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ABSTRACT

A silver(I)-promoted intramolecular hemiacetal alkylation has been developed that converts readily available keto-chlorodiols into functionalized
spiroacetals containing 5,5-, 5,6-, and 5,7-membered ring systems. The efficiency of this process is demonstrated in a concise total synthesis of
the fungal metabolites cephalosporolides E and F.

Spiroacetals are important structural components in
many biologically active natural products, including several

insect sex pheromones, polyketide antibiotics, and micro-
tubule stabilizing agents.1,2 Additionally, a growing family
of 5,5-spiroacetal-containing fungal metabolites have been
described, and several members of this family possess poten-
tially useful biological activities.3 For example, the cepha-
losporolides, penisporolides, and ascospiroketals (Figure 1)
all possess a 5,5-spiroacetal motif and several of these
compounds demonstrate anti-inflammatory activities.3

Accordingly, the stereocontrolled syntheses of spiroacetals
has been the subject of a large body of research.1,2,4 Clas-
sical synthetic approaches to spiroacetals involve thedehydra-
tion of ketodiols,4 oxa-Michael additions,5 cycloadditions,6

intramolecular hydrogen abstractions,7 and furanoxidations.8
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processes9,10 involving alkynes as ketone surrogates
have also been reported.11 Within the context of our
ongoing efforts to expand the utility of chlorohydrins in
stereocontrolled heterocycle/natural product synthesis,
we previously reported a general process for the pre-
paration of tetrahydrofuranols (e.g., 8; Scheme 1) that
involved simple heating of chloropolyols in water.12 Our
success in the formation of the spirocyclic tetrahydro-
furan 8 prompted us to examine a novel synthetic ap-
proach to spiroacetals that would involve intramolecular
alkylation of a hemiacetal with an unactivated alkyl chlo-
ride (e.g., 9; Scheme 1).13 The development of this concise,
stereocontrolled spiroacetal synthesis as well as its applica-
tion in the syntheses of spiroacetal-containing fungal meta-
bolites (e.g., cephalosporolides E (1) and F (2))14 are
detailed below.

As indicated in Table 1, we initially attempted to effect
the spiroacetalization of ketochlorohydrin 11 utilizing

conditions reported by us for the annulation of chlorotriol

7 (Scheme 1).12Unfortunately, heating of 11 in a variety of

solvents at various temperatures led only to the production

of 1-hydroxy-4,6-decandione or 2-(3-hydroxypropyl)-5-

propylfuran (not shown).Wenext evaluatedAg-promoted

cyclizations of 11, following our earlier reported prepara-

tion of tetrahydrofuranols from chloropolyols.15 As indi-

cated in entry 1, treatment of ketochlorohydrin 11 with a

combination of AgOTf/Ag2O
15 in THF afforded a 1:1

mixture of the desired epimeric spiroacetals 12, albeit in

modest and variable yield (20�53%). Unfortunately, an

exhaustive screenof bothAg(I) reagents andbases failed to

identify improvedconditions for this reaction (e.g.,Table1,

entries 2�6). The effect of solvent was also examined, and

it was found that the spiroacetalization occurred cleanly in

bothDMFand acetone and required significantly less time

in the latter solvent (entry 7) in which spiroacetals 12were

produced in 69% yield. It is notable that Ag2O plays a

crucial role in this process by converting formed trifluoro-

methanesulfonic acid (TfOH) into AgOTf,16 effectively

buffering the reaction media. While it is conceivable then

that substoichiometric amounts of AgOTf and/or Ag2O

would also promote the desired transformation, use of less

than 1 equiv of either reagent required extended reaction

times that coincided with increased formation of bypro-

ducts (e.g., furans), and lower isolated yields of the desired

spiroacetals 12. As part of an exhaustive evaluation of

reaction conditions, repetition of the reaction described in

entry 7 without stirring led to rapid decomposition of the

starting material. As the conversion of TfOH into AgOTf

occurs on the surface of the largely insoluble Ag(I) parti-

cles, this result inspired us to repeat this reaction with

sonication, in an effort to increase the surface area and

buffering capacity of the Ag2O. Gratifyingly, as indicated

in entry 12 (Table 1), repetition of the reaction described in

entry 7 with sonication not only lowered the reaction time

but also improved the reproducibility and overall yield of

the reaction to 79%.
Scheme 1. Synthesis of Tetrahydrofuran 8 and a Hemiacetal
Alkylation Strategy for Spiroacetal Synthesis

Figure 1. 5,5-Spiroacetal-containing natural products.
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Having optimized production of the 5,5-spiroacetals 12
from ketochlorohydrin 11,17 the scope of this transforma-
tion was investigated through the conversion of a range of
ketochlorodiols 15�21 into the corresponding spiroace-
tals. As indicated in Table 2, the formation of 5,5-, 5,6-,
and 5,7-spiroacetals18 proceeded in good yields (71 to
79%) using the optimized reaction conditions (Table 1,
entry 12). While secondary alcohols were good substrates
for this reaction (Table 2, entry 3), branching at the
position adjacent to the chloromethine function slowed
the reaction considerably, and led to lower isolated yields
of the corresponding spiroacetals (e.g., Table 2, entry 4). In
this latter case, the yield of 25 could be improved to 75%
through the use of 2.0 equiv of bothAgOTf andAg2O.Not
surprisingly then, the presence of a quaternary center
adjacent to the chloromethine function (Table 2, entry 5)
reduced the reactivity entirely. While various other combi-
nations ofAg(I) salts/bases failed to effect the formation of
spiroacetals from 19, the desired spiroacetal 26, which
bears structural resemblance to the cephalosporolides
(e.g., 3 and 4, Figure 1), was available in modest yield by

heating the ketochlorodiol 19 for extended periods of time
in pH 7 buffer.12 Interestingly, subjection of the dichloride
20 to the optimized conditions (Table 2, entry 6) resulted in
the formation of spiroacetal 27 in good yield (65%),
whereby the primary alkyl chloride function did not react.

The yield for this material could be further improved by
use of a combination of AgPF6 and AgOAc (82%).
Notably, while increasing the equivalents of silver reagents
resulted in the formation of small amounts of the tricycles
28 (entry 7), formation of the tetrahydropyran ring in 28

could be effected in good yield by treatment of the crude
5,5-spiroacetals 27 with sodium hydride (66% yield over
two steps). As indicated in entry 8, the methyl ether 21

also proved to be an effective substrate for this reaction,

Table 1. ReactionOptimization forFormation of Spiroacetal 12

entry reagent base solvent

yield 12a

(%)

1 AgOTf Ag2O THF 20�53b

2 AgPF6 Ag2O THF 19

3 AgBF4 Ag2O THF 60

4 AgSbF6 Ag2O THF 44

5 AgOTf AgOAc THF 49

6 AgOTf Ag2CO3 THF 32

7 AgOTf Ag2O acetone 69

8 AgOTf MgO acetone 43

9 AgOTf NaOAc acetone 30

10 AgOTf K2CO3 acetone 3

11 AgOTf Ag2O acetone 0c

12 AgOTf Ag2O acetone 79b,d

aAssay yield based on analysis of 1H NMR spectra recorded on
crude reaction mixtures with internal standard. b Isolated yield. cReac-
tion performed without stirring. dReaction performed with stirring and
sonication, 0�40 �C, 17 h.

Table 2. Synthesis of 5,5-, 5,6-, and 5,7-Spiroacetals

a 2.0 equiv of AgOTf and Ag2O. b 50 �C in pH 7 buffer for 5.5 days.
c 1.0 equiv of AgPF6 andAgOAc, 0 �C to rt, 8 h. dFollowing addition of
NaH to 27 in THF (yield over two steps).

(17) General procedure for formation of spiroacetals: To a cold
(0 �C), stirred, and sonicated 0.1 M solution of β-ketochlorohydrin
(1 equiv) in acetone was added silver(I) oxide (1 equiv), and the result-
ing mixture was stirred for 5 min. Silver(I) trifluoromethanesulfonate
(1 equiv) was then added, and the reaction mixture was stirred and
sonicated for 17 h, over which time the temperature increased to 40 �C.
The resulting mixture was then filtered through Celite, diluted with
Et2O, and washed with saturated aqueous NaHCO3. The aqueous layer
was then extracted with Et2O, and the combined organic phases were
washedwith brine, dried (MgSO4), and concentrated. The crude product
was purified by flash chromatography.

(18) Spiroacetals depicted in Table 2 epimerize at the spiroacetal
center upon standing in various organic solvents (e.g., CHCl3, Et2O) and
rapidly convert to the corresponding furan in mildly acidic media.
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however, when a mixture containing equal amounts of 21
and 11were subjected to the standard reaction conditions,
the ketochlorohydrin 11 was consumed at a much faster
rate. This result indicates that the free hydroxyl group
adjacent to the chloromethine function in chlorodiols
15�20 may play a key role by coordinating to the Ag(I)
reagent and facilitating activation of the chloromethine
function.

Finally, this novel spiroacetal formation strategy was
applied to the synthesis of both cephalosporolides E (1)
and F (2).19 As depicted in Scheme 2, the synthesis of 1 and
2 initiated with the enantioselective R-chlorination20 of
commercially available 4-pentenal (30) to afford the chloro-
aldehyde 31 in good yield. The required methyl ketone 34
was prepared following a standard sequence of reactions

involving copper-mediated addition of 2-methylallylmag-
nesium chloride to (R)-propylene oxide21 followed by
direct treatment with chlorotrimethylsilane and subse-
quent oxidative cleavage. A lithium aldol reaction between
the methyl ketone 34 and R-chloroaldehyde 31 afforded
the ketochlorohydrin 35 in good yield and excellent dia-
stereoselectivity (dr >13:1). Removal of the TMS pro-
tecting group then revealed the key spiroacetalization
substrate 36. Gratifyingly, subjection of this lattermaterial
to the optimized reaction conditions for spiroacetal for-
mation led to the smoothproductionof spiroacetals 37and
38, which were isolated in excellent yield (75%). Finally,
the pendant alkene was cleaved under oxidative condi-
tions22 to provide cephalosporolides E (1) and F (2). The
spectral data derived from these compounds (1H NMR,
13C NMR, HRMS, IR) were in complete agreement with
that reported in the literature.23

In summary, we have developed a novel spirocyclization
method that involves the use of inexpensive silver(I) re-
agents and readily available ketochlorohydrins. Spiroace-
tals containing 5,5-, 5,6-, and 5,7- motifs as well as other
more elaborate systems have been synthesized and studied.
This process was also applied in a total synthesis of
cephalosporolides E (1) and F (2). Notably, the synthesis
of these natural products (six steps, 16% overall yield)
compares well with those reported for this class of com-
pounds and highlights this silver-promoted spiroacetaliza-
tion strategy as an effective means to access both these and
other biologically active spiroacetals, work that is cur-
rently ongoing in our laboratory.
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