9

6
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and attempts to perform the reaction were fraught with

difficulties.

Early procedures involved the addition of ice-cooled, dry
triethylamine to the butenclide (30), stirred in an ice-
-salt bath, under an atmosphere of nitrogen. This was
followed by addition of dry chlorotrimethylsilane. After
standing at room temperature for varying lengths of time
{2-16 h.), the product was directly distilled from the
solid mass, under reduced pressure. Codistillation of
the salt, triethylamine hydrochloride, with the product
(23) was a major problem. Asaoka 23_2;.19 had made no
mention of removal of triethylamine hydrochloride by
filtration prior to distillation. TIndeed, filtration
would not remove all of the finely divided salt effectively,
Attempts to extract the solid mass with pentane or ether
before distillation, also met with little success,

It was hoped fthat a basic resin might be a viable
alternative to triethylamine, with the hydrochloride
becoming bound to the resin, and the organic product
being easily extracted. The butenclide (30) and
chlorotrimethylsilane were added to the weakly basic

resin, Biorad AG3-X42 (Ph-NR in dichlorcmethane.

),
The reaction was monitored bszH n.m.r. spectroscopy.
After six davs stirring at room temperature, no reaction
had occurred. Heating under reflux for 3 h. resulted in
disappearance of the butenclide (30}, but no Z-trimethyl-
silyloxyfuran {23) was observed. Use of a strongly basic
resin, AGIX-2 (Ph—CHzNRz), was also investigated. Again,
no reaction occurred at room temperature, and none of
the desired product (23) was formed after heating under
reflux for 16 h.

Experimental details were then obtained from Asaoka21.
This led to the reaction being carried cut in dry ether.

The presence of solvent increased the extent of reaction



compared to that of earlier reactions carried out in the
absence of sclvent, Most of the triethylamine hydro-
chloride was filtered off before distillation of the
reaction mixture, Several distillations were required to
obtain pure material for the propesed furofuran annulation.
The maximum yield obtained under these conditions, after
three distillations, was 38%. 2-Trimethylsilyloxyfuran
(23) was identified by its 1H n.m.r. spectrum, and its
boiling point, which was in agreement with the value given

by Asacka et al.qg.

2.2 Addition of 2-Trimethvlisilvioxyfuran (23} to 2-~Acetyl-

-1 ,4-benzoguinone {6)

With the preparation of 2-trimethylsilyloxyfuran (23)
accomplished, attention was turned to the preparation of

2-acetyl-1,4-benzoguinone (6}.

2,5-Pihydroxyacetophenone (36} was prepared via a Fries
rearrangement of hydrogquincne diacetate {37), using
aluminium chloridezz. Recrystallisation from $5% ethanol,
followed by oxidation with silver oxide23, gave Z-acetyl-
-1,4-benzoguinone (6} {Scheme 10). The melting point

of the product (6) was in agreement with that in the

literatur623.

21
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CAc QH

Qac : OH
(37) (36) (6)
Reagents: (i) AlCl3 {58% yield); (ii) Agzo,benzene {91%
yield).

Scheme 10

Using acetonitrile as the solvent, Z2-trimethylsilyloxyfuran
(23) {2 equivalents) was reacted with Z-acetyl-1,4-benzo-
guinone (&) at OOC, under an atmosphere of ﬁitrogen. An
immediate colour change to blood-red suggested a reaction
had occurred. T.l.c. confirmed that no starting material
remained. Subseqguently, methancl was added to ensure
complete hydrolysis of the trimethylsilyl group. After an
agueous work-up, purification by flash chromatography24
afforded the desired B8-acetyl-7-hydroxylactone (24) in 50%
yield (Scheme 4, p.1t).

The product analysed correctly for C12H1005, and the
molecular ion, at m/z 234 in the mass spectrum, supported
this as the molecular formula. The infra-red spectrum

exhibited strong absorbances at 1765 and 1640 cm—1,

indicative of the carbonyl grcup of a y-lactone and an
1

o-nydroxyaryl ketone, respectively. In the H n.m.r.
spectrum, resonances at 6H 5.37 and 6.26 were assigned to
the bridgehead protons, 3a-H and 8b-iH, based on panacene
(1), where the analogous protons resonated at 8y 5.29 and
5.801 {Table I, p.31). This was consistent with other
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examples of the gi§—3a,8b~dihydrofuro[3,2—b]benzofuran—2—(3H)—
-one ring system, where the bridgehead protons resconated in
the range 6H 4.84 to 6.303:°+/8  The resonance at 6H 5.37
appears as a double double doublet and that at 6H 6.26 as a
doublet. Thus, the signal at GH 5.37 was assigned to 3a-H,
which is coupled with 3~HA, 3—HB,and 8b-#, and that at GH 6.26
was assigned to Bb-H, which 1s coupled to only 3a-H. The
coupling constant iBa,Sb 6.2 Hz is indicative of cis-fusion

of the two furan rings, which commonly gives rise to coupling
constants of the order of 5-8 Hz1f3’5_8. The more unusual
and highly strained trans-fusion is seen in the trans isomer
of compound (1)3 (p.1 ), where the bridgehead protons

4,58 and 6.06, but the coupling constant

H
was only 2 Hz, The 13C n.m.r. spectrum (Table III, p.33)

resonated at ¢

was in excellent agreement with other spectrosceopic data.
Assignment required comparison with the analogous 8-carbo-
methoxy adduct (38} (p2&% ) on which two-dimensional n.m.r.

experiments were carried out., These will be detailed later.



2.3 Synthesis of cis-3a,8b-Dihvdro-8-carbomethoxv-7-hvdroxv-

furol(3,2-blbenzofuran-2-(3H)-one (38)

OCH, .
I
=
OSiMe,

(39) {23) (

LJ

Encouraged by the successful addition of 2-trimethylsilyi-
oxvfuran (23) to Z-acetyl-t1,4-benzoguinone (6), it was
decided to attempt addition to an alternative activate
{39}, to form the

guinone, Z2-carbomethoxy-1,4-benzoguinon

=
8-carbomethoxy-7-hydroxylactone (38) (Eagn.6).

OH OH o 0
[:i::T/IL\OH i 0cH, T ocH,
—i —i
oH OH

(40) (41) (39)

Reagents: {i) MeOH, H2804; (idi) Mnoz, benzene.

Scheme 11
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The addition of 2-trimethylsilvloxyfuran (23) to Z-carbo-
methoxy-1,4-benzogquinone (39) was performed in the same
way as the addition to 2-acetyl-1,4-benzoquincone (6)
described earlier (R«s22 }. ¢is-3a,B8b~-Dihydro-8-carbo-
methoxy-7-hydroxyfuro{3,2-bibenzofuran-2-{3H)-one (3&)

was obtalined in 75% yield. The product analysed correctly

for C,,H with a molecular ion at m/z 250 in the mass

O,
spectrumio ghe infra-red spectrum exhibited a strong
absorbance at 1770 cmvj, assigned to the carbonyl group of
the y-lactone. Absorbances at 3620-3100 and 1680 —
were due tco the phenolic group and the o-hydroxyaryl ester,
respectively. The 1H n.m.r. spectrum was very similar to
that of the 8-acetyl-7-hydroxylactone (24). A slight shift
was observed in the gignals of the bridgehead protons, the
regonance of 3a-H shifted downfield from 6H 5.3? to 5.47,
and the resonance of 8b-H also downfield from 6H 6.26 to
.44 {Table I, p. 31). The bridgehead coupling constant,
QBa,Sb’ decreasead slightly from 6.2 to 5.9 Hz. The change
in coupling constants g33’3 6.1 and 1.4 Hz* in the methyl
ester adduct (38), suggested that the ring system was held
in a slightly different conformation from that of the
methyl ketone (24), where the corresponding coupling

constants were 3.6 and 1.8 Hz (Table II, p. 33.

I3, 3

* As it could not be determined which of the two protons
bound to C-3 was which, both are referred to as 3-H,
and two values given.
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Some of the 13C n.m.r. spectrum could be assigned on the

basis of chemical shift and multiplicity. The triplet at
6C35.0 was assigned to the —CH2~ group of the lactone, the
guartet at 6c52.5 to the methyl group of the aryl ester,
and the singlets at 60110_8 and 122.6, to C-8 and C-8a,
respectively. This left uncertainty surrounding the
absolute assignments of the bridgehead doublets, at

6082.0 and 83.8, the aromatic doublets, at 6011?.4 and
121.1, and the aromatic singlets bound to oxygen, at
6c153.7 and 154.6.

An XHCORRD experiment was performed on the ester adduct
(38), involving decoupling of protons not attached to the
same carbon nucleus, and correlaticon of C-H shifts. This
enabled observation of one-bond C-H coupling. It was seen
that the carbons resonating at 6082.0 and 83.8 were bonded
to the protons resonating at 6H5.47 and 6.44, respectively.
Thus, the doublet at 6082.0 was assigned to C-3a, and that
at 6c83.8 to C-8b. One-bond coupling was observed between
the aromatic carbon rescnating at 6011?.4 and the proton
resonating at SH?.15, and also between the carbon rescnat-
ing at 60121.1 and the proton resonating at 6H6.99. How -
ever, it could not be determined which of these was at
position 5 and which at position 6, since the absolute

positions of the two aromatic protons were uncertain.

A COLOC experiment was then performed, with H-H decoupling
and suppression of one-bond C-H coupling, allowing long-
range C-H coupling to be observed. Due to the parameters
used, the aromatic carbons could not be distinguished

with any certainty. A long-range coupling was seen between
the carbon resonating at §.154.6, and the phenolic proton.

Thus, the singlet at 6C154.6 was assigned to C-7, and that



at 6c153.7 to C-4da. This was supported by the observaticn

of long-range coupling between C-4a and 8b-H.

2.4 Use of a Sulphinvl Activating Group

The successful addition of Z2-trimethylsilyloxyfuran (23)
to two activated benzoquinones (&), (32), prompted the
extension of this work to the use of a sulphoxide
activating group. 2-Phenylsulphinyl-1,4-benzoquinone

{42) was prepared by oxidation of the corresponding

sulphide (43)2%, which was itself prepared by reacting
1,4~benzoquinone (44) with thicphenol (43), in methanol
27

{Scheme 12) .

ii E
(42)
Reagents: (i) MeOH (97% yield); (ii) CF,COOH,H.O.,0°C

3 227

(94% yield).

Scheme 12
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Oxidaticon of sulphides to sulphoxides has been reviewed™ ,

. . . .. 28 .. 30 -
with reagents such as hydrogen peroxide 7, peracids™, and

0
i

PR : , . oo
manganese dioxide being in common use. T was decid
c

rr

to use a2 recently develoved resagent, percoxyvtriiluoroacstic

D
n

acid, which was reported to be rapid at low temperatur
and highly selective®’. In addition tae by-product,
trifluorcacetic acid, was easily removed. The rsaction
was extremely clean, giving 2-phenylsulphinvyl-1,4-benzo-
quincne {42) in 94% yield. The product analysed correctly
for C12H803S, and the appearance of a molecular ion, at
m/z 216 in the mass spectrum supported this molecular
formula. An absorbance at 1050 em”! in the infra-rs
e g

D
The assigned structure was also supoortsd by the H

o
T

spectrum indicated the prasences of a sulphoxi u

— M

m.r.

b |

spectrum. A multiplet at 5H6.73—7.OO was assigned to

5-H and 6-H, and a multiplet at 6.7.24-7.33 to 3-H, of

g
the benzoguinone ring. The five aromatic protons

resonated at 6H7.4?—7.63 and 7.70-7.87.

This sulphinylquincne {42) was then rszacted with 2-tri-
methylsilyloxyfuran (23), in a manner analogous to the
previous guinones, giving the 8-phenylsulphinyl-7-nvdroxy-

lactone (46) in 47% yield (Equ. 7).

4+ CH.CN )

MelH
SiMex

|.£‘-‘~
3%}
3%
oY)
—
—
|.\l§L
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The nature of the adduct (46) was confirmed by the infra-

red spectrum, which showed the presence of a 5-membered
lactone, a sulphoxide and a phenolic group, absorbing at 1765, 1050,
and 3500-3100 cmﬂ1, respectively. The 1H n.m.r, spectrum
compared well with those of the methyl ketone (24) and

the methyl ester (38) (Table I, p.3% ). In this case, the
bridgehead protons resonated at 6H5.49 and 6.69, with a

coupling constant of 5.7 Hz. The coupling constants,

£3a 3 6.5 and 1.3 Hz are closer in magnitude to those of

¥

the ester (38) than those of the ketone (24) (Table II,
p.32 ). The ]BC n.m.r. spectrum was assigned by compariscon

with the ester {38), to which it was very similar (Table
ITT, p.33 ).

The largest difference between the three 130 n.m.r. spectra
is seen in the signal for C-8 which shifts downfield from
§ 116.3 for the ketone (24), to 60110.8 for the ester
{38), to 50127.8 for the sulphoxide adduct (46). Larger
differences are seen between the resonances of the
aromatic carpbons, due to changes in the C-8 substituent,
than between the carbons at the lactone end of the
molecule, where the structure undergoes minor conform-
ational changes only. The 130 resonances of panacene (1),
differ from those of the synthetic adducts, reflecting

the presence of a bromo-allene instead of a lactone at
C-2, and an ethyl group instead of an electron-withdrawing

group at C-8.
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‘panacene (1): R = f}“ ; R2=H; R
"‘Br

H
cis-3a,B8b-dihydro-8-acetyl-7-hydroxyfurol3,2-blbenzofuran-2-(3H)-one(24): R1=R2:O; R3:COMe; R4=OH.

cis~3a,8b-dihydro-8-carbomethoxy-7-hydroxyfuro (3,2-blbhenzofuran-2-{3H)-one{331}: R1=R2=O; R3=C00Me;

R4:OH.

cis-3a,B8b-dihydro-8-phenylsulphinyl-7-hydroxyfurco{3,2-blbenzofuran-2-{3H}-one(46): R1=R2:O

; R”=50Ph;
4
R =0II.
cis-3a,8b-dihydro-8-{(1'-hydroxyethyl)-7-hydroxyfuro(3,2-blbenzofuran-2-{3H}-one{51): RW:R2=O; RB:Cchj;
Oll
R =01,
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H Chemical shifts® For the cis-3a,8b-Dihvdrofuro{3,2-blbenzofuran Ring System

TABLE T

. - ~H 8b-H Ot
Compound 3-HA, B—HB 3a-1 5-4 6
(1)° 2.01, 2.48 5.29 6.64 7.19 5.80 -
(24)€ 3,00-3.07 5,37 7.03 7.03 6.26 12.44
— T
(38)¢ 2.93-3.17 5.47 6.99° 7.15 6.44 10.51
not
(46)9 2.68-3.40 5.49 6.89 6.89 6.69 o e
(ﬂ}d 2.78, 3.19-|5.15-5.48 |6.55-6.84 } 6.55-6.84 |6.14 ry 8.5

Expressed in parts per million downfield from THS (6

Reported from 270 Mtz 1“ num.r. speckrum in CDCl31.

Obtained from BG Mz 1I! n.m.r. spectruoum in CDClB.

Obtained from 80 Wiz 1” p.m.r, spectrum in dﬁ-acetone.

Chemical shift for the minor diastercomer.

H}'

Assignment of the aromatic protons to positions 5 or 6 cannok be decided unambiguously.



Coupling Constants® For the ¢is-3a,8b-Dihvdrofurol(3,2-bi-

TABLE IT

benzofuran Ring System

Compound J3a,3 J3a,8b
(1)° 5.65, 0.8 5.98
(24)° 3.6, 1.8 6.2
(38)° 6.1, 1.4 5.9
(46)° 6.5, 1.3 5.7
(51)¢ 1.9, 0.4 5.8
a. Expressed in Hz.
b. Reported from 270 MHz 1H n.m.r. spectrum in CDCl3

c.

Obtained from 80 MHz TH n.m.r, spectra in d6—acetone.




TABLE ITI

13C Chemical Shifts® For the gis-3a,8b-Dihydrofuro(3,2-bibenzofuran Ring System

Compound 2 3 3a da 5 - B 7 8 8a 8b
(_1_]b 73.4 40.4 85.4 160.° 107.0 13¢.8 120.3 143.3 123. 82.3
(gg)c 173.1 35.3 80.7 153, 123.3f 119.5f 158.8 116.3 120, 84,2

.4 . f f
{38]) 175.1 35.0 82.0 153. 121.1 117.4 154.6 110.8 122. 83.8
{ﬂé)e 175.1 35.7 81.7 150. 120.9" 114.6f 156.6 127.8 122, 833.8

Expressed in parts per million downfield from TMS {6c}'
b. Ref. 1,

13

¢. Obtained from 20 Mliz C n.m.r.

spectrum in CDCLB.

d. Obtained from 20 #Miz 13C n.m.r. spectrum in ds—DMSO.

i3

C n.m.r.

e. Obtained from 20 Miz spectrum in ds—acetone.

f. Assignment of the rescnances of positions 5 and 6 cannot be decided unambiguously.



2.5 Addition of 2-Trimethylsilvloxyfuran (23) to

Unactivated Quinones

A more detailed picture of this novel furofuran annulation
{Scheme 4, p. 1) was desired. Thus, the addition of
2-trimethylsilyloxyfuran (23) to scveral unactivated
benzoguinones was investigated, using the conditions
already established. The use of 1,4-benzoquinone (44)
itself, resulted in a complex mixture of products, none

of which were identified as the desired adduct by 1H

n.m.r. spectroscopy.

The addition of 2-trimethylsilyloxyfuran (23} to
2-thiophenyl-1,4-benzoquinone (43) also gave a complex
mixture of products. 1H n.m.r. spectroscopy showed that
none of the fracticns obtained after flash chromatography
contained the desired preoduct.
Finally, 2-chlecro-1,4-benzoguinone {(47) was prepared

-
from 1-chloro-2,5-dihydroxybenzene (48) using silver

{
(4
oxlide under the same conditions as 2,5-dihydroxyaceto-

rhenone (§§)23'32 {Egn.&).
OH Q
cl Cl
£9:0 Eqn &
benzene rqn s
OH



Additicon of 2-trimethylsilyloxyfuran (23) to the chloro-
gquinone (47) gave none of the desired product. 1H n.m.r,
spectroscopy indicated that the crude reaction mixture
consisted mainly of furan-2-{SH)-one {30} and the

quincne {47).

These results suggested that this uncatalysed addition of
2-trimethylsilyloxyfuran {23} to guinones required the
presence of an electron-withdrawing group at C-2 of the

gquinone, to activate them,

2.6 Attempted Conversion of cis-3a,8b-Dihvdro-8-acetyl-7-
_ﬁhydroxzfuro{3,2—b]benzofuran-—2-(3H)—one {24) to

cis-3a,8b-Dihydro-8-ethyvl-7-hvdroxyfurci3,2-blbenzo-
furan-2-{3H)-one {22) ’

Having successfully synthesised the 8-acetyl-7-hydroxy-

lactone {24} in order to use this adduct in the proposed
synthesis of panacene (1) (Scheme 4, p.11 ), it remained
to reduce the methyl ketone to an ethyl group, and remove

the phenolic substituent.

A wide variety of reagents have been used to reduce
aromatic ketones to hydrocarbon533. The twe most
traditional methods, the Clemmensen and Wolff-Kishner
reductions, inveolve prolonged heating with acid and base,
respectively. For that reason it was decided to by-pass
these and try reagents which would be less likely to

cleave the y-lactone ring {Table IV, p.k0).

Triethylsilane is effective in reducing ketones to hydro-
carbons when used in ceonjunction with a Lewis, or protic
acid, which activates the carbonyl group34. Doyle et al.

reported high selectivity, short reaction time, and lack

35
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of competing reactions as advantages of the triethylsilane/

trifluorpacetic acid combination.

Triethylsilane was added dropwise to a sclution of the
ketone (24) in trifluoroacetic acid. The reaction was
monitored by t.l.c. After 45 minutes, no starting material
remained. An agueocus work-up was followed by flash chroma-
tography, affording a yellow crystalline product in 51%
vield. Spectroscopic data showed the product to be 4-ethyl-
-5-hydroxybenzofuran-2-ylacetic acid (49). The mass
spectrum contained a peak at m/z 220, assigned to the
melecular ion. Absorbances at 3380 and 1700 cm”1 in the
infra-red spectrum were assigned to a phenolic group and

the carbonyl group of a carboxylic acid, respectively.

The 1H n.m.r. spectrum confirmed the nature of the product.
The resonances of the bridgehead protons were no longer
apparent. & triplet at SH 1.05-1.30 and a quartet at 2.60-
3.00 were assigned to the ethyl protons, The methylene
protons next to the carboxylic acid resonated at 6H 3.890,

and the aromatic protcns at 6H 6.6-7.1.

Closer investigation showed that triethylsilane, in the
absence of trifluorcacetic acid, had no effect on the
lactone ring, but failed to reduce the methyl ketone.
Trifluorcacetic acid alone gave 4-acetyl-5-hydroxvhenzo-
furan-2-ylacetic acid (50} in 73% yield. An absorbance

at 1695 cm™ in the infra-red spectrum was assigned to the
carbonyl group of the carboxylic acid, and one at 1610 ﬂ::m_1
showed the presence of an o-hydroxyaryl ketone. The
methylene protons of the ~CH2COOH group resonated at
6H3.85. A downfield shift was observed in the resonance
of the methyl protons, from SH 1.05-17.30 in the ethyl-
substituted acid (4%8) to GH 2.75 in the keto-acid (50).
6-H and 7-H resonated at GH 6.65-6.85 and 7.40-7.60, refleckt-
ing the presence of an aryl ketone rather than an alkyl
substituent at C-4. A singlet at 6, 6.80 was assigned to
3-H.



Thug, while the acid was reguired for reduction, its
presence was causing ring-opening to occur as a competing
reaction. p-Toluenesulphonic acid, and acetic acid were
each tried as alternatives to trifluorcacetic acid. 1In
both cases no reaction occurred at room temperature, but
heating under reflux vielded the keto-acid (30).

Several groups36’37 have activated ketones towards
triethylsilane with boron trifluocride., Due to the
unavailability of gaseous boron trifluoride36, the
reaction was attempted using boron trifluocride ethereate
Stirring in dry ether at OOC, for 1 h., gave only starting

material and the keto-acid (50).

Et

HO

U COOH

HQ

(52)

37
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Having difficulty in finding an acid which would activate
the ketone without cleaving the lactone, attention turned

to different types of reducing agents.

Sodium borohydride is a common reducing agent for conversion
of ketones to alcoholsBB. It has also been used in
conjunction with other reagents to convert ketones or

39’40. Before tryving some of the

alcohols to hydrocarbons
reported combinations, it was important to make sure that
sodium borchydride on its own would not cause ring-opening.
The ketone (24) was stirred with sodium borchydride, in
methanol, at room temperature, for 1 h. An agueous work-
up was followed by flash chromatography, giving cis-3a,8hb-
~-dihvdro-8-(1-hydroxyethyl)-7-hydroxyfurc(3,2-blbenzofuran-
~2-(3H)-one (51) in 58% yield (Egn. & ). The product gave
a peak in the mass spectrum at m/2z 236, corresponding to
the molecular formula Cyoiy50c Peaks at 3370-3320 and
1753 cm_1 in the infra-red spectrum, were aséigned to

the phenolic group and the carbonvl group of the y-lactone,
respectively. The 1H n.m.r. spectrum confirmed the
structure of the preduct. T.l.c. indicated the presence of
two diastereomers, having very similar Rf, but forming
different coloured complexes with wvanillin. When an excess
of sodium borohvdride was used, and the reaction time
increased, the proportion of the minor diastereomer
increased. TH n.m.r. spectroscopy showed a very slight
difference in the resonance of the methyl group, from
6H1.52 for the major diasterecmer to 631.51 for the minor
diastereomer. A larger difference was visible in the
resonance assigned to 8b-H, from 6H6.14 in the major
product to 616.32 in the minor product {Tabkle I, p.37.

The coupling constants ggem18.8Hz, 23,3a0‘4 and 1.9 Hz,

and J 5.8 Hz, were the same in both diastereomers

=8b, 3a
(Table TI, p.32}.
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CH,

CHQH

HO %

Palladium (II}) chloride has been used with sodium boro-
hydride to reduce arvl ketones and benzyl alcchols teo
hydrocarbonséo. The reaction is reported to be fast and
highly selective. Sodium borohydride was added to a
suspension of palladium chloride and the Xetone {24) in
methancl., The mixture was stirred at room tsmperature

for 1 h. Feollowing an aqueous work-up, t.l.c. of the

crude product showed the presence of the alcohol (51}

and a more polar compound. 1I—I n.m.r. spectroscﬁpy indicated
that none of the desired product was present. Based on 1ts
u.v. activity, polarity, and molecular weight, the polar
compound was assumed to be the alcohol-substituted acid
{52), arising from cleavage of the Y-lactone ring by

palladium chloride.

A similar reducing svstem for aryl ketones and benzvylic
alcohols is sodium cyanoborohyvdride with zinc iodideéq.
Stirring these with the ketone (24), in 1,2-dichloroethane
for 4.5 h. gave no reaction. The mixture was subsequently
heated under reflux for 12 h. Using an agueocus work up,
it proved difficult to recover organic material from the

reaction.



Attempted Reductions of gis-3a,8b-Dihydro-8-acetyl-7-hydroxyfurol[3,2-blbenzofuran-2-(3H)-one

TABLE IV

(24)

REAGENT CONDITIONS RESULT
TES /' TFA 250C, 6.75 h. d—ethyl-5-hydroxybenzofuran-2-ylacetic acid (49)
TFh 25% 4-acekyl-5-hydroxybenzofuran-2-ylacetic acid (50}
ZSOC, 3 days no reaction
TES
64°C, 2 h., MeOH ne reaction
o] .
TES/pTSA 25°C, 1 h. no reaction
640C, 3 h., MeOH 4-acetyl-5-hydroxybenzofuran-2-ylacetic acid (50Q)
ZSDC, 18 h. no reaction
TES/ACOH

64%c, 2 h., MeOH

4-acetyl-5-hydroxybenzofuran-2-ylacetic acid (50)

O

TES/BP,.Et,0 0¥C, 1 h. 4-acektyl-S-hydroxyhenzofuran-2Z-ylacetic acid (50)
Na3d, 25°C, 1-2 h., MeOH alcochol-lactone (51)
NaB}iq{'PdCl2 ESDC, 1 h., MeOH alcohol-lactone (51) and a polar product (52)
250C, 5 h., MeOH no reaction
NaCNBHaonlz

830C, 12 h, 1,2-dichlcoroethane

organic material difficult to recover

{1} ‘TsNHNH

{ii) NaBi, 2

(i) 64°C, 6 h., MeOH
(ii} 64°%C, 8.5 h., MeOH

complex mixture

o%



A less direct way in which sodium borohydride can be used
to reduce keteones to hydrocarbons is by reduction of

their tosylhydrazone derivatives42.

Tosylhydrazine was prepared by the method of Friedman et
43
al.

methanol, for 6 h., to form the derivative. The reaction

; then heated under reflux with the ketone (24) in

was monitored by t.l.c. Sodium borohydride was added
and heating continued for 8.5 h., after which time an

agueous work-up yielded a complex mixture of products.

In view of the difficulty in reducing the methyl ketone
{24) to an ethyl group without disrupting the cis-3a,8b-
éaihydro furof{3,2-blbenzofuran-2-{3H}-one ring system, it
was evident that the proposed route to panacene (1}was not

practicable.

2.7 Further Work

Since the synthesis of panacene (1) from the 8-acetyl-7-
.ihydroxylactone {24) (Scheme 4, p.J%¥) was no longer -
feasible, attention turned to ancther potential use for
the lactones generated by the addition of 2-trimethyl-

silyloxyfuran (23) to activated guinones.

The SH-furo{3,2-cji2lbenzopyran ring system is seen in
the antifungal and insecticidal monocerin {§§)44, and in

the isochromane antibiotics, such as kalafungin {54}45.

41



It was proposed that the conversion of the 8-acetyl-7-

series of antibiotics related to kalafungin (54)}.

45 ~ : ;
have reported that ceric ammonium

Castagneoli, Jr. et al.
nitrate in agueous acetonitrile can be used to oxidise a
variety of hydrogquinone methyl ethers (55) to the correspond-
ing gquincones (56}, 18O labelling showed that it was the
aryl-oxyaen, rather than the methyl-oxygen bond which was

cleaved, giving methancl as a by-product (Egn.1Q).

¥
R
CAN -
CHJCN/Hzo” + CHOH Egn.1d
Oif-

(36)
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On this basis, it was thought that the 8-acetyl-7-hydroxy-
lacteone (24), as a cyclic ether of a hydroguinone, might
undergo an analogous oxidative dealkylation reaction to
give the B-hydroxylactone (57). Subseguent nucleophilic
attack of the hydroxyl group onto the methyl ketone would
give rise to the hemi-ketal (58) (Scheme 13}.
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An excess of aguecus ceric ammonium nitrate was added to
the 8-acetyl-7-hydroxylactone (Z24) in acetonitrile.
Extraction with dichloromethane, followed by flash chroma-
tography, gave c¢is-3,3a,%b-trihydro-5-hydroxy-5-methylfuro-
[3,2-c]([21benzopyran-2,6,9-{5H)-trione (58) as predicted.
Identification of the product was carried out by spectro-
scopic technigues, No molecular ion was apparent in the
mass spectrum, however a very intense signal at m/z 235
corresponded to g—CHB, a common fragmentation for hemi-

ketals.

The infra-red spectrum contained peaks at 3370, 1760 and
1653 cm_T, assigned to an alcohol, and the carbonyl groups
of a y-lactone and quinone, respectively. The 1H n.m.r.
spectrum showed an upfield shift in the resonances of the

- bridgehead protons. The double doublet at 6H4.89 was
assigned to H-3a, and the doublet at 6H5.16 to H-9b. These
positions were consistent with those cobserved in monocerin
(53) and its derivatives44, where the resonances of the
bridgehead protons are found in the region 6H4.46 to 5.38.

The coupling constant of £3 b2.9 Hz, supports the

presence of a cis-fused SH—?&EO[B,Z—C]{2]benzopyraﬂ
system, which commonly has a bridgehead coupling constant
of 3 Hz44'45. The position at which the methyl protons
H2.76 te 1.75,

consistent with them being adjacent to an sp3 nybridised

resonated had also moved upfield from §
carbeon rather than a carbonyl group.

A more polar by-product gave an infra-red spectrum contain-
ing peaks at 3400 and 1775 cm_q, showing the presence

of a hydroxyl group and a y-lactone, respectively. Two
peaks at 1672 and 1650 cm_1 were consistent with the
presence of the carbonyl groups of a guinone and a ketone,

but these could not be assigned with certainty.

L5



L6

In the 1H n.m.r. spectrum, the appearance of a double
doublet at 6H4.9O, and a doublet at 5H5.16, with a coupling
constant of 3 Hz, showed the presence of the cis-fused 5H-
-furol3,2-cll2]lbenzopyran ring system. However, a double
double doublet at 5H5.62, and a doublet at §H6.35, with a
coupling constant of 5.9 Hz indicated the co-existence cof
the cis-fused furol3,2-blbenzofuran ring system. These
results are consistent with the more polar product being

a dimer. Support for this idea was also provided by
Castagneli, Jr. et al.%6, who report competitive
dimerisation in the case of hydroguinones which lack
substitution at either the 2 or 5 position on the benzene
ring. Potentially, this supposed dimer could be recycled,
or conditions changed to slow its rate of formation

relative to that of the desired product.

Whilst the synthesis of panacene (1) from the lactone (24)
has not been realised, this novel conversion of the ring
system into the 5H-furol3,2-cll[21benzopyran ring system
may provide an entry into the pyranonaphthogquinone anti-

biectics.

Two possible routes to kalafungin (54) itself, present
themselves. Firstly, 2-trimethylsilyloxyfuran (23) could
be added to the activated naphthoquinone (59) to give the
adduct (60). Oxidative dealkylation with ceric ammonium
nitrate, followed by reduction of the lactol group, and
cleavage of the methyl ether, would then give rise to
kalafungin (54) (Scheme 14}).

Secondly, based on the work by Yoshii et al.d?, the hemi-
ketal (58) could be treated with an ether of 1,3-butadiene
{61), to give the cycloaddition product (62). Again,
reduction of the lactol, and removal of the protecting

group, would give kalafungin {(54) (Scheme 15).



CCH, o

Reagents:

{i) MeOH, CH

3

CN;

(ii) CaAN,

Scheme 14

L



Reagents: (i) toluene;

{ii)

Na2CO

3 in Zt0H {(ag).

Scheme 15

84
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CEAPTER THREE

EXPERIMENTAL

General Details

Melting points were determined on a hot-stage melting

point apparatus, and are uncorrected.

Elemental analyses were carried out by Professor A.D.

Camﬁbell and Associates, University of Oftacc, Dunedin.

Ultra-violet spectra were recorded on a Shimadzu U.V.160
spectrophotometer. Absorption maxima are reported in wave-

lengths (nm)}, followed by the molar absorptivity {leog =}.

Infra-red spectra were recorded on a Pye Unicam SP2-200S
spectrophotometer as nujol mulls between sodium chleoride
discs. Absorption maxima are given in wavenumbers (cm_1}
relative to a polystyrene standard, and are described with

the following abbreviations:

s = strong
m = medium
br. = bread

]H nuclear magnetic resonance {n.m.r.} spectra were
obtained at 60 MHz using a Varian T-60 spectrometer, and at
80 MHz using a Bruker WP-80SY.

1H n.m.r. data are expressed as parts per million downfield
shift from tetramethylsilane as internal reference, and _
are reported as positions (GH), relative integral, multiplicitv
(s = singlet, m = multiplet, d = doublet, dd = double

doublet, ddd double double doublet, t = triplet, g =

quartet, br. broad}, coupling constant {(J Hz), and assign-

ment.



50

13C n.m.r. spectra were obtained at 20 MHz on a Bruker WP-

805Y. The 13C n.m.r. data are expressed as parts per
million downfield shift from tetramethylsilane as internal
reference, and are reported as position (5C), multiplicity
in the single frequency off-resonance decocupled (s.f.o.r.d.)

spectrum, and assignment.

Mass spectra and accurate mass measurements were recorded on
an A.E.I. MS9 mass spectrometer with an ionisation potential
of 70 eV. Major fragmentaticns are given as percentages

relative to the base peak intensity.

Flash chromatography was performed according to the

d .
procaedure of Still et al.z' using Merck Kieselgel 60 (230~
400 mesh) with the solvents described. )

Apnalytical thin layer chromatography was carried out on
precoated silica gel plates {(Merxrck Kieselgel 60?254), and
compounds were visualised by u.v. fluorescence, iodine

vapour, or vanillin in methanolic sulphuric acid.

Solvents were purified and dried according to the methods

. : < 48
of Perrin, Perrin and Armarego .

"Ether' refers to diethyl ether,
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Furan-2-{(5H)-one {(30)

30% agueous hydrogen peroxide (75 ml) was added to a mixture
of furfural (33) (96.0 g, 1 mol), formic acid (9%82.1 g, 2
mol), sodium sulphate (100 g), and potassium carbonate (35 g)
in dichloromethans {500 ml). After stirring vigorously for
0.5-0.8 h., 30% hvdrogen peroxide {125 ml) was added drop-
wise over 3 h., and the reaction mixture left to stir for a
further 16 h. The organic layer was separated and the
inorganic phase washed with dichloromethane {200 ml}.
Fecllowing solvent removal under reduced pressure, toluene
(200 ml) was added and the formic acid removed by azeotropic
distillation. To the residual solution was added triethyl-
amine (2.5 ml) in toluene {200 ml). After standing for 1 h.,
distillation under vacuum afforded furan-2-(5H)-one (30)

(43 g, 51%) as a yellow liguid, b.p. 96—TO2OC/ZO mm Hg
(lit.,'’ b.p. 95-96°C/19 mm Hg).

2-Trimethvylsilvloxyfuran (23)

To a sclution of furan-2-(5H)-one {30) (11 g, 0.11 mol} in
diethvl ether (30 ml), cocled in an ice-salt bath, under an
atmosphere of nitrogen, was added ice-cold triethylamine
{13.8 g, 0.14 mol}), followed by chlorotrimethvlsilane

(15.2 g, 0.14 mol). After standing for 16 h., the reaction
mixture was filtered to remove most of the triethylamine
hydrochleoride. Three distillations afforded 2-trimethyl-
silyloxyfuran (23) (7.8 g, 38%) as a colourless liguid,
b.p. 44—460C/1? mm Hg (lit.,19 b.p. 34—350C/9—10 mm Hg}.
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2,5-Dihvdroxyvacetophenone (36)

2,5-Dihydroxyacetophenone {(36) was prepared according to
the method of Vogelzz, affording yellow crystals, m.p.
204-205°C (1it.,%% m.p. 202-203%C).

2-Acetvyl-1,4-benzogquinone (&)

Silwver oxide (3.7 g, 16 mmol, prepared acccrding to the
method of Vogel49} was added to a mixture of 2,5-dihydroxy-
acetophenone (36} (500 mg, 3.3 mmol) and sodium sulphate
(800 mg) in scdium-dried benzene (400 ml). After stirring
for 2 h., the reaction mixture was filtered through sodium
sulphate over celite. Solvent was removed under reduced
pressure to give 2-acetyl-1,4-benzogquinone (6} (347 mg, 70%)
as an orange crystalline solid, m.p. §2-64°¢C (lit.,23 m.p.

64.0-65.5°C).

¢is-3a,8b-Dihydro-8-acetyl-7-hydroxyfuro{3,2-b]benzofuran-
~2-(38}Y-one {24)

A solutiecn of 2-trimethylsilyloxyfuran (23) (672 mg, 4.30
mmol) in acetonitrile {12 ml) was added dropwise to an ice-
cooled solution of Z2-acetyl-1,4-benzoguinone {6} (320 mg,
2.13 mmol) in acetonitrile (25 ml), under an atmosphere of
nitrogen. Immediately the orange solution turned red.
After 5 minutes, methancol {2.5 ml) was added, and the
reaction mixture allowed to warm to room temperature over
0.5 h. PFollowing dilution with dichloromethane (60 ml},
the scolution was washed with 1 M hydrochloric acid (30 ml)

then water (30 ml). Drving over magnesium sulphate and
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removal of sclvent on the rotary evaporator gave a red oil,
Purification by flash chromatography, using hexane:ethyl
acetate as eluant, gave ¢gig-3a,8h-dihydro~8-acetvl-7-

hydroxyfuro[ 3,2-b]benzofuran-2-(3H)-one {24) (250 mg, 50%)}.

Recrystallisation from chloroform-hexane gave yellow

neddles, m.p. 164-165°C (Found: C, 61.97; H, 4.29; ™M™,
+

234.0524. 012H1005 reguires C, 61.54; H, 4.30; M 234.0529);

kmax (EtOH) 228 (log e 4.1), and 365 nm (3.6); U ax (nujol)

1765 (s, y-lactone C=0), and 1640 cm™ (s, o-hydroxvyaryl

ketone); &, (80 MHz; CDCly) 2.76 (3H, s, -CH;), 3.00-3.07

(28, m, 3-H, and 3-Hy), 5.37 (1H, ddd, J;_ 4 6.2, I3, 5

A
3.6 and 1.8 Hz, 3a-H), 6.26 {(1H, 4, £3a 8h 6.2, 8b-H), 7.03
r

(24, s, 5-H and 6-H), and 12.44 (1H, s, -CH); Gc (20 MH=z:

CpCl,) 30.5 (g, -CH 35.3 (&, C-3), 80.7 (4, C-3a),

3 3)’
84.2 {4, C-8b), 116.3 (s, C-8}, 119.5 (d, C-5 or C-6),
120.2 (s, C-8a), 123.3 (4, C-6 or C-5}), 153.9 (s, C-4a),
158.8 (s, C-7) 173.1 (s, C-2), and 203.1 (s, -COMe); m/z

234 (M7, 97%), 219 (M-CH,, 100), 189 (M-COOH, 27), and

175 (M-CH,COOH, 20).

2

Methyl 2,5-Dihvdroxvbenzoate (41)

A mixture of 2,5-dihydroxybenzoic acid (40) (5.0g, 32 mmol),
methanol (10 g, 0.32 mol) and concentrated sulphuric acid
(1.3 ml) was heated under reflux for 4 h. Excess methanol
was removed under reduced pressure. After extraction of

thé residual scolution with ether (2 x 8 ml), the combined
ethereal phases were washed with saturated agueous sodium
bicarbonate. Drying over magnesium sulphate, followed by
removal of solvent on the rotary evaporator, gave methyl
2,5-dihydroxybenzoate (42) (5.2 g, 96%) as a white solid,
m.p. 86-88°C (1lit.,~C m.p. 86-37°C).
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Z-Carbomethoxv-1,4-benzoguinone {39)

A mixture of methyl 2,5-dihydroxybenzcate (41) (1.0 g, 5.9
mmol) and sodium sulphate {1.5 g) in sodium-dried benzene

(50 ml), was stirred with manganese dioxide {7.8 g, 90 mmol,
prepared accerding to the method of VogelST} for 0.5 h.

After filtration through sodium sulphate cover celite, solvent
was removed at reduced pressure to give 2-carbomethoxy-1,4-
benzoquinone (39) (750 mg, 76%) as an orange crystalline
solid, m.p. 52-54°C (lit.,%° m.p. 53.5-54.0°C).

¢cis-3a,8b-Dihydro-8-carbomethoxy-7-hydroxyfuro{3,2-blbenzo-
furan-2-{3H)-one (38)

A solution of 2-trimethylsilyloxyfuran (23) (0.76 g, 4.8
meel) in acetonitrile (15 ml) was added to an ice-cooled
solution of 2-carbomethoxy-1,4-benzoguinone (38} (0.40 g, 2.4
mmol} in acetonitrile (30 ml}, under an atmosphere of
nitrogen. The sclution immediately changed colour from

orange to red.

After 5 minutes, methanol {3 ml) was added, and the reaction
mixture warmed to room temperature over 0,5 h. Feclleowing
addition of dichloromethane (75 ml), the reaction mixture
was washed with 1 M hydrochloric acid (2 x 35 ml), and

water (2 x 35 wml). After drying over magnesium sulphate,
solvent was removed on the rotary evaporator. The result-
ing red oil was purified by flash chromatography using

hexane:ethyl acetate as eluant, to give gis-3a,8b-dihydro-

-8~-carbomethoxyv-7-hydroxvfurc[3,2-blbenzofuran-2-(3H)-one

{38} {450 mg, 75%) as a white crystalline solid.

Recrystallisation from acetone afforded an analytical
sample, m.p. 171.5-172.0°C (Found: cC, 57.03; H, 3.88; ﬂ+,
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250.0471. C12H1006 reguires C, 57.61; H, 4.03; M,

250.0477); Amax{EtOH) 308 (log £ 3.0}, and 349 nm (3.8);

Umax(nujOl] 3600-3100 (s, -0OH}, 1770 (s, y-lactone C=0),
1

and 1680 c¢m = (s, o-hydroxyaryl ester <C=0}; &, (80 MHz;

H
d®-acetone) 2.93-3.17 (28, m, 3-H, and 3-Hj), 4.01 (3H, s,

3a,80°" 0" $3a,3

5.9 Hz, 8b-H), 6.99 (iH, &, J

-CHy), 5.47 (1#, dad, J 6.1 and 1.4 Hz, 3a-H), 6.44

(18, &, J 5 5 9-0 Hz,

9.2 Hz, 6~H or 5-~H), and 10.51

3a,8b

5-H or 6-H), 7.15 {1H, 4, J
_5'6

(1H, s, -OH); &_ (20 MHz, a®_puso) 35.0 (£, C-3), 52.5
(¢, -oCH,), 82.0 (4, C-3a), 83.8 (d, C-8b), 110.8 (s, C-8),
117.4 (4, C-5 or C-6), 121.1 (d, C-6 or C-5), 122.6

(s, C-8a), 153.7 (s, C-4a), 154.6 (s, C-7), 167.9 (s, aryl

ester), and 175.1 (s, C-2); m/z 250 (M, 55%), 218

28), and 173 (C, . H.0., 17).

{M-CH 1085937

0, 100), 174 (CyHO,,

2-Thiophenvyl-1,4-benzoguinone (43}

Toe a finely divided suspension of 1,4-benzoquinone (44)
{8.64 g, 80 mmol}) in methanol (50 ml) was added a solution
of thiophenol (45} (4.40 g, 40 mmol} in methanol (10 ml).
After 5 minutes water (100 ml) was added, and the crude
product filtered and washed with water to give 2-thicphenyl-
-1,4-benzoquincne (43) (8.4 g, 97%) as an orange solid.
Recrystallisation from benzene gave orange-red needles, m.p.
113-114% (1it.,%7 m.p. 114°).



56

2-Phenvlsulphinyl-1,4-benzoguinone (42)

2~thiophenvl-1,4~benzoguinone (43) (3.00 g, 0.0139 mol)

was dissolved in trifluorocacetic acid (10 ml) and cooled
to 0°C. A solution of peroxytrifluorcacetic acid was
prepared by mixing 30% aguecus hydrogen peroxide (8.6 ml)
with trifluorcacetic acid to give a final volume of 25 ml.
This solution (3.48 ml, 0.0139 mol) was added dropwise

to the sulphide soluticn. After standing at 0°c for 20 h.,
solvent was removed at reduced pressure. The residue was
taken up in benzene (30 ml) and washed with 10% agueous
sodium bicarbonate. After drying cover magnesium sulphate,
solvent was removed to give Z-phenvlsulphinyl-1,4-benzo-
quinone (42) (3.0 g, 93%) as a red solid, m.p. 118.5-119.5%C,

(Found: <C, 61.99; H, 3.51; S, 13.56; M', 216.0216.

C,,H,0,S requires C, 62.07; H, 3.47; S, 13.81; u*,

216.0245); X ___ (MeOH) 206.0 (log ¢ 4.4), and 313.0 nm
(3.6); v___ (nujol) 1640 (s, C=0), and 1050 en™' (m,
§=0); 8, (80 MHz; d°-acetone) 6.73-7.00 (2H, m, 5-H and

6-H), 7.24-7.33 (1H#, m, 3-H), 7.47-7.63 (3H, m, Ar—H), and
7.70-7.87 (2H, m, Ar-H);: 50 {20 MHz; ds—acetone) 126.73,
130.317, 132.55, 132.85, 137.40, 138.37, 143.33, 155,87,

+

176.0, 184.65, and 186.05; m/z 216 (M , 100%), 188 (M-CO,

12), and 187 (M-CHO, 18).

¢is-3a,8b-Dihydro-8-phenylsulphinyl-7-hvdroxvfurol3,2-b]-

benzofuran-2-(3H)-~one {46)

A solution of 2-trimethylsilyloxyfuran (23) (950 mg, 6.08
mmol) in acetonitrile (17 ml) was added slowly to an ice-

cooled solution of 2-phenylsulphinyl~1,4-benzoquinone (42}
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(706 mg, 3.04 mmol) in acetonitrile (35 ml) under an

atmosphere of nitrogen. No colour change was observed.
After 0.5 h., methanol (3.5 ml) was added, and the reaction
mixture allowed to warm to room temperature over a further
0.5 h. Following dilution with dichloromethane (90 ml),

the solution was washed with 1 M hydrochloric acid (45 ml}),
and water (45 ml). The organic phase was dried over
magnesium sulphate, and the sclvent removed under reduced
pressure to give an orange oil. Purification by flash
chromatcgraphy using hexane:ethyl acetate vielded cgis-3a,8b-
dihydro—Bﬂphenvlsulphinvl—?—hydrokyfuro[3,2—b]benzofuran—2—
~{3H)-cone (46) {456 mg, 47%) as a white sc¢lid. Recrystalli-
sation from acetone gave white neadles, m.p. 154.5-155.5%%.
(Found: M', 316.0408: S requires M', 316.0406);

Ci6M12%5
Mgy (MeOH) 205.5 (log e 4.5), and 326.5 nm {4.0); v __.

{nujol) 3500-3100 (m, -OH), 1765 (s, C=0), and 1050 cm_1 {m,

5=0); 6, (80 MH_; d®-acetone) 2.68-3.40 (28, m, 3-H, and

3-3 5.49 (1H, ddd, J 5.7, 6.5 and 1.3 =z,

3a,8b J3a4,3

8b, 3a 5.7 Hz, 8b-H)}, 6.89 {2H, s, 5-H
6

and 5-H}), and 7.45-8.01 (5H, m, -SOPh); GC (20 MHz; d-°-

2
3a-9), 6.69 (15, 4, J

acetone) 35.7 (t, C-3), 81.7 (d, C-3a), 83.8 (d, C-8b),
114.6 (d, C-5 or C-6), 120.9 (d, C-6 or C-5), 122.4 (s,
C-8a), 126.4 (4, C-3'}, 127.8 (s, C-8), 129.9 (d, c-2'),
132.1 (d, C-4'), 145.9 (s, C-1'), 150.6 (s, C-4a), 156.6
(s, C-7), and 175.1 (s, C-2); m/z 316 (M*, 100%), 300

S, 43), 271 (M-COCH, 15), 253 {(C,.H,O.S, 24},

(CygHyp0y 155505

and 245_(C13H903S, 25}.

4-Bthyl-5-hydroxybenzofuran-2-ylacetic acid (493)

Triethylsilane (220 mg, 1.9 mmol) was added dropwise to
a2 solution of ¢is-3a,8b~dihydro-8-acetyl-7-hydroxyfurc-
[3,2-b]lbenzofuran-2-(3H)-one (24) (200 mg, 0.854 mmol) in

trifluorcacetic acid (1.5 g, 13 mmol).
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After 0.75 h. the reaction mixture was diluted with water
{15 ml) and washed with diethvl ether (2 x 15 ml). Drying
over magnesium sulphate, followed by solvent removal under
reduced pressure gave a red oll. Flash chromatography using

hexane:ether as eluant gave 4d-ethvl-5-hydroxybenzofuran-2-

-ylacetic acid {49) {96 mg, 51%) as yellow needles, m.p.
125-130°C  (Found: ¥', 220.0724. C,,H, .0, requires u*,
220.0735); u__ (nujol) 3380 (m, -OH), and 1700 em™' (s,

~cooH); 6, (60 MHz; CDCly) 1.05-130 (3H, t, -CH,), 2.60-

3.00 {28, <, *C§2CH3), 3.80 (2H, s, —C§2COOH), and 6.6-7.1
(3H, m, 3-E and Ar-H); m/z 220 (M', 100%), 205 (M-CH,, 91),

176 (M-CO 14), and 175 (M-COOH, 65}.

2!’

4-Acetyl-S-hydroxybenzofuran-2-ylacetic acid (50)

cis-3a,8b-dihydro-8-acetyl-7-hydroxyfuro!3,2-blbenzofuran-2-
—-{3H}-cone {(24) (100 mg, 0.427 mmol) was dissolved in
trifluorcacetic acid. The red solution was dilﬁted with
water {10 ml) and washed with diethyl ether (2 x 10 ml).
Drying over magnesium sulphate, followed by solvent removal

at reduced pressure yielded 4-acetyl-5-hydroxybenzofuran-2-

viacetic acid (50} (73 mg, 73%) as an orange solid, m.p..

172-174°C (Found: M", 234.0533 . C,.H, O. requires M,

1271075
234.0529); Umax (nujol) 1695 (s, -COOCH), and 1610 cm_1
(s, o-hydroxvaryl ketone); & (60 MHz; CDCl.,) 2.75 (3H, s,

3! 3

—CH3}, 3.85 (2H, s, -CH,-), 6.65-6.85 (14, 4, J 4.5 Hz,

6,7

6-H or 7-H), 6.80 (1H, s, 3-H), and 7.40-7.60 (1H, &, J, .
r
4.5 Hz, 7-H or 6-H); m/z 234 (M', 68%), 219 (M-CHj, 100},

189 (M~-COCH, 23}, and 175 (g~CHZCOOH,3).



39

cis-3a,8h-Dihydro-8-(T-hydroxyethvl}-7-hyvdroxyfurol3,2-b]-

benzofuran-2-{(3H)-one (51)

Sodium borohydride (9 mg, 0.27 mmol)} was added to a solution
of cis-3a,8b-dihydro-8-acetyl-7-hydroxyfurcol3,2-blbenzo-
furan-2-(3H)-one (24) (100 mg, 0.43 mmol) in methanol (30
ml). After stirring at room temperature for 1 h., the
mixture was taken up in saturated agueocus ammonium

chloride (25 ml}. To this was added 2 M sodium hydroxide
(10 ml). The solution was left to stand for 0.25 h.
Following acidification with 1 M hydrochloric acid (30 ml)},

the solution was extracted with ethyl acetate (2 x 30 ml).
Drying over magnesium sulphate, and subsequent solvent

removal under reduced pressure, afforded a pale brown solid.
Flash chromatography using ethyl acetate as eluant gave
¢is~3a,8b-dihvdro-8-(1-hydroxyethyl)-7-hydroxyfuro{3,2-b]-
benzofuran-2-(3H)-one (51) (57 mg, 57%), as white crystals,

m.p. 184-186°C (Found: ﬂ+, 236.0696 . C12H1205 requires
+

M, 236.0685); Amaw (MeOQH) 205.0 {log £ 3.4), 307.0 nm
(2.7); Uma“ {nujol} 3370-3320 {(m, -OH}, and 1753 cm_1 {s,

vy-lactone C=0); SH (80 MHz; d6—acetone} 1.52 (3H, d, 21,2,

6.6 Hz, ~CHy, 2.78 (1H, ad, J_ . 18.8, J 0.4 Hz, 3-H,),

3,3a
1.9 Hz, 3-H

3)!

3.19 (1€, 44, J 5.15-5.48

gem 18.8, Q3,3a B)’

(26, m, 3a-%, 1'-H), 6.14 (1, d, Jg 5 5.8 Hz, 8b-H),
6.55-6.84 (2H, m, Ar-H), and 8.5 (1H, br., -0H); m/z 236
(M", 100%), 235 (M-H, 34), 219 (M-OH, 59), and 218 (M-H,0,
71).

A minor diastereomer, having the same Rf value as the major
product, was detected in the 1H n.m.r., spectrum, Differences
in chemical shift were observed for the methyl group, which
resonated at 6H1.51 instead of 1.52, and 8b-H, which
resonated downfield from 6H6.14, at 6H6.32. All other
chemical shifts, and the coupling constants appeared to be

identical.
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gis-3,3a,9b-Trihyvdro-5-hydroxy-5-methvlfurol[3,2-¢cll2]lbenzo-
pvyran-2,6,9-(5H)-trione (58)

A solution of ceric ammonium nitrate (345 mg, 0.63 mmol) in
water (5 ml) was added dropwise to cis-3a,8b-dihvdro-8-
acetyl-7-hydroxyfurol( 3,2-bibenzofuran-2-(3H)-one (24) (50 mg,
0.27 mmol) dissolved in acetonitriie (15 ml). The solution
was diluted with water {30 ml)} and extracted with dichloro-
methane (50 ml)., After the organic phase had been washed
with water (30 ml) and dried over sodium sulphate, solvent
was removed at reduced pressure to give a yvellow o0il. Flash
chromatography using hexane:ethyl acetate as eluant afforded:
¢is-3,3a,%-trihydro-5-hydroxyv-5-methvlfuro[3,2-c][2]lbenzo-
pyran-2,6,9-(5H)-trione (58) (14 mg, 27%) as a yellow solid,

which decomposed on heating; kmax (EtOH) 204.5 {log & 3.8),

244.5 (4.0), anéd 302.0 nm {3.2); Voax (nujol)'3370 {(br,
1

-0H), 1760 (s, y-lactone C=0), and 1653 cm (s, guinone

C=0); &6, (80 MHz; d6~acetone) 1.75 (3H, s, —CH3), 2.44 (14,

o}

a, ggem 17 Hz, 3—HA), 3.14 (15, 44, Qgem 17, £3’3a 4.9 Hz,

3_
Hy), 4.8% (1H, dd, J5, , I3a, 90

2.9 Hz, 8b-H), and 6.88 {(2H, s, 7-H and 8-H),

4.9, 2.9 Hz, 3a-H}, 5.16

(HH, 4, gy 34
5, (20 MEz, a®-acetone) 27.0 (q, -CH), 37.0 (t, C-3), 67.3
(d, C-3a or C-9b), 69.7 (4, C-9b or C-3a), 93.5 (s, C-5),
136.4 (d, C-7 or C-8), 138.6 (d, C-8 or C-7), 144.5 (s, C-5a
or C-%a}), 155.3 (s, C-9a or C-5a), 175.4 (s, C-2), 186.0

(s, C-6 or C-9), and 186.4 (s, C-9 or C-6); m/z 235 (M-CH,,

100%), and 191 (M-CH.,COOH, 34%).

2
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