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Allylic hydroperoxides are formed in the free radical and sing-
let oxygen oxidation of unsaturated compounds. Allylic hy-
droperoxides are also formed enzymatically, the prostaglandin
G family being one example having this substructure. Allylic
hydroperoxides undergo a rearrangement1 thought to be free
radical in nature (see eq 1) in which oxygen is transferred across
the allyl group. The mechanism of the allylic rearrangement
has been long debated with several mechanisms proposed.

Evidence supports the notion that the rearrangement is free
radical since it is initiated and inhibited with known radical
initiators and inhibitors. While tracing the course of peroxyl
oxygens during rearrangement would provide valuable mecha-
nistic insight, experiments with compounds having a specific
hydroperoxide oxygen labeled have not been possible because
of the synthetic inaccessibility of the requisite hydroperoxides.
We report here the preparation of an allylic hydroperoxide
labeled with18O (shown asb) only in the peroxide terminal
position along with our first studies of the allylic rearrangement
of this compound.
Reaction of the hydroxamate ester (Scheme 1), labeled in

the carbonyl oxygen with 90%18O,2 with nitrosyl chloride gives
perester1 in yields ranging from 28 to 40%.3 Hydrolysis with
lithium hydroxide affords the known hydroperoxide as a
crystalline solid in 85% yield. Protection of the hydroperoxide
as a perketal and reduction of2 to the corresponding alcohol is
realized with diisobutyllithium aluminum hydride (DIBAL-H),
and the product alcohol is oxidized with pyridinium dichromate.4

The crude aldehyde can be reacted with the stabilized ylide in
benzene at room temperature for 48 h to give the unsaturated
ester3. A second DIBAL-H reduction and derivatization with
tert-butyldiphenylsilyl chloride (TBDPS-Cl) gives the allylic

silyl ether4. Removal of the hydroperoxide protecting group
with 4:2:1 THF/AcOH/H2O at 0°C gives allylic hydroperoxide
5, formed in 47% overall yield in the six steps from2.5 Reaction
of 5 with triphenylphosphine gives triphenylphosphine oxide
labeled with 44%18O and the structurally related alcohol that
contains no label. This establishes the position of the oxygen
label as being in the terminal oxygen6 and furthermore is
consistent with the presumed mechanism of the formation of1
from a benzoyloxy radical in which the label scrambles between
the two equivalent oxygens.
Rearrangement of5 in dodecane was initiated by di-tert-butyl

hyponitrite at temperatures of 40°C or below and by azobis-
isobutyronitrile (AIBN) at higher temperatures.7 Rearrange-
ments were carried out under air, aliquots were taken, and the
product hydroperoxide6 was separated from5 by HPLC on
silica gel. Isolated5 and6 were reacted with triphenylphos-
phine, and the phophine oxide and product alcohol were
analyzed by GC-MS to determine the isotopic composition of
the terminal and proximal oxygen of the two hydroperoxides.
Data from a typical rearrangement are presented in Figure 1.
Extrapolation of the normalized percent label present in the
proximal and terminal positions of6 to zero time gives
information not only about the regioselectivity of the rearrange-
ment but also provides a measure of the fraction of label lost
during rearrangement. The data presented in the Figure 1
indicate that, at 60°C in dodecane, 64% of the terminal label
in 5 is transferred to the proximal position of6 while 6.4%
transfers to the product terminal position and 29.6% of the label
is lost to the atmosphere.
Scheme 2 presents time zero extrapolated product label

information for the rearrangement of5 f 6 as well as for
rearrangements of6 f 5 carried out at 20, 40, and 60°C. The
rearrangement is temperature dependent, reactions carried out
at lower temperatures proceeding with less loss of label to the
atmosphere and with more positional selectivity of the label
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transfer. This allows for the isolation of6 from reactions at 20
°C that has label almost entirely at the proximal position. In
fact, the reverse rearrangements (6 f 5) were carried out with
6 isolated from early aliquots of the5f 6 rearrangement at 20
°C and generally had a proximal/terminal label ratio of>100:
1. Another feature of the rearrangement is that the5 f 6
rearrangement (tertiary to secondary) is apparently more selec-
tive than the6f 5 process (secondary to tertiary). Thus, while
the proximal to terminal product ratio for the 60°C 5 f 6
process is 10:1 and 30% of the label is lost to the atmosphere,
the 6 f 5 rearrangement occurs under identical conditions to
give 5 with terminal/proximal label of 2:1 and with fully two-
thirds of the label lost.
A mechanism for the rearrangement involving competitive

pathwaysk1 Vs k2 andk-1Vs k-3 is presented in Scheme 3. The
k1 pathways (forward and reverse) connect the peroxyl radicals
directly by a process in which the terminal oxygen of5 is
transferred to the product proximal position, while thek2 and
k3 pathways involve fragmentation of peroxyls to a pair species8

which can collapse to peroxyl with scrambling of label or escape

to give free allyl and oxygen. The data from Scheme 2 provide
an estimate of the competition rate constants. Thus, at 40°C,
k1/k2 is approximated by (82- 3.3)/(2× 3.3+ 14.7)) 3.7.9

Estimation ofk1/k2 at other temperatures followed by Eyring
analysis10 provides ∆∆Hq, and ∆∆Sq, for the competitive
pathways. Thus,∆Hq

2 - ∆Hq
1 ) 9.0 kcal/mol and∆Sq

2 -
∆Sq

1 ) 26 eu by this analysis. Analysis of the reverse reaction
in a similar way gives similar activation parameters,∆Hq

-3 -
∆Hq

-1 ) 9.0 kcal/mol and∆Sq
-3 - ∆Sq

-1 ) 29 eu. These
data are consistent with a competition between an associated,
ordered reaction (k1) having a negative activation entropy with
a dissociative process (k2) having a positive activation entropy.
The studies reported here do not distinguish between associative
pathways involving a concerted oxygen transfer or a stepwise
endocyclization-fragmentation. Experiments with analogous
peroxyls do not, however, provide evidence for a carbon radical
intermediate in the rearrangement,1b-d pointing to the concerted
[3,2] oxygen transfer in those systems.
The availability of unsymmetrically labeled hydroperoxides

by the synthetic strategy reported here permits other mechanistic
issues, including the nature of the stereoselectivity of the
associative and disociative pathways,11 to be addressed with this
powerful probe. The results of these studies will be reported
in due course.
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Figure 1. Normalized18O label in product6 from the rearrangement
of 5 labeled in the terminal peroxide oxygen. The rearrangement is at
60 °C in dodecane.
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