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Abstract—Functionalised hydroxy a-alkynones were transformed to the corresponding spiroketals by a one-pot cascade consisting
of palladium-catalysed hydrogenation of the triple bond, hydroxyl group deprotection and spirocyclisation under mild nonacidic
conditions. The reaction does not rely upon thermodynamic control to set the configuration of the ketal stereocentre so that both
the anomerically stabilised and nonstabilised isomers are similarly accessible.
� 2005 Elsevier Ltd. All rights reserved.
The spiroketal (sub)unit forms an important structural
motif of many biologically active natural products from
various sources, including plants, marine organisms,
fungi and insects.1 A main strategy for its construction
has been the classical acid-catalysed intramolecular cyc-
lisation of the corresponding keto-diol precursors or
their equivalents.1,2 Consequently, control of the stereo-
chemistry at the anomeric centre was, almost exclu-
sively, based on the relative thermodynamic stabilities
of the different isomers in the acid-catalysed spiroketal-
isation step. When all factors that control spirocyclisa-
tion, that is, a maximum anomeric effect and minimum
steric interactions are reinforcing, a thermodynamically
(anomerically) favoured isomer forms as the major or
even exclusive product.

Although most of the biologically active spiroketals
have the thermodynamically stabilised configuration,
exceptions from this regularity have been described1a,c,3

indicating a need for further nonstabilised spiroketal-
targeted synthetic efforts. Recently, we have developed4

a new high yielding strategy towards the construction of
[4.4], [4.5], [5.5] and [5.6] spiroketal structures starting
from easily available5 benzyl protected hydroxy a-alkyn-
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ones. According to our strategy, in contrast to a partly
similar strategy described previously,6 the spiroketalisa-
tion occurs under mild, nonacidic conditions. This im-
plies that isomerisation at the spirocentre is not likely
to happen, thus making our protocol well suited to the
synthesis of isomeric mixtures with a unique ratio of less
stable/more stable diastereoisomers.

In this letter, we describe an adaptation of our previ-
ously described strategy4 and demonstrate its potential
as a method for the preparation of stereoisomeric 7-
methyl-1,6-dioxaspiro[4.5]decanes 1, 2,7-dimethyl-1,6-
dioxaspiro[4.5]decanes 2 and 2,8-dimethyl-1,7-dioxa-
spiro[5.5]undecanes 3. Our intention was to construct
these spiroketals in a simple fashion with particular
attention to the synthesis of the intrinsically less stable
diastereoisomers.

Scheme 1 illustrates the synthesis of 7-methyl-1,6-dioxa-
spiro[4.5]decane 1. Treatment of (±)-4 with hydrogen in
the presence of 10% palladium on charcoal in EtOH or
EtOAc solutions resulted in a smooth and reproducible
one-pot formation of a 7:3–3:2 (by gas chromatography)
separable mixture of the major (E)-spiroketal (±)-1a to-
gether with the minor (Z)-isomer (±)-1b in about 75–
78% yields (Table 1). Significantly, the two isomers were
successfully separated and isolated by column chroma-
tography under carefully controlled conditions (silica
gel deactivated with 6% of water, 6:1 pentane/Et2O)
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Scheme 2. Reagents and conditions: (a) H2 (1 atm), 10% Pd/C, rt (for
further details see Table 1).
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Scheme 3. Reagents and conditions: (a) H2 (1 atm), 10% Pd/C, rt (for
further details see Table 1).

Table 2. Selected NMR data of spiroketals 1 and 2a

1a 1b 2a 2b 2c

dH (a-Hax) 4.02 3.50 4.17 4.22 3.47–3.55
dC (C7) 65.89 69.01 65.46 65.15 68.67

69.19
3Jaa 11.3 9.9 11.2 11.4 10.2
3Jae 2.3 2.8 2.3 2.3 2.7
dC (C5) 104.98 105.95 105.24 104.99 105.29

105.76

aMeasured in C6D6, at 500 MHz (for 1H) and 125 MHz (for 13C),
chemical shifts are given in ppm and coupling constants in hertz.

Table 1. Synthesis of spiroketals

Entry Alkynone Conditionsa Product Yieldb (%)

1 (±)-4 EtOAc, 14 h (±)-1a 55 (76)c

(±)-1b 23

2 (±)-4 EtOH, 11 h (±)-1a 45 (61)
(±)-1b 30 (11)

3 (S)-4 EtOH, 11 h (5S,7S)-1a (66)
(5R,7S)-1b (9)

4 5 EtOAc, 32 h (±)-2a 21
(±)-2b 21
(±)-2c 38

5 5 EtOH, 15 h (±)-2a 19 (27)
(±)-2b 19 (25)
(±)-2c 39 (21)

6 6 EtOAc, 24 h (±)-3a 23 (30)d

(±)-3b 38 (30)d

(±)-3c 15

7 6 EtOH, 32 h (±)-3a 24 (27)
(±)-3b 39 (31)
(±)-3c 16 (13)

a Starting from 1 mmol of alkynone.
b GC yields. Numbers in parentheses refer to the isolated yields after
liquid chromatography.

c After acidification of the reaction mixture and distillation. Starting
from 50.8 mmol of the alkynone.

d After acidification of the reaction mixture and liquid chromato-
graphy.
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yielding 61% of (±)-1a and 11% of (±)-1b. Both isomers
were of sufficient purity to allow a full characterization
by IR and NMR measurements and mass spectrometry.
Analogous results were obtained when starting with the
optically active (S)-4. As expected, the reaction afforded
a mixture of (5S,7S)-1a (ee 99%) and (5R,7S)-1b (de
88%, ee 99%) with isolated yields of 66% and 9%, respec-
tively. These reactions demonstrate, to the best of our
knowledge, the first synthesis7 of the very unstable con-
tra-thermodynamic (Z)-isomer 1b.

The strategy was similarly successful in transforming the
alkynones 5 (Scheme 2) and 6 (Scheme 3) both of which
are mixtures of diastereoisomeric racemic pairs due to
the presence of the two secondary methyl groups. Thus,
the reaction of (±)-5 afforded 2,7-dimethyl-1,6-dioxa-
spiro[4.5]decane 2 as a 1:1:2 mixture of (±)-2a, (±)-2b
and (±)-2c (according to NMR analysis (±)-2c is an
inseparable 1:1 mixture of two (7Z)-isomers),8 while
the reaction of (±)-6 led to the formation of 2,8-di-
methyl-1,7-dioxaspiro[5.5]undecane 3 as a mixture of
(±)-3a, (±)-3b and (±)-3c in the ratio of 3:5:2. The
results are summarised in Table 1. While no characteris-
tic analytical data for the (7Z)-isomer(s) 2c could be
found in the literature, the corresponding data for
(Z,Z)-isomer 3c have been published previously9 and
agree with those obtained in this work.

The conformations of spiroketals 1 and 2 were deter-
mined on the basis of standard 1D and 2D NMR tech-
niques (Table 2). Although, due to rather complex
spectra of these mono- and disubstituted spiroketals,
we were not able to detect sufficiently clear diagnostic
NOESY cross-peaks to confirm the conformations
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Figure 1. Structure of spiroketals 1 and 2.
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depicted in Figure 1, the observed coupling constants
for H7 (Table 2) unambiguously indicate that this pro-
ton is predominantly axial (7-Me equatorial) in all iso-
mers, thus supporting the presented structures. The
lower values of 3Jaa for the (7Z)-isomers 1b and 2c
can be explained by a small distortion of the chair geom-
etry. Furthermore, there are several characteristic trends
in the 1H and 13C NMR spectra (Table 2) that mirror
earlier findings.3c,9–11 The chemical shifts of the axially-
oriented H7 are one of the most distinctive features.
When the H7 is in a 1,3-diaxial relationship with the
C–O bond, the resonance is shifted downfield for the
(7E)-isomers compared to the (7Z)-isomers. Also
the differences in chemical shifts of C7 caused by the
well known c-effect are significant and argue for the sug-
gested structures. Somewhat controversially, although
mentioned in the literature,3c,10 trends in the chemical
shifts of the spirocarbon C5, where (E)-isomers of spiro-
ketals usually show resonances shifted to a slightly lower
frequency (upfield), are consistent with our observa-
tions, especially for 1a and 1b.

Importantly, the (E)/(Z) isomer ratio was found to
remain unchanged under our mild conditions, while
the mixture of 1a and 1b was very rapidly (<5 min)
equilibrated upon treatment with hydrochloric acid to
give the spiroketal 1a as sole product. To a certain
extent, isomer 1b also undergoes conversion to 1a dur-
ing the isolation work-up; this explains the discrepancy
between the initial and isolated diastereoisomer ratio
(Table 1). The same 1b ! 1a conversion was observed
during storage both neat and as solutions in nonpolar
solvents. On the other hand, 1b is relatively stable in
polar solvents (EtOH or EtOAc) where it may be stored
without significant changes for at least several weeks.
The anomerically nonstabilised isomers 2c and 3c dis-
played nearly the same chemical behaviour.

It can be inferred from the above results that the spiro-
ketalisation under prescribed conditions proceeds in a
way similar to that described by Deslongchamps for
the formation of [5.5] spiroketals by kinetically con-
trolled cyclisation of dihydroxyketones or hydroxy-
enolethers.11 Additional observations, namely that no
unsaturated spiroketals were detected during the whole
course of these transformations and that the ratio of
isomers 3a:3b:3c = 3:5:2 formed under our conditions
(Table 1) was essentially identical with that formed by
kinetically controlled cyclisation,11b lend further support
to the kinetically controlled process.
Accordingly, the formation of, for example, [4.5] spiro-
ketal isomers 1 from 4 is assumed to occur via intramole-
cular dehydrative ketalisation of the pre-formed
dihydroxyketone 7, whose protonation12 promotes the
formation of two oxocarbenium ion intermediates A
and B (Scheme 4). Although the oxocarbenium ion A
can actually exist in two conformations (both conforma-
tions leading to energetically equivalent protonated spi-
roketals) that (showed in Scheme 4) with the methyl
group in an equatorial position should be, due to steric
reasons, explicitly favoured. The formation of oxocarben-
ium ions A and B would then be followed by a stereo-
electronically controlled antiperiplanar attack by the
hydroxyl group either from the lower or upper side
affording the respective chair-like (A1) and twist-boat-
like (A2) transition states. Assuming an early transition
state,11b the A! A1 conversion benefits from steric
interactions and would be slightly favoured over the
A ! A2 conversion. On the other hand, in the case of
B, both pathways leading to transition states B1 and
B2 are stereoelectronically nearly equivalent. This rea-
soning would explain the observed excess (�20% de
even at the beginning of the reaction) of isomer 1a over
1b (see Table 1). We suppose that the formation of spi-
roketal 2 proceeds similarly furnishing the 2a:2b:2c iso-
mer ratio of about 1:1:2. This ratio may indicate that the
energetic differences in possible pathways are less after
introduction of the second methyl group.

In conclusion, we have developed a new scalable kineti-
cally controlled approach towards simple spiroketals,
which could be applied to the synthesis of different spi-
roketal isomers, including those lacking anomeric stabil-
isation. The approach is capable of providing the
nonstabilised isomers in relatively large amounts thus
making biological tests of some less-stable spiroketal
insect pheromone components (e.g., 1b) possible for
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the first time (cf. Refs. 1c,3b). Moreover, we believe the
approach holds considerable potential for further syn-
theses of more elaborated spiroketal targets.
Acknowledgements

Financial support from the research projects Z4-055-905
and MSM 113100001 is gratefully acknowledged. We
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