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ABSTRACT: The kinetics of reactions of the phthalimide N-
oxyl radical (PINO) with a series of activated phenols
(2,2,5,7,8-pentamethylchroman-6-ol (PMC), 2,6-dimethyl-
and 2,6-di-tert-butyl-4-substituted phenols) were investigated
by laser flash photolysis in CH3CN and PhCl in order to establish if the reactions with PINO can provide a useful tool for
evaluating the radical scavenging ability of phenolic antioxidants. On the basis of the small values of deuterium kinetic isotope
effects, the relatively high and negative ρ values in the Hammett correlations and the results of theoretical calculations, we suggest
that these reactions proceed by a hydrogen atom transfer (HAT) mechanism having a significant degree of charge transfer
resulting from a π-stacked conformation between PINO and the aromatic ring of the phenols. Kinetic solvent effects were
analyzed in detail for the hydrogen transfer from 2,4,6-trimethylphenol to PINO and the data obtained are in accordance with the
Snelgrove-Ingold equation for HAT. Experimental rate constants for the reactions of PINO with activated phenols are in
accordance with those predicted by applying the Marcus cross relation.

■ INTRODUCTION

The reactivity of the phthalimide-N-oxyl radical (PINO) is
receiving continuous attention since this species is the active
oxidant in the synthetically useful N-hydroxyphthalimide
(NHPI) catalyzed oxidation of aliphatic and alkylaromatic
hydrocarbons.1,2 Moreover, PINO and other short-lived
aminoxyl radicals play a key role in the oxidative degradation
of lignin promoted by the laccase/O2 system mediated by
NHPI and other hydroxylamines,3 a process that has
application in the pulp and paper industry.4 This interest has
stimulated several studies aimed at assessing the mechanism of
the reactions of these radicals with a wide variety of organic
compounds. In particular, the reactivity of PINO toward C−H
bonds has been investigated in detail and a classical hydrogen
atom transfer (HAT) mechanism has been suggested to be
operative in these processes.5−8 In contrast, only a few studies
are available concerning the reactivity of PINO with phenolic
OH groups, which leads to the formation of phenoxyl radicals
(eq 1).9,10

This process is of great interest for the fact that reaction 1
can play an important role in the already mentioned NHPI-
mediated oxidative degradation of the abundant phenolic
residues of lignin promoted by the laccase/O2 system. More
importantly, in a previous study9 we proposed the analysis of

the PINO reactivity with phenols as a tool for evaluating the
radical scavenging ability of phenolic antioxidants.
The antioxidant activity of phenols is based on their ability to

transfer the phenolic hydrogen to lipid peroxyl radicals (eq 2)
much faster than the chain-propagating H-atom transfer step of
lipid peroxidation (eq 3).11

The rate constant for eq 2 (kinh) represents a key element in
the evaluation of the antioxidant properties of phenolic
compounds. Its magnitude depends on several factors and in
particular on the bond dissociation energy (BDE) of the
phenolic O−H bond.12 In this respect it has to be remarked
that the BDE of the O−H bond of NHPI formed after
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hydrogen abstraction by PINO (88 kcal/mol)10 is very close to
that of the O−H bonds formed by alkylperoxyl radicals (89
kcal/mol for tBuOO-H).13 Thus, when considering the
enthalpic effects of reactions 1 and 2, it appears that PINO
may represent a good model for alkylperoxyl radicals in
hydrogen transfer processes. However, as will be discussed
later, other factors like polar and steric effects are at play in
these processes2,6,12 and should be taken into account when
comparing the reactivity of these two classes of oxygen-
centered radicals.
In our previous study,9 we performed a spectrophotometric

analysis of the reaction of PINO with a series of para-
substituted phenols (4-X-C6H4OH, X = H, CO2Et, CONH2,
CH2CN, CH2OH, CH3). Because these substrates have BDEs
that are somewhat higher than those of typical phenolic
antioxidants (viz. > ca. 86 kcal/mol),14 we considered it
worthwhile to extend the analysis of the reaction 1 to a series of
more activated phenolic compounds, namely 2,6-dimethyl-4-
substituted phenols (1−5), 2,6-di-tert-butyl-4-substituted phe-
nols (6−10) and 2,2,5,7,8-pentamethylchroman-6-ol (PMC,
11), whose structures are displayed in Chart 1.
Since the reaction of PINO with activated phenols is too fast

to be followed by conventional spectrophotometry, the reaction
kinetics were investigated by the laser flash photolysis (LFP)
technique. In order to have information on the solvent effect on
hydrogen abstraction from all the phenols, experiments were
performed in CH3CN and in chlorobenzene (PhCl). With
2,4,6-trimethylphenol (3), an extended series of solvents was
used. We also studied the reactions of PINO with phenols 1, 4
and 5 using density-functional theory (DFT) techniques in
order to develop deeper insight into the energetics and
dynamics of the hydrogen transfer process between these
species.

■ RESULTS
Time-resolved Studies. In the LFP experiments, PINO

was produced after hydrogen atom abstraction from NHPI by
the cumyloxyl radical (eq 5 in Scheme 1).15 The latter species
was generated by 355 nm LFP of dicumyl peroxide (eq 4 in
Scheme 1). The hydrogen atom transfer from NHPI to the
cumyloxyl radical occurs in competition with β-scission in the

radical, which leads to the formation of acetophenone and a
methyl radical (eq 6 in Scheme 1, kβ ≈ 6.5 × 105 s−1 in
CH3CN).

16

The PINO signal, which is characterized by an absorption
band centered at 380 nm,5 is stable on the millisecond time
scale. However, in the presence of an excess of phenolic
compounds,17 there occurs a fast decay that follows first order
kinetics. With the exception of PMC (11), we observed no
transient signals at ca. 380−400 nm that could be assigned to
phenoxyl radicals.18 This observation can be reasonably
explained by considering that the rate of hydrogen abstraction
from the O−H group of compounds 1−10 by PINO (eq 7 in
Scheme 2) is significantly lower than the rate of combination of
the phenoxyl radicals with PINO (eq 8 in Scheme 2).19 The
latter process, as already shown in a previous study using 2-tert-
butyl-4-methylphenol as a substrate,9 led to the formation of
the cross-coupling product of the two radicals (Scheme 2, R =
tBu, R′ = H, R″ = CH3).
The fast hydrogen abstraction from PMC (11) by PINO

enables us to observe the decay of PINO along with the
formation of the PMC phenoxyl radical. Figure 1 shows the
time-resolved spectra obtained after 355 nm LFP of an N2-
saturated CH2Cl2 solution containing dicumyl peroxide (0.8
M), NHPI (5.0 mM) and PMC (0.1 mM) at T = 25 °C.
The PINO radical, monitored at 380 nm, undergoes a first-

order decay (Figure 1, inset a) accompanied by the formation
of the PMC phenoxyl radical (Figure 1, inset b) which displays
the characteristic visible absorption band at λmax = 425 nm.20 It
can be noted that the latter radical is in part already formed
0.65 μs after the laser pulse. This can be attributed to the direct
reaction of the cumyloxyl radical with PMC which occurs in
competition with hydrogen transfer from NHPI21 despite a
PMC concentration that is 50 times lower than that of NHPI.

Chart 1

Scheme 1
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When the pseudo first-order rate constants (kobs) for the
decay of the PINO radical measured at 380 nm were plotted
against the concentration of phenolic compounds, excellent
linear dependencies were observed (see Figure 2 (MeCN) and
Figure S1 in the Supporting Information (PhCl) for 2,6-
dimethyl-4-substituted phenols; Figure 3 (MeCN) and Figure
S2 in the Supporting Information (PhCl) for 2,6-di-tert-butyl-4-
substituted phenols). According to Scheme 2, the second-order
rate constants for abstraction of the phenolic O−H hydrogen
by PINO (kH) were obtained from the slopes of these plots
using eq 9 for the reactions with phenols 1−10 (kobs =
kH[PMC] for the reaction of PINO with PMC). The hydrogen
abstraction rate constants kH are reported in Table 1.

=k k2 [ArOH]obs H (9)

The addition of 1% D2O to CH3CN solutions containing the
more reactive methoxylated phenols 1, 6 and 11, quantitatively
converts ArOH to ArOD and results in a substantial decrease in
the decay rate of PINO (see Table 1, Figure 4 for the reaction
of PINO with 1, Figures S3−S4 in the Supporting Information
for the reactions of PINO with 6 and 11). The kinetic
deuterium isotope effects (kH/kD) are 2.1, 3.1, and 1.4
respectively for phenols 1, 6 and 11.
Theoretical Calculations. We performed density-func-

tional theory calculations to model the reactions between
PINO and phenols 1, 4 and 5 in order to develop a more

detailed understanding of the hydrogen exchanges involving
these species. Noncovalent interactions between the reactants
are expected to play an important role in the formation of
prereaction complexes and may influence reaction mechanism
through the stabilization of the transition state complexes. In

Scheme 2

Figure 1. Time-resolved absorption spectra observed after 355 nm
LFP of an N2-saturated CH2Cl2 solution (T = 25 °C) containing
dicumyl peroxide (0.8 M), NHPI (5 mM) and PMC (0.1 mM), at 652
ns (filled circles), 1.5 μs (empty diamonds), 3.9 μs (filled squares), 6.8
μs (empty circles) and 20 μs (filled triangles) after the 8 ns, 20 mJ
laser flash. (Inset a) Decay of the absorption of PINO at 380 nm.
(Inset b) Buildup of the absorption of the PMC phenoxyl radical at
420 nm.

Figure 2. Dependence of kobs for the decay of the PINO radical
measured at 380 nm on the concentration of 4-X-2,6-(CH3)2C6H2OH
(X = OCH3, NHCOCH3, CH3, H, Br) in CH3CN at 25 °C.

Figure 3. Dependence of kobs for the decay of the PINO radical
measured at 380 nm on the concentration of 4-X-2,6-tBu2C6H2OH (X
= OCH3, NHCOCH3, CH3, tBu, H) in CH3CN at 25 °C.
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order to ensure that we adequately model noncovalent
interactions, we used the latest generation of dispersion-
correcting potentials (DCPs) recently described by Torres and
DiLabio,27 in conjunction with B328LYP29/6-31+G(2d,2p).30,31

We began our simulations by attempting to quantify the
binding energy differences between cisoid- and transoid-type
prereaction complex structures involving PINO and phenols 1,
4, and 5. We define a cisoid structure as having the reactants
arranged in a π-stacked conformation and a transoid structure
as having a nearly planar conformation. The structural details of
the transoid prereaction complex appear to be dependent upon
substituent in the 4-position of the phenol. For example,
phenols 1 and 5 were found to form planar transoid prereaction
complexes with PINO, whereas phenol 4 forms no transoid
structure at all and optimized along a shallow potential energy
surface to the cisoid prereaction complex.
Transition state (TS) structures were explored starting from

the minima associated with the prereaction complexes.
Determining cisoid TSs was relatively straightforward, however

finding transoid TSs was more challenging. In fact, we were not
able to locate TS structures in which the reactants were
coplanar. Rather, the TSs for the PINO + 1 and PINO + 5
reactions were found to be pseudotransoid, in which there is a
ca. 45° angle between the ring planes of the reactants (see
Figure 5d). This indicates that the nearly planar transoid
prereaction complexes must move out of plane in order to
reach a pseudotransoid TS. In any case, the nature of the
transoid-type prereaction complexes and TSs have little
relevance to the reaction kinetics as they lie significantly higher
in energy than their cisoid counterparts (see Table 2).
The relative energies/free energies associated with the

reaction of PINO with phenols 1, 4, and 5 are listed in Table
2. The energy-optimized prereaction and TS complexes for the
reaction of PINO with 1 are presented in Figure 5.
The data in Table 2 show that the cisoid prereaction

complexes have binding energies that are almost 10 kcal/mol
higher than their transoid counterparts (when formed). Cisoid
binding energies range from 11.7 to 13.4 kcal/mol and both the

Table 1. Second-Order Rate Constants kH (M−1s−1) for the Reaction of the PINO Radical with Phenols 1−11 at 25 °C and
Phenolic O−H Bond Dissociation Energies

aFrom ref 24. bCalculated using the group additivity rule with substituent contributions reported in ref 25. cCalculated using the group additivity
rules with a contribution of ΔBDE for the p-Br of 0.86 kcal/mol (from ref 26).
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PINO•1 and PINO•5 complexes have negative free energies of
formation. The ring−ring separation between the constituents
of the complexes of ca. 3.2 Å are shorter than typical π−π
distances.32 The strong binding arises from attractive π-stacking
interactions, along with (nonideal) hydrogen bonding between
the phenol OH group and the nitroxyl moiety of PINO, and
some degree of favorable interaction as a result of charge
transfer from the phenol to PINO.33

On the other hand, the transoid prereaction complexes are
much more weakly bound because the single OH...O hydrogen
bonding interaction has limited strength and is mitigated to
some extent by steric repulsions in the vicinity of the hydrogen
bond, see Figure 5c. The considerable difference in binding
energies between the cisoid and transoid prereaction complexes
(and, in the case of PINO•4 the complete absence of a transoid
prereaction complex altogether) indicates that the latter
complexes are unimportant in the kinetics of hydrogen atom
transfer between phenols and PINO. This is verified by the data
in Table 2, which indicate that the transoid TS structures for
the PINO•1 and PINO•5 reactions are more than 3 kcal/mol
higher in free energy than the corresponding cisoid TS
structures.
Hydrogen atom transfer within the cisoid prereaction

complexes occurs following the rotation of the OH groups of
the phenols to a position ca. 90° relative to the ring plane. In
the TS structures, there is little change in the separation
between the rings of PINO and the phenols. Additional
geometry data associated with the TS structures are provided in
Figure 5 and the Supporting Information. The free energies
associated with reaching the TS from separated reactants
(cisoid complex) are calculated to be 4.1, 8.4, and 7.1 (4.3, 7.3,
and 7.5) kcal/mol, respectively, for 1, 4, and 5. Comparisons to
the data provided in Table 1 indicate that the barriers we
calculated for the cisoid reactions are ca. 4 kcal/mol lower than
the experimental free energy barriers in MeCN. The fact that
our calculated barriers are closer to those measured in PhCl
(within ca. 2.5 kcal/mol), indicates the importance of solvent
effects on the calculated barriers/rate constants. Nevertheless,

there are underlying deficiencies in the B3LYP approach that
contribute to the errors in calculated free energies.34

■ DISCUSSION

From the kinetic data reported in Table 1 it can be noted that
rate constants for the hydrogen abstraction (kH) from phenols
1−11 by PINO span a wide range of reactivity, a difference of
ca. 5 orders of magnitude is observed between the least reactive
phenol 10 (kH = 1.5 × 103 M−1s−1 in CH3CN and 8.0 × 103

M−1s−1 in PhCl) and the most reactive phenol 11 (kH = 2.5 ×
108 M−1s−1 in CH3CN and 5.2 × 108 M−1s−1 in PhCl).
The rate constants also indicate that hydrogen abstraction by

PINO is significantly influenced by steric effects of the phenolic
ortho-substituents. Accordingly, the kH values for the ortho
dimethylated phenols 1−5 are more than 1 order of magnitude
higher than those observed with the ortho di-tert-butylated
phenols 6−10 even though the former reactions are ca. 1.7 kcal
mol−1 less exothermic (see Table 1).36

As was observed in our previous study of the reaction of
PINO with para-substituted phenols,9 rate constants increase
with the electron donating strength of the substituent in both
the dimethylated phenols 1−5 and di-tert-butylated phenols 6−
10. In accordance with the experimental data, theoretical
calculations show an increase of the activation free energies,
relative to the prereaction cisoid complex, from 4.3 kcal/mol
for the reaction of PINO with 2,6-dimethyl-4-methoxyphenol
to 7.5 kcal/mol for the reaction with 2,6-dimethyl-4-
bromophenol. These results can be understood in terms of
enthalpic effects by considering that electron donating (ED)
groups reduce the bond dissociation enthalpy (BDE) of the
phenolic O−H bonds (see Table 1) by the double effect of
stabilization of the phenoxyl radical (whose O• group is
strongly electron withdrawing)38 and destabilization of the
phenols.12,39

The results of our theoretical calculations shed additional
light on the dynamics of the hydrogen transfer process from
phenols 1, 4, and 5 to PINO. Starting from the energetically
favorable cisoid-type prereaction complex (see Figure 5a), on
going to the cisoid TS, the phenolic OH group is rotated so

Figure 4. Dependence of kobs for the decay of the PINO radical measured at 380 nm on the concentrations of 4-MeO-2,6-(CH3)2C6H2OH (●) and
4-MeO-2,6-(CH3)2C6H5OD (○) in CH3CN + 1% H2O (D2O) at 25 °C.
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that it is pointing toward the singly occupied oxygen p-orbital
of PINO (see Figure 5b). The geometry of the cisoid TS clearly
indicates that a HAT process (rather than a PCET process)40

occurs in which the proton and the electron are transferred
from the phenolic O−H, along one pathway, to the singly
occupied oxygen p-orbital of PINO. Figure 6, which shows the
beta-spin highest molecular orbital (HOMO) for the PINO + 4
reaction, indicates the pathway associated with HAT as a

portion of an orbital showing bonding overlap between the
phenol OH and the PINO singly occupied p-type orbital.
However, Figure 6 also shows that there is a bonding π−π

overlap involving the phenol and PINO rings. This indicates
that the π-stacking in the TS allows for some degree of charge
transfer between the reacting species. The overall HAT process
starting from separated reactants through the cisoid prereaction
complex and the π-stacked cisoid TS is described in Scheme 3.
It has to be noted that evidence for a key role played by π-

stacking interactions in the reactivity of oxygen centered
radicals has also recently been proposed by our groups in the
(inner sphere) electron transfer reactions from alkyl ferrocenes
to benzyloxyl and cumyloxyl radicals. In this case the alkoxyl
radical aromatic ring can act as an electron relay shuttling the
electron from the ferrocene to the formal oxygen atom radical
center.42

The charge transfer occurring in the HAT transition state
with development of the partial positive charge on the phenolic
ring is in accordance with the relatively high and negative ρ
values observed when the log(kH

X/kH
H) values for the reactions

of PINO with phenols 1−5 and 6−10 in MeCN, were plotted

Figure 5. Prereaction complexes formed by PINO and 1 and their associated hydrogen transfer transition state complexes. (a) Cisoid (π-stacked)
prereaction complex. (b) Cisoid (π-stacked) transition state structure (R1 = 1.30 Å, R2 = 1.13 Å). In both (a) and (b), the molecular planes are
separated by ca. 3.2 Å. These structures are representative of those involving 4 and 5. (c) Transoid, coplanar prereaction complex (R(OH···ON) =
2.03 Å). (d) Transoid transition state structure (nonplanar), (R1 = 1.35 Å, R2 = 1.08 Å). These structures are representative of those involving 5.
See text for additional details.

Table 2. Energies/Free Energies (kcal/mol), Relative to
Reactants, for the Reactions of PINO with 1, 4, and 5 as
Obtained from B3LYP-DCP/6-31+G(2d,2p) Calculations

reaction structure complex transition state

PINO + 1 cisoid −13.3/−0.2 −7.0/4.1
transoid −4.2/5.4 −1.1/7.5

PINO + 4 cisoid −11.7/1.1 −0.7/8.4
transoid

PINO + 5 cisoid −13.4/−0.4 −2.8/7.1
transoid −4.8/4.7 3.2/11.3
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against the substituent constants σ+. The excellent Hammett
correlations thus obtained are shown in Figure 7.
It is interesting to note that the ρ values for the ortho-

dimethylated (−2.76) and ortho-di-tert-butylated phenols
(−2.26) are much more negative than those found in the
reaction of the two series of phenols with the styrylperoxyl
radical (−1.36 and −1.11, respectively).43 This result can be
likely attributed to the greater development of positive charge
in the phenolic ring in the TS of the hydrogen abstraction
promoted by the PINO with respect to the styrylperoxyl radical
deriving from the charge transfer contribution from the π-
stacked conformation (see later).
It is also interesting to compare the ρ values for the ortho-

dimethylated and ortho-di-tert-butylated phenols with that
previously determined in the reaction of PINO with the
para-substituted phenols (ρ = −3.1).9 The electronic effect of
the substituent is somewhat reduced in the presence of the 2,6-
dialkyl substituents. This observation is in accordance with a
lower degree of CT in the earlier TS for the HAT process from

the ortho-dialkyl substituted phenols. The less negative ρ value
found in the 4-X-2,6-tBu2C6H2OH series with respect to the 4-
X-2,6-(CH3)2C6H2OH one probably reflects the smaller extent
of CT that occurs in the TS due to the bulkiness of the ortho
alkyl groups.
For the more reactive phenols 1, 6 and 11 it was possible to

analyze the kinetic deuterium isotope effect (DKIE) by LFP
experiments. The observation of a decrease in the decay rate of
PINO by replacing ArOH with ArOD is in accordance with a
fast formation of the cisoid prereaction complex followed by a
rate determining HAT reaction (Scheme 3). As previously
reported for the reaction of PINO with para-substituted
phenols,9 the DKIE values are not very high (kH/kD = 2.1, 3.1,
and 1.4 for 1, 6 and 11 respectively) in line with a
nonsymmetrical transition state for the highly exothermic
hydrogen transfer process (ΔH = −8.2, −9.8, and −9.9 kcal
mol−1 for the reaction of PINO with 1, 6 and 11
respectively).44 This hypothesis is supported by the results of
theoretical calculations, for example in the cisoid TS for the

Figure 6. Two views of the highest-occupied beta molecular orbital for the transition state associated with the reaction of PINO with 4. The view in
(a) is similar to that shown in Figure 5b. Red and green represent the two different phases of the molecular orbitals.

Scheme 3

Figure 7. Hammett plots for the reactions of (A) 4-X-2,6-(CH3)2C6H2OH and (B) 4-X-2,6-tBu2C6H2OH with PINO in CH3CN at 25 °C.
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reaction of PINO with 1 the distance of the H from the
phenolic O (1.13 Å) is much shorter than the H distance from
the PINO oxygen (1.30 Å) (see Figure 5). The slightly higher
DKIE value found in the reaction of PINO with 6 might be
attributed to the steric effect due to the encumbrance of the
two ortho tert-butyl substituents that causes an increase of the
degree of hydrogen transfer from the phenolic O−H to the
PINO radical in the TS.
Even though PINO and other short-lived aminoxyl radicals

are good one-electron oxidants23,45 the possibility that the
hydrogen abstraction reaction proceeds by a two step electron
transfer-proton transfer process (Scheme 4) as in the N-
demethylation of N,N-dimethylanilines15a,46 instead of a HAT
mechanism, is unlikely. The ET-PT mechanism with a rate-
determining ET would not be in accordance with the DKIEs
observed. Moreover such an ET process would be endergonic
as the reduction potential of PINO in CH3CN is 0.69 V vs
SCE23 while the oxidation potential of the phenols investigated
are ≥0.97 V vs. SCE in CH3CN (E°ox for PMC, the most easily
oxidizable phenol investigated in this study).47,48

Since it has been reported that the effect of Mg2+ on
hydrogen transfer rates can provide a reliable criterion for
distinguishing between the one-step HAT and the ET
mechanisms,20,49 we also investigated the effect of Mg2+ on
the oxidation reaction of PMC. No variation in the rate
constant for hydrogen transfer from PMC to PINO was
observed after addition of Mg(ClO4)2 0.1 M (Table 1), thus
providing additional support to the hypothesis that the reaction
proceeds via a one-step HAT rather than via ET.
In order to investigate the kinetic solvent effect (KSE) on the

HAT process from the phenols to PINO, rate constants were
also determined in PhCl for phenols 1−10 and in a more
extended series of solvents (CH2Cl2, PhCl, PhOMe, MeCN)
for 2,4,6-trimethylphenol (3).50 From the kH values reported in
Table 1 it can be easily noted that the reactivity depends on the
hydrogen bond accepting ability of the solvent, as measured by
the Abraham’s β2

H values.51 The lower the β2
H value, the higher

the reactivity of phenols with PINO. These findings are in
agreement with Ingold’s model for HAT processes reported in
Scheme 5.22,52

In Scheme 5, kH° represents the rate constant measured in a
non-HBA solvent (i.e., an alkane for which β2

H = 0.00) and KS

is the equilibrium constant for hydrogen bond formation

between phenol and solvent S. According to this picture, in
relatively strong HBA solvents the substrate must experience
desolvation in order to undergo hydrogen abstraction and a
decrease in reactivity is observed as compared to weaker or
non-HBA solvents. In general, the rate constant for hydrogen
abstraction from phenol in a solvent S, kH

S, can be expressed in
terms of eq 10.

= ° +k k K/(1 [S])H
S

H
S

(10)

The Snelgrove−Ingold empirical equation (eq 11)52,53

accounts quantitatively for the KSEs observed in these
reactions.

α β= ° −k klog( ) log( ) 8.3H
S

H 2
H

(subst) 2
H

(11)

In this equation, α2
H
(subst) measures the substrate hydrogen

bond donor (HBD) ability.54 When the log kH values for the
reactions of phenol 3 with PINO in the four solvents
investigated were plotted against the solvent β2

H values, a
good correlation was obtained (Figure 8).
From the linear regression analysis an intercept of 6.5 is

obtained, therefore in a non-HBA solvent (e.g., alkane solvents)
the kH for the reaction between the PINO radical and 2,4,6-
trimethylphenol can be estimated as ca. 3.2 × 106 M−1s−1. In
accordance with the prediction of the Snelgrove−Ingold
equation the slope of the plot of Figure 8 (−2.9) is very
close to the product −8.3α2

H
(subst) (−3.1 using α2

H = 0.374 for
2,4,6-trimethylphenol52a).
The relevant contribution of charge transfer in the reaction

of PINO with activated phenols is highlighted by the
comparison of the rate constants for reaction of PINO with
PMC with those reported in the literature for the hydrogen
abstraction from α-tocopherol by the cumylperoxyl radical
(Table 3).55 The latter process likely occurs by a mechanism
involving PCET, wherein a proton is transferred between O
atoms and an electron transferred via a peroxyl oxygen lone
pair-phenolic ring π overlap.56

The data reported in Table 3 indicate that PINO is at least 2
orders of magnitude more reactive than CumOO• in hydrogen
transfer processes from O−H bonds in activated phenols.
The higher reactivity of PINO with respect to alkylperoxyl

radicals has been observed in several HAT processes from C−
H bonds and rationalized on the basis of the more significant
polar effects in the reactions promoted by PINO.2,6 The higher
PINO vs ROO• relative reactivity found in hydrogen
abstraction from phenolic O−H bonds than from C−H
bonds can be likely attributed to the fact that the former
HAT is facilitated by the greater orbital overlap that occurs in
the π-stacked conformation compared to lone pair π overlaps.
Lastly, we compared the experimental rate constants for the

reactions of PINO with phenols with those calculated by
applying the Marcus cross relation. As recently reviewed by
Mayer,57 the Marcus cross relation accurately predicts rate
constants for a large number of organic and transition metal
HAT reactions, including substrates with C−H, N−H, and O−

Scheme 4

Scheme 5
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H bonds in a large variety of solvents. The cross relation, as
applied to HAT reactions (eq 12), predicts that HAT intrinsic
barriers can be independently determined from self-exchange
reactions. This derives from the “additivity postulate” that the
reorganization energy λ for the cross reaction is the mean of the
self-exchange λ’s (eqs 13−14).

+ ⎯ →⎯⎯⎯ +• •AH B A BH
HAT

(12)

λ λΔ = + Δ# ◦G G( /4)(1 / )AH/B AH/B AH/B AH/B
2

(13)

λ λ λ= +( )/2AH/B AH/A BH/B (14)

Thus the rate constant for a cross reaction kAH/B can be
calculated by applying eq 15 where kAH/A and kBH/B are the two
rate constants for the respective hydrogen-atom self-exchange
reactions and KAH/B is the equilibrium constant. The factor f is
close to 1 for many of the reactions, when |ΔG°| ≪ 2λ.58

=k k k k fAH/B AH/A BH/B AH/B (15)

In this way we calculated the hydrogen transfer rate constants
for the reactions of PINO with three phenols: PMC (11), 2,6-
di-tert-butyl-4-methoxyphenol (6) and 2,4,6-tritert-butylphenol
(9), comparing the results with the experimental rate constants
for the same reactions reported in Table 1. The self-exchange
rate constant for the NHPI/PINO couple (kBH/B) was derived
from pseudo-self-exchange reactions in AcOH (5 × 102

M−1s−1)8 and it is interesting to note that the same value of
kBH/B has been estimated for the tert-butylperoxyl radical (5 ×

102 M−1s−1).59 The self-exchange rate constants for the phenol/
phenoxyl radical couples (kAH/A) in MeCN are available in the
literature60 and are reported in Table 4. KAH/B were calculated

from the ΔBDE values.44 In our calculations we made the
simplifying assumption that logKAH/B varies approximately in
proportion to the reaction heat and we assumed that |ΔS°| ≅ 0
and ΔH° ≅ ΔG°.61
Considering the approximations used in the calculation of

the kAH/B values, the agreement between the measured rate
constants with those predicted by applying the Marcus cross
relation is good.

■ CONCLUSIONS
Kinetic analysis and theoretical calculations for the reaction of
PINO with activated phenols lead to the intriguing result that
this process occurs by a hydrogen atom transfer (HAT)
mechanism with a contribution from charge transfer deriving
from the π-stacking of the phenolic and PINO aromatic rings in
a cisoid TS. The mechanism proposed is therefore different
from the PCET process suggested to be operative in the
reaction of alkylperoxyl radicals with phenolic antioxidants. On
the basis of this difference, caution should be taken when PINO
is considered a model of alkylperoxyl radicals and when the
kinetic analysis of its reactions with phenolic compounds is
used for evaluating the radical scavenging ability of phenolic

Figure 8. Plot of log kH vs solvent β2
H value for the reactions between the PINO radical and 2,4,6-trimethylphenol (3). From the linear regression

analysis: intercept = 6.5, slope = −2.9, r2 = 0.958.

Table 3. Second Order Rate Constants (kH, M
−1s−1) for the

Hydrogen Transfer Reactions of PINO with PMC and
Cumylperoxyl Radical with α-Tocopherol

kH

solvent PINO + PMC CumOO• + α-Toca

CH3CN 2.7 × 108 3.8 × 105

PhCl 5.2 × 108 2.7 × 106

aFrom ref 55.

Table 4. Self Exchange Rate Constant for the Phenol/
Phenoxyl Radical Couples (kAH/A), Equilibrium Constants
(KAH/B), Experimental and Calculated Rate Constants
(kAH/B) for the HAT Reaction of PINO with Phenols 6, 9
and 11 at 25 °C in MeCN

kAH/B
a

phenol kAH/A
a KAH/B experimental calculated

6 20 1.2 × 107 1.6 × 105 3.5 × 105

9 20 9.9 × 104 9.6 × 103 3.1 × 104

11 2.2 × 104b 1.4 × 107 2.7 × 108 1.2 × 107

aM−1s−1. bApproximated as kAH/A for α-tocopherol.
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antioxidants. Very importantly, such charge transfer contribu-
tion from π-stacking may not be limited to HAT from phenolic
O−H groups but may also play a role in the hydrogen
abstraction reactions from benzylic C−H bonds. In this
context, it is worth mentioning that a HAT process taking
place in a charge-transfer (CT) complex was suggested to occur
in reactions of substituted PINO radicals with benzylic
alcohols.7 Important information on the role played by the π-
stacking CT in the HAT reactions from phenolic O−H and
benzylic C−H bonds to PINO and other short-lived aromatic
aminoxyl radicals will be provided by kinetic studies and
theoretical calculations which are currently being performed in
our laboratories.

■ EXPERIMENTAL SECTION
Materials. CH3CN, CH2Cl2 (spectrophotometric grade), chlor-

obenzene and anisole (RPE for analysis), dicumyl peroxide and N-
hydroxyphthalimide were used as received. Phenols 1−11 are
commercially available and were further purified by sublimation.
Laser Flash Photolysis Experiments. Laser flash photolysis

experiments were carried out with an Applied Photophysics LK-60
laser kinetic spectrometer providing 8 ns pulses, using the third
armonic (355 nm) of a Quantel Brilliant-B Q-switched Nd:YAG laser.
The laser energy was adjusted to ≤10 mJ/pulse by the use of the
appropriate filter. A 3.5 mL Suprasil quartz cell (10 mm × 10 mm) was
used for all the experiments. N2-saturated CH3CN solutions of
dicumyl peroxide (1 M), N-hydroxyphthalimide (5.0 mM) and the
pertinent phenol (0.05−4.5 mM) were used. All the experiments were
carried out at T = 25 ± 0.5 °C under magnetic stirring. Data were
collected at individual wavelengths with an Agilent Infinium
oscilloscope and analyzed with the kinetic package implemented in
the instrument. Rate constants were obtained by monitoring the
change of absorbance at 380 nm by averaging 3−5 values. Each kinetic
trace obeyed a first-order kinetic and second order rate constants were
obtained from the slopes of the plots of the observed rate constants
kobs vs substrate concentration.
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Dependence of kobs for the decay of the PINO radical on the
concentrations of phenols 1−10 in PhCl and on the
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(D2O), Cartesian coordinates of optimized structures asso-
ciated with the reactions of PINO with phenols 1, 4, and 5.
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