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Abstract—A convenient method for the synthesis of functionalised 1,7-dioxaspiro[5.5Jundecanes using acid-catalysed spiroketalisa-
tions of substituted dihydroxyketones is described. The dihydroxyketones were readily prepared from appropriately substituted
hydroxy esters via Claisen self-condensation followed by decarboxylation.
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Spiroketals are found as structural entities in many bio-
logically active compounds isolated from a variety of
natural sources, including insects, microbes, fungi,
plants and marine organisms.! The vast majority of
the spiroketal frameworks found in natural products
are composed of spiro[5.5], spiro[4.5] and spiro[4.4] ring
systems (see Fig. 1, for representative examples). The
cytotoxic polyether okadaic acid (1) was isolated in
1981 from two marine sponges.? It acts as an inhibitor
of protein phosphatases® and is associated with diar-
rhetic shellfish poisoning.* The first total synthesis of
okadaic acid, containing two 1,7-dioxaspiro[5.5Jun-
decane ring systems and one 1,6-dioxaspiro[4.5]decane
fragment, was accomplished in 1986 by Isobe et al.’

Figure 1.
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The first spiroketal identified from insects was chalcogran
(2-ethyl-1,6-dioxaspiro[4.4nonane, 2). It was isolated as
a mixture of isomers from the bark beetle Pityogenes
chalcographus and found to be the principle component
of the aggregation pheromone.® One of the most wide-
spread spiroketal compounds found in nature is 2,8-di-
methyl-1,7-dioxaspiro[5.5Jundecane (3a,b), present in
several species of fruit flies, bees, wasps, ants and bee-
tles.” Several reports have appeared in the literature
describing the synthesis of 2,8-dihydroxymethyl-1,7-
dioxaspiro[5.5Jundecanes (4a,b), versatile intermediates
for the construction of 6,6-spiroketals as prevalent
structural elements in many natural products, and also
as the starting point for the development of natural
product derived compound libraries.® For example, spiro-
ketal 4b has been evaluated for its biological activities
such as the inhibition of microtubule assembly and
induction of apoptosis in human breast cancer cells.’

The vast majority of synthetic efforts in the preparation
of spiroketal entities are focussed on the general ring
systems depicted in Figure 1. Strategies towards spiro-
ketal synthesis are based on two general approaches. The
most common route is the intramolecular acid-catalysed
ketalisation of dihydroxyketones or equivalents thereof.
The second approach makes use of a preformed ring,
followed by the addition of a carbon chain containing
the necessary oxygen function to effect cyclisation. The
main focus in all the strategies concerns the installation
of the spiro centre from a ketone. Several represen-
tative examples to obtain the requisite carbonyl source,
destined to be the spiro carbon, involve the use of
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nucleophilic additions to lactones,'® 1,3-dithianes,'
dimethylhydrazones,'? nitroalkanes,'® aldol condensa-
tion products'* and hetero Diels-Alder reactions.!> Cla-
isen self-condensation of appropriately functionalised
hydroxy esters, followed by decarboxylation and spiro-
ketal formation, presents an efficient alternative for the
preparation of C,-symmetrical spiroketals, including
4a. Rather surprisingly, this strategy has not been fully
exploited to date.'®

Here, we report the synthesis of a set of chiral C,-
symmetrical 1,7-dioxaspiro[5.5Jundecane ring systems.
Key to our strategy is the realisation that suitable
dihydroxyketone precursors amenable to acid-catalysed
spiroketalisation are readily available via Claisen
self-condensation of chiral, protected hydroxy esters,
followed by decarboxylation.

As a first example, the synthesis of spiroketal 4a com-
mences with reduction of the carboxylate functions of
(S)-malic acid (5) with borane-methyl sulfide complex
followed by protection of the vicinal diol as the isoprop-
ylidene acetal, providing protected (S)-butanetriol
derivative 6 in 83% over two steps (Scheme 1).!7 The
requisite ester function was installed by a sequential
Swern oxidation/Wittig olefination procedure. Treat-
ment of 6 with oxalyl chloride, dimethyl sulfoxide and
diisopropylethylamine in dichloromethane followed by
chain elongation of the crude aldehyde using triphenyl-
phosphoranylidene acetate in dichloromethane, resulted
in the formation of E-alkene 7 in 81% yield. Hydrogena-
tion of 7 over palladium on carbon afforded saturated
ester 8 in an 88% yield. Claisen self-condensation of 8
was effected by slow addition of excess lithium hexa-
methyldisilazane (LHMDS) and tetramethylethylenedi-
amine (TMEDA) over a period of 2h at 0°C,
providing B-ketoester 9 in an 84% yield.'® Decarboxyl-
ation of methyl ester 9 proceeded smoothly under the
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Scheme 1. Reagents and conditions: (i) (a) BH3-Me,S, THF, 0 °C to rt,
15 h; (b) acetone, p-TsOH, 17 h, rt, 83% (2 steps); (ii) (a) (COCI),,
DMSO, DiPEA, DCM, —78 °C, 2 h; (b) PhsP=CHCO,Me (1.4 equiv),
DCM, 0 °C to rt, 15 h, 81% (2 steps); (iii) H,, 10% Pd—C (cat.), EtOH,
24 h, rt, 88%; (iv) LHMDS (1.0 M in hexanes, 2.5 equiv), TMEDA
(5.0 equiv), THF, 0°C, 2 h, 84%; (v) LiCl (3.8 equiv), DMSO, H,O,
reflux, 10 min, 94%; (vi) HOAc¢/H,O (3:2), rt, 90 min, quant.

agency of lithium chloride and water in dimethyl sulfo-
xide!® to give C,-symmetrical ketone 10 in 94% yield.

Unmasking of the diol functionalities by treatment with
acid followed by intramolecular cyclisation led to the
formation of spiroketal 4a as a single isomer in quanti-
tative yield.!”

Next, the use of 1,2:5,6-di-O-isopropylidene-pD-mannitol
(11) was investigated in the synthesis of hydroxy substi-
tuted spiroketals 16 (Scheme 2). Periodate assisted diol
cleavage of 11, immediately followed by Horner Wads-
worth Emmons olefination, gave o,p-unsaturated ester
12 in 96% yield over two steps.?? At this stage, by anal-
ogy with the conditions described in Scheme 1, satura-
tion of the double bond in 12 was achieved through
palladium-catalysed hydrogenation leading to the for-
mation of ester 13 (94%). Claisen self-condensation of
ester 13 produced B-ketoester 14 in 58% yield. Decar-
boxylation of 14 with the LiCI/H,O/DMSO system
furnished ketone 15 in a yield of 92%. Acid mediated
tandem deprotection/cyclisation resulted in the forma-
tion of a thermodynamic mixture of spiroketals
(16a—c) in an overall yield of 76% (prolonged exposure
to TFA did not result in a shift towards one of the
individual spiroketals).

It was reasoned that replacement of the secondary
hydroxyl groups in 15 with an amine functionality, as in
21, would lead to 6,6-spiroketal 22 as the single product.
In a two step procedure the carboxylic acid moiety in
glutamic acid derivative 17 was selectively reduced in
the presence of the methyl ester (Scheme 3).?! Treatment
of 17 with N-methylmorpholine (NMM) and ethyl chlo-
roformate yielded the corresponding mixed anhydride
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Scheme 2. Reagents and conditions: (i) (a) NalOy4 (1.2 equiv), 5% aq
NaHCO3, rt, 1 h, (b) (Et0)2POCH2COZEt, 6M aq K2C03, rt, 17 h,
96% (2 steps); (ii) Hp, 10% Pd-C (cat.), EtOH, 45 min, 94%; (iii)
LHMDS (2.0 equiv), TMEDA (4.0 equiv), THF, 0 °C, 2.5 h, 58%; (iv)
LiCl (3.8 equiv), DMSO, H,O, reflux, 5 min, 92%; (v) HOAc/H,O
(3:2), rt, 90 min, 76%.
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Scheme 3. Reagents and conditions: (i) (a) NMM, CICO,Et, THF,
—10 °C, 10 min; (b) NaBH, (3.0 equiv), 0 °C, 30 min, 83% (2 steps); (ii)
dimethoxypropane, acetone, p-TsOH, rt, 17 h, 94%; (iii) LHMDS
(1.0 M in hexanes, 2.5 equiv), TMEDA (5.0 equiv), THF, 0°C, 3 h
72%; (iv) KOH (2.5 equiv), MeOH/H,O (1:1), reflux, 1h, 79%; (v)
HOACc/H,O (1:1), reflux, 3 h, 90%.

which was subsequently reduced with sodium borohy-
dride furnishing alcohol 18 in 83% yield. Installation
of the isopropylidene group gave oxazolidine 19 (94%),
of which Claisen self-condensation under the conditions
previously described afforded B-ketoester 20 in a yield of
72%. Saponification of 20 at elevated temperature gave
the corresponding B-ketoacid which immediately under-
went decarboxylation yielding ketone 21 in 79%. Acidic
removal of the isopropylidene protecting groups and
concomitant cyclisation provided amine protected spiro-
ketal 22 in a yield of 90%.%2

In conclusion, we have presented a new route for the
stereoselective synthesis of functionalised 1,7-dioxa-
spiro[5.5Jundecane ring systems. These C,-symmetrical
spiroketals were efficiently obtained via acid-catalysed
cyclisation of dihydroxyketones which are readily avail-
able from the Claisen self-condensation of suitably
substituted hydroxy esters. The scope of our strategy
in the preparation of unsymmetrical spiroketals and
their implementation as chiral scaffolds is currently
under investigation.
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