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A cyclic nitroxyl radical used as a spin probe efficiently
scavenges cumylperoxyl radical in an aprotic medium via an
electron-transfer process, which is significantly accelerated by
the presence of scandium ion.

Stable cyclic nitroxyl radicals, extensively used as spin
probes for in vivo ESR measurements,1 are known to act as an
efficient protector against radical-induced damage.2 Extensive
efforts have been devoted to elucidate the mechanism of the
reactions of nitroxyl radicals with reactive oxygen species
(ROS), such as hydroxyl radical (�OH)3,4 and superoxide
(HO2

�/O2
��),2a,5 as well as secondary radicals derived from

ROS, such as carbon-centered radicals,6 nitrogen dioxide
(�NO2),

7 and nitric oxide (�NO).8 Two mechanisms have been
proposed for the reaction between nitroxyl radicals and �OH
based on pulse radiolytic conductivity measurements, i.e., an
electron-transfer oxidation of the nitroxyl radical by �OH to form
an oxoammonium cation or an electrophilic addition of �OH to
the oxygen atom of the nitroxyl radical.9 Nitroxyl radicals were
also reported to act as an electron donor to scavenge �NO2.

7 On
the other hand, the oxoammonium cation was reported to play an
essential role to scavenge O2

��5 as well as �NO8 as a one-electron
oxidant. Furthermore, Offer and Samuni have recently reported
that nitroxyl radicals inhibit peroxyl radical-mediated DNA
scission and enzyme inactivation.10 However, very little is
known about the mechanism for the reaction of nitroxyl radicals
with peroxyl radicals, which can be generated by the reaction
between carbon-centered radicals and O2 with an almost
diffusion-controlled rate.6a,6b

We report herein the scavenging reaction of cumylperoxyl
radical (PhCMe2OO

�) by 3-carbamoyl-2,2,5,5-tetramethyl-
pyrrolidine-N-oxyl (3-carbamoyl-PROXYL; CP), one of cyclic
nitroxyl radicals used as a spin probe, in propionitrile (EtCN)
at low temperature (193K). Based on the acceleration effect of
scandium ion on the reaction rates,11 we demonstrate for the first
time that the cyclic nitroxyl radical can act as an electron donor
to PhCMe2OO

�.
The rates of scavenging reactions of CP with PhCMe2OO

�

were measured using ESR. PhCMe2OO
� is formed via a

photoinduced radical chain process shown in Scheme 1.12,13

Under photoirradiation of an oxygen-saturated EtCN solution
of cumene and di-t-butyl peroxide (tBuOOtBu), the O–O bond

of the tBuOOtBu is cleaved to produce t-butoxy radical,14 which
abstracts a hydrogen atom from cumene to produce cumyl radi-
cal. The cumyl radical is readily trapped by O2 to produce
PhCMe2OO

�. PhCMe2OO
� can abstract a hydrogen atom from

cumene in the propagation step to yield cumene hydroperoxide,
accompanied by regeneration of the cumyl radical. In the termi-
nation step, PhCMe2OO

� decay via a bimolecular reaction to
yield the corresponding peroxide and O2 (Scheme 1).15 When
the light is cut off, the ESR signal intensity decays, obeying
second-order kinetics according to the bimolecular reaction.15

In the presence of CP, the decay rate of PhCMe2OO
� after cut-

ting off the light becomes much faster than that in the absence
of CP (see Supporting Information, Figure S116). The decay rate
in the presence of CP obeys pseudo-first-order kinetics. The
pseudo-first-order rate constants (kobs) increase with increasing
the CP concentration ([CP]) to exhibit first-order dependence
on [CP] (Figure 1a). This indicates that CP can efficiently
scavenge PhCMe2OO

� in EtCN at 193K. From the slope of
the linear plot of kobs vs the concentration of CP is determined
the second-order rate constant (k2) for the scavenging reaction

Scheme 1. Generation of cumylperoxyl radical and the reaction
with CP.
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of PhCMe2OO
� by CP as 5:0� 10�1 dm3 mol�1 s�1 in EtCN at

193K.
When Sc(OSO2CF3)3 is added to the EtCN solution of CP

and PhCMe2OO
�, the decay rate of PhCMe2OO

� was significant-
ly accelerated as shown in Figure 1b. Such an acceleration indi-
cates that electron transfer from CP to PhCMe2OO

� to produce
oxoammonium cation (CPþ)17 and PhCMe2OO

� may be in-
volved as shown in Scheme 1. It should be noted that there is
no interaction between CP and Sc3þ, since the g value as well
as the hyperfine coupling constant of the ESR spectrum of CP
in the presence of Sc3þ is the same as that in its absence.18 Thus,
CP can act as an electron donor to scavenge PhCMe2OO

�. When
Sc(OSO2CF3)3 was replaced by Mg(ClO4)2, no acceleration
effect on the rate of electron transfer from CP to PhCMe2OO

�

was observed. Thus, the acceleration effect of Sc3þ can be
ascribed to the strong binding of Sc3þ to PhCMe2OO

�, which
results in a decrease in the free energy of the electron transfer
(Scheme 1).19 In fact, Sc3þ has recently been reported to be
the most effective promoter among various metal ions in
metal ion-promoted electron-transfer reactions.20 The k2 values
at various temperatures in the presence of Sc3þ (1:0� 10�3

mol dm�3) were also determined in the same manner. From
the Arrhenius plot of ln k2 vs 1=T (Figure S216) were determined
the activation enthalpy (�Hz) and activation entropy (�Sz) as
36 kJmol�1 and �39 J K�1 mol�1, respectively.

The cyclic voltammogram measured for CP in EtCN
(0.1mol dm�3 Bu4NClO4) showed a reversible redox wave
(Figure S316), from which was determined the one-electron
oxidation potential (E0

ox) of CP as 0.69V vs SCE.21 On the
other hand, the one-electron reduction potential (E0

red) of
PhCMe2OO

� determined directly by the cyclic voltammetry
was reported to be 0.65V vs SCE.15 Virtually the same E0

ox

value of CP as the E0
red value of PhCMe2OO

� is consistent with
the relatively small k2 value for electron transfer from CP to
PhCMe2OO

�.
In conclusion, CP scavenges PhCMe2OO

� via electron trans-
fer from CP to PhCMe2OO

�, which is significantly accelerated
by the presence of Sc3þ. The detailed mechanistic information
in the scavenging reaction of the peroxyl radical by the nitroxyl
radical obtained in this study provides a valuable insight into the
development of novel antioxidants effective toward oxidative
damage induced by reactive oxygen and nitrogen species.
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Figure 1. (a) Plot of kobs vs [CP] in the reaction of CP with
PhCMe2OO

� in EtCN at 193K. (b) Plot of k2 vs [Sc
3þ] in the re-

action of CP with PhCMe2OO
� in the presence of Sc(OSO2CF3)3

in EtCN at 193K.

Chemistry Letters Vol.36, No.3 (2007) 379

Published on the web (Advance View) February 3, 2007; doi:10.1246/cl.2007.378


