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ABSTRACT: A time-resolved kinetic study of the hydrogen atom
abstraction reactions from phenol by the cumyloxyl radical (CumO•)
was carried out in different solvents. The hydrogen atom abstraction
rate constant (kH) was observed to decrease by almost 3 orders of
magnitude on going from isooctane to MeOH. In TFE, MeCN/H2O
2:1, and MeOH, the measured kH values were lower than expected
on the basis of the Snelgrove−Ingold (SI) equation that correlates log kH to the solvent hydrogen bond acceptor (HBA) ability
parameter β2H. As these solvents also act as hydrogen bond donors (HBDs), we explored the notion that a more thorough
description of solvent effects could be provided by including a solvent HBD ability term, α2H, into the SI equation via β2H(1 +
α2H). The inclusion of such a term greatly improves the fitting for TFE, MeCN/H2O 2:1, and MeOH but at the expense of that
for tertiary alkanols. This finding suggests that, for the reaction of CumO• with phenol, the HBA and HBD abilities of both the
solvent and the substrate could be responsible for the observed KSEs. but this requires that primary and tertiary alkanols exhibit
different solvation behaviors. Possible explanations for this different behavior are explored.

■

INTRODUCTION
Hydrogen atom abstraction reactions from phenols have
attracted considerable interest as these substrates represent
the most extensive class of natural and synthetic radical
scavenging antioxidants1−6 and these reactions play a key role
in a variety of enzymatic reactions.7−10
The study of solvent effects on these reactions has received
significant attention. In a series of papers, Ingold and coworkers observed dramatic kinetic solvent effects (KSEs) on
hydrogen atom abstractions from phenols by tert-alkoxyl
radicals (RO•), where a decrease in rate constant (kH) was
observed with increasing solvent hydrogen bond acceptor
(HBA) ability.11−14 Good correlations were generally obtained
between log kH and Abraham’s β2H values.15 On the basis of
previous studies that had shown that hydrogen atom
abstraction from saturated17 and unsaturated18 hydrocarbons
by the cumyloxyl radical (PhC(CH3)2O•, CumO•) exhibited no
KSE, the large KSEs observed for the reactions of phenols with
RO• were explained in terms of a hydrogen bond interaction
between the phenolic OH group and the solvent as described in
Scheme 1.
In this Scheme kH0 represents the rate constant measured in
a non-HBA solvent (i.e., an alkane for which β2H = 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 atom abstraction and
© 2012 American Chemical Society

Scheme 1

a decrease in reactivity is observed as compared to weaker or
non-HBA solvents. In general, the rate constant for hydrogen
atom abstraction from phenol in a solvent S, kHS, can be
expressed in terms of eq 1.

kHS = kH 0/(1 + K S[S])

(1)

These studies led to the development of an empirical equation,
the Snelgrove−Ingold equation (eq 2),11,19 that accounts
quantitatively for the KSEs observed in these reactions.

log(kHS) = log(kH 0) − 8.3α 2 H(subst)β2 H

(2)

α2H(subst)

In this equation
measures the substrate hydrogen
bond donor (HBD) ability (i.e., PhOH),20 and β2H measures
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RESULTS
The reactions of CumO• with phenol were studied using the
laser flash photolysis (LFP) technique. CumO• was generated
by 308 nm LFP of argon-saturated isooctane, MeCN, MeCN/
H2O 2:1 (v/v), MeOH, TFE, MBOH and MPOH solutions (T
= 22 °C) containing dicumyl peroxide (eq 3). CumO• was also

the solvent HBA ability. The Snelgrove−Ingold equation has
been applied to the study of KSEs on a variety of hydrogen
atom abstraction reactions such as the reactions of phenols and
α-tocopherol with tert-alkoxyl,11−14 peroxyl,21 and the 2,2diphenyl-1-picrylhydrazyl (dpph•) radicals,13,19,22 the reaction
of tert-butyl hydroperoxide with CumO•,11,14 and the reaction
of phenol with a π,π* ketone triplet.23 It has also been applied
to the self-combination reaction of the hydroperoxyl radical
(HOO•)24 and proton transfer reactions from phenols to the
anthracene radical anion.25 More recently, this kinetic model
was employed by Mayer for the development of a procedure
that enables the prediction of rate constants for hydrogen atom
abstraction reactions by oxygen-centered radicals in various
media. This procedure employs the Marcus cross relation and
includes adjustments for solvent hydrogen bonding.26
In the context of hydrogen abstraction reactions by alkoxyl
radicals, it was pointed out that the high reactivity of RO•
prohibited kinetic measurements in alcohols other than 2methyl-2-propanol (t-BuOH).11,19 This appears to be a great
limitation because alcoholic solvents have been shown to play a
peculiar role in a number of formal hydrogen atom abstraction
reactions from phenolic substrates by free radicals. Namely, in
the reactions of dpph• with a variety of phenolic substrates, rate
constants in alcohols were generally larger than those predicted
on the basis of the Snelgrove−Ingold equation.19,27,28 This
behavior was explained in terms of the operation of a sequential
proton-loss electron transfer (SPLET) mechanism, where the
solvent promotes substrate ionization to give a phenoxide anion
that then undergoes electron transfer to the radical.
However, in recent studies of KSEs on hydrogen atom
abstraction reactions from carbon by CumO•, we were able to
measure rate constants for hydrogen abstraction (kH) from 1,4cyclohexadiene,29,30 aliphatic aldehydes,30 triethylamine,29
tetrahydrofuran,31 cyclohexane31 and in alcohols such as
methanol (MeOH) and, with the exclusion of the amine
compound, 2,2,2-trifluoroethanol (TFE). More importantly,
our study of the reaction of CumO• with 1,4-cyclohexadiene
revealed a small increase in kH on going from MeCN, benzene,
or chlorobenzene (for which kH = 6.6−6.9 × 107 M−1 s−1) to
MeOH and t-BuOH (kH = 8.3 × 107 M−1 s−1),29 with the rate
constant increasing by a factor of ca. 3 when the reaction was
performed in TFE solution (kH = 1.9 × 108 M−1 s−1).30 A
similar behavior was observed for the reaction of CumO• with
cyclohexane where a ca. 2-fold increase in kH was observed on
going from MeCN and isooctane to MeOH, and a ca. 4-fold
increase in kH when the reaction was carried out in TFE.31 This
behavior was explained in terms of a hydrogen bond interaction
between the radical and the alcohol that leads, as compared to
weaker or non-HBD solvents, to a stabilization of the transition
state for hydrogen abstraction. These results clearly demonstrate that strong HBD solvents influence the hydrogen
abstraction reactivity of alkoxyl radicals.
Following these observations, and in view of the importance
of hydrogen atom abstraction reactions from phenols, we
decided to extend the available studies on phenol to a larger
number of protic solvents to provide a deeper and more general
understanding of the role of solvent effects on these reactions.
For this purpose we have carried out a detailed time-resolved
kinetic study in different solvents (2,2,4-trimethylpentane
(isooctane), MeCN, MeCN/H2O 2:1, MeOH, 2-methyl-2butanol (MBOH), 3-methyl-3-pentanol (MPOH), and TFE)
on the reactions of CumO• with phenol.

generated by 355 nm LFP of argon-saturated MeCN and
MeOH solutions (T = 25 °C) containing dicumyl peroxide (eq
3). In isooctane, MeCN and tert-alkanol solution, CumO• is
characterized by a broad absorption band in the visible region
of the spectrum centered at 485 nm,32,33 the position of which
is red-shifted in MeCN/H2O 2:1,33 MeOH,34 and TFE.35
Under these conditions, CumO• decays mainly by C−CH3 βscission, with the exception of the experiments carried out in
MeOH solution where hydrogen atom abstraction from the
solvent becomes the predominant reaction.34
The time-resolved absorption spectra observed after reaction
of CumO• with phenol in MBOH and TFE are displayed in the
Supporting Information (Figures S1 and S2, respectively).
The kinetic studies of the reactions of CumO• with phenol in
the different solvents were carried out by LFP following the
decay of the CumO• visible absorption band as a function of
phenol concentration. The observed rate constants (kobs) gave
excellent linear relationships when plotted against substrate
concentration and provided the second-order rate constants for
hydrogen atom abstraction from the substrates by CumO• (kH)
from the slopes of these plots. As an example, the plots of kobs
vs [PhOH] for the reactions between CumO• and phenol,
carried out in TFE (filled circles) and MeOH (empty circles)
solutions are shown in Figure 1.

Figure 1. Plots of the observed rate constant (kobs) against [PhOH]
for the reactions of the cumyloxyl radical (CumO•) with phenol,
measured in nitrogen-saturated TFE (filled circles) and MeOH
(empty circles) solutions at T = 22 °C, following the decay of CumO•
at 520 and 500 nm. From the linear regression analysis: CumO• +
PhOH in TFE: intercept = 5.43 × 106 s−1, kH = 3.69 × 107 M−1 s−1, r2 =
0.9978; CumO• + PhOH in MeOH: intercept = 6.36 × 106 s−1, kH =
1.50 × 106 M−1 s−1, r2 = 0.9979.
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Table 1. Second-Order Rate Constants (kH) for Reaction of the Cumyloxyl (CumO•) Radical with Phenol Measured in Different
Solventsa
solvent

α2Hb

β2Hc

isooctane
TFE
MeCN

0.00
0.567
0.09

0.00
0.18
0.44

tBuOH
MBOHi
MPOHj
MeCN/H2O 2:1k
MeOH

0.319
0.319
0.319
0.246
0.367

0.49
0.49
0.49
0.404
0.41

kHe (M−1 s−1)

λexd (nm)
308
308
308
355
308
308
308
308
308
355

1.43 ± 0.02
3.8 ± 0.1 ×
6.16 ± 0.07
1.10 ± 0.02

× 10
107
× 106
× 107h

3.16 ± 0.04
3.4 ± 0.2 ×
2.5 ± 0.2 ×
1.55 ± 0.05
3.3 ± 0.1 ×

× 106
106
106
× 106
106

9

1.10 × 109f,g
5.8 × 106f
3.6 × 106f

308 nm LFP: Ar-saturated, [dicumyl peroxide] = 0.092 M, T = 22 °C. 355 nm LFP: Ar-saturated, [dicumyl peroxide] = 0.7−1.0 M, T = 25 °C.
Solvent HBD ability, taken from ref 20. cSolvent HBA ability, taken from ref 16. dLaser excitation wavelength. eDetermined from the slope of the
kobs vs [substrate] plots, where in turn kobs values have been measured following the decay of the CumO• visible absorption band at 490−520 nm.
Average of at least two determinations. fReference 11. gDetermined in octane solution. hReference 36. i2-Methyl-2-butanol. j3-Methyl-3-pentanol.
k
The α2H and β2H values for the solvent mixture were obtained by weighting the values for the two pure solvents by their mole fractions: nMeCN =
0.408, nH2O = 0.592. An analogous approach was previously employed for the determination of the β2H value of a 1 M solution of benzophenone in
benzene (see ref 27c).
a
b

Figure 2. (a) Plot of log kH vs solvent β2H value for the reactions between the cumyloxyl radical and phenol. The filled circles are taken from ref 11.
All the kH values employed for this plot are given in the Supporting Information, Table S1. The empty circles are taken from the fifth column of
Table 1 and refer to kH values measured employing 308 nm LFP. These data points have not been included into the correlation. From the linear
regression analysis (filled circles): intercept = 9.12, slope = −5.15, r2 = 0.9829. (b) Plot of log kH vs solvent β2H(1 + α2H) values for the same data
points displayed in (a). In this plot the data point couples taken from ref 11 and Table 1 shown in (a) for isooctane and MeCN have been averaged
to give a single point for each of the two solvents. The data points for AcOH, tBuOH, MBOH, and MPOH (empty circles) have not been included
in the correlation. From the linear regression analysis (filled circles): intercept = 9.14, slope = −5.28, r2 = 0.9929.

Additional plots for hydrogen atom abstraction by CumO•
from phenol in the different solvents are displayed in the
Supporting Information (Figures S3−S7). All the kinetic data
thus obtained are collected in Table 1. Also included in this
table (column 6) are the rate constants obtained previously for
the reactions of CumO• with phenol11 and the α2H and β2H
values for the different solvents used.16,20

the second-order rate constants for hydrogen atom abstraction
from phenol by CumO• (kH) were measured employing this
excitation wavelength. Comparison between the kH values
obtained in MeCN and MeOH at the two excitation
wavelengths showed a ca. 2-fold increase in rate constant on
going from 308 to 355 nm LFP. This effect was discussed
previously in terms of a decrease in solvent polarity (and in the
solvent HBA ability) induced by the high concentration of
dicumyl peroxide employed in the 355 nm LFP experiments.36
As shown in Table 1, the kH values in alkane and MeCN
solution are in excellent agreement with those measured
previously by Ingold and co-workers under similar experimental
conditions.11 The lowest kH value was measured when the
reaction between CumO• and phenol was studied in MeOH
solution (kH = 1.55 × 106 M−1 s−1). This value is four times
lower than that obtained in MeCN despite the expectation of a
higher rate constant on the basis of eq 2 (viz. β2H = 0.41 and

■

DISCUSSION
The reactions of CumO• with phenol were initially studied in
MeCN and MeOH employing 355 nm LFP. However, the high
concentrations of dicumyl peroxide required for the generation
of CumO• under these conditions (0.7−1.0 M) prevented the
use of solvents such as TFE and H2O. At 308 nm, the lower
concentration of dicumyl peroxide required (0.092 M) allowed
us to carry out the kinetic experiments in TFE and in a 2:1 (v/
v) MeCN/H2O solvent mixture. Accordingly, for all solvents
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Comparison between the graphs displayed in Figure 2a and
2b shows that by inclusion of the solvent α2H value via eq 4, the
data points corresponding to TFE, MeCN/H2O 2:1 and
MeOH now fall on the correlation line (filled circles), leading
to an excellent correlation (r2 = 0.9929) with no significant
variation in the values of both the slope and the intercept.
However, the AcOH point is farther off the correlation line and
the tert-alkanol points are now poorly correlated (empty
circles). Interestingly, analogous deviations from the Snelgrove−Ingold equation were previously observed when the
reaction between CumO• and phenol was studied in a number
of sterically demanding solvents such as pivalonitrile, tert-butyl
acetate and methyl pivalate.12 A deviation was also observed for
the hydrogen atom abstraction reactions from 1,4-cyclohexadiene by dpph•, where the rate constant increased by a
factor 3 on going from a variety of different solvents (CCl4,
benzene, MeCN, AcOEt, DMSO, AcOH, MeOH, EtOH) to tBuOH.37 This behavior was a peculiarity of sterically
demanding alcohols and was explained by suggesting that tBuOH provided a “unique solvation shell”37 around dpph• that
enhanced its hydrogen abstraction reactivity because of steric
crowding between solvent molecules competing for sites on the
radical.
In order to explore the interactions involving CumO• and
phenol with MeOH and t-BuOH, we carried out calculations
using density-funtional theory (B971/6-31+G(d,p)),38 augmented with dispersion-correcting potentials40 to better
account for noncovalent interaction.41 The details of the
calculations are given in the Supporting Information. The
structures displayed in the Supporting Information (Figure S8)
show that in both cases phenol can engage in hydrogen
bonding with three solvent molecules, one acting as a HBA
with the hydroxylic hydrogen atom and two as HBDs toward
the oxygen lone pairs. However, structures in which phenol and
three solvent molecules are organized into a cyclic arrangement
were found to be energetically lower lying (Figure S9,
Supporting Information), in line with the results obtained in
a recent study on the interaction of these two alcohols with 1naphthol.42 The calculations predict that phenol experiences
greater stability when solvated by three t-BuOH than by three
MeOH molecules. Simulations involving solvation of the
transition state (TS) structure with four alcohol molecules
produced structures in which the incipient oxygen lone-pairs
act as HBAs (Figure S10, Supporting Information). In this case,
the close contact between reacting species results in steric
clashes between solvating t-BuOH molecules and consequently
less (predicted) TS stabilization over that achieved with
MeOH. Therefore, the results of the calculations do not reflect
the nature of the kinetic solvent effect involving t-BuOH and
would likely produce similar results for other sterically
demanding solvents.
Although we do not yet have a clear explanation for the
observed kinetic behavior, a possibility may be that with MeOH
a tighter solvent shell can be formed around the phenol
molecule relative to the bulkier tert-alkanols. This feature will
make the desolvation of the phenolic hydrogen, which is
required for hydrogen atom abstraction, more energetically
demanding. Based on this hypothesis and on the results of the
calculations discussed above, a tighter solvent shell will result in
a greater entropy loss for the reaction in MeOH as compared to
tert-alkanols, in line with the observed reactivities. However,
this is at most a working hypothesis that would require support
from additional computational and experimental studies.

0.44 for MeOH and MeCN, respectively). A significantly higher
kH value was measured in TFE solution (kH = 3.8 × 107 M−1
s−1). However, this value is lower than the value expected on
the basis of eq 2, as evidenced by the higher value measured
previously in anisole solution (kH = 5.6 × 107 M−1 s−1),11
despite the relatively large difference in β2H between these two
solvents (β2H = 0.18 and 0.26 for TFE and anisole,16
respectively). Similar kH values (kH = 3.2−3.4 × 106 M−1 s−1)
were observed when the reaction was studied in tert-alkanols
(MBOH and MPOH), giving values that are very close to the
one measured previously in t-BuOH solution (kH = 3.6 × 106
M−1 s−1).11
Figure 2a shows a plot of log kH vs the solvent β2H of values
measured previously by Ingold and co-workers for an extended
series of sterically nondemanding12 solvents (filled circles).11
Overall, a very good correlation is observed (r2 = 0.9829), with
the only outlier solvent being acetic acid (AcOH). The slope
obtained from the correlation line (−5.15) gives the magnitude
of the observed KSE, quantifying the decrease in reactivity
expected on going from an alkane (β2H = 0.00) to the strongest
HBA solvent hexamethylphosphoric triamide (HMPT) for
which β2H = 1.00.
Also included in Figure 2a are our measured log kH data
taken from the fifth column of Table 1 (empty circles).
Interestingly, in Figure 2a the points corresponding to TFE,
MeCN/H2O 2:1 and MeOH fall significantly below the log kH
vs β2H correlation line, suggesting that the HBA parameters of
these solvents do not fully account for the observed KSEs.
Following previous indications,19 a SPLET mechanism would
be expected to increase the rate of reactions of CumO• with
phenol and so this can be ruled out as a possible explanation for
the observation that the rate constants in TFE, MeCN/H2O
2:1 and MeOH are smaller than predicted by eq 2. As
mentioned previously, an increase in hydrogen abstraction
reactivity was observed for CumO• when its reactions with
hydrocarbon substrates such as 1,4-cyclohexadiene and cyclohexane were studied in MeOH and TFE. This behavior was
explained in terms of a hydrogen bond interaction between the
radical and the solvent.29−31 Along this line, the lower than
expected kH values measured for the reaction of CumO• with
PhOH in MeOH and TFE clearly indicate that, for this
reaction, solvent effects on the substrate are significantly more
important than those on CumO•.
The alkanols and the MeCN/H2O solvent mixture used in
our study are all characterized by relatively high β2H values
(between 0.40 and 0.49), the only exception being TFE for
which β2H = 0.18. These solvents also display relatively high
HBD abilities as evidenced by the α2H values shown in Table 1.
Phenol is a fairly good hydrogen bond donor (α2H = 0.596)20
but can also act as a hydrogen bond acceptor (β2H = 0.22).16
This led us to consider that, in protic solvents, KSEs on
hydrogen atom abstraction reactions from phenol by CumO•
may be more accurately modeled by taking into account the
HBA and HBD properties of the solvent. In order to test this
hypothesis, the log kH values displayed in Figure 2a were
plotted against the solvent β2H(1 + α2H) values, via eq 4, and
the corresponding graph is shown in Figure 2b.

log(kHS) = log(kH 0) − MPhOHβ2 H(1 + α 2 H)

(4)

In eq 4, the slope obtained from the log(kHS) vs β2H(1 + α2H)
correlation, MPhOH, reflects both the substrate (PhOH) HBD
and HBA abilities.
1270

dx.doi.org/10.1021/jo201454c | J. Org. Chem. 2012, 77, 1267−1272

The Journal of Organic Chemistry

Article

Phenol was of the highest commercial quality available (>99%) and
was further purified prior to use by crystallization from cyclohexane.
Dicumyl peroxide was of the highest commercial quality available and
was used as received.
Laser Flash Photolysis Studies. The 355 nm laser flash
photolysis (LFP) experiments were carried out with a laser kinetic
spectrometer using the third harmonic of a Q-switched Nd:YAG laser,
delivering 8 ns pulses. A 3.5 mL Suprasil quartz cell (10 mm × 10
mm) was used for all experiments that were carried out at T = 25 ±
0.5 °C under magnetic stirring. Argon saturated solutions of dicumyl
peroxide (0.7−1.0 M) were used, and the conditions were arranged in
such a way as to ensure predominant light absorption by the peroxide.
The 308 nm LFP experiments were carried out employing a
Lambda Physik Excimer Laser (CompEX 100; 308 nm, pulse length
15 ns) and a computer-controlled system which has been described
elsewhere.44 A 5 mL Suprasil quartz cell (10 mm × 10 mm) was used
for all experiments that were carried out at T = 22 ± 1 °C. Argon
saturated solutions of dicumyl peroxide (0.090−0.095 M) were used,
in order to have an absorbance of ∼0.3 at the excitation wavelength
employed.
Second-order rate constants for the reactions of the cumyloxyl
(CumO•) radical with phenol were obtained from the slopes of the kobs
(measured following the decay of the CumO• visible absorption band
at 490−520 nm) vs [PhOH] plots. Fresh solutions were used for every
substrate concentration. Correlation coefficients were in all cases
>0.99. The given rate constants are the average of at least two
independent experiments, for which errors were typically <5%.

As pointed out by a reviewer, the Snelgrove−Ingold equation
uses for each neat HBA solvent Abraham’s β2H parameters,
which were obtained for the dilute HBA substrate in CCl4
solution and not for this HBA as a neat solvent. Along this line,
the deviation from the correlation line observed in Figure 2a for
MeOH and TFE, as compared to t-BuOH, MBOH, and
MPOH, may be the result of a different hydrogen bonding
pattern of primary alcohols as compared to tertiary ones.
Accordingly, the β2H values for the primary alcohols MeOH
and TFE may not be appropriate for use in the Snelgrove−
Ingold equation to describe the interaction of PhOH with these
solvents in the neat solvent. An alternative possibility may be
represented by the use of Abraham’s summation scales, Σ α2H
and Σ β2H, which provide HBA and HBD indicies that reflect
the hydrogen bonding behavior of a solute molecule that is
surrounded by solvent molecules.43 Using Σ β2H = 0.47 for
MeOH in the Snelgrove−Ingold equation (rather than β2H =
0.41) would reduce the deviation of the MeOH point from the
correlation line in Figure 2a; a similar reduction in deviation
would result for TFE for which β2H = 0.18 and Σ β2H = 0.25.
On the other hand, for tertiary alkanols for which β2H = 0.49
and Σ β2H = 0.60, the three points for t-BuOH, MBOH and
MPOH would reside significantly above the correlation line.
Moreover, for MeCN β2H = 0.44 and Σ β2H = 0.33 and this
would lead to a shift in the MeCN data point well below the
correlation line. On the basis of these observations, it is quite
clear that the use of the summation scales would lead to a
poorer correlation and accordingly this approach can be
discarded.
As pointed out previously, strong HBD solvents can
influence the hydrogen abstraction reactivity of alkoxyl
radicals.30,31 Accordingly, even though as mentioned above
these interactions appear to play a minor role as compared to
the interaction of the solvent with phenol, a better understanding of the KSEs observed in these processes could be
obtained through the study of hydrogen atom abstraction
reactions from phenol by radicals whose reactivity is not
expected to be influenced by the interaction with strong HBD
solvents, i.e., by alkyl radicals.
In conclusion, we have carried out a time-resolved kinetic
study in different solvents on the reaction between CumO• and
phenol. Deviations from the Snelgrove−Ingold equation were
observed in MeOH, TFE, and MeCN/H2O 2:1. Inclusion into
this equation of the solvent HBD term α2H improved the
correlation for MeOH, TFE, and MeCN/H2O 2:1 but resulted
in poorer correlations for tertiary alkanols. These findings
suggest that the HBA and HBD abilities of both the solvent and
the substrate could be responsible for the observed KSEs;
however, neither of the proposed approaches can fully account
for the observed KSEs, indicating that in the reaction between
CumO• and phenol primary and tertiary alkanols exhibit
different solvation behaviors. Additional experimental and
computational studies are certainly needed in order to achieve
a better understanding of the KSEs observed for these
important processes.
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Lorenzo Stella for the use of a LFP equipment. M.B. thanks the
Fulbright Commission for a Research Scholar Grant. The
authors at Columbia thank the National Science Foundation for
their generous support of this research through Grant No. CHE
07 17518. We thank Keith U. Ingold for extensive and helpful
discussions on the role of hydrogen bonding on the observed
KSEs. We also thank Osvaldo Lanzalunga and Judy Y.-C. Chen
for helpful discussions.

■

REFERENCES

(1) Halliwell, B.; Gutteridge, J. M. C. Free Radicals in Biology and
Medicine, 4th ed.; Oxford University Press: Oxford, 2007.
(2) Liu, Z.-Q. Chem. Rev. 2010, 110, 5675−5691.
(3) Lucarini, M.; Pedulli, G. F. Chem. Soc. Rev. 2010, 39, 2106−2119.
(4) Wright, J. S.; Johnson, E. R.; DiLabio, G. A. J. Am. Chem. Soc.
2001, 123, 1173−1183.
(5) Bowry, V. W.; Ingold, K. U. Acc. Chem. Res. 1999, 32, 27−34.
(6) See, for example: Yang, J.; Liu, G.-Y.; Lu, D.-L.; Dai, F.; Qian, Y.P.; Jin, X.-L.; Zhou, B. Chem.Eur. J. 2010, 16, 12808−12813. Kumar,
S.; Johansson, H.; Kanda, T.; Engman, L.; Müller, T.; Bergenudd, H.;
Jonsson, M.; Pedulli, G. F.; Amorati, R.; Valgimigli, L. J. Org. Chem.
2010, 75, 716−725. Amorati, R.; Cavalli, A.; Fumo, M. G.; Masetti,
M.; Menichetti, S.; Pagliuca, C.; Pedulli, G. F.; Viglianisi, C. Chem.

EXPERIMENTAL SECTION

Materials. 2,2,4-Trimethylpentane (isooctane), acetonitrile, methanol, 2-methyl-2-butanol, 3-methyl-3-pentanol, and 2,2,2-trifluoroethanol used in the laser flash photolysis experiments were
spectroscopic grade solvents. Milli-Q-filtered (Millipore) water was
used for the MeCN/H2O 2:1 (v/v) solutions.
1271

dx.doi.org/10.1021/jo201454c | J. Org. Chem. 2012, 77, 1267−1272

The Journal of Organic Chemistry

Article

Eur. J. 2007, 13, 8223−8230. Wijtmans, M.; Pratt, D. A.; Valgimigli, L.;
DiLabio, G. A.; Pedulli, G. F.; Porter, N. A. Angew. Chem., Int. Ed.
2003, 42, 4370−4373.
(7) Stubbe, J.; Nocera, D. G.; Yee, C. S.; Chang, M. C. Y. Chem. Rev.
2003, 103, 2167−2201.
(8) Dunn, R. V.; Munro, A. W.; Turner, N. J.; Rigby, S. E. J.;
Scrutton, N. S. ChemBioChem 2010, 11, 1228−1231.
(9) Hay, S.; Scrutton, N. S. Photosynth. Res. 2008, 98, 169−177.
(10) Hoganson, C. W.; Tommos, C. Biochim. Biophys. Acta 2004,
1655, 116−122.
(11) Snelgrove, D. W.; Lusztyk, J.; Banks, J. T.; Mulder, P.; Ingold, K.
U. J. Am. Chem. Soc. 2001, 123, 469−477.
(12) MacFaul, P. A.; Ingold, K. U.; Lusztyk, J. J. Org. Chem. 1996, 61,
1316−1321.
(13) Valgimigli, L.; Banks, J. T.; Ingold, K. U.; Lusztyk, J. J. Am.
Chem. Soc. 1995, 117, 9966−9971.
(14) Avila, D. V.; Ingold, K. U.; Lusztyk, J.; Green, W. H.; Procopio,
D. R. J. Am. Chem. Soc. 1995, 117, 2929−2930.
(15) The solvent HBA ability can be expressed in terms of the β2H
parameter, which represents a general, thermodynamically related scale
of solute hydrogen-bond basicities in CCl4.16
(16) Abraham, M. H.; Grellier, P. L.; Prior, D. V.; Morris, J. J.;
Taylor, P. J. J. Chem. Soc., Perkin Trans. 2 1990, 521−529.
(17) Avila, D. V.; Brown, C. E.; Ingold, K. U.; Lusztyk, J. J. Am. Chem.
Soc. 1993, 115, 466−470.
(18) Wayner, D. D. M.; Lusztyk, J.; Pagé, D.; Ingold, K. U.; Mulder,
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