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ABSTRACT

An in situ generated hypervalent iodine species, bis(tert-butylperoxy)iodobenzene, was used as a peroxy radical source for the oxidation of
unreactive, remote, and isolated alkyl (cyclic or aliphatic) esters and amides to the corresponding keto compounds under very mild conditions.

Unactivated sp3 C�Hoxidation is an important class of
organic transformation. Inexpensive hydrocarbons from
petrochemical feedstocks can be functionalized as high-
value building blocks and intermediates.1 In addition, the
direct functionalization of the inert carbons can often
shorten the synthetic sequences,2 which is of particular

interest to the manufacturing sectors.3 Despite the impor-
tance and the power of this class of reaction, this research
area remains challenging and a major obstacle is the high
energy of the unactivated C�H bond that makes it very
inert toward many reagents.4 Over the past decades, sig-
nificant endeavors have beendedicated involving the use of
metallic5,6 and nonmetallic7,8 reagents/catalysts.9 Herein
we describe an unexpected and unprecentented oxidation
of unreactive, remote, and isolated sp3 methylene C�H to
ketone using a diacetoxyiodobenzene (DIB) (1)/tert-butyl-
hydroperoxide (TBHP) (2) protocol.
Diacetoxyiodobenzene (DIB) (1), a commercially avail-

able and inexpensive reagent, is frequently used as the
stoichiometric oxidant in many reactions, including the
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activated sp3 C�H functionalization, which has been
applied in the synthesis of useful building blocks and
biologically active molecules.7e,f In contrast, limited cases
were reported on the unreactive C�H activation using
hypervalent iodine(III) reagents.10 To the best of our
knowledge, up to now, there is no report regarding to the
oxidation of the unactivated, remote, and isolated methy-
lene sp3 C�H to ketone using hypervalent iodine reagent.
Very recently, we have reported a novel method in the

generation of a reactive but controllable tBuOO• radical
and its application to allylic oxidation.11 Ester solvent was
found to be necessary in the reaction, and an ester-coordi-
nated hypervalent iodine intermediate was proposed. In
fact, trace amount of side product was obtained consis-
tently in each of the allylic oxidation reaction (e.g., Scheme
1, cyclohexenef3). After a very careful study, the side
productwas identified as keto-ester 5a, which seemed to be
a consequence of the C�H oxidation of ester solvent 4a
(Scheme 1).

This unexpected product led us to further investigate the
possibility of using the DIB/TBHP protocol in the unreac-
tive C�H oxidation. An initial experiment was performed
using the structurally simpler n-butyl acetate (4b) under the

same allylic oxidation conditions in the absence of olefin
(Table 1). After 12 h at 25 �C, 10% of the desired product
5b was obtained. Encouraged by this result, further opti-
mizations were performed using 4b as the stoichiometic
reagent. Various solvents were screened, and acetonitrile
was found to afford 38% of the keto-ester product
(Table 1, entry 5). Interestingly, the yield was increased
to 48%when the nonaqueous TBHPwas changed to 70%
aqueous TBHP (Table 1, entry 6). Unlike the allylic
oxidation reaction, neither a base nor an acid additive can
enhance the C�Hoxidation; in fact, somewhat deteriorat-
ing effects on the reaction yields were observed (Table 1,
entries 8�10). Finally, the reaction was equally smooth on
a 1 mmol scale (Table 1, entry 7).
Having identified the appropriate conditions, other

esters were subjected to the investigation and the results
are summarized in Table 2.12,13 Reactions using n-butyl
alkanoates/benzoate proceeded smoothly to yield the cor-
responding keto-esters with good positional selectivities
and conversions (Table 2, entries 1�3). For the esters with
cycloalkane skeletons, position-selective products were
also isolated (Table 2, entries 4, 5, 7, and 8). Other than
the esters, alkanes with tosylate substituents could also be
converted to the corresponding keto products (Table 2,
entries 6 and 8). The selectivity appears to follow the in-
herent substrate preferences that were discovered in some
studies.5�8

Scheme 1. DIB/TBHP Allylic Oxidation

Table 1. Optimization of the DIB/TBHP C�H Oxidation

entrya solvent additive isolated yield (%)

1 EtOAc trace

2 CH2Cl2 trace

3 H2O 14

4 MeNO2 25

5 MeCN 38

6b MeCN 48

7b,c MeCN 46

8b MeCN K2CO3 48

9b MeCN Mg(OAc)2 3 4H2O 29

10b MeCN AcOH 29

aReactions were carried out with n-butyl acetate 4b (0.5 mmol), DIB
(1) (1.5 mmol), TBHP (2) (6 M in decane, 2.0 mmol), and additive (0.25
mmol) in solvent (0.5 mL). b 70% TBHP (2) in water was used. cReac-
tion was perform on a 1 mmol scale.

Table 2. DIB/TBHP C�H Oxidation of Alkyl Esters 4a

aReactions were carried out with substrate 4 (0.5 mmol), DIB (1)
(1.5 mmol), TBHP (2) (70% in water, 2.0 mmol) in MeCN (0.5 mL).
bThe yield of the isolated product 5. The amount of unreacted starting
material 4was determined by 1HNMRand indicated in the parentheses.
c 5h:5i = 1:2 determined by 1H NMR.
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Other than esters, amides with similar skeletons were
also examined (Table 3). The desired keto-amides were
furnished (Table 3, entries 1�4). In addition to amides,
carbamate andN-tosylate substrates could be also utilized

in this reaction (Table 3, entries 5 and 6). It isworthwhile to
note that the amide could be oxidized to the N-oxide
product when dioxirane oxidant was used.14 Nevertheless,
the amides in the present study could tolerate the DIB/
TBHP oxidation environment. In the case of using haloa-
mides 6g and 6h, C(5) oxidized products 7g and 7h were
isolated as the only isomers which could be attributed to
the deactivation of C(3) position by the halogens both
sterically and electronically (Table 3, entries 7 and 8).

During our investigation, several clues were unearthed
that may allow us to get a better understanding on the
mechanistic picture. First, when n-octane was subjected to
the standardDIB/TBHPoxidation conditions, no reaction
was observed and the starting material was recovered
quantitatively (Scheme 2, eq 1). A mixture of equal molar
of n-octane and 4bunder the same conditions resulted in 5b
(48%), and no n-octane-associated product was detected
(Scheme 2, eq 2).

Second, we have compared the DIB/TBHP protocol
with some common tert-butylperoxy radical sources in-
cludingCr,15aMn,15b Pd/C,15c and Pd(OH)2/C

15d systems,
and these protocols were unable to offer any C�H oxida-
tion product. Although it is premature to draw a conclu-
sion at this stage, the clues suggest that the carbonyl group
of the substrates and the iodine-peroxy species 811,16 may
be important for the reactivity. One possibility is that an
ester-coordinated hypervalent iodine species 9, an inter-
mediate that was proposed in the DIB/TBHP allylic oxida-
tion, may also exist in this type of reaction (Scheme 3).11

Table 3. DIB/TBHP C�H Oxidation of Alkyl Amides 6a

aReactions were carried out with substrate 6 (0.5 mmol), DIB (1)
(1.5 mmol), TBHP (2) (70% in water, 2.0 mmol) in MeCN (0.5 mL).
bThe yield of the isolated product 7. The amount of unreacted starting
material 6was determined by 1HNMRand indicated in the parentheses.

Scheme 2. Attempts to Oxidize n-Octane

Scheme 3. A Plausible Intermediate 9

Scheme 4. DIB/TBHP C�H Oxidation 10
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Wehave also attempted to apply the optimized protocol
to a longer alkyl ester. Preliminary studies showed that the
oxidation of 10 under the standard conditions gave 10a

(30%) and 10b (23%) (Scheme 4).17

In summary, we have described a novel unactivated,
remote, and isolated methylene C�H oxidation using the
DIB/TBHP protocol. The reaction is mild, efficient, and
site-specific. The experimental setup is extremely simple
using inexpensive and commercially available materials.

Future studies will be focused on studying the mechanistic
and expanding the substrate scope.
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