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ABSTRACT

Enantiopure r-hydroxy ketones are important building blocks in organic synthesis. This paper describes the use of cyclic ruthenates for the
first catalytic regioselective oxidation of vic-diols to r-ketols. The combination of RuCl3/Oxone/NaHCO3 was used in a two-step sequence of
asymmetric dihydroxylation and regioselective monooxidation for the synthesis of a broad scope of enantiopure acyloins.

Transition-metal-catalyzed oxidations have become one of
the most important synthetic tools in organic chemistry.1

Whereas the asymmetric synthesis of hydroxy groups,2 epox-
ides,3 or Vic-diols4 has been in5 the center of research for
more than 20 years, the development of an enantioselective
oxidation protocol to build upR-hydroxy ketones (acyloins)
attracted considerably less attention.2 The recent progress
in the asymmetric catalyticR-hydroxylation of carbonyl
compounds5 prompted us to report our complementary
approach toward enantioenriched acyloins by using alkenes
as ketol surrogates. Recently, we reported the direct and
regioselective ruthenium-catalyzed ketohydroxylation of
simple alkenes.6 While a direct enantioselective version of

this reaction is under current investigation, a two-step pro-
tocol of osmium-catalyzed asymmetric dihydroxylation and
concomitant regioselective monooxidation under ruthenium
catalysis could furnish enantiomerically enriched acyloins
with predictable regioselectivity and absolute configuration
(Scheme 1).

To the best of our knowledge, a regioselective catalytic
monooxidation ofVic-diols has not been reported so far.
Apparently, the electronic bias in favor of one of the two
hydroxyl groups is too low for a successful differentiation.7

Within the course of mechanistic studies on the ketohy-
droxylation, a monooxidation of diols using the same cata-
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Scheme 1. Ketohydroxylation vs
Diyhdroxylation-monooxidation
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lytic system was observed.6 Cyclic ruthenates are envisioned
to be key intermediates in both monooxidation and ketohy-
droxylation (Scheme 2). If Oxone reacts as a nucleophilic

reoxidant in either process, the oxidation of unsymmetrical
Vic-diols should furnish acyloins with high regioselectivity.
Hence, diol1 was oxidized with RuO4 in the presence of
different reoxidants (Table 1).

Apart from Oxone, neither of the common reoxidants
could be used for a selective monooxidation of diol1. Using
a combination of Oxone/NaHCO3 R-hydroxy ketone2 was
formed exclusively. This result corresponds to the product
distribution obtained in the direct ketohydroxylation of
1-octene.6 From a mechanistic point of view a simple
oxidation of the secondary alcohol in3 by RuO4 was ruled
out on the basis of the results in separate control experiments
on the oxidation of 2-octanol to 2-octanone. The reaction

proceeds with either oxidation system. However, the use of
reoxidants other than Oxone in the oxidation of the corre-
sponding glycol1 resulted in a predominant formation of
fission product4.

Diols are known to react with ruthenium(VIII)-oxideI in
a reversible condensation reaction to give cyclic ruthenates
III or IV, 8 which are proposed intermediates in the related
ketohydroxylation.6 Our working model is based upon the
assumption that the strongly electron-withdrawing ruthenium
in III or IV sets an electronic bias, thus orchestrating the
irreversible addition of SO52- with a preferred trajectory
leading to the cleavage of the less electron-rich of the two
Ru-O bonds inIII or IV (Scheme 2). The resulting peroxo
esterV reacts via aâ-hydride elimination to furnish ketol
VI and regenerates RuO4 I . The observed product distribution
indicates the existence of cyclic ruthenates such asIII or
IV. Fission products such as4 can be obtained via a
competing electrocyclic fragmentation ofIII or IV. 9 Re-
cently, we found a significant rate acceleration in the related
ruthenium-catalyzed dihydroxylation by addition of protic
acids.9 RuthenateIII can be activated for a nucleophilic
addition via a protonation pathway in analogy to the acid-
catalyzed saponification of carboxylates. The combination
of protonation ofIII and nucleophilic character of SO5

2-

accelerates the nucleophilic addition of the reoxidant to the
metal center inIV resulting in the observed high regiose-
lectivity for the monooxidaton process.

With these results in hand, we investigated the oxidation
of enantioenrichedVic-diols derived from simple alkenes via
an asymmetric Sharpless dihydroxylation. Apart from the
regioselectivity, the scope and limitation as well as the
question whether the acidic reaction media could lead to an
epimerization are important issues that have to be addressed.
The results are outlined in Table 2. Different alkenes were
transformed into the corresponding enantioenriched acyloins
with remarkably high regioselectivity. The enantiomeric
excess of both diol and ketol was determined by chiral
HPLC. Importantly, an acid-assisted epimerization ofR-ke-
tols was not obserVed in any case within the time frame of
the monooxidation.The assignment of absolute configuration
is based upon comparison with the literature or the mnemonic
device.4 A broad scope of functional groups is tolerated.
Acetates or chlorides can be oxidized in high yields and
excellent regioselectivities.

Interestingly, electron-rich diols are oxidized more slowly
than electron-poor substrates. Whereas the reaction of diol
6 (entry 3, Table 2) proceeded within 1 h, the oxidation of
sulfone10 (entry 7, Table 2) was complete after 30 min.
Since the initial condensation between RuO4 I and diol II
appears to be a reversible process (which is a basic require-
ment in the dihydroxylation), the hydrolysis of more electron-
rich ruthenatesIII eventually outcompetes the irreversible
nucleophilic attack of oxone (Scheme 2).9 This hypothesis
is further underlined by the fact that a reduction of the total
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Scheme 2. Regioselective monooxidation-A Proposal

Table 1. Influence of Reoxidant on Product Distribution

entry reoxidant 2:3:4a conversion [%]a

1 NaOCl 41:4:55 75
2 NaIO4 12:0:88 98
3 K2S2O8 n.d. 21
4 KBrO3 15:0:85 47
5 Oxone/NaHCO3 92:0:8 96

a Determined by GC integration.
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amount of water by a factor of 2 compared to the dihy-
droxylation leads to significantly shorter reaction times.

In this paper, we describe the first regioselective catalytic
monooxidation ofVic-diols. This new protocol allows the
synthesis of a variety of unsymmetrical acyloins without the
use of inert gas atmosphere or dry solvents. Based upon this
method, a two-step procedure for the preparation of enan-
tioenriched acyloins from simple alkenes has been developed.
The well-established asymmetric Sharpless dihydroxylation
creates two new stereocenters by a direct translation of
double-bond geometry to relative configuration, whereas the
cyclic nature of the corresponding ruthenates in combination
with the use of Oxone as a nucleophilic reoxidant sets an
electronic bias for the regioselective oxidation without loss
of enantiomeric excess. The regioselectivity can be predicted
by analyzing the electronic environment of the intermediate
Ru-O bonds with the less electron-rich oxygen ending up
in the hydroxy group of the product. This method provides
a convenient and new access to enantiopure acyloins and
complements the most recently developedR-hydroxylation
protocols5 by using alkenes as ketol surrogates. The results
provide further indications for the proposed mechanism of
the related ketohydroxylation.6 With regard to a future asym-
metric development of the latter reaction, it is important to
note that (i) the asymmetric [3+ 2]-cycloaddition of a group-
(VIII)-metal oxide creates two new stereocenters with defined
relative and absolute configuration and that (ii) the obtained
enantiopureR-hydroxy ketones do not epimerize under the
acidic reaction conditions.
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Table 2. Preparation of EnantiopureR-Hydroxyketones

a The reactions were performed on a 2 mmol scale using 1 mol % RuCl3
(as a 0.1 M solution in water), 5.0 equiv of Oxone and 2.5 equiv of NaHCO3
in EtOAc (12 mL)/CH3CN (12 mL)/H2O (2 mL) at room temperature.
b Determined by chiral HPLC using Chiracel columns.c Isolated yield.d The
dihydroxylation was performed in the presence of 3 equiv. NaHCO3 under
buffered conditions.
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