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A new catalytic protocol has been established by using two separate oxidation reactions, catalysed by
osmium, in tandem. Control of the pH and oxidation state of the metal is crucial in controlling this
new sequence, which begins with a tethered aminohydroxylation reaction (Os(VIII) is active) and is fol-
lowed by an oxidative cyclisation under acidic conditions (Os(VI) is active). The result of this work is an
extremely quick route (five steps from commercially available materials) to complex THF rings contain-
ing an adjacent oxazolidinone and four new stereogenic centres.

� 2009 Elsevier Ltd. All rights reserved.
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Scheme 1. The osmium-catalyzed oxidation reactions. (See above-mentioned
In recent years, we have developed a research programme
aimed at expanding the scope of osmium-catalysed oxidation pro-
cedures, most notably the addition of two heteroatoms across an
alkene unit. There are two main strands to this work, which consist
of the tethered aminohydroxylation (TA)1 and oxidative cyclisation
reactions, respectively.2 In the TA reaction, a substrate based upon
a carbamate is transformed into an imido-osmium(VIII) complex3

which is then able to aminohydroxylate a proximal alkene, often
with high regio- and stereoselectivity. Recent discoveries showed
that the key to a successful TA reaction was to embed the reoxidant
into the substrate in the form of an N–OCOAr carbamate (see 1,
Scheme 1).4 The second string to this programme involves an oxi-
dative cyclisation reaction promoted by osmium(VI), in which a
metal-chelated diol, or amino alcohol, unit forms a THF ring when
treated with acid: cyclisation shows stereoselectivity for cis-2,5-
disubstituted rings and stereospecificity for syn addition across
the alkene (see 4). In this cyclisation, Os(VI) is the most active cat-
alyst and the reduced osmium (presumably Os(IV)) can be re-oxi-
dised to Os(VI) afterwards by the use of pyridine N-oxide (PNO).5

In fact, the use of PNO is greatly beneficial for the yields because
it does not over oxidise the osmium to Os(VIII) where it can
dihydroxylate the alkene in the cyclisation substrate.

It became apparent that we might be able to couple these two
oxidative processes in a tandem catalytic sequence,7 starting with
carbamate C and adding catalytic Os(VI). This should then be oxi-
dised to the imido Os(VIII) D and then undergoe a TA reaction onto
ll rights reserved.
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the nearby alkene (and in doing so be reduced back down to Os(VI)
ready for another TA reaction). Then, after the TA process was com-
plete, acidification of the reaction mixture (the hydroxy-oxazolid-
inone should make an ideal chelating substrate for oxidative
cyclisation) should facilitate the formation of a THF ring in the
usual manner using the Os(VI) complex E formed from the initial
TA reaction, Scheme 2. The addition of PNO here would be ideal
as it acts as a re-oxidant that would not form Os(VIII) in situ and
would reduce the amount of unwanted dihydroxylation of the al-
kene within the TA product. The result would be a one-pot forma-
tion of a THF with a pendant oxazolidinone and four new
stereogenic centres.

The project began with the synthesis of four stereochemically
defined diene substrates on which we would test the idea of tan-
dem catalysis using osmium; the diverse stereochemical array of
substrates would allow us to probe the stereospecificity and stere-
oselectivity of this process at the same time. Consequently, com-
mercially available alkene E-5 was olefinated using a stabilised
ylide or the Still-Gennari8 reaction to provide E,E-6 and E,Z-7,
respectively, Scheme 3. A similar sequence, starting with commer-
cial Z-8 gave Z,E-9 and Z,Z-10 as expected.

Then, each ester was reduced to an allylic alcohol, which was
then activated for the TA reaction by conversion into an N–OCOAr
carbamate via a two-pot protocol, which involved formation of the
N–OH carbamate followed by reaction with 2,4,6-trimethylbenzoyl
chloride, Scheme 4.4 In general, the yields for this procedure were
good and enabled us to prepare reasonable quantities of the requi-
site starting materials 11–14.

The stage was now set for the tandem TA/oxidative cyclisation
reaction, which would be initiated by the addition of potassium os-
mate [K2OsO2(OH)4] in aqueous acetonitrile, Scheme 5. Then, after
the aminohydroxylation reaction was complete, the reaction was
acidified (to encourage oxidative cyclisation) and pyridine N-oxide
re-oxidant was added to allow the catalyst to turn over.9 Examina-
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tion of this sequence with substrates 11 and 13, showed that the
idea had worked as planned and the resulting oxazolidinone-
substituted THF ring systems 15 and 16 were isolated in excellent
yields, after acetylation of the crude reaction mixture;10 both reac-
tions proceeded well with 1% catalyst loadings. The stereoselectiv-
ity of the reaction was confirmed by X-ray crystal structure
analysis of the alcohol derived from 15,11 which clearly showed
double syn-addition across both alkenes. The other cyclisation
product 16 was an oil and so the stereochemistry was assigned
by analogy to 15 (note that there is substantial precedent for the
syn stereospecificity of both the TA and oxidative cyclisation reac-
tions and that the 1H and 13C NMR spectra of the two compounds
were very similar).

Interestingly, the tandem TA/oxidative cyclisation reaction on
substrates 12 and 14 was not as successful. We noted that the oxi-
dative cyclisation (not TA) of both took much longer to reach com-
pletion and that consequently, higher catalyst loadings were
required. After isolation, the THF products 17 and 18 were clearly
contaminated with several other products, which had very similar
NMR spectra to the parent compound and which were inseparable.
In order to investigate further, we performed a TA reaction on sub-
strate 14 and examined the subsequent product 19, Scheme 6.
NMR analysis of this compound showed that it consisted of only
one diastereoisomer; therefore, this compound was re-subjected
to the oxidative cyclisation reaction to yield the THF 18, again
formed as a mixture of compounds. This experiment reveals that
the problematic step is oxidative cyclisation, and indeed examina-
tion of molecular models for the putative transition structure F re-
veals undue steric strain in the THF-forming reaction when the
original alkene for the TA reaction was cis configured.

Unfortunately, it was not possible to determine the exact nature
of the other products arising from cyclisation of 12 and 14, how-
ever, we speculate that formation of trans-THFs originating from
mono-dentate coordination of the initial TA product is the most
likely possibility.12 Indeed, in light of the lack of selectivity during
oxidative cyclisation, the stereochemical assignments of 17 and 18,
shown as the major expected product, must remain tentative.

Therefore, the results illustrated in Scheme 5 show that the no-
tion of a tandem TA reaction, followed by oxidative cyclisation is a
valid one, capable of making heterocyclic THF compounds and four
stereogenic centres with control of relative stereochemistry in just
five steps from commercially available starting materials. The syn
addition of both cyclisations, added to the predilection for forming
cis-THF rings means that the stereochemistry of the THF product
can be predicted with accuracy from that of the starting material.
However, the sequence does not give clean diastereoisomers if the
initial alkene for the TA reaction is cis-configured; steric strain in
the transition structure is thought to be responsible for a less than
completely selective oxidative cyclisation reaction. Control of the
oxidation state of osmium is achieved throughout by the use of a
substrate-derived re-oxidant for the TA and then PNO as a weak
re-oxidant incapable of forming Os(VIII) during the oxidative cycli-
sation. It is hoped that the tandem catalytic cyclisation sequence de-
scribed herein will find use in the synthesis of natural products.13
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