O-Neophyl-type 1,2-phenyl rearrangement initiated by electron transfer:
development of kinetic probes of dissociative electron transfer
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The first example of an O-neophyl-type rearrangement in a
distonic radical anion was found in the electron transfer
induced dissociative reduction of 9,10-diphenyl-9,10-epi-
dioxyanthracene.

Electron transfer (ET) to endoperoxides and peroxidesresultsin
the cleavage of the weak oxygen—oxygen (O-O) bond.-5 This
process proceeds in peroxides and endoperoxides generaly by
a dissociative ET mechanism,2-6 in which ET and O-O bond
fragmentation are concerted [egn. (1) or (2)]. Only in the case of
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tert-butyl-p-cyanoperbenzoate is there evidence for atransition
to a stepwise mechanism with formation of the intermediate
radical anion.5> Such mechanistic studies are important because
electron transfer processes of peroxides and endoperoxides play
akey roleintheir activity in chemical and biological systems.”:8
For example, Fe!'-promoted ET reduction of the O-O bond in
the antimaarial endoperoxide artemisinin and its semi-syn-
thetic derivatives has recently been shown to be the key step in
its antimalarial activity.®10 |n the cases studied to date using
direct electrochemical methods, the alkoxy radical fragment
produced in the dissociative reduction (R-O- for acyclic
peroxides or ‘O—R—R-O— for endoperoxides) is reduced in a
second ET [eqgn. (3) or (4)]; i.e. no reactivity resulting from the
alkoxyl radical fragment is observed.1-5 Since the initial O-O
bond reduction is dissociative, the alkoxyl radical fragment is
generated at the electrode that is at a potential more negative
than the reduction potential of the R—O- fragment. Therefore,
the alkoxyl radical is reduced spontaneously because of the
large driving force. Here we report the first observed!
reactivity from the alkoxyl radical in the O—-R—R-O— distonic
radical anion formed in a heterogenous dissociative ET, namely
a 1,2-phenyl migration (O-neophyl rearrangement). This O-
neophyl-type rearrangement of a phenyl group to the alkoxyl
radical fragment occursin the distonic radical anion formed by
electrochemical single ET to the O—O bond in the endoperoxide
9,10-diphenyl-9,10-epidioxyanthracene (DPA-O5). In addition
to being the first example of this type of reaction, this
rearrangement occurs at the expense of the reduction of the
alkoxyl radical portion of the distonic radical anion [egn. (4)].
This suggests that systems such as these can be developed as
kinetic probes of the rate of the second heterogeneous ET [egn.
(3 and (4)]. _ _ _ _
Electrochemica reduction of DPA-O, was investigated in
MeCN and DMF solutions containing 0.1 m tetraethylammon-
ium perchlorate (TEAP) using cyclic voltammetry (CV).12 In
MeCN, DPA-O, is reduced with a pesk potential (Ej) of

—1.12V vs. SCE at ascanrate (v) of 0.1V s—1and the E, shifts
to more negative potentials with increasing scan rate. The
irreversible reduction wave is very broad, with apeak width (E,
— Eprp) Of 148 mV (at 0.1V s-1) and o values'3 of 0.32, 0.27,
0.23 and 0.21 at 0.1, 1, 5 and 10 V s—1. These voltammetric
characteristics are consistent with the reduction of DPA-O,
being dissociative.6 A representative cyclic voltammogram is
shown in Fig. 1(a). Following the dissociative reduction wave
there is a second reversible redox couple at a more negative
potential. The reduction wave of this couplel4a is not well-
defined until the potential is scanned to more negative values.
This feature and the reversibility of this 1 F mol—1 process'4p
areillustrated in Fig. 1(b). This reversible reduction at —1.804
V vs. SCE was identified as 9-phenoxy-10-phenylanthracene
(PPA) by product isolation and characterization, and by its
standard reduction potential (E°). Theamount of PPA formedin
the CV experiment depends on the scan rate and the time the
potential isheld at values more negativethan ca. —1.9V. Based
on peak current measurements (ip) the formation of PPA is
guantitative on the cyclic voltammetry timescale at very slow
scan rates and when the potential is held at the negative
potentials.*> Also observedinthe CV on thereturn cyclearetwo
weak oxidation waves; these disappear on addition of a weak
acid (see Fig. 1) and are assigned to electrogenerated basic
intermediates. In no case wasthere evidence for direct reduction
of the distonic radical anion leading to the corresponding
9,10-diol, DPA-(OH), (Path A in Scheme 1), contrary to that
observed in al other peroxide/endoperoxide systems studied to
date. 15
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Fig. 1 (a) Cyclic voltammogram showing the reduction of a2 mm solution
of DPA-O,in0.1m TEAP/MeCN at 0.2V s—1. (b) CV asin (a) where the
potential was held at the negative potential limit for 30 sprior to the positive
scan. The CV shown in the dashed line is that measured after the addition
of 5 equiv. of 2,2,2-trifluorethanol. (c) Cyclic voltammogram showing the
reduction of a 2.8 mm solution of DMA-O, in 0.1 m TEAP/MeCN at 0.1
V s—1 both in the presence (solid line) and the absence (dashed line) of
2,2,2-trifluoroethanol.
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Scheme 1
In contrast, reduction of 9,10-dimethyl-9,10-epidioxy-

anthracene (DM A-0O5,) generates the corresponding 9,10-diol
[DMA-(OH);,] quantitatively via a two-electron (2 F mol—1)
reduction (Path A in Scheme 1). No evidence for 9-methoxy-
10-methylanthracene (MM A) was found. Other voltammetric
characteristics are similar to DPA-O-: E, —1.35V vs. SCE
at 0.1V s—1, apeak width (E, — Ey) of 153mV (at0.1Vs
yielding o values of 0.31, 0.27 and0.25at0.1,1and 10V s 1,
Since this is a two electron process the shift of E, to more
negative potentials by 113 mV/(log v) gives an average o value
of 0.25.

Werationalize formation of PPA in the reduction of DPA-O,
by an O-neophyl-type rearrangement from the initially formed
distonic radical anion (path B in Scheme 1); specifically the
distonic radical anion undergoes a 1,2-phenyl migration to the
alkoxyl radical center to generate the carbon-centered radical
intermediate. At the potential where DPA-O, isreduced (E, =
—1.12 V vs. SCE) the resulting diarylphenoxymethy! radical is
not expected to be reduced.16 This intermediate can be reduced
at more negative potentials and eventually lead to PPA via
aromatization with loss of OH—. This result is consistent with
the CV results and was verified by the constant potential
electrolysis studies. Electrolysis at —1.2 V does not result in
formation of PPA; instead it generates via a1l F mol—1 process
a product that forms PPA quantitatively after work-up of the
electrolysismixture. However, if the electrolysisisperformed at
more negative potentials (—1.6 V) PPA is formed quantita-
tively consuming 2 F mol—1. Likewise if the electrolyses are
performed in the presence of a weak acid like 2,2,2-tri-
fluorethanol or acetanilide, PPA isnot theinitial product, but it
is the only product isolated after work-up. We suggest that in
these latter experiments 1 is formed by trapping the inter-
mediate formed after the O-neophyl rearrangement. No DPA-
(OH),, which is stable to the work-up conditions, is isolated.

The O-neophyl rearrangement occurs exclusively; no dial,
which would be generated on reduction corresponding to eqgn.
(4), isobserved. Thus, the rearrangement must occur with arate
faster than the rate of the heterogeneous ET reduction of the
alkoxyl radica formed on the dissociative reduction. The
reductlon potential of PhsC—O (E°pn,corph,co-) IS—0.03V vs.
SCE;* thus the driving force for reduction of thealkoxyl radical
at —1.2V isfavorable by at least 23 kcal mol ~*. By analogy to
therate constant reported by Falvey et al. for the rearrangement
of the triphenylmethoxyl radical to «-phenoxydiphenylmethyl
radical we expect the O-neophyl rearrangement to be occurring
with arate constant in the order of 5 x 1010 s—1 or greater.1?
Thus, the rate of the second ET cannot compete with the O-
neophyl rearrangement. This puts an upper timescale by which
to compare the rate of the second heterogenous ET. Similar O-
neophyl rearrangements were not reported during the electro-
chemical reduction of Ph;CO-OCPh; or Ph,CO-OBU'* sug-
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gesting that there may be a stereoelectronic effect on the
rearrangement in the DPA-O,, system.

In the reduction of DM A-O, the corresponding 1,2-methyl
shift or B-scission does not compete with reduction of the
distonic radical anion. Although the 3-scission reaction is not
known for Ph,MeCO' the rate constant of the 1,2-methyl shift
rate is estimated to be 4.4 X 106 s—1.17 This provides a lower
rate limit to compare the second heterogenous ET.

Observation of this O-neophyl rearrangement in the reduc-
tion of DPA-O, may provide a method to quantify the
partitioning ratio (if any) between the charge and spin in the
distonic radical anionsformed on reduction of unsymmetrically
substituted endoperoxides (for example, 9-methyl-10-phenyl-
9,10-epidioxyanthracene). Studies of this type are currently in
progress. Also in progress are studies addressing the generality
of this type of rearrangement on the reduction of other
polycyclic aromatic endoperoxides and other aryl substituted
endoperoxides, in an attempt to provide ‘clock’ reactions for
secondary reduction of distonic radical anions (and itsimplica-
tions on the theory of dissociative ET).
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