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Spiroketals via oxidative rearrangement of enol ethers†
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Oxidative rearrangement of cyclic enol ethers leads to a-
alkoxyesters. In the presence of a neighboring spiroether,
this approach provides a stereoselective access to spiroketals.
A modified proposal for the biosynthesis of acutumine is
presented.

As part of our research program on the synthesis of highly
oxygenated spiroketal natural products and Trx inhibitors,1 we
attempted to model Barton’s proposed biosynthesis of the spiro-
fused vinylogous ester moiety of acutumine (1, Scheme 1).2 In
this proposal, Barton suggested spirodienone 2 as a possible
biosynthetic branching point. Double epoxidation of 2 followed
by a hydrolytic Favorskii-type rearrangement furnishes acid 4.
Decarboxylation and epoxide opening affords allylic diol 5, which
is only a single oxidation level apart from vinylogous ester 6.3

Scheme 1 Barton’s proposal for the biosynthesis of acutumine (1).

Due to the ready access to dienones of type 2,4 this ring
contraction provides an attractive, albeit hypothetical entry to
acutumine alkaloid synthesis.5 Our first approach to investigate
this proposal began with model dienone 7.6 Treatment with
basic hydrogen peroxide provided monoepoxide 8 in 67% yield
(Scheme 2). When 8 was treated with 3 equivalents of mCPBA
buffered with Na2HPO4, we expected that the intermediate bis-
epoxide would undergo Barton’s proposed cascade reaction;
however we isolated only racemic epoxylactone 9 in 80% yield
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as a single diastereomer, characterized by X-ray crystallography.
We found that the actual diastereoselectivity of this reaction in the
absence of Na2HPO4 was only 2 : 1; the crude product then readily
equilibrated to a single diastereomer while washing the organic
layer with aqueous NaHCO3.

Scheme 2 Reagents and conditions: (i) H2O2, K2CO3, THF, 40 ◦C, 6 h.
(ii) m-chloroperbenzoic acid (3 eq.), Na2HPO4 (3 eq.), CH2Cl2, 18 h.

While not entirely unprecedented,7 the epoxide rearrangement
of 8 to 9 offers new and intriguing opportunities for natural
product and diversity-oriented synthesis.8 In order to probe the
mechanism and develop the scope of this transformation, we
examined additional substrates, including five-and six-membered
diosphenol ethers (10,9 1210), and the highly functionalized
hydroxy enol ether 14. An epoxide (as in 8) was clearly not
necessary: enone 10 underwent rearrangement to lactone 11 in
75% yield (Scheme 3). In contrast, the yield for the conversion of
five-membered enone 12 to lactone 13 was only 35%. A carbonyl
functionality was also not needed to facilitate the rearrangement;
the epoxy alcohol 14, prepared by the addition of MeLi to ketone
8, succumbed to the oxidative rearrangement to give hemiacetal
15 in 20% yield as a racemic single diastereomer which was again
characterized by X-ray crystallography.

Scheme 3 Reagents and conditions: (i) m-chloroperbenzoic acid (3 eq.),
Na2HPO4 (3 eq.), CH2Cl2, 18 h.

A proposal for the oxidative rearrangement of 10 is outlined
in Scheme 4. The epoxy ether intermediate 16 opens to the
alkoxycarbenium ion 17 in the presence of a proton donor.
This species is then intercepted by another equivalent of peracid
to give peroxy ketal 18. A methyl ether assisted acyl shift
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Scheme 4 Proposed mechanism for oxidative rearrangement.

generates the seven-membered lactone 19 which can undergo a
ring contraction to generate the product lactone ester 20, which
is epimerizable at the a-position to the ester moiety, resulting in
the thermodynamically more stable equatorial ester after basic
workup and isolation. This sequence constitutes a net addition of
two oxygen atoms concomitant with a skeletal rearrangement.7

Even though the product forms in low yield, we were par-
ticularly interested in the possible use of highly functionalized
substrates such as 14 in the oxidative enol ether rearrangement.
Replacement of the tertiary hydroxy group with a cyclic ether
would establish a novel access to spiroacetals, which are common
features in biologically active natural products.11,12 A procedure
developed by Paquette et al. provided rapid access to the desired
a-carbonyl functionalized cyclic ethers.13 Addition of 5-lithio-
2,3-dihydrofuran to cyclopentanone furnished an intermediate
tertiary allylic alcohol which underwent an acid catalyzed pinacol
rearrangement to give spirocyclic ketone 2113 in 65% overall yield
(Scheme 5). While hard electrophiles such as Meerwein’s reagent
failed to give satisfactory yields of O-alkylation, generation of
the enolate of 21 with KHMDS, followed by addition of DMF
and dimethyl sulfate furnished the methyl enol ether 22 in 89%
yield. When 22 was submitted to the oxidative rearrangement with
mCPBA, the volatile spiroketal 23 was obtained as the sole product
in 52% yield.

Scheme 5 Reagents and conditions: (i) 5-lithio-2,3-dihydrofuran, THF,
−78 ◦C, 12 h. (ii) Dowex 50X, CH2Cl2, 18 h. (iii) KHMDS, Me2SO4,
THF–DMF (4 : 1), −78 ◦C, 4 h. (iv) m-chloroperbenzoic acid (3 eq.),
Na2HPO4 (3 eq.), CH2Cl2, 18 h.

For a further expansion of this methodology, we prepared
methyl enol ethers 24, 2614 and androsterone-based 2814 in
a fashion analogous to 22.15 When 24 was submitted to the
rearrangement, the volatile spiroketal 25 was isolated in 48% yield
as a modest 2 : 1 mixture of diastereomers (Scheme 6). The tricyclic
methyl enol ether 26 smoothly underwent the rearrangement in
53% yield, and product 27 was isolated as a single diastereomer.
Additionally, 28 was also converted to pentacyclic spiroketal 29 as
a single diastereomer in 76% yield.16

In conclusion, we have demonstrated a new and efficient oxida-
tive rearrangement of alkyl enol ethers to lactone and spiroketal
esters. Our method allows a rapid access to these common
structural subunits of natural products. We are currently exploring
additional applications of this process towards biologically active
molecules. This investigation was inspired by Barton’s proposal
for the biosynthesis of acutumine, but we have not been able
to garner any experimental support for the dienone diepoxide

Scheme 6 Reagents and conditions: (i) m-chloroperbenzoic acid (3 eq.),
Na2HPO4 (3 eq.), CH2Cl2, 18 h.

rearrangement shown in Scheme 1. While an enzymatic pathway
could easily take a different course, it appears that, chemically,
a-epoxy ethers of type 3 prefer alternative rearrangements to
a migratory ring contraction. In fact, the recent isolation of
acutudaurin,17 a possible precursor of acutumine-type natural
products, supports a modified biosynthetic pathway (Scheme 7).

Scheme 7 Alternative proposal for the biosynthesis of acutumine (1).

The tricarbonyl tyrosine dimer 30 can be envisioned as a direct
precursor of 1 after oxidation and benzilic acid rearrangement
(31 → 32), followed by decarboxylation to give the cyclopentanone
subunit 6. This pathway is supported by experimental observations
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in the literature,18 and the oxygenation pattern on spirocycle 31 is
in good agreement with the structure of acutudaurin.
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