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Regioselective oxidation of unactivated C-H bonds has been
a challenging problem in organic synthesis.1,2 Intramolecular
oxidation, due to its geometric constraint, has become a very
effective approach. In particular, significant progress has been
made in remote oxidation of rigid substrates such as steroids.3,4a,b

For flexible substrates, selective oxidation of remote carbons four
bonds away from a heteroatom has been successfully achieved
by using the radical reactions that undergo intramolecular radical
1,5-hydrogen abstractions (Figure 1).4 However, for oxidation
of more remote C-H bonds in flexible molecules, there is no
general method available.5 Here we report a novel method for
selective oxidation of unactivated C-H bonds at theδ site of
ketones.

Dioxiranes, a new generation of oxidants, have excellent
reactivity toward unactivated C-H bonds under mild and neutral
conditions.6 The oxidation reaction is stereospecific and has
strong preference for tertiary C-H bonds over secondary ones.6,7

We previously reported a homogeneous solvent system that allows
dioxiranes to be generatedin situ from ketones and Oxone at
neutral pH.8 This makes it possible to develop a ketone-catalyzed
intramolecular C-H bond oxidation method.

We first examined the activities of various ketones in catalyzing
oxidation of adamantane under ourin situ conditions. As shown
in Table 1, 1,1,1-trifluoroacetone and methyl pyruvate were found

to exhibit higher activities than fluoroacetone and chloroacetone.
These ketone units were then attached to a series of hydrocarbon
skeletons and oxidation reactions were carried out at 10 mM
concentration (Table 2). Oxidation of linearR-keto esters1 and
2 was found to give hemiketal1a (70% yield) and2a (86% yield),
respectively, as the major oxidation products in 24 h (entries 1-2,
Table 2). Despite the presence of several other secondary C-H
bonds, theδ C-H bonds were selectively oxidized. Methyl
2-oxohexanoate failed to give the desired oxidation product,
because itsδ C-H bonds are primary and extremely unreactive.
In each of the branched substrates3-8, there is one tertiary C-H
bond in addition to several secondary ones, and interestingly, only
the δ site was oxidized (entries 3-8, Table 2). Here intermo-
lecular C-H bond oxidation by dioxiranes is unlikely as the
reactions of compounds3-5 proceeded via selective oxidation
of secondary C-H bonds despite the presence of tertiary C-H
bonds. These results indicate the predominance of stereoelec-
tronic control on the transition state for hydroxylation. Further-
more, the observed regioselectivity (i.e.,δ-selectivity) is different
from that of a typical intramolecular radical reaction (i.e.,
γ-selectivity), suggesting the nonradical nature of this oxidation
reaction.9 We propose a concerted C-H bond oxidation mech-
anism (Figure 2).6b,7a,c Oxidation of aδ C-H bond generates a
δ-hydroxy ketone which cyclizes to give a hemiketal. The
hemiketal formation prevents further oxidation at theδ site.

For concerted C-H bond oxidation by dioxiranes, there are
two possible transition states (TS's), i.e., the planar TS and the
spiro TS (Figure 3).7c,10 Under a spiro TS, oxidation of the
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Figure 1. Radical oxidation.

Table 1. Oxidation of Adamantane Catalyzed by Ketonesa

adamantane98
ketone catalyst/Oxone/NaHCO3

CH3CN/H2O, rt, 2 h
1-adamantanol

a Reaction conditions: all the oxidation reactions were carried out
at room temperature with 0.1 mmol of ketone and 0.1 mmol of
adamantane, 0.5 mmol of Oxone, 1.55 mmol of NaHCO3, 1.5 mL of
CH3CN, and 1.0 mL of aqueous Na2‚EDTA solution (4× 10-4 M) for
2 h. b The product ratios were determined by1H NMR.

Figure 2.
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equatorialδ C-H bond (leading totrans-product) is strain-free
whereas oxidation of the axial one (leading tocis-product) is
disfavored by one gauche-butane interaction (ca. 0.85 kcal/mol),

which would predict a trans/cis ratio of 4.3:1 at 20°C. In contrast,
under a planar TS,cis-product is expected to be the major product
with a trans/cis ratio of 1:4.3. The observedtrans-selectivity in
3a-5a (entries 3-5, Table 2) supports the spiro TS model.
Furthermore, oxidation of the tertiary C-H bonds in compounds
6-8 could only be possible under a spiro TS, because under a
planar TS there are severe steric interactions between the dioxirane
group and theε CH2 group (Figure 4).11

As shown in Table 2, compounds1-8 of different substituents,
i.e., CO2CH3, CF3, CH2Cl, and CH2F, were found to give the
same δ selectivity.12 This δ-selective C-H bond oxidation
method allows incorporation of various substituents into the
tetrahydropyran products. To further demonstrate the synthetic
potential of this method, cholic acid triacetate was converted into
the trifluoromethyl ketone9, which upon treatment with Oxone
gave selective hydroxylation at the 17-position with retention of
configuration.

In summary, we have discovered that intramolecular C-H bond
oxidation by dioxiranes is highly regioselective, and established
a spiro transition state for this reaction. Future work will be
directed at exploring the applications of this reaction in asym-
metric synthesis as well as remote functionalization of steroids.
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Figure 3.

Table 2. Selective Oxidation of theδ C-H Bonda

ketone
(10 mM)
98

Oxone/NaHCO3

CH3CN/H2O, rt, 24 h
product

a Unless otherwise indicated, all reactions were carried out with a
1.0 × 10-2 M solution of ketone in a 1.5:1 mixture of CH3CN and
aqueous Na2‚EDTA solution (4× 10-4 M) containing 5.0 equiv of
Oxone and 15.0 equiv of NaHCO3 for 24 h at room temperature.
b Isolated yield after flash column chromatography.c Thetrans/cis ratio
was determined by using NMR.d 15.5 equiv of NaHCO3. e Isolated
yield based on 55% conversion after 120 h.f The reaction time was 72
h. The product ratio (hemiketal/hydroxy ketone) was determined by
1H NMR in C6D6. g Isolated yield based on 75% conversion.

Figure 4.
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