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Rather than giving the corresponding aldehyde or carboxylic acid, Jones oxidation of 5-substituted-2-
furylethanols gives rise to high yields of the corresponding dihydro-2-(2-oxoethyl)furan-3(2H)-ones, fol-
lowing Achmatowicz-type oxidative ring opening and subsequent reclosure by a 5-exo Michael addition
of the pendant hydroxy group to the enedione function. Other oxidation methods such as a Swern reac-
tion give lower yields of the same products while magnesium perphthalate tends to yield the intermedi-
ate enediones, and IBX tends to yield the furyl aldehydes.

� 2009 Elsevier Ltd. All rights reserved.
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The need for ever more efficient, mild and especially environ-
mentally friendly synthetic processes continues to drive the devel-
opment of heteroaromatic syntheses, despite the existence of
many viable routes to these molecules. One of our recent contribu-
tions to this area has been the discovery that silver(I) nitrate ab-
sorbed on silica gel [10% AgNO3–SiO2], more often associated
with a role as a stationary phase for the chromatographic separa-
tion of alkene stereoisomers, is a superbly efficient heterogeneous
catalyst for the conversion of 3-alkyne-1,2-diols 1 into the corre-
sponding furans 2 (Scheme 1), the only by-product being an equiv-
alent of water.1

In one endeavour aimed at extending the utility of this method-
ology, we undertook a study of such cyclisations when applied to
substrates 3 having unprotected hydroxyalkyl substituents in or-
der to examine whether incorporation of these would result in
the occurrence of any competing cyclisation modes. The motiva-
tion for this was to determine whether the need for protecting
groups could be obviated; if such competing cyclisations did in-
deed occur, we hoped that protection methodology would provide
a solution.

We also hoped that, given the successful outcome of such cyc-
lisations, the resulting 2-furylalkanols 4 would act as precursors
to additional derivatives such as the corresponding carboxylic
acids 5 (Scheme 2).

It has been known for many years that oxidations of furylic
alcohols (2-furylmethanols) do not always follow the expected
pathway to the corresponding aldehydes or ketones, but rather
ll rights reserved.
can induce deep-seated rearrangements, one of the best known
being the Achmatowicz oxidation, which originally used bromine
in methanol to give pyranones,2 while photo-oxygenation usually
leads to 4-hydroxybutenolides.3 Alternatively, exposure of these
5
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sensitive furyl alcohols to acidic conditions and by implication to
acidic oxidising agents such as the Jones reagent results in the for-
mation of a 4-hydroxy-2-cyclopentenone by alcohol protonation,
water loss assisted by the furyl ring oxygen and the re-addition
of water, but at the distal 5-position of the furan, followed by ring
opening and finally aldol cyclisation.4 We were therefore most un-
clear as to what would happen when we attempted to oxidise the
2-furylethanols 4, especially as there appeared to be no references
to any such transformations in the literature. However, a very re-
cent report of the photo-oxidation chemistry of similar substrates5

prompts us to report, in preliminary form, our own studies in this
area.

Our initial studies showed that a phenyl-substituted alkyne-
1,2-diol 6 underwent very smooth silver-catalysed cyclisation to
provide a virtually quantitative yield of the 2-furylethanol 7 with-
out any interference from the unprotected primary hydroxy group
(Scheme 3).1,6

When the 2-furylethanol 7 was exposed to the Jones reagent at
0 �C,7 an oxidation clearly occurred as green chromium(III) salts
became visible. However, quenching with aqueous carbonate fol-
lowed by a simple solvent extraction gave an excellent yield of a
product which clearly no longer contained a furan residue and
equally clearly was not an aldehyde or a carboxylic acid. Further,
to our surprise, its richly detailed 1H NMR spectrum strongly sug-
gested the formation of an aliphatic product as it showed the com-
plete absence of alkenyl protons. Subsequent coupling constant
and COSY analyses identified two separate groups of protons, a
three-proton ABX system and a four-proton AA0BB0 pattern. Fur-
ther, infrared, and especially 13C NMR data, showed the presence
of two ketone groups [dC 215.8 and 196.1], the latter likely to be
due to the presence of a benzoyl group, PhCO. Further, the coupling
constant values strongly indicated that most of the protons were
attached to a cyclic system. That an oxidation had indeed occurred
was confirmed by molecular weight determination: while the ini-
tial furylethanol 7 [C12H12O2] had a molecular weight of 188, the
new product showed m/z = 227 for [M+Na]+, equivalent to a
molecular weight of 204, and therefore contained an additional
oxygen [C12H12O3], a conclusion confirmed by high resolution
measurements.

It therefore appeared that the furan ring had undergone an ini-
tial oxidative ring opening, perhaps related to the Achmatowicz
reaction,2 to give an intermediate enedione 8 (Scheme 4). This
could then undergo ring closure by an intramolecular Michael
addition of the pendant hydroxy group to the enedione acceptor,
to give either a five- or a six-membered cyclic ether. In view of
the Baldwin rule prediction that 5-exo-trig processes are generally
preferred to 6-endo-trig competitors,8 we favoured the keto-tetra-
hydrofuran structure 9 as being that of the unexpected product.9
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It was at this point that we became aware of the publication by
Tofi et al.5 in which they describe the formation of very similar
keto-tetrahydrofurans but using a photo-oxidation method to gen-
erate the intermediate enediones [cf. 8] (Scheme 5). This chemistry
involves the Diels–Alder-like addition of photochemically gener-
ated singlet oxygen to the furan nucleus 10 to give an endoperox-
ide 11, which is then opened by nucleophilic attack of the
methanol used as the solvent. The resulting hydroperoxide 12
and presumably its positional isomer are then reduced in situ by
the addition of dimethyl sulfide to give a hemiacetal 13 which is
in equilibrium with the open chain enedione 8, exactly the same
type of species as we proposed as the intermediate in the Jones oxi-
dation method (Scheme 4). A Michael addition then completes the
sequence in the same way.

Comparisons of spectroscopic and analytical data reported from
the foregoing Scheme 5 supported our structural assignments. The
alternative pyranone structure 14 which could be formed by a less-
favoured8 6-endo-trig cyclisation was ruled out mainly on the con-
sideration of this mechanism and on the basis of comparative spec-
troscopic data.
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We then wondered whether the initial example 9 was a special
case that perhaps, for instance, depended on the presence of the
phenyl group. We therefore examined the behaviour of related 5-
alkyl-substituted 2-furylethanols when exposed to Jones reagent,
using exactly the same conditions which were used previously.9

Thus the 5-butyl derivative 15 was converted into the keto-tetra-
hydrofuran 16 in 77% isolated yield.
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The more sensitive citronellyl-derived furylethanol 17 similarly
gave the keto-tetrahydrofuran 18 in 64% yield.
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In much the same way as the Jones reagent can directly transform
O-silyl ethers into the corresponding carbonyl compounds by
sequential deprotection and oxidation,10 exposure of the t-butyldi-
methylsilyl ether 19 to the Jones reagent led to a similar yield of the
keto-tetrahydrofuran 9 as that obtained from the parent alcohol.
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During attempts to probe the origins of the unexpected keto-
tetrahydrofurans, we treated the initial 5-phenylfurylethanol 7
with acidic acetone, essentially Jones reagent9 without the chro-
mium salts, and were surprised to isolate a reasonable yield of
the Friedel–Crafts product 20 (Scheme 6). When this was exposed
to the ‘normal’ Jones reagent,9 we were able to isolate, but in poor
yield, the keto-tetrahydrofuran 21 as a 1.5:1 mixture of diastereo-
isomers. It seemed remarkable that such a sensitive product had
survived the acidic conditions but, presumably, this is reflected
in both the poor yield and the observation of the formation of a
multitude of other, as yet unidentified products.

We also examined a number of alternative oxidation proce-
dures in a continued effort to obtain ‘simple’ alcohol oxidation
products from the model substrate 7. Omitting the acidic compo-
nent in a Jones oxidation mixture resulted in the formation of a
ca. 1:1 mixture of the precursor 7 and the keto-tetrahydrofuran
9. Pyridinium dichromate (PDC) in dimethylformamide (DMF) at
ambient temperature11 led to the very slow formation of the
keto-tetrahydrofuran 9, but formation of little else. Even the rather
mild Swern oxidation method12 delivered a similarly low yield of
the keto-tetrahydrofuran 9, while tetrapropyl perrhuthenate
(TPAP)13 and various methods using potassium permanganate14
OPh OH

207
47%

OPh OH

OH

O

c.H2SO4

Jones

O

O

Ph

O

OH

21

27%

Scheme 6.
proved unsuccessful. By contrast, treatment of the alcohols 7, 15
and 17 with magnesium monoperphthalate (MMPP)15 in aqueous
ethanol at ambient temperature for two hours gave a second prod-
uct type, the (Z)-enediones 22a–c (Scheme 7). This is a known
transformation16 but one which gave us a definitive insight into
the mechanism of the present chemistry.

A second reaction of the products 22 strongly supported their
intermediacy in the foregoing unexpected oxidation chemistry:
exposure to catalytic p-toluenesulfonic acid,5 as shown (Scheme
8), led to smooth formation of the corresponding keto-tetra-
hydrofurans by an acid-induced 5-exo-trig Michael addition.

A final contrast was shown by the use of IBX17 which under typ-
ical conditions delivered excellent yields of the aldehydes 23 from
the two representative 2-furylethanols 7 and 15 (Scheme 9).

Therefore, despite our initial concerns, this chemistry has pro-
ven to be synthetically useful in the sense that, by a careful choice
of oxidising reagent, three different product types can be obtained
from 2-furylethanols. The 3-keto-tetrahydrofurans in particular
may turn out to be especially useful as this is a structural type
which is poorly represented in the current literature. Quite why
the Jones chemistry and other oxidations follow this unexpected
pathway remains unclear but, possibly, the b-hydroxy group in
the 2-furylethanols could form complexes with the chromium-
based or other activated oxidation moieties, thereby strongly
encouraging such reactive species to interact directly with the fur-
an ring, aided by the oxygen atom of the latter, leading to an inter-
mediate enedione [cf. 22]. This induced proximity could render
such reactions faster than proton loss a-to the oxygen and alde-
hyde formation, as in a more usual oxidation. Under the acidic
Jones conditions, such an intermediate would surely undergo ra-
pid, acid-catalysed cyclisation to the observed keto-tetrahydrofu-
rans. Efforts to further define and exploit this methodology are
under way.
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