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Figure 1: Structure of the marine toxin okadaic acid

Its reactivity with the different protein phosphasstogether
with a range of biological activities, including tompromoting
activity’ and ability to induce apoptosisittracted the attention of
the synthetic community to this challenging tardet.date, three
independent total syntheses have been repdrémhg with the
synthesis of natural and non-natural analoguasd some
fragment studie¥’ However, continuous improvement of the
synthesis is still required to reach OA in an effitjggreener and
shorter way.

Structure activity relationship (SAR) studies hahewn that
the terminal C28-C38 hydrophobic part of the pdigetis
particularly important for the phosphatase inhdsitireactivity**
Previous syntheses of this fragment have reliegelgron the
formation of keto-diols and their acid catalyzedtakieation
generating the spiroketal centéf. While this approach allows
the target spiroketal to be obtained in an efficiand even
sometimes short manner, new methods that can irapabem
economy and allow simple modification of the struetican
facilitate the synthesis of new derivatives of OA, amdre
generally spiroketals.

Herein, two innovative approaches for the synthegishe
terminal C28-C38 fragment of OA starting from honhgdal
alcohol 4, scheme 1, are described which give access to
spiroketal alcohob, an intermediate used in previous syntheses
of OA®? The first involves the construction of the spiraite
moiety through sequential tetrahydropyran formatiosging a
modified Taddei-Ricci protocHl followed by a hydrogen atom
transfer through the photochemical oxidative cdodg
described by Suaré2.The second route relies on an original
method developed in the Markd group for the elettemical
oxidation of malonates into ketdfs.

2. Results and Discussion

The starting point of both routes is the homoatlgicohol4,
obtained in four steps from commerciab)-Roche ester2
through a diastereoselective crotylstannation agpesl by Keck
(Scheme 13% **This central building block possess all the chiral
centers of the fragment with the exception of the

) thermodynamically controlled spiroketal center apdn be
1. Introduction obtained with both excellent dia- and enantioselégti

Okadaic acid (OAL, Figure 1), a complex natural polyether, is
the leading member of the family of toxins that smuliarrheic
shellfish poisoningd. It was originally isolated from the marine
spongesHalichondria okadaiand Halichondria melanodocfa o

o} OH
and subsequently identified as being produced bynthene ﬁ)k abc A‘) 4, W\
dinoflagellatesProrocentrum limaand Dinophysis fortit which Ho OMe TBOPSO TBOPSO h
accumulated in the sponges through filter feedi@A has been 2 3 4

shown to be a potent and selective inhibitor ofredthreonine  Scheme IReagents and conditions: a) TBDPSCI, BN, DMAP, DCM, RT,

protein phosphatases 1 and 2A {®f 3.4 and 0.07 nM quant. p) DIBAL-H, DCM, -78 °C to RT, 88%. c)0 DMBCM, RT, 85%. d)

respectively)“. Thus, it is a valuable and widely used tool in Crotyltributylstananne, BfOEt, EtO, -100 to -78 °C, 83%, e.r.; d.r. > 98:2.
biochemical studies involving these enzymes.

2.1 Photochemical route
/ The first approach expands on a method describedhéy
N o Marké group involving a key photochemical oxidative
o@ = Ho Ho@ cyclization step using HgQ/® This method allowed direct
9 synthesis of a spiroketal center starting from adaho
tetrahydropyran system. The excellent efficiencyhig approach

okadaic acid (1)



notwithstanding, removal of the toxic reagents ararskn
conditions would offer a significant improvement.

Suarez and co-workers have reported a photochemieiilod
that allowed them to obtain a variety of spiroketal$heir
approach makes use of (diacetoxyiodo)benzene (BAIB)id
involves the generation of an alkoxy radical follawby an
intramolecular 1,6-hydrogen atom transfer (1,6-HAT)This
intramolecular HAT allows for the functionalizatiori diverse
tetrahydropyrans and avoids the use of mercuryergadJsing
this idea, a new method was envisaged involving tmstcuction
of the spiroketal moiety through sequential tetdabpyran
formation via a modified Taddei-Ricgiprotocol followed by a
hydrogen atom transfer through the photochemicatative
conditions described by Suéarez. This method allowrs the
formation of the spiroketal moiety of the C28-C3&gment
without using the classical keto-diol approach.

3

2.2 Electrochemical route

Over the last decades, organic electrochemistryrégained
attention in the field of synthetic organic methdt€lassical
chemical reducing or oxidizing agents are beinglaecgd by
electric current as an inexpensive and inhereiatly e2agent.

Recently, investigations in the Marké group on cadi
generation under electrolytic conditidhand on the Kolbe-type
reaction of monocarboxylic acidsled to the development of a
method to perform the electrolysis of malonic adm$heir ketal
equivalent under mild conditio$.This method allows for the
umpolung-like facile assembly of unsymmetrical ket® or
ketals with relatively good yields (Scheme 3). Ferthore, the
presence of free alcohols on thed® R chains of malonic acid
derivatives could permit the intramolecular captwé the
carbocation intermediate and hence the formatiospifoketal
equivalents such as the terminal fragment of okadaid. This

The synthesis of the target molecule started witle thapproach can constitute therefore a second rougpirtoketalo.

incorporation of the five carbons correspondingthie second
ring of the spiroketal onto alcohdlthrough the formation of the
THP-ketal 5 with excellent yield. This ketalb was then
transformed to the tetrahydropyrénaccording to the modified
Taddei-Ricci conditions formerly developed for gyathesis of a
model fragment of okadaic aci® The reaction is described to
occur by the addition of titanium tetrachloride oaling the
opening of the ketal with formation of the corresgiog
oxonium. This intermediate is subsequently attackgd the
terminal alkene with the help of a chloride ion, de® to
tetrahydropyran6 in very good vyield and with excellent
diastereoselectivity (Scheme ¥)Removal of the chlorine atom

OMe H o*
R?

}<COOH i R
COOH  MeOH }

Scheme 3:Electrochemical oxidative decarboxylation of matonacid
derivatives

m OMe

With this idea in mind, chiral alcohdlwas converted into the

through TTMSS/AIBN mediated reduction led then to THPcorresponding bromidel2, through initial protection of the

alcohol7, which is well suited for the photochemical cycliaat

Addition of BAIB and iodine to7 under UV light gave

spiroketal8 as a single diastereomer with a good yield of 61%:

As described by Suaré¥, this reaction should proceed through
generation of the alkoxy radical which can underdgGaHAT to
generate a radical on the THP ring. Its further ati@h to the
oxonium permits the intramolecular attack of theohbl to form
the thermodynamic spiroketal. Final deprotectiorttaf alcohol
lead to the C28-C38 fragme@iof OA in only five steps from.
Comparison of the spectroscopic data and optidaltiom with
thle7 literature confirmed the relative and absotaefiguration of

9.

(;I OH

O

TBDPSO/W)Y% — TBDPSOW L

Scheme 2Reagents and conditions: a) DHP, CSA cat., DCM, -20 °C, 95%
b) TiCl,, DCM, -100 °C, 89%d.r. = 95:5. ¢) TTMSS, AIBN, Tol, 110 °C
65%. d) BAIB, }, hv, cyclohexane, 40 °C, 619%,r. >20:1. e) TBAF, THF,
RT, 89%.

alcohol as its acetate derivatiu®, followed by a two-step 9-
BBN hydroboration/Appel bromination of the termin#tene to
give primary bromidel2 (Scheme 4). This alkylbromide,
corresponding to the backbone of the substituted fiktPof the
terminal fragment of OAL, was then connected to w@irt-butyl
malonate to yield the malonai8. Finally, deprotonation 013
with sodium hydride and alkylation with iodobutyl sate
furnished the adduct4, containing all the carbons of the full
skeleton of the target molecule.

TBDPSOW — TBDPSO/YH/\ — TBDPSO/YH/\/
tBuO
L. Br 9,
TBDPSO TBDPSO
12 13

tBuO. tBuO
) TBDPSO/W\E/\/\ _> ACO/W\E/\/\

oad 4NO 0o
This very short assembly of the target moleculguiring only -2~ ACOW\E/\A . HO/YEj:j
0”7 "ONH,

five steps from the known alcohdl, represents the shortest
access to date to the key intermedi@tdt highlights also the
great application of the Suarez photochemical diida
conditions for the synthesis of complex spiroketala particular
because of the excellent atom economy and alsoubedhese
conditions avoid the toxic reagents (HgO, gQised previously.
Furthermore, it is the only example, except frone thold
catalyzed spiroketalization of Forsyfththat does not use the
keto-diol approach to reach the C28-C38 fragmei@Af

Scheme 4Reagents and conditions: a) AcO, DMAP cat., py, RT, 92%. b)
i. 9-BBN, THF, 0 °C to RT; ii. NakBO,, H,O, RT, >95%. c) CByr PPh,
DCM, 0 °C to RT, >95%. d) diert-butyl malonate, NaH, THF, 0 °C to RT
then 12, THF, 70 °C, 93%. e) NaH, THF, RT to 70 °C theiodebutyl
acetate, THF, 70 °C, 93%. f) TBAF, THF, 0 °C the®, DMAP cat., RT,
93%. g) i. TFA, DCM, RT then ii. Nkl MeOH, quant. h) i. Undivided cell,
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Cgr/Cgr, 50 mA, MeOH, RT; ii. BKCO;, MeOH, RT; iii. HCI 1M, RT, 61%,
d.r. >20:1.

The next step of the reaction requires ttBa1 deprotection of
the malonate group. This can be accomplished direct 14
using freshly sublimed AlGl However, as formation of HCI can
lead to the removal of the TBDPS group, exchangthefsilyl
protecting group for the corresponding acefd&isvas performed
to increase the reproducibility of this step. Matoracid
ammonium saltl6 was then obtained quantitatively using
trifluoroacetic acid followed by treatment with amnieff

Finally, the electrochemical oxidation of malon@dlé6 to its
dimethoxyketal derivative was conducted in an urtddi cell
using graphite electrodes and under a constanemuf 50
mA.” The reaction was monitored by TLC and stopped when
complete conversion was observéal.situ saponification of the
three acetates using potassium carbonate in mdtfadloaved by
an acidification of the reaction medium gave thmfispiroketal
9 with 61% vyield.

From the same intermediate used in the photochemical
route, eight steps were needed to reach the sameketail
adduct9 with excellent yields over all the synthesis. Usthi
electrochemical umpolung approach, the assemblga diroad
range of spiroketals could be envisaged, avoidirgg use of a
classical dithiane central building block. Henceés ttould allow
facile variation of each cycle of the spiroketaldépendently,
aiding in additional SAR studies of okadaic acidrtRermore,
the very mild, metal-free and eco-friendly electremical
conditions of the final step make this approach eaxellent
candidate for further application and development total
synthesis.

3. Conclusion

In conclusion, we have developed two innovative amtise
synthetic entries to the C28-C38 fragment of okadaiid by
exploiting  green  photochemical and electrochemical
methodologies for the construction of the spiroketait. Our
synthetic strategies allow for rapid assembly ofmptex
spiroketals in high yield with longest linear segeesn from
commercially available material of nine and tweltweps for the
photochemical and electrochemical approaches reégpkyc

4, Supplementary Material

Supplementary material (experimental proceduitésand**C
NMR data for the described compounds) associated thith
article can be found, in the online version, at XXX.
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