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’ INTRODUCTION

A number of quantitative structure�activity relationship
(QSAR) studies on the antioxidant, enzymatic and cellular toxic
activities of phenolic compounds have been reported by Hansch
and Selassie and their co-workers.1�7 The biological and chemi-
cal activities of phenolic compounds are attributed to the radical
scavenging function of their phenolic hydroxyl groups (O�H).
Mulder et al.8 revealed that the H (hydrogen)-atom (H 3 )
abstraction rates for a series of substituted phenolic compounds
are correlated with the Hammett electronic substituent constant,
sigma plus σþ.

The Hammett σþ constant is defined using the SN1 solvolysis
rates (in 90% acetone/water at 298 K) of a series of para and
meta-substituted cumyl chlorides, as expressed by eq I.9 As
Hansch et al. reported, σþ often becomes statistically significant
in QSAR equations, when radical reactions are involved.

logðk=k0Þ ¼ Fσþ ðIÞ

where the reaction constant F is taken to be �4.54. k and k0 are

rate constants of substituted and unsubstituted (X = H) cumyl
chlorides, respectively.

In the case where σþ represents the relative rate of homolytic
cleavage of an O�H bond, it has been known that the homolytic
bond dissociation energy of the O�H bond (BDE(O�H))
follows the Hammett relationship as shown in eq II.4,5,7,8,10�14

However, the reason for the colinearity between σþ and
BDE(O�H) is still not necessarily obvious.

BDEðO�HÞ ¼ aσþ þ const ðIIÞ
BDE(O�H) has been recognized to be a useful descriptor in

QSAR analyses of antioxidants such as flavonoids and tocopherols,

Received: March 1, 2011

ABSTRACT: The rate of hydrogen atom abstraction from phenolic compounds by a radical is
known to be often linear with the Hammett substitution constant σþ, defined using the SN1
solvolysis rates of substituted cumyl chlorides. Nevertheless, a physicochemical reason for the
above “empirical fact” has not been fully revealed. The transition states of complexes between the
2,2-diphenyl-1-picrylhydrazyl radical (dpph 3 ) and a series of para-substituted phenols were
determined by DFT (Density Functional Theory) calculations, and then the activation energy as
well as the homolytic bond dissociation energy of the O�H bond and charge distribution in the
transition state were calculated. The heterolytic bond dissociation energy of the C�Cl bond and
charge distribution in the corresponding para-substituted cumyl chlorides were calculated in
parallel. Excellent correlations among σþ, charge distribution, and activation and bond dis-
sociation energies revealed quantitatively that there is a strong similarity between the two
reactions, showing that the electron-deficiency of the π-electron system conjugated with a
substituent plays a crucial role in determining rates of the two reactions. The results provide a new insight into and physicochemical
understanding of σþ in the hydrogen abstraction from substituted phenols by a radical.
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where it is generally difficult to apply σþ because of their skeletal
structures and substitution patterns.

Because BDE(O�H) is an important descriptor for charac-
terizing the radical scavenging activities of phenols, several
experimental studies have been performed to measure BDE-
(O�H)s.10,15�18 Also, a number of DFT (Density Functional
Theory) calculations of BDE(O�H) of substituted phenols have
been reported. The calculated BDE(O�H) values of phenols in
the vacuum and solvent phases are known to nicely reproduce
the corresponding experimental ones with considerable accu-
racy.19�24 BDE(O�H) calculations explain that phenols with
O�Hgroups in their ortho-positions, that is, cathecol and pyrogallol,
can exhibit high free radical scavenging activity.10,21,25�29

Several H-atom abstraction mechanisms such as the hydrogen
atom transfer (HAT) and proton-coupled electron transfer
(PCET) ones30�33 have been proposed based on theoretical
calculations of the transition state (TS) according to each
reaction mechanism. Using theoretical calculations, Foti et al.34

showed that the reaction of phenols with 2,2-diphenyl-1-picryl-
hydrazyl radical (dpph 3 ), where the structure of TS complex has
no symmetry, occurs via a single pathway by a mechanism that
has both HAT and PCET character. Ingold and his co-workers
have energetically investigated the H-atom abstraction mechan-
ism for a series of substituted phenols by dpph 3 bymeans of both
experimental and theoretical approaches. Their publications
have covered a broad range of research topics such as the solvent
and inter/intramolecular hydrogen-bonding effects on the
H-atom abstraction reaction for phenols.14,27,29,34�43

A linear relation between the activation energy (Ea) and
BDE(O�H) (known as the Evans�Polanyi rule44,45), expressed
by eq III, can be expected for a series of reactions of dpph 3 with
substituted phenols.

Ea ¼ RBDEðO�HÞ þ const ðIIIÞ
As a result, the rate constant for H-atom abstraction is

supposed to be linear with σþ. Nevertheless, the reason for the
linearity between σþ and the intrinsic reaction rate has not yet
been fully elucidated in terms of the electronic structure of the
reacting species involved in the reaction.

The Hammett σþ constant has been widely applied to express
substitution effects on a variety of aromatic side-chain reactions
during SN1 benzylic solvolysis, where a positive charge on an
aromatic ring conjugated with a substituent is generated.46,47

Despite different categories of reaction mechanisms (radicalic
and ionic reactions, that is, homolytic and heterolytic bond
cleavage for H-atom abstraction and solvolysis, respectively),
similarity in the electron-deficient intermediate structure be-
tween the two reactions, (A) H-atom abstraction from substi-
tuted phenols by dpph 3 and (B) benzylic SN1 solvolysis, is
expected to exist.

In this study, we examine the electronic structures of the TS
complexes between dpph 3 and a series of 13 para-substituted
phenols, using DFT calculations. In comparison with the elec-
tronic structures of the corresponding para-substituted cumyl
chlorides in Reaction B, we quantitatively discuss why σp

þ (σþ

for substituents at the para position) can represent the reaction
rate constant of Reaction A.

’COMPUTATIONAL METHODS

All calculations were carried out using DFT with Gaussian09 package
of programs.48 The geometry of the TS complexes between dpph 3 and
13 para-substituted phenols, as well as those of the reactants and
products in ReactionA, was fully optimized at the (U)B3LYP/6-31G(d)
level. Following the geometry optimization, normal mode calculations
were performed using the same basis set. Each TS complex was
confirmed to have only one imaginary vibrational frequency mode.
The activation energy (Ea) with ZPE (Zero-Point vibrational Energy)
correction as well as the homolytic bond dissociation energy
(BDEv(O�H)) in vacuum with thermal energy correction (ZPE,
translational, rotational, and vibrational contributions at 298 K) for
Reaction A were calculated at the (U)B3LYP/6-311þþG(2d,2p)//
(U)B3LYP/6-31G(d) level (in vacuum), where a scaling factor of
0.980649 was used for the ZPE and thermal energy corrections. The
heterolytic bond dissociation energy (BDEw(C�Cl)) in water with
thermal energy correction for Reaction B in the aqueous phase was
calculated at the same level (optimized structure in vacuum) bymeans of
CPCM (Conductor-like Polarizable Continuum Model (in water))
calculations.50

Table 1. Ea, BDEv(O�H), and CT Values for the H-Atom Abstraction from 13 para-Substituted Phenols by dpph 3 (Reaction A)

compound

No. X σp
þ a σp

a Ea
b BDEv(O�H) b CTv(X�Ph�O)MPA c CTv(X�Ph�O)NPA c

1a N(CH3)2 �1.70 �0.83 0.63 75.5 0.032 �0.114

2a NH2 �1.30 �0.66 3.19 76.7 �0.022 �0.167

3a CH3O �0.78 �0.27 6.49 79.6 �0.132 �0.274

4a CH3 �0.31 �0.17 9.55 83.0 �0.203 �0.341

5a t-Bu �0.26 �0.20 9.72 83.4 �0.200 �0.340

6a Ph �0.18 �0.01 8.93 82.8 �0.190 �0.326

7a F �0.07 0.06 9.70 83.3 �0.244 �0.386

8a H 0.00 0.00 11.04 85.2 �0.244 �0.381

9a Cl 0.11 0.23 9.98 84.1 �0.273 �0.411

10a Br 0.15 0.23 10.00 84.3 �0.252 �0.407

11a CF3 0.61 0.54 11.83 87.9 �0.335 �0.467

12a CN 0.66 0.66 11.02 87.3 �0.363 �0.493

13a NO2 0.79 0.78 11.44 89.3 �0.410 �0.536
aTaken from ref 51. b In kcal/mol. BDEv denotes BDE in vacuum. c In esu.MPA andNPA denoteMulliken and natural population analyses, respectively.
CTv denotes CT in vacuum.
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’RESULTS AND DISCUSSION

H-Atom Abstraction from para-Substituted Phenols by
dpph 3 (Reaction A). By means of DFT calculations, we system-
atically determined the structure of the TS complex of dpph 3
with each of 13 para-substituted phenols in vacuum, as listed in
Table 1, according to the structures reported by Foti et al.,34 who
computed TS complexes of dpph 3 with Compounds 3a (X =
OCH3) and 8a (X = H), as shown in Table 1.
The structure of the TS complex between dpph 3 and Com-

pound 8a is very close to the corresponding one reported by Foti
et al., differences in bond lengths, bond angles, and dihedral
angles between their and the present structures are within 0.0176
Å, 2.83, and 15.9 degrees, respectively. Figure 1 shows the
structure of the TS complex between dpph 3 and Compound
8a with major geometric parameters.
Figure 2 shows a plot of two crucially important distances in

the structures of the TS complex between dpph 3 with Com-
pounds 1a�13a, RTS(O�H) and RTS(N�H), which are those
from the phenolic hydrogen atom to the phenolic oxygen atom
and to the nitrogen atom in dpph 3 , respectively. RTS(O�H) and
RTS(N�H) synchronously vary in a correlative manner (r (cor-
relation coefficient) = �0.985). As σp

þ decreases, RTS(O�H)
and RTS(N�H) decrease and increase, respectively.

The activation energy, Ea, of the reaction between each
compound with dpph 3 is listed in Table 1 along with the
homolytic bond dissociation energy of the O�H bond, BDEv-
(O�H). The calculated Ea value of Compound 8a, 11.04 kcal/
mol, is 1.5∼1.0 kcal/mol larger than the calculated andmeasured
ones reported by Foti et al.,34 9.5 and 9.8 kcal/mol, respectively.
However, the relative energy value (e.g.,ΔEa(X) =Ea(X)� Ea(X =
H)) is probably reliable enough to examine the linearity with
other relative quantities for the congeneric series of compounds
used in this study.
As expected, σp

þ exhibits a nicer correlation with Ea (r = 0.949)
than theHammett constant σp defined from the ionization constant
of a para-substituted benzoic acid in water at 298 K (r = 0.869), as
summarized in Table 2. This result was very similar when other
DFT calculations such as B97152 and M06�2X53 functionals
with the same basis set (6-311þþG(2d,2p)//6-31G(d)) were
performed.
BDEv(O�H) values listed in Table 1 are in close agreement

with observed and calculated ones reported in a number of
publications.8,13,19,24 BDEw(O�H) values calculated with B971
and M06�2X functionals are very similar with that with B3LYP
(Table S1 in Supporting Information). σp

þ also exhibits nicer
correlation with BDEv(O�H) (r = 0.988) than σp (r = 0.958), as
can be seen in eqs T2�2a and T2�2b (Table 2).
The relation among RTS(O�H), RTS(N�H), and σp

þ, illu-
strated in Figure 2, is now well explainable with the Hammond
postulate:54 the smaller BDEv(O�H) is (negative σp

þ), the
more TS resembles the reactant (shorter RTS(O�H)), and the

Figure 1. Structure of TS complex between and Compound 8a (X =H)
and dpph 3 . Values 1 and 2 in parentheses are corresponding ones in the
reactant 8a and the product dpph�H, respectively.

Figure 2. Plot between RTS(O�H) and RTS(N�H). RTS(O�H) and
RTS(N�H) in TS complexes of dpph 3 with 13 para-substituted phenols
are atomic distances from the phenolic hydrogen atom to the phenolic
oxygen atom and to the nitrogen atom in dpph 3 (Ph�O---H---N�dpph),
respectively.

Table 2. Correlation Equations for the H-atom Abstraction
from 13 para-Substituted Phenols by dpph 3 (Reaction A)

Y = a X þ const (n = 13)

eq no. Y X a const ra sb Fc

T2�1a Ea σp
þ 4.33 9.49 0.949 1.10 99.4

T2�1b Ea σp 6.14 8.56 0.869 1.73 34.0

T2�2a BDEv(O�H) σp
þ 5.47 84.2 0.988 0.661 442

T2�2b BDEv(O�H) σp 8.21 83.0 0.958 1.21 124
aCorrelation coefficient. b Standard deviation. cRatio of regression and
residual variances.

Figure 3. Plot between σp
þ and Ea. The dotted line is the regression

line expressed by eq T2�1a in Table 2.
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larger BDEv(O�H) is (positive σp
þ), the more TS resembles the

product (shorter RTS(N�H)). In fact, BDEv(O�H) exhibits
positive and negative correlations with RTS(O�H) and RTS-
(N�H), respectively (r = 0.990 and �0.990).
As can be seen in Figure 3, the Ea values are significantly

deviated from the regression line shown by the dotted line (r =
0.949), and appear to asymptotically approach a certain value
when σp

þ > 0.5. This may possibly correspond to a bilinear
behavior of log k against BDEv(O�H).45 There are several
conceivable reasons for why the linearity of σp

þ with Ea is poorer
than that with BDEv(O�H).One of them is probably the present
assumption that the pre-exponential factor (frequency factor)
before the exp(�Ea/RT) term in the expression of rate constant
(k) takes a constant value common for all the H-atom abstraction
from Compounds 1a∼13a by dpph 3 . Strictly speaking, the
relative value of pre-exponential factor is determined by the
partition functions of each reactant (Compounds 1a∼13a) and
the corresponding TS, and the curvature of potential energy
surface at TS.32 Accordingly, the linearity of σp

þwith Ea probably
becomes worse. Also, it should be noted that solvation processes
associated with the intrinsic H-abstraction are involved in the
rate-determining step,39�42,55,56 when correlation analysis of Ea
and the observed apparent rate constant in a solvent is perfo-
rmed.
The correlation between the Ea and BDEv(O�H) values in

Table 1 nicely satisfies the Evans�Polanyi rule expressed by
eq III.

Ea ¼ 0:780 BDEvðO�HÞ � 56:22
n ¼ 13, r ¼ 0:964, s ¼ 1:14, F ¼ 93:5

ð1Þ

The coefficient value of BDEv(O�H), 0.780, is within the
empirically acceptable range for the Evans�Polanyi relation (0 <
R < 1 in eq III).57 Equation 1 suggests that BDEv(O�H) is able
to effectively represent the H-atom abstraction reaction rate for
phenolic compounds such as flavonoids.
SN1 solvolysis of para-substituted cumyl chlorides (Reac-

tion B).We selected and calculated a series of substituted cumyl
chlorides, each of which has a para-substituent identical to that of
the corresponding phenol studied in the previous section. Table 3

lists the structures of 13 para-substituted cumyl chlorides along
with the respective heterolytic (i.e., ionic) bond dissociation
energies of the C�Cl bond (BDEw(C�Cl)) in water. It is
notable that BDEw(C�Cl) takes a remarkably low energy value
(�7.1∼18.6 kcal/mol). This is due to a large stabilization of
energy (∼115 kcal/mol) arisen from hydration of the ionic
products, X�Ph�C(CH3)2

þ and Cl�.
As expected, BDEw(C�Cl) shows a nearly perfect correlation

with σp
þ (r = 0.997). Meanwhile, the correlation coefficient with

σp is slightly poorer (r = 0.976) than that with σp
þ.

BDEwðC� ClÞ ¼ 10:5 σp
þ þ 10:1

n ¼ 13, r ¼ 0:997, s ¼ 0:670, F ¼ 1587
ð2Þ

Although it may be preferable to comparatively discuss the
activation energy (Ea) difference between Reactions A and B
quantitatively, it is difficult to computationally define an exact
structure of a TS complex having a single imaginary vibrational
frequency for Reaction B using the present continuous solvation
model (CPCM), unless approaches such as those taken by Ruff
et al.58 (potential energy scan along the C�Cl distance) are
performed. Alternatively, from the definition of σp

þ in eq I, we
assumed that the relative activation energy (ΔEa(X) = Ea(X) �
Ea(X = H)) is replaceable with �2.303 RT F σp

þ (= 6.19 σp
þ

kcal/mol at 298 K), assuming k (rate constant) = const 3
exp(�Ea/RT).
Hammett σp

þ and Charge Distribution in Reactions A and
B.TheHammond postulate suggests that the electronic structure
of a TS complex for Reaction B resembles the reactant structure
(X�Ph�C(CH3)2�Cl) more than that for Reaction A, because
BDEw(C�Cl) (�7.1∼18.6 kcal/mol) is much lower than BDEv-
(O�H) (75.5∼89.3 kcal/mol). Accordingly, we compared the
electronic structure of a TS complex for Reaction A with that of
the reactant structure for Reaction B.
Supposing a common characteristic charge distribution pat-

tern, we focused on the (apparent) intramolecular charge tran-
sfer induced by a substituent in the TS complex and reactant
structures for ReactionsA andB, respectively. The level of charge
transfer (CT) is defined as the sum of the net atomic charges of
the leaving group having a substituted phenyl part in the reaction

Table 3. BDEw(C�Cl) and CT Values for the SN1 Solvolysis of 13 para-Substituted Cumyl Chlorides (Reaction B)

compound

no. X σp
þ a σp

a BDEw(C�Cl) b CTw(X�Ph�C(CH3)2)
MPA c CTw(X�Ph�C(CH3)2)

NPA c

1b N(CH3)2 �1.70 �0.83 �7.1 0.196 0.177

2b NH2 �1.30 �0.66 �5.2 0.191 0.172

3b CH3O �0.78 �0.27 2.6 0.181 0.163

4b CH3 �0.31 �0.17 7.1 0.175 0.156

5b t-Bu �0.26 �0.20 7.3 0.175 0.156

6b Ph �0.18 �0.01 8.0 0.170 0.152

7b F �0.07 0.06 10.2 0.169 0.151

8b H 0.00 0.00 10.4 0.170 0.152

9b Cl 0.11 0.23 11.4 0.162 0.145

10b Br 0.15 0.23 11.6 0.162 0.145

11b CF3 0.61 0.54 15.9 0.157 0.140

12b CN 0.66 0.66 16.8 0.150 0.134

13b NO2 0.79 0.78 18.6 0.146 0.131
aTaken from ref 51. b In kcal/mol. BDEw denotes BDE in water.

c In esu. MPA and NPA denote Mulliken and natural population analyses, respectively.
CTw denotes CT in water.
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species: Reaction A, X�Ph�O in the TS complex [in vacuum,
denoted as CTv(X�Ph�O)] and Reaction B, X�Ph�C(CH3)2
in the reactant [in water, CTw(X�Ph�C(CH3)2)]. Tables 1 and
3 list CTv(X�Ph�O) and CTw(X�Ph�C(CH3)2), respec-
tively. The atomic charge is not a physically observable quantity,
and the value depends on definitions and procedures including a
choice of atomic orbital basis set functions. However, the results
shown later are probably less influenced by the above problem,
again because the colinearity between two relative quantities
within a congeneric series of compounds was of major interest in
this study. We performed two types of population analyses,
Mulliken59 and natural60 population analyses (abbreviated as
MPA and NPA, respectively), with B3LYP/6-31G(d) instead of
B3LYP/6-311þþG(2d,2p)//B3LYP/6-31G(d), because the
addition of diffuse functions (denoted by a plus sign (þ) in
6-311þþG(2d,2p)) often makes it difficult to interpret the
obtained charge distribution chemically.60

Table 4 lists the correlation equations of CT with σp
þ,

showing excellent correlations (r > 0.98). Equations T4�1a
and T4�1b for Reaction A, as well as eqs T4�2a and T4�2b
for Reaction B, give nearly the same coefficient and constant
values with nearly equivalent statistical qualities. The excel-
lent linearity of σp

þ with CT shown by eqs T4�1a and
T4�1b and eqs T4�2a and T4�2b indicates that CT from
the substituted phenyl into the remaining parts represents the
relative reaction rate constant in both Reactions A and B
quantitatively. Conversely, a para-substituent has a decisive
effect on the charge distribution in the reaction intermediate,
where the generation of an electron-deficient system con-
jugated with the substituent accelerates the reaction rate line-
arly depending on CT.
Comparison of the Relative BDE, Ea, and CT Values be-

tween Reactions A and B. For simplicity, the relative BDEv-
(O�H) and BDEw(C�Cl) values of Compounds 8a and 8b (X =
H) are denoted as ΔBDE(A) and ΔBDE(B), respectively. Like-
wise, ΔEa(A) and ΔEa(B) are for Reactions A and B, res-
pectively. [CTv(X�Ph�O)MPA � CTv(H�Ph�O)MPA] of
the TS complex and [CTw(X�Ph�C(CH3)2)

MPA � CTw-
(H�Ph�C(CH3)2)

MPA] of the reactant are simplified as
ΔCTTS(A) and ΔCTRE(B), respectively. Equations 3�5 are
correlation equations between the above quantities in Reactions

A and B.

ΔBDEðAÞ ¼ 0:518ΔBDEðBÞ � 0:840
n ¼ 13, r ¼ 0:987, s ¼ 0:689, F ¼ 407

ð3Þ

ΔEaðAÞ ¼ 0:700ΔEaðBÞ � 1:55
n ¼ 13, r ¼ 0:949, s ¼ 1:10, F ¼ 99:4

ð4Þ

ΔEa(B) in eq 4 was estimated from the σp
þ value, as described

previously.

ΔCTTSðAÞ ¼ 8:80ΔCTREðBÞ þ 0:0251
n ¼ 13, r ¼ 0:988, s ¼ 0:0194, F ¼ 451

ð5Þ

Equations 3 and 4 suggest that a strong similarity exists
between Reactions A and B in terms of the substitution effects
on both kinetic and equilibrium free-energy changes. From the
experimental rate constants (k) of Compounds 3a, 4a, 5a, and 8a
(in n-heptane) reported by Litwinienko et al.,39 the F value for
Reaction A is estimated to be �3.97 (log k = F σp

þ þ const, r =
0.999). The ratio of the F values between ReactionsA andB gives
0.874 (= �3.97/�4.54), which is not so far from the coefficient
value (0.700) in eq 4. The coefficient value (8.80) in eq 5 is
remarkably greater than those in eqs 3 and 4. This seems to
reflect differences in the susceptibility of the charge distribution
to the reaction rate between Reactions A and B. At present, it is
difficult to explain the large coefficient value of ΔCTRE(B).
Although Ruff et al.58 reported ΔCTTS(B) values (ΔCT(B) in
TS) of para- and meta-monosubstituted cumyl chlorides, their
procedure to determine TS (potential energy search along the
C�Cl distance) is inadequate for quantitative discussion. More
rigorous procedure to quantitatively discuss the electronic struc-
ture of TS for the SN1 solvolysis of benzylic compounds is
expected to appear in the near future.61

As noted above, eqs 3�5 quantitatively indicate a strong
similarity in the substituent effects on the kinetic and equilibrium
energetic profiles and charge distribution patterns between Reac-
tions A and B. Thus, the linear free-energy principle (LFEP)
represented by σp

þ is well applicable to Reaction A, which is
usually considered to belong to a different category of reactions
from that of the reference one, that is, Reaction B.

’CONCLUSION

The present study shows a direct quantitative relation of σp
þ

with the relative activation energy (ΔEa) of the reactions
between dpph 3 and a series of para-substituted phenols. The
colinearity of the activation energy (Ea) with the homolytic bond
dissociation energy of a phenolic O�H bond (BDEv(O�H))
guaranteed the fact that BDEv(O�H) is generally usable as a

Table 4. Correlation Equations between σp
þ and CT (Reactions A and B)

Y = a X þ const (n = 13)

eq no. Y X a const ra sb Fc

T4�1a CTv(X�Ph�O)MPA σp
þ �0.169 �0.248 0.992 0.0162 703

T4�1b CTv(X�Ph�O)NPA σp
þ �0.163 �0.386 0.994 0.0143 841

T4�2a CTw(X�Ph�C(CH3)2)
MPA σp

þ �0.0196 0.166 0.981 0.00300 276

T4�2b CTw(X�Ph�C(CH3)2)
NPA σp

þ �0.0182 0.149 0.987 0.00229 407
aCorrelation coefficient. b Standard deviation. cRatio of regression and residual variances.
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significant descriptor that represents a radical reaction rate
effectively in QSAR of phenolic compounds such as flavonoids
and tocopherols.28,62�72 Population analysis quantitatively in-
dicated a strong similarity in the charge distribution between the
transition state complexes of dpph 3 with para-substituted phe-
nols and the reactants of the corresponding para-substituted
cumyl chlorides, where a substituent effect on the π-electron sys-
tem governs the reaction rate: the relative reaction rate constant
in both reactions varies linearly depending on the level of
substituent-induced intramolecular charge transfer between the
leaving and remaining parts in the transition state and reactant
structures for the H-atom abstraction from phenols and solvo-
lysis of cumyl chlorides, respectively: generation of an electron-
deficiency in the π-electron system accelerates the reaction rate.
Differences between σ and σþ emerge remarkably in the strongly
electron-deficient π-conjugated TS of the H-atom abstraction
from phenols by dpph 3 . Consequently, σ

þ can represent the
electronic structure of TS more adequately than σ, due to
differences in the original definition between these two LFEP
descriptors.

The results obtained in this study allow a new physicochemical
understanding of “why σþ can represent the reaction rate of
H-atom abstraction from phenolic compounds by a radical”.

’ASSOCIATED CONTENT

bS Supporting Information. Optimized Cartesian coordi-
nates of TS complexes of dpph 3 with Compounds 1a∼13a
(Reaction A) and those of Compounds 1b∼13b (Reaction B),
along with additional information. Table S1 lists BDEw(O�H)
values calculated with B971/6-311þþG(2d,2p)//B3LYP/
6-31G(d) andM06�2X/6-311þþG(2d,2p)//B3LYP/6-31G(d).
This material is available free of charge via the Internet at http://
pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*Tel.:þ81-88-633-7257. Fax:þ81-88-633-9508. E-mail: hchuman@
ph.tokushima-u.ac.jp.

’ACKNOWLEDGMENT

This work was supported byGrants-in-Aid for Scientific Research
(No. 20590036) from the Ministry of Education, Culture, Sports,
Science and Technology. We wish to thank Professor Toshio Fujita
(Kyoto University, Japan) for his instructive suggestions.

’REFERENCES

(1) Hansch, C.; Gao, H. Chem. Rev. 1997, 97, 2995–3059.
(2) Selassie, C. D.; DeSoyza, T. V.; Rosario, M.; Gao, H.; Hansch, C.

Chem.�Biol. Interact. 1998, 113, 175–190.
(3) Zhang, L.; Gao, H.; Hansch, C.; Selassie, C. D. J. Chem. Soc.,

Perkin Trans. 2 1998, 2553–2556.
(4) Kapur, S.; Verma, R. P.; Shusterman, A. J.; Hansch, C.; Selassie,

C. D. Chemosphere 2000, 41, 1643–1649.
(5) Hansch, C.; McKarns, S. C.; Smith, C. J.; Doolittle, D. J. Chem.�

Biol. Interact. 2000, 127, 61–72.
(6) Selassie, C. D.; Garg, R.; Kapur, S.; Kurup, A.; Verma, R. P.;

Mekapati, S. B.; Hansch, C. Chem. Rev. 2002, 102, 2585–2605.
(7) Smith, C. J.; Perfetti, T. A.;Morton,M. J.; Rodgman, A.; Garg, R.;

Selassie, C. D.; Hansch, C. Toxicol. Sci. 2002, 69, 265–278.

(8) Mulder, P.; Saastad, O. W.; Griller, D. J. Am. Chem. Soc. 1988,
110, 4090–4092.

(9) Brown, H. C.; Okamoto, Y. J. Am. Chem. Soc. 1958,
80, 4979–4987.

(10) Santos, R.M. B.; Sim~ones, J. A.M. J. Phys. Chem. Ref. Data 1998,
27, 707–739.

(11) Pratt, D. A.; de Heer, M. I.; Mulder, P.; Ingold, K. U. J. Am.
Chem. Soc. 2001, 123, 5518–5526.

(12) Zhang, H. Y.; Sun, Y. M.; Wang, X. L. J. Org. Chem. 2002,
67, 2709–2712.

(13) Guerra, M.; Amorati, R.; Pedulli, G. F. J. Org. Chem. 2004,
69, 5460–5467.

(14) Foti, M. C.; Daquino, C.; DiLabio, G. A.; Ingold, K. U. J. Org.
Chem. 2008, 73, 2408–2411.

(15) Wayner, D. D. M.; Lusztyk, E.; Page, D.; Ingold, K. U.; Mulder,
P.; Laarhoven, L. J. J.; Aldrich, H. S. J. Am. Chem. Soc. 1995, 117, 8737
8744.

(16) Wayner, D. D. M.; Lusztyk, E.; Ingold, K. U.; Mulder, P. J. Org.
Chem. 1996, 61, 6430–6433.

(17) Brigati, G.; Lucarini, M.; Mugnaini, V.; Pedulli, G. F. J. Org.
Chem. 2002, 67, 4828–4832.

(18) Warren, J. J.; Mayer, J. M. Proc. Natl. Acad. Sci. U.S.A. 2010,
107, 5282–5282.

(19) Wright, J. S.; Johnson, E. R.; DiLabio, G. A. J. Am. Chem. Soc.
2001, 123, 1173–1183.

(20) Chandra, A. K.; Uchimaru, T. Int. J. Mol. Sci. 2002, 3, 407–422.
(21) Couto, P. C. D.; Guedes, R. C.; Cabral, B. J. C.; Sim~oes, J. A. M.

Int. J. Quantum Chem. 2002, 86, 297–304.
(22) Fu, Y.; Liu, R.; Liu, L.; Guo, Q. X. J. Phys. Org. Chem. 2004,

17, 282–288.
(23) Mulder, P.; Korth, H. G.; Pratt, D. A.; DiLabio, G. A.; Valgimigli,

L.; Pedulli, G. F.; Ingold, K. U. J. Phys. Chem. A 2005, 109, 2647
2655.

(24) Bakalbassis, E. G.; Lithoxoidou, A. T.; Vafiadis, A. P. J. Phys.
Chem. A 2006, 110, 11151–11159.

(25) Foti, M. C.; Johnson, E. R.; Vinqvist, M. R.; Wright, J. S.;
Barclay, L. R.C.; Ingold, K. U. J. Org. Chem. 2002, 67, 5190–5196.

(26) Lucarini, M.; Pedulli, G. F.; Guerra, M. Chem.—Eur. J. 2004,
10, 933–939.

(27) Litwinienko, G.; DiLabio, G. A.; Mulder, P.; Korth, H. G.;
Ingold, K. U. J. Phys. Chem. A 2009, 113, 6275–6288.

(28) Thavasi, V.; Bettens, R. P. A.; Leong, L. P. J. Phys. Chem. A 2009,
113, 3068–3077.

(29) Foti, M. C.; Amorati, R.; Pedulli, G. F.; Daquino, C.; Pratt,
D. A.; Ingold, K. U. J. Org. Chem. 2010, 75, 4434–4440.

(30) Mayer, J. M.; Hrovat, D. A.; Thomas, J. L.; Borden, W. T. J. Am.
Chem. Soc. 2002, 124, 11142–11147.

(31) DiLabio, G. A.; Ingold, K. U. J. Am. Chem. Soc. 2005, 127
6693–6699.

(32) DiLabio, G. A.; Johson, E. R. J. Am. Chem. Soc. 2007, 129
6199–6203.

(33) Tishchenko, O.; Truhlar, D. G.; Ceulemans, A.; Nguyen, M. T.
J. Am. Chem. Soc. 2008, 130, 7000–7010.

(34) Foti, M. C.; Daquino, C.; Mackie, I. D.; DiLabio, G. A.; Ingold,
K. U. J. Org. Chem. 2008, 73, 9270–9282.

(35) Banks, J. T.; Ingold, K. U.; Lusztyk, J. J. Am. Chem. Soc. 1996,
118, 6790–6791.

(36) de Heer, M. I.; Mulder, P.; Korth, H. G.; Ingold, K. U.; Lusztyk,
J. J. J. Am. Chem. Soc. 2000, 122, 2355–2360.

(37) Snelgrove, D. W.; Lusztyk, J.; Banks, J. T.; Mulder, P.; Ingold,
K. U. J. Am. Chem. Soc. 2001, 123, 469–477.

(38) Foti, M. C.; Barclay, L. R. C.; Ingold, K. U. J. Am. Chem. Soc.
2002, 124, 12881–12888.

(39) Litwinienko, G.; Ingold, K. U. J. Org. Chem. 2003, 68, 3433
3438.

(40) Litwinienko, G.; Ingold, K. U. J. Org. Chem. 2005, 70, 8982–8990.
(41) Nielsen, M. F.; Ingold, K. U. J. Am. Chem. Soc. 2006,

128, 1172–1182.



4570 dx.doi.org/10.1021/jo200450p |J. Org. Chem. 2011, 76, 4564–4570

The Journal of Organic Chemistry ARTICLE

(42) Litwinienko, G.; Ingold, K. U. Acc. Chem. Res. 2007, 40, 222
230.
(43) Ingold, K. U.; DiLabio, D. A. Can. J. Chem. 2011, 89, 235–240.
(44) Evans, M. G.; Polanyi, M. Trans. Faraday Soc. 1938, 34, 11–24.
(45) Wright, J. S.; Shadnia, H. Chem. Res. Toxicol. 2008,

21, 1426–1431.
(46) Tsuno, Y.; Fujio, M. Chem. Soc. Rev. 1996, 25, 129–139.
(47) DiLabio, G. A.; Ingold, K. U. J. Org. Chem. 2004, 69, 1620

1624.
(48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.;
Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.;
Peralta, J. E; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin,
K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.;
Millam, J. M.; Klene, M. Knox, J. E. Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich,
S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.;
Fox, D. J. Gaussian 09, Revision A.2; Gaussian, Inc.: Wallingford, CT,
2009.
(49) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502–16513.
(50) Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput. Chem.

2003, 24, 669–681.
(51) Hansch, C.; Leo, A. Exploring QSAR. Fundamentals and

Applications in Chemistry and Biology; American Chemical Society:
Washington D.C., 1995.
(52) Hamprecht, F. A.; Cohen, A.; Tozer, D. J.; Handy, N. C.

J. Chem. Phys. 1998, 109, 6264–6271.
(53) Zhao, Y.; Truhlar, D. G. Theor. Chem. Acc. 2008, 120, 215–241.
(54) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334–338.
(55) Foti, M. C.; Daquino, C.; Geraci, C. J. Org. Chem. 2004,

69, 2309–2314.
(56) Litwinienko, G.; Ingold, K. U. J. Org. Chem. 2004, 69, 5888

5896.
(57) Leffler, J. E. Science 1953, 117, 340–341.
(58) Ruff, F.; Farkas, €O. J. Phys. Org. Chem. 2008, 21, 53–61.
(59) Mulliken, R. S. J. Chem. Phys. 1955, 23, 1833–1840.
(60) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988,

88, 899–926.
(61) Wu, Z.; Glaser, R. J. Am. Chem. Soc. 2004, 126, 10632–10639.
(62) Wright, J. S.; Carpenter, D. J.; McKay, D. J.; Ingold, K. U. J. Am.

Chem. Soc. 1997, 119, 4245–4252.
(63) Zhang, H. Y.; Sun, Y. M.; Wang, X. L. Chem.—Eur. J. 2003,

9, 502–508.
(64) Szymusiak, H.; Zieli�nski, R. Pol. J. Food Nutr. Sci. 2003, 12/

53, 129–135.
(65) Wang, L. F.; Zhang, H. Y. Bioorg. Med. Chem. Lett. 2004, 14,

2609–2611.
(66) Nenadis, N.;Wang, L. F.; Tsimidou,M. Z.; Zhang, H. Y. J. Agric.

Food. Chem. 2005, 53, 295–299.
(67) Zhang, H. Y. Curr. Comput.-Aided Drug Des. 2005, 1, 257–273.
(68) Chen,W.; Guo, P.; Song, J.; Cao,W.; Bian, J.Bioorg. Med. Chem.

Lett. 2006, 16, 3582–3585.
(69) Nikolic, K. M. J. Mol. Struct.: THEOCHEM 2006, 774, 95–105.
(70) Nikolic, K. M. J. Mol. Struct.: THEOCHEM 2007, 818, 141

150.
(71) Singh, N. K.; O’Malley, P. J.; Popelier, P. L. A. J. Mol. Struct.:

TEHOCHEM 2007, 811, 249–254.
(72) Guti�errez-Oliva, S. J. Mol. Model 2011, 17, 593–598.


