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- ; cyclic ketal 12, which is rapidly isomerised to the furanmethanol ether 15, isolated in 80% yield. By con-
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trast, when the propanol-substituted furan epoxide 23 was kept in CDCl; containing traces of HCI for 2 h,
a 3:2 mixture of Z- and E-isomers of the enol ether spiro ketals 25a and 25b was produced in >92% yield;
after 24 h this mixture of isomers underwent dehydration leading to the corresponding enol ether triene
26 (70%). When a solution of the dienedione 9 in H,O-THF containing p-TSA was stirred at 25 °C for 20 h,
the tertiary alcohol 27 was produced which, after a further 20 h was converted into the furan vicinal diol
29. Likewise, when the ‘cembranoid’ dienedione 31 was treated with p-TSA-H,0, the hydroxymethyl-
substituted furanobutenolide 33 was produced in 40% yield. It is probable that the enol ether cyclic hemi-
ketals 28 and 32/34, which are related to 12 and 25, and also to the naturally occurring cembranoids 1
and 2 found in corals, are transient intermediates in the conversions leading to 29 and 33 from 9 and
31, respectively.

© 2010 Elsevier Ltd. All rights reserved.

exo Enol ether-cyclic ketal isomers of substituted furanmetha- methanol, furanoepoxide and Z-enedione-based diterpene ‘cem-
nols are found in a small group of unusual secondary metabolites, branes’, for example, 3, 4 and 5, to which they are probably
for example, 1 and 2, isolated from corals of the genus Sinularia and interrelated biosynthetically.? It has also been suggested that exo
Lophogorgia.! The metabolites co-occur with substituted furan- enol ether-containing cembranoids are key intermediates in the
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biosynthesis of more complex polycyclic diterpenes, for example,
bielschowskysin 6 and rameswaralide 7,> found in corals, involving
novel transannular cycloaddition reactions.* To gain a closer
insight into the likely origin of exo enol ether-cyclic ketal struc-
tures akin to 1 and 2, we have investigated their synthesis from
simple model furanoepoxide and enedione precursors related to
4 and 5.

We first examined the oxidation/hydrolysis chemistry of the
simple alkenyl furans 8a and 8b, which differ according to whether
they have a Me or a CO,Me group at C-3 in their furan rings. Thus,
treatment of the C-3 methyl substituted alkenyl furan 8a with per-
oxy reagents, that is, mCPBA, dimethyldioxirane (DMDO), Dess—
Martin periodinane (DMP), resulted in specific oxidative cleavage
of the furan ring, and formation of the Z-dienedione 9 in approx.
75% yield. By contrast, oxidation of the alkenylfuranoate 8b using
DMDO at —40 °C led to the corresponding epoxide 10 (84%). The
variation in the pattern of oxidation of 8a and 8b reflects the deac-
tivating effect of the CO,Me group in the substrate 8b towards oxi-
dation of the furan ring relative to 8a.>°

R CO,Me
/ \ - I\
jy O / 00 Q o
8
9 10
a, R=Me
b, R = CO,Me

When a solution of the epoxide 10 in methanol was stirred in
the presence of p-TSA at room temperature for 0.5 h, work-up
and chromatography gave a single product corresponding to over-
all addition of methanol, in 80% yield. Comparison of pertinent
NMR spectroscopic data recorded for the product, that is, sH 6.60
(s, =CH), 3.94 (s, CHOMe); é¢ 110.3 (d, =CH), 84.2 (d, CHOMe)
ppm, with those reported for the natural products 1 and 2, that

is, H 6.99 (s, =CH), 5.16 (s, OC=CH); ¢ 138.9 (d, =CH), 116.9 (d,
OC=CH) ppm established unequivocally that it had the furanmeth-
anol methyl ether structure 15, and not the isomeric d}hydrofuran

enol ether structure 12 we might have anticipated. When the
same epoxide 10 was treated with aqueous HCl at room tempera-

ture overnight, the chlorohydrin 13 was isolated exclusively (65%),
with no evidence for the presence of the isomeric enol ether struc-
ture 14 (Scheme 1). The structure of 13 followed unambiguously
by comparison of NMR spectroscopic data with those of the iso-
meric chlorohydrin 17 produced from the alkenylfuran 8b using
aqueous N-chlorosuccinimide.®

It is likely that the products 13 and 15 are produced from the
epoxide 10 via the same oxonium ion intermediate 11 and the
enol ethers 12 and 14, respectively, which are very
rapidly isomerised under the reaction conditions to the more
stable furan derivatives. Likewise, the chlorohydrin isomer 17
of 13 is derived from the alkenylfuran 8b via the oxonium ion
species 16 [cf. 11], and possibly the isomeric enol ether [cf.
14]. In each of the experiments carried out with the substrates
10 and 8b, it is evident that the isomerisation of any enol ether
intermediates, viz. 12 and 14, to the corresponding furanmetha-
nol derivatives 13 and 15, respectively, is so rapid at ambient
temperature, as to preclude their isolation and characterisation.
Hence, in a more detailed study, a solution of epoxide 10 in
CDCl; containing 10 equiv of methanol was treated with a crys-
tal of p-TSA at room temperature and the reaction was moni-
tored by 'H NMR spectroscopy. After 5min (30% conversion),
the 'TH NMR spectrum demonstrated the formation of the E-iso-
mer of the enol ether 12, 6y 5.37 (s, OC=CH), 7.87 (s, =CH),
together with the isomeric furan structure 15 in the ratio 2:5.
After a further 10 min (80% conversion) the ratio of 12 to
15 was 1:3.° Finally, after 25 min the only product observed
by 'H NMR spectroscopy was the furanmethanol methyl ether
15.

In an effort to intercept and isolate an enol ether correspond-
ing to 12, we next studied the acid-catalysed hydrolysis of the
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Scheme 1. Reagents and conditions: (i) aq HCI (2 M), rt overnight, 65%; (ii) MeOH, p-TSA (cat.), rt 0.5 h, 80%; (iii) NCS, H,0, CH,Cl,, rt 2 d, 49%.
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Scheme 2. Reagents and conditions: (i) NaH, THF, 0 °C, 72%; (ii) Pd(OAc),, dppf, K»CO3, CH3CN/H,0 (10:1), rt 50%; (iii) DMDO, acetone, 0 °C, 78%; (iv) TBAF, THF, rt 71%; (v)

HCI-CDCls;, 70%.

substrate 23 which is substituted with a propanol group at C-2
in the furan ring. We anticipated that this propanol group might
participate by quenching any oxonium ion species produced
from 23, that is, 24, in an intramolecular fashion, thereby leading
to an isolable enol ether. The substrate 23 was prepared by
alkylation of the anion derived from the p-keto ester 18,'° with
the propargyl iodide 19,!' followed by cyclisation of the result-
ing substituted B-keto ester 20 to the furan 21 using the condi-
tions described by Wipf et al.!? (Scheme 2). Epoxidation of the
alkenylfuran 21 using DMDO next gave the epoxide 22 which
was then deprotected using TBAF, leading to the desired propa-
nol-substituted furan epoxide 23.

When a solution of the epoxide 23 in CDCl; (containing traces
of HCl) was left at room temperature for 0.5 h, 'H NMR spectro-
scopic analysis showed that it was converted (30%) into a 4:3
mixture of Z-[6y 5.00 (OC=CH), 6.92 (=CH)], and E-[éy 5.35
(OC=CH), 7.83 (=CH)] isomers of the exo enol ether spiroketal
structures 25a and 25b, respectively.'®> After 2 h, the conversion
of 23 into 25a and 25b (ratio 3:2) was essentially complete
(>92%),'* and when the solution was left for a further 24 h, the
only product isolated, in 70% yield, was a single isomer of enol
ether triene 26, resulting from dehydration of 24/25.'> The Z-ste-
reochemistry assigned to 26 followed from a NOESY correlation
analysis.

In a separate study, a solution of the Z-dienedione 9 in H,O-THF
containing p-TSA was stirred at room temperature and the pro-
gress of the reaction was monitored by 'H NMR spectroscopy. After
ca. 20 h, work-up and chromatography gave the tertiary alcohol 27
(10%), resulting from hydration of the terminal alkene bond in 9, as
the first-formed product.’® When the reaction of 9 with p-TSA in
H,O-THF was left longer, or when the hydroxyenedione 27 was
treated again with p-TSA-H,O-THF for ca. 20 h, the only product
isolated was the furan vicinal diol structure 29.'° As with the epox-
ide 10, we believe that the enol ether 28 is a likely intermediate in
the conversion of 9 and 27 into 29, but the isomerisation of 28 into
29 is too rapid under the reaction conditions to allow its separate
isolation.
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Finally, we examined the acid-catalysed isomerisation of a Z-
dienedione contained within a macrocyclic cembranoid, that is,
31, with the expectation that this substrate would be ‘locked’ con-
formationally, thereby favouring the formation of an isolable enol
ether-cyclic hemiketal, that is, 32. Thus, oxidative cleavage of the
furan ring in the furanobutenolide 30 (rubifolide), first gave
the enedione 31 (also known as isoepilophodione B).'” When the
enedione 31 was treated with p-TSA-H,0, a single product was
isolated in 40% yield, whose spectroscopic data were consistent
with the hydroxymethyl-substituted alkenylfuran structure 33'®
and not with the structure 32. Indeed, reduction of the alcohol
group in the product, using Et3SiH-TFA in CH,Cl, at 0 °C, regener-
ated rubifolide 30 in 56% yield. We rationalise the formation of 33
from 31, taking place by acid-catalysed hydration-enolisation of
31 via the enol ether intermediates 32 and 34, followed by isomeri-
sation of 34 to the corresponding alkenylfuran 33. Once again,
therefore, our efforts to interrupt the rapid isomerisation of enol
ether-cyclic hemiketals to their furan counterparts, and to isolate
cembranoid compounds, viz. 32, similar in constitution to natural
products, that is, 1 and 2, were thwarted.

In conclusion, the enol ether cyclic ketals 12 and 25, having
structural features in common with the novel cembranoid natu-
ral products 1 and 2, have been synthesised and characterised.
Similar enol ethers have been implicated in the conversions of
the epoxide 10, the 2-alkenylfuran 8b, and the dienediones 9
and 31 into the substituted furans 13, 17, 29 and 33, respec-
tively. However, further studies, involving subtle changes to
the structures of precursors are required before a clearer insight
into the origin of cembranoid enol ether cyclic ketals and their
importance in biosynthetic pathways is to be forthcoming. These
investigations are in progress in our laboratory.
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