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ABSTRACT

tert-Butylperoxy radical was generated with PhI(OAc)2 and tBuOOH. Ester solvent was found to be critical and the protocol was applied in the
allylic oxidation of various olefinic substrates, which gave the corresponding r,�-unsaturated enones in good yield and regioselectivity.

Allylic oxidation of olefins is an important and useful organic
transformation. The corresponding R,�-unsaturated enone
products are commonly known as pharmacophores and
building blocks in many organic syntheses.1 In particular,
allylic oxidation of ∆5-steroids to ∆5-en-7-ones is of interest
because ∆5-en-7-ones show excellent results in the prevention
and treatment of cancer and can inhibit the biosynthesis of
sterol.2 Several metallic based allylic oxidations were
documented, which generally encountered problems such as
long reaction time, limited scope, low functional group
tolerance, low regioselectivity, high cost, and/or difficult
catalyst preparation.3

In contrast, sporadic studies were reported on the nonme-
tallic based generation of tert-butylperoxy radical 3 and
application on allylic oxidation.5 In 1968, Milas et al.

reported the ligand exchange between diacetoxyiodobenzene
(DIB) (1) and tert-butyl hydroperoxide (TBHP) to give
bis(tert-butylperoxy)iodobenzene (2), which readily under-
went elimination to yield 4 and decomposed through a 4 f
5f 6 sequence accompanied by the evolution of molecular
oxygen at -75 °C (Scheme 1, eq 1).4 An interesting strategy
using a fixed apical ligand to provide a stable tert-butylp-
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eroxy iodane was reported.5a Alternatively,we describe herein
the first solvent-assisted nonmetallic based generation of
reactive and controllable tert-butylperoxy radical 4 using
DIB/TBHP protocol as well as the application on allylic
oxidation (Scheme 1, eq 2).

Initially, a DIB/TBHP (1:3) mixture was used in the allylic
oxidation of cholesteryl acetate (8) at 0 °C. Various solvents
were studied and it was found that the reaction performed
exceptionally smooth in ethyl acetate, resulting in the
formation of 3�-acetoxycholest-5-ene-7-one (8a) in 46%
yield (Table 1, entry 7). Further examination of bulkier ester
solvents showed that n-butyl butanoate was superior to the
others (Table 1, entry 11). A comparison of similarly bulky
solvents indicated the electron-rich ester unit is important
to the reaction (Table 1, entries 5 and 10).

The effect of additive was also investigated. The signifi-
cance of additive in various allylic oxidations was well
documented. In our studies, K2CO3 (0.5 equiv) was also
found to be effective. Moreover, acetate salts including
NaOAc, KOAc, and Mg(OAc)2·4H2O could promote the
allylic oxidation.6

Having identified the appropriate solvent and potential
additives, the other parameters were varied systematically
to achieve the optimum conditions,6 which were then applied
on the allylic oxidation of various ∆5-steroids.7 The reactions
proceeded smoothly with excellent regioselectivities and

good yields, resulting in the formation of the corresponding
∆5-en-7-ones (Table 2). For example, allylic oxidation of
cholesteryl acetate (8) commonly required 24-48 h to
achieve acceptable yield,2,3 while the reaction was completed
in 5 h with 82% yield when using the DIB/TBHP protocol
(Table 2, entry 1).

Other than ∆5-steroids, a number of simple olefins and
benzylic substrates were also subjected to the studies. The
scope of the DIB/TBHP allylic oxidation process was
indicated by the 14 examples listed in Table 3. The reactions
proceeded smoothly even at -20 °C and similar regioselec-
tivities were observed in which oxidation occurred at the
less hindered allylic carbon. Electron-deficient olefins are
commonly known as being inactive toward allylic oxidation.
Surprisingly, the DIB/TBHP protocol could promote the
formation of enones 23a-26a from the corresponding
alkenes (Table 3, entries 8-11). In general it is noteworthy
that the reaction protocol is highly compatible with various
protecting groups (OAc, OBz, silyl, acetal), functional groups
(ketone, nitro, cyano), and rigid ring (four-membered ring).

Toward the understanding of the mechanism, we believed
bis(tert-butylperoxy)iodobenzene (2) was generated as re-
ported by the literature.4 It is important to notice that large
numbers of gas bubbles were evolved instantly and gave
iodobenzene when the allylic oxidations were performed in
nonester solvents, which indicated a significant number of
tert-butylperoxy radicals 4 were decomposed due to the
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(214 mg, 0.5 mmol) in n-butyl butanoate (1 mL) was added diacetoxy-
iodobenzene (1) (312 mg, 1.5 mmol) and Mg(OAc)2·4H2O (124 mg, 1.0
mmol) at 0 °C. The resulting suspension was vigorously stirred and a
solution of tert-butyl hydroperoxide (6.0 M in decane, 333 µL, 2.0 mmol)
was added dropwise over 30 min. The solution was further stirred for 4.5 h
at 0 °C and filtered. The filtrate was chromatographed on silica gel eluted
with n-hexanes/EtOAc (10:1) to yield 3�-acetoxycholest-5-ene-7-one (8a)
as a white solid (181 mg, 82%).

Scheme 1. Comparison of Previous Studies and Present Work Table 1. Allylic Oxidation of Cholesteryl Acetate (8) in
Different Solvents

a Reactions were carried out with substrate (0.5 mmol), DIB (0.5 mmol),
and TBHP (1.5 mmol) in solvent (0.13 M). b Isolated yield.
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dimerization to di-tert-butyltetraoxide (5) (Scheme 1).4 On
the other hand, no gas bubble was observed during the
reaction in n-butyl butanoate, leading us to hypothesize the
extra stabilization effect of ester solvent to the hypervalent
iodine(III) species. A set of simple experiments was carried
out by stirring a suspension of DIB/TBHP in n-hexane,
toluene, acetonitrile, or n-butyl butanoate in the absence of
olefinic substrate at 0 °C. The time period of oxygen gas
bubbles evolution was summerized in Table 4. Fast and
vigorous evolution of oxygen in nonpolar solvents could be
attributed to the rapid decomposition of 2 and hence coupling
of tBuOO· 4. On the other hand, σ-donor solvent, especially
for n-butyl butanoate, gave a much better control in the
generation of tBuOO· 4 which is reflected in the gentle and
sustainable evolution of O2. On the basis of this observation,
we speculated a further displacement of a tBuOO· 4 by the
ester solvent molecules, resulting in the formation of complex

7 (Scheme 1). This hypothesis was supported by a number
of studies, which clearly demonstrated that electron-deficient
hypervalent iodine(III) center could be stabilized by ligand
coordination.8,9 In our case, the bulky ester solvent coordina-
tion might serve as a protecting pocket that prevented rapid

Table 2. Allylic Oxidation of ∆5-Steroids 8-15

a Reactions were carried out with substrate (0.5 mmol), DIB (1.5 mmol),
TBHP (2.0 mmol), and K2CO3 or Mg(OAc)2·4H2O in nPrCO2nBu (0.4 M).
b Mg(OAc)2·4H2O (1.0 mmol) was used as the additive in entries 1-3, while
K2CO3(0.25mmol)wasusedinentries4-8.c Isolatedyield.d nPrCO2nBu/n-hexanes
(1:1) was used due to the solubility issue.

Table 3. Allylic Oxidation of Substrates 16-29

a Reactions were carried out with substrate (0.5 mmol), DIB (1.5 mmol),
TBHP (2.0 mmol), and K2CO3 (0.25 mmol) in nPrCO2nBu (0.5 M).
b Isolated yield. c Low yield due to the high volatility.
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reductive elimination/coupling of tert-butylperoxy radical (2
f 4 f 5). The reactive but controllable tBuOO· 4 would
react with olefin to generate the allylic radical. Further
coupling of tBuOO· 4 with the allylic radical yielded the
peroxy ether (e.g., 30), which was evidenced by the suc-
cessful isolation of peroxy ether 30 when the reaction of
1-phenylcyclohexene (18) with DIB/TBHP was quenched
at 0 °C.6 Subjecting the intermediate 30 under standard allylic
oxidation conditions gave the desired enone 18a. Finally,
the reaction was terminated immediately upon the addition
of butylated hydroxytoluene (BHT), which further indicated
the radical nature of the reaction. Overall, a proposed reaction
mechanism is illustrated in Scheme 2.

In summary, a mild and efficient allylic oxidation with
inexpensive and commercially available DIB/TBHP protocol
has been developed. K2CO3 and Mg(OAc)2·4H2O were found

to be important additives and ester solvent played a critical
role in the reaction. In general good yields and excellent
regioselectivies were observed for both simple and ∆5-steroid
olefinic substrates. Further investigations to clarify the
mechanism and on other applications are underway.
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Table 4. Comparsion of O2 Evolution by DIB/TBHP in
Different Solvents

entrya solvent O2 evolution time period (min)

1 n-hexanes 25
2 toluene 35
3 MeCN 50
4 n-butyl butanoate 110
a Reactions were carried out with DIB (0.1 mmol) and TBHP (0.13

mmol) in the solvent (0.1 M) at 0 °C.

Scheme 2. Proposed Mechanism of the Allylic Oxidation
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