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Although known for over a quarter of a century, the oxidative radical cyclisation route to spiroketals
has found limited use in natural product synthesis in comparison to classical approaches. Its successful
application in this field of research forms the subject of this perspective.

Introduction

Spiroketals are found in a wide range of natural products that
exhibit a broad range of biological properties. Traditionally, the
synthesis of spiroketals has been conducted by the acid-catalysed
cyclisation of a dihydroxyketone precursor, often producing the
thermodynamic products arising from the maximum number of
anomeric effects and minimum steric interactions.'®® Despite the
popularity of this method, it is not always amenable to the
synthesis of delicate substrates and several natural products are
known to contain non-anomeric spiroketals.?**

The oxidative radical cyclisation approach provides a valuable
alternative to the classical spiroketal synthesis (Scheme 1). It
is particularly useful when delicate or acid-labile substrates are
involved. If spiroketals of a particular configuration are required,
this method often facilitates the synthesis of kinetic products.

The first spiroketal synthesis using a radical cyclisation of an
aliphatic alcohol was reported in 1969.% It was found that a
series of diols 1a—c underwent a double intramolecular hydrogen
abstraction (IHA) when treated with lead tetraacetate in benzene
under reflux, furnishing the spiroketals 2a—¢ (Scheme 2).
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Scheme 1 Classical and oxidative radical cyclisation approach to
spiroketals.

Using this methodology several years later, Suarez* carried out
the oxidative cyclisation of labdanediol 3 using lead tetraacetate
and iodine under light irradiation, demonstrating that the reaction
was amenable to complex substrates and proceeds in high yield
under photolytic conditions. The reaction provided a 77% yield of
spiroketals 4a and 4b in a 3 : 1 ratio (Scheme 3).

Suarez later investigated the cyclisation of the e-hydroxy-
tetrahydropyran (26-hydroxyfurostan) 5 to spirostan sapogenin
6 and subsequently elucidated the likely mechanism (Scheme 4).°
Initially, the alkoxy radical is formed from a thermal or pho-
tochemical homolytic cleavage of the O-1 bond in the alkyl
hypoiodite 8. The alkyl hypoiodite itself is formed from reaction
of alcohol 7 with acetyl hypoiodite which is generated in situ from
the reaction between lead tetraacetate and iodine. Initially, both
the 1,5 and 1,6-hydrogen shift pathways were thought feasible.
However, subsequent use of deuterium-labelled substrates during
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Scheme 2 Double THA of aliphatic diols 1 using lead tetraacetate.

the cyclisation proved the reaction proceeds exclusively via a 1,6-
hydrogen shift® and the existence of the acetyl hypoiodite was
later confirmed by NMR studies.® Although the formation of
five-membered rings generally produces higher yields than their
six-membered counterparts,” the yield for the formation of six-
membered rings can be increased if the proton to be abstracted
is attached to an oxygen-substituted carbon.®® For a successful
THA to occur, the optimum distance between the O-radical and
the proton to be abstracted should be around 3 A.*

In 1983, the scope of this reaction was expanded when it was
shown that the oxidative radical cyclisation of alcohol 9 could be
conducted with mercuric oxide and iodine, affording spiroketals
10a and 10b. Acid-catalysed equilibration of the spiroketal mixture
led to the exclusive formation of the thermodynamically favoured
spiroketal 10a (Scheme 5)." This mercury-mediated protocol was
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Scheme 3 Oxidative radical cyclisation of labdanediol 3 by Suarez.*

subsequently used by Kay in the synthesis of the avian toxin (&)-
talaromycin B."

A major breakthrough came in 1984 when Suarez reported the
diastereoselective synthesis of the spiroketal-containing steroid 6
by the photolytic oxidative radical spiroketalisation of alcohol
5 using the non-toxic hypervalent iodine reagent iodobenzene
diacetate (PhI(OAc),) (Scheme 6)."*® Only one equivalent of
PhI(OAc), and iodine is required for completion of the reaction,
in contrast to the excess of lead tetraacetate and iodine usually
required for its variant. Further superiority of this reagent was
subsequently demonstrated during the cyclisation of labdanediol
3121320 glthough in the presence of light, carboxylic acid substrates
tend to undergo a Hunsdiecker-type reaction in preference to
spiroketal formation.®*!

In 2000, Marko showed that the diastereoselective synthesis of
spiroketals 12 could be achieved by the electrochemical oxidative
cyclisation of a series of hydroxy-tetrahydropyrans 11. This
analogous procedure proceeds through a similar mechanism,
wherein the vital oxidation step is carried out electrochemically
(Scheme 7).

Use in natural product synthesis
Avermectin A,

The avermectins are a series of macrocyclic lactone derivatives
with potent anthelmintic properties.’® During the total synthesis
of avermectin A,, 13, the aglycon moiety was constructed using
the mercury mediated oxidative radical cyclisation protocol, one
of the earliest examples reporting the use of this methodology
in a complex molecule synthesis.'*® Alcohol 14 underwent
spiroketalisation upon irradiation in the presence of mercuric
oxide and iodine to produce spiroketal 15 as a single diastereomer
(Scheme 8).

Calyculin A

Calyculin A 16 is a nanomolar inhibitor of two of the four
major serine/threonine protein phosphatases.’® Trost reported the
synthesis of the 5,6-spiroketal moiety of (—)-calyculin A using
the mercury-mediated cyclisation protocol. Thus, a 1 : 1 mixture
of keto alcohols 17a-b underwent oxidative cyclisation using
mercuric oxide and iodine to afford a 1 : 1 mixture of epimeric
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Scheme 4 Mechanism of the oxidative radical spiroketalisation.’
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Scheme 5 Use of mercuric oxide by Kay.!®

spiroketals 18a and 18b. Equilibration unfortunately led to the
formation of the undesired diastereomer 18a as the major product
(Scheme 9)."

Polyether antibiotics—salinomycins, narasin and CP44,161

The polyether antibiotics, salinomycin 19,* narasin 20,%' deoxy-
(0-8)-¢pi-17-salinomycin 21** and antibiotic CP44,161 22% all
possess a common 1,6,8-trioxadispiro[4.1.5.3]pentadec-13-ene, a
rare motif in polyether ionophores (Fig. 1).

Building on previous model work in our own laboratory,**®
the stereoselective synthesis of the bis-spiroketal fragment present
in deoxy-(0-8)-epi-17-salinomycin 21 was successfully achieved.?
Photolytic oxidative radical cyclisation of either spiroketal iodohy-
drin 23a or 23b in the presence of iodobenzene diacetate and
iodine produced a 1.7 : 1 ratio of bis-spiroketals 24a and 24b.
Bis-spiroketal 24a possesses the correct absolute stereochemistry

PhI(OAC),, I
hv (2 x 100 W)
cyclohexane |92%
40 °C, 40 min

AcO

Scheme 6 Use of iodobenzene diacetate by Suarez.'?*®

present in deoxy-(O-8)-epi-17-salinomycin 21 and thus was con-
sidered a suitable intermediate for the synthesis of aldehyde 25
to which the pyran moiety could be appended (Scheme 10).
However, despite considerable efforts, displacement of iodide in
bis-spiroketal 24a resulted in concomitant silyl group cleavage at
C9, curtailing efforts towards the synthesis of aldehyde 25.% In
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Scheme 7  Electrochemical oxidative cyclisation by Marko.'s
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Scheme 8 Synthesis of spiroketal 15 during the total synthesis of
avermectin A;, 13 by Danishefsky.7**

order to circumvent this problem, an alternative protecting group
strategy was sought.

Having established a suitable route that employed an acetate at
C2 during the synthesis of a model bis-spiroketal,”® an investiga-
tion into the synthesis of the bis-spiroketal moiety of CP44,161
22 was conducted.?*® Thus, the 1 : 1 mixture of diastereomeric
hydroxyspiroketals 26a-b and 27a-b were subjected to a photolytic
oxidative cyclisation in the presence of iodobenzene diacetate

17a-b

HO. 1) 479,

CCls |(18a:18b = 1:1)
70 °C

Me Et;N Me
18a:18b = 1.5:1
Me>< \ o Me><ow
Me' 0/5 Me /\:
18a ° 18b

Scheme9 (—)-Calyculin A 16 and synthesis of spiroketals 18a-b by Trost."

salinomycin 19: R=H
narasin 20: R = Me

H : H
Et Me Me Et

deoxy-(O-8)-epi-17-salinomycin 21

Me Me

HO

H H
CO,H Me Me Et OH
antibiotic CP44,161
22

1,8,8-trioxadispiro[4.1.5.3]
pentadec-13-ene
([5,6,6]-bis-spiroketal)

Fig. 1 Salinomycin 19, narasin 20, deoxy-(0-8)-epi-17-salinomycin 21
and CP44,161 22 with a shared [5,6,6]-bis-spiroketal motif.
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and iodine delivering their respective bis-spiroketals 28 and 29.
In each case, cis bis-spiroketals 28a and 29a were produced as
the major diastereomer. Trans bis-spiroketals 28b and 29b were
not observed as they underwent rapid epimerisation at C7 to
form cis bis-spiroketals 28¢ and 29c¢ respectively. Bis-spiroketal
29¢ has the correct stereochemistry at C2 and the same absolute
stereochemistry found in both salinomycin 19 and antibiotic
CP44,161 22 (Scheme 11).

Ciguatoxin CTX3C

Ciguatoxin CTX3C 30 is the principle polycyclic ether neurotoxin
responsible for ciguatera fish poisoning (Fig. 2).2

Building on from previous model work, the spiroketal contain-
ing the [IJKLM portion 32 was synthesised from alcohol 31 using
a photolytic oxidative cyclisation in the presence iodobenzene

Me
TBDPSO

Me
TBDPSO

OAc

OAc

PhI(OAc),, I,

27a hv (500 W)
cyclohexane

20°C,7h

— OTBDPS 7

Me = rapid epimerisation
7 atC-7=29c¢

Et AcO  29alc, 41% from 27a-b
29¢ (29a:29¢ = 3.3:1)

Fig.2 Ciguatoxin CTX3C 30.

diacetate and iodine. The 1 : 1 mixture of spiroketals produced
underwent acid-catalysed equilibration delivering spiroketal 32
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exclusively which possesses the correct configuration present in
ciguatoxin CTX3C 30 (Scheme 12).*°

i) PhI(OAC),, I,
hv (60 W)
cyclohexane 73%
23°C,3h |(2steps)
ii) CSA, MeOH
23°C,5h

Scheme 12 Synthesis of pentacyclic IIKLM fragment 32 of ciguatoxin
CTX3C by Fujiwara.*

Spirolides B and D

Our own laboratory reported the synthesis of the bis-spiroketal
fragments related to the marine biotoxins,? spirolides B 33 and
D 34 using iterative oxidative radical cyclisations. Extending a
successful synthesis of a racemic model unsaturated 5,5,6-bis-
spiroketal,** the oxidative radical cyclisation was extended to a
stereoselective synthesis. Thus, irradiation of either pair of 1 : 1
inseparable diastereomeric alcohols 35a-b or 35¢—d in the presence
of iodobenzene diacetate and iodine delivered 1 : 1 mixtures
of diastereomeric spiroketals 36a-b and 36¢-d respectively. Silyl
group cleavage from all four diastereomeric spiroketals 36a—d
(1:1:1:1) gave the four spiroketal alcohols 37a-d (1 : 1 :
1 : 1) which underwent a second oxidative cyclisation. A 1 :
1 : 1 : 1 mixture of diastereomeric bis-spiroketals 38a—d was
obtained which underwent acid-catalysed equilibration to produce
bis-spiroketal 38b (18%) which was separable from an inseparable
mixture of bis-spiroketals 38a and 38¢ (3.3 : 1, 68%). The bis-
spiroketal 38a possesses the same absolute stereochemistry present
in spirolides B and D. Although bis-spiroketals 38a and 38c¢ were
further elaborated to bis-spiroketals 39a and 39c¢ respectively,
introduction of a synthetic handle at C22 proved troublesome
(Scheme 13).3%®

Extending this work further,**™® the synthesis of the fully
functionalized bis-spiroketal 40 was achieved. Oxidative cycli-
sation of a 1 : 1 mixture of diastereomeric alcohols 41 using
iodobenzene diacetate and iodine furnished a 1 : 1 mixture of
two diastereomeric spiroketals 42 which underwent silyl ether
deprotection to give alcohols 43. A second oxidative radical
cyclisation of alcohols 43 afforded bis-spiroketals 44a—d as a 1 :
1 : 1 : 1 mixture of diastereomers. The 1 : 1 : 1 : 1 mixture
of diastereomeric spiroketals 44a—d was treated with m-CPBA,
effecting concomitant epoxidation and equilibration remarkably

resulting in one diastereomer 45. Further elaboration gave bis-
spiroketal 40, a diastereomer of the bis-spiroketal fragment present
in spirolides B and D (Scheme 14).

Bistramide C

Bistramide C 46 is a bioactive cyclic polyether which ex-
hibits potent in vitro inhibition against numerous tumour cell
lines.** Wipf and co-workers carried out a total synthesis of
a stereoisomer of bistramide C using an oxidative cyclisation
and subsequently assigned the configuration of the natural
product.*® This assignment was later confirmed through to-
tal synthesis that also involved a photolytic oxidative radical
spiroketalisation.?” Thus, alcohol 47 underwent the key photolytic
oxidative cyclisation in the presence of iodobenzene diacetate
and iodine followed by reductive removal of the pivaloate to
afford a 3.8 : 1 mixture of spiroketal 48 and iodospiroketal 49.
Todospiroketal 49 was treated with azobisisobutyronitrile and
tributyltin hydride to produce spiroketal 48 which was used as
an intermediate in the total synthesis of (+)-bistramide C 46
(Scheme 15).

(+)-Spirolaxine methyl ether

Dallavalle® reported the total synthesis of the anti-Helicobacter
pylori agent (+)-spirolaxine methyl ether 50* in which spiroke-
talisation was achieved using an oxidative cyclisation. Upon
irradiation in the presence of mercuric oxide and iodine, alcohol
51 underwent oxidative radical cyclisation affording spiroketal 52
as a single diastereomer, a key intermediate in the total synthesis
of (+)-spirolaxine methyl ether 50 (Scheme 16).

Ritterazines and cephalostatins

The ritterazines* and cephalostatins** comprise a family of 45
trisdecacyclic bis-steroidal pyrazines that display potent cytotox-
icity against human tumors, ranking among the most potent
anticancer agents ever tested by the NCIL.* Selected members
of this family that contain spiroketal moieties are shown in
Fig. 3.

Based on extensive model work,*® Fuchs reported the to-
tal synthesis of ritterazine M 53 using a photolytic oxidative
radical cyclisation of alcohol 58 with iodobenzene diacetate
and iodine giving [5,6]-spiroketals 59a-b in a 5.5 : 1 ratio and
excellent yield.* Spiroketal 59a was subsequently used for the
total synthesis and structure reassignment of ritterazine M 53
(Scheme 17).

Due to their scarcity from nature and unknown mechanism
of action, several studies towards the synthesis of analogues
of the ritterazines and the cephalostatins have been reported,
several of which employed the oxidative radical spiroketalisation.
Suarez synthesized a series of C22 and C25 stereoisomers of
cephalostatin and upon probing the acid stability of the spiroketal
products, it was discovered that compounds with the greatest
acid-catalysed reactivity possessed the natural stereochemistry.**®
Also using this methodology, Fuchs reported the synthesis of a
series of [5,5]-spiroketal analogues of cephalostatin* and Shair
reported the synthesis of the ‘northern’ halves of ritterazines
B (54), F (55), G (56), and H, which ultimately led to the
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Scheme 13  Structures of spirolides B 33 and D 34, synthesis of bis-spiroketals 39a/¢ by Brimble.?**® cis/trans denotes the arrangement of the both
terminal ring oxygen atoms across the central ring; syn/anti denotes the arrangement of the central ring oxygen and the substituents attached to the outer
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Scheme 14  Synthesis of bis-spiroketal 40 by Brimble.3*-34
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Scheme 16 Synthesis of (+)-spirolaxine methyl ether 50 by Dallavalle.*®
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o X Conclusions
Me The oxidative radical cyclisation provides an excellent method for
(+)-bistramide C 46 the synthesis of spiroketals and this perspective article highlights
the utility of this approach in the field of natural product synthesis.
Scheme 15 Synthesis of (+)-bistramide C 46 by Wipf."’ However, the broad importance of this methodology in organic

synthesis, particularly in carbohydrate chemistry,*** should not
reassignment of the [5,5]-spiroketal moiety of ritterazines B and be understated. It is envisaged that this method will continue to
F# These studies have proven the value of this mild spiroke- provide a valuable synthetic tool in complex molecule synthesis.
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Scheme 17 Total synthesis of ritterazine M 53 by Fuchs.*#
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Fig. 3 Selected ritterazines and cephalostatin 1.
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