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A Comparison of Transition States During H-Atom Abstraction of
Monophenols and Catechol by Methyl Radical
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To compare the transition states of para-substituted phenols
with that of catechol, we employed the B3LYP/6−311+G(d,p)
method to calculate the energy profiles, the geometries, the
spin density distributions, and other physico-chemical para-
meters. A comparison between catechol and para-substituted
phenols indicates that their transition state geometries for hy-
drogen atom abstraction are similar. Substituent effects on
the transition states of o-substituted phenols may differ from
those of p-substituted ones. The calculated value of Ea for
catechol is much lower than that of phenol, which arises
mainly from the electron-donating property of the ortho-hy-
droxyl group. Although, the intramolecular hydrogen bond

Introduction

Phenolic antioxidants (ArOH) have been broadly applied
in the food, pharmaceutical, and chemical industries to pre-
vent oxidation induced by various radicals.[1�3] To select or
design more-active ArOH compounds, we must understand
the mechanisms of radical scavenging by ArOH. A great
number of experimental and theoretical studies have been
devoted to this topic.[4�14] It has been revealed that, in
many cases, ArOH compounds scavenge free radicals, e.g.,
alkyl radicals (R·), by donating an H-atom directly.[13�16]

R. � ArOH � RH � ArO.

It has been found that the O�H bond dissociation en-
thalpy (BDE), a thermodynamic parameter, is appropriate
for characterizing the H-atom-abstracting ability, which
provides a convenient criterion not only to evaluate the
antioxidant activity but also to direct the design of better
antioxidants.[17�27] To gain a complete knowledge of the
radical scavenging process, however, we still have to under-
stand the transition state (TS) pertaining to the H-atom ab-
straction reaction. Up to date, only a few of sporadic stud-
ies have been devoted to the TS for monophenols.[28�30] Al-
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(IHB) effect on Ea is small, the IHB effect on the transition
state geometry is fairly strong. According to the regression
equation of the relative O−H bond dissociation enthalpy
(BDE) versus values of Ea for p-substituted monophenols, the
relative O−H BDE of catechol is −8.28 kcal mol−1, which is in
agreement with the value obtained through a kinetic analysis
(−7.2 kcal mol−1). The values of Ea are governed by resonance
effects, which is similar to the observation found for the
O−H BDEs.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

though the relevant reaction profiles have been obtained,
there are few comprehensive studies on the TS of phenols,
especially on that of catechol.

Catechol is believed to be the active moiety in most natu-
ral antioxidants,[31�38] such as flavonoids, cinnamic acids,
and coumarins. The value of the O�H BDE for catechol,
however, has given rise to much controversy. By means of
density functional theory (DFT) calculations on various
basis sets, the O�H BDE for catechol was estimated to be
9.2 to 14.1 kcal mol�1 lower than that of phenol.[39�42] By
employing the EPR equilibration technique, however, the
value was estimated to be only �4.6 kcal mol�1 relative to
that of phenol.[43] An intermediate value based on kinetic
analysis was �6.9 kcal mol�1.[44] Apparently, the disagree-
ment cannot be reconciled until the TS for phenols, includ-
ing catechol, is well understood, which stimulated us to
undertake such a study.

In this article, we attempt, at first, to present a compre-
hensive theoretical study on the TS for phenols during H-
atom abstraction by methyl radical, and then compare the
TS of para-substituted phenols with that of catechol, which
will be helpful to gain insight into the mechanism of radical
scavenging by ArOH and to settle the dispute over the value
of the O�H BDE of catechol.

Calculation Methods

Since the H-atom abstraction reaction is preferred in
non-polar solvents, all calculations were conducted for the
gas phase. For catechol and phenol, the geometries, includ-
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ing transition states, were calculated at first by DFT using
the B3LYP function on the 6�31G(d,p) basis set,[45�47] and
then on the B3LYP/6�311�G(d,p) level. For the para-sub-
stituted monophenols, full geometry optimization for the
reactants, products, and transition states was performed on
the B3LYP/6�311�G(d,p) level. For all energies, zero-
point energy corrections have been included.

All stationary points were positively identified as minima
or first-order saddle points by evaluation of the frequencies
and normal modes. Furthermore, pathways between the
transition states and their corresponding minima were
characterized by calculations of intrinsic reaction coordi-
nates (IRC).[48] Since the accuracy of DFT calculations de-
pend also on the number of points used in the numerical
integration in addition to the sources of numerical errors in
the Hartree�Fock calculations, fine grids should be em-
ployed. In the present calculations, we used the default grid,
which is a pruned (75, 302) grid that has 75 radical shell
and 302 angular points per shell and results in about 7000
points per atom. All calculations were performed with the
Gaussian 98 program package[49] on an SGI 300 server.

Results and Discussion

Basis Set Dependence of the Calculation Results

Since the HF methods give large spin contaminations in
the treatment of aromatic radical systems and DFT ap-
proaches reasonably estimate the spin contamination, we
chose the B3LYP DFT functional with two basis sets. The
DFT-calculated structures of transition states with two
basis sets for hydrogen atom (earmark H#) abstraction from
phenol and catechol by methyl radical are similar to one
another and the partial structural parameters of the tran-
sition states are listed in Table 1. Table 1 also lists the acti-
vation energies (Ea) for hydrogen atom abstraction from
phenol and catechol. The value of Ea for catechol with the
B3LYP/6�31G (d,p) method is calculated to be �0.77 kcal
mol�1, which suggests that DFT methods having a relative-
low basis set will underestimate the energy and give much
larger errors. The calculated results can be improved signifi-
cantly by using the relatively larger basis set,
6�311�G(d,p). For example, the B3LYP/6�311�G(d,p)-
calculated value of Ea for p-F-phenol is 4.56 kcal mol�1

Table 1. Structural parameters and activation energies (Ea) for the
transition states of phenol and catechol using the B3LYP method
with two basis sets

Parameters 6�31G(d,p) 6�311�G(d,p)
Phenol Catechol Phenol Catechol

RO�H
# [Å] 1.124 1.085 1.129 1.109

RC�H
# [Å] 1.427 1.510 1.421 1.468

θC�H
#

�O [°] 172.65 174.37 179.30 175.80
O�H#�C�C 122.80 73.94 91.5 72.3
torsion angle [°]
Ea [kcal mol�1] 2.73 �0.77 5.43 2.70
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(Table 6), which is in full agreement with the experimental
value, 4.18 kcal mol�1.[4] In fact, the standard
6�311�G(d,p) basis set is large enough to reduce the basis
set superposition error inherent in the method, so that
superposition error corrections become unnecessary. Based
on the above discussion, we chose the B3LYP/
6�311�G(d,p) method to conduct the calculations re-
ported in this paper.

Structures of Transition States

Schemes 1 and 2 present the geometries of the reactant,
transition, and product states for phenol and catechol. The
calculated results reveal that in the transition states, the
O�H# bond is elongated and the OH#�methyl radical dis-
tance is significantly shortened relative to the situation in
the reactant states. The transferring hydrogen atom in the
transition states is rotated out of the phenol ring plane by
91.5° for phenol and 72.3° for catechol (Table 1), which is
in contrast with the reactant states where it is in the aro-
matic ring plane. The transferring hydrogen atom, the oxy-
gen atom of the phenolic hydroxyl group, and the carbon
atom of the methyl radical are nearly collinear, with the
C�H#�O angles being 179.3 and 175.8° for the transition
states of phenol and catechol, respectively.

Comparing the geometries in two transition states, we
find that the O�H# bond length in the transition state of
phenol is longer and the C�H distance is shorter than
those in catechol’s transition state, but the sum of the
O�H# and C�H# distances in both transition states is as
high as �2.55 Å. For catechol, an intramolecular hydrogen
bond (IHB) exists. We calculated the IHB distance in the
transition state to be 2.134 Å, which is similar to the value
in the reactant state (2.130 Å), but the value in the product
state is much shorter (2.030 Å), which indicates that the
strength of the IHB in the product state is stronger than
that in the reactant state. This finding is consistent with
the thermodynamic results obtained by the B3LYP/
6�31G(d,p) method.[41,42]

Reaction Pathway Energy Profiles

The intrinsic reaction coordinate (IRC) was calculated to
obtain the reaction pathway energy profiles for the H-atom
abstraction, which are presented in Figure 1. A common
feature in the profiles is that a hydrogen-bonded intermedi-
ate is formed from the isolated molecules and methyl radical
before the formation of the transition state. In the progress
of product formation, the hydrogen bonded phenoxyl�
methane complex is formed initially, and then the isolated
products are produced. The optimized structures of the in-
termediate hydrogen-bonded complexes and transition
states are indicated in Schemes 1 and 2.

From the reaction pathway energy profiles in Figure 1
and Table 1, we see that the value of Ea for phenol is double
that for catechol, which indicates that the H-atom abstrac-
tion from catechol is much easier than it is from phenol.
This phenomenon arises apparently from catechol’s ortho-
hydroxyl group, which has two kinds of substituent effects
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Figure 1. Reaction energy profile for hydrogen atom abstraction
from catechol (top) and phenol (bottom) by the methyl radical

that reduce the value of Ea: the IHB effect and the ortho-
hydroxyl electronic effect. To investigate these two effects,
we located the transition state of non-hydrogen-bonded cat-
echol at the B3LYP/6�311�G(d,p) level. The value of Ea

for non-hydrogen-bonded catechol is calculated to be 3.05
kcal mol�1 (see Table 6), i.e., 2.38 kcal mol�1 lower than
that of phenol, which reflects the electron-donating effect
of the o-hydroxyl group. The difference between the values
of Ea for the hydrogen-bonded and non-hydrogen-bonded
forms of catechol is only 0.35 kcal mol�1, which suggests
that the IHB effect is small. As we see in Figure 1, the reac-
tion enthalpy (∆H) is negative, which suggests that the hy-
drogen atom abstraction is exothermic.

Spin Density and Electron Density Distributions in
Transition States

Table 2 lists the unpaired spin density for the reactant,
transition, and product states. From the reactants to the
products, the electron transmission is through the carbon
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Table 2. The unpaired spin density of the reactant state (RS), tran-
sition state (TS), and the product state (PS)

Spin density Phenol Catechol[a]

RS TS PS RS TS PS

C atom[b] 1.0918 0.6744 0.0001 1.0850 0.6967 0.0006
H# atom 0.0213 �0.0040 0.0001 0.0322 0.0123 �0.0010
O atom[c] 0.0021 0.2522 0.4173 �0.0065 0.1967 0.3424

[a] Hydrogen-bonded form. [b] The C atom of the methyl radical.
[c] The O atom from which the H atom is abstracted.

Scheme 1. The bond lengths (left; Å) and the unpaired spin density;
distribution (right) for the reactant state (top), transition state
(middle), and product state (bottom) for hydrogen atom transfer
from phenol to the methyl radical

atom of the methyl radical to the oxygen atom of the
phenoxyl radical. The transfer results indicate that the spin
density of the carbon atom decreases, while the spin density
of the oxygen atom increases. Scheme 1 demonstrates the
mapping of the unpaired spin density distribution from the
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Scheme 2. The bond lengths (left; Å) and the unpaired spin density
distribution (right) for the reactant state (top), transition state
(middle), and product state (bottom) for hydrogen atom transfer
from catechol to the methyl radical

reactants to the products for hydrogen atom transfer reac-
tion from phenol to methyl radical. We find that the spin
density resides on the carbon atom of the methyl radical in
the reactants and resides on the phenoxyl radical and its
conjugated phenyl ring in the products. In the transition
states, however, the unpaired spin density is shared between
the phenoxyl and methyl radicals. Similar results for cat-
echol are displayed in Scheme 2.

Table 3 lists the calculated values of the electron densities
on the hydrogen, oxygen, and carbon atoms, and on the
O�H# and C�O bonds as well. We observe variations of
the electron densities during the reactions between the
methyl radical and phenol or catechol. The electron densi-
ties of the carbon atoms in the reactions decrease, and those
on the oxygen and ipso-carbon atom increase, upon pro-
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Table 3. The electron densities on atoms and bonds

Electron density Phenol Catechol[a]

RS TS PS RS TS PS

C atom[b] 5.2990 5.2518 4.9304 5.2967 5.2946 4.9331
C�H# Bond 0.0206 0.2023 0.4018 0.0336 0.1553 0.3988
H# atom 0.4667 0.3740 0.4018 0.4445 0.5149 0.49461
O�H# Bond 0.2250 0.1888 0.0072 0.2081 0.0338 0.0004
O atom[c] 8.0864 8.1646 8.2461 8.1973 8.4119 8.2523
C* atom[d] 6.3163 6.8575 5.7930 8.5478 10.5839 9.0983

[a] Hydrogen-bonded form. [b] The C atom of the methyl radical. [c]

The O atom from which the H atom is abstracted. [d] The C* atom
that is bonded to the OH# group.

gress toward the transition state. The change of the electron
density of the hydrogen atom during the two reactions is
somewhat different: they display, respectively, a decrease
and an increase on moving toward the transition state. The
electron densities of the carbon atom bound to the oxygen
atom in the transition and product states for catechol are
much higher than those in phenol. This observation is due
to the electron density of the ortho-oxygen atom, which is
delocalized throughout the phenyl ring and thereby stabil-
izes the transition state. This result is similar to the effect
of electron-donating para substituents.[50]

The electron density of the O�H# bond decreases from
the reactant state to the product state. In contrast, the elec-
tron density of the C�H# bond increases. This phenom-
enon makes it clear that the O�H# bond is broken during
the reaction and a new C�H# bond is formed. Comparing
the electron densities in both transition states, we see that
the electron density of the O�H# bond in the catechol tran-
sition state decreases more dramatically than that in the
phenol transition state, which suggests that the breaking of
the O�H# bond in the reaction between catechol and
methyl radical is much easier than that for phenol. The elec-
tron density of the newly formed C�H# bond in the cat-
echol transition state is smaller than that in the phenol tran-
sition state, which may arise from the fact that the C�H#

bond length in the catechol transition state (1.468 Å) is
longer than that in the phenol transition state (1.421 Å;
Table 1).

Effects of Substituents on Transition States

Table 4 lists structural parameters and spin densities on
atoms for the transition states of p-substituted phenols. We
find that the electron-donating substituents in phenol de-
crease the O�H# bond length (r1) and increase the C�H#

bond length (r2), whereas electron-attracting substituents
increase the value of r1 and decrease the value of r2. The
plot of r versus values of Ea (Figure 2) indicates that the
values of Ea increase with the elongation of r1 and the
shortening of r2. If we add the values of r1 and r2 of cat-
echol (including the hydrogen-bonded and non-hydrogen-
bonded forms, which are illustrated by the red star and blue
inverted-triangle points, respectively) to the two plots, we
found, interestingly, that they are not positioned on the lin-
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Table 4. Structural parameters and spin densities on atoms in the transition states

Substituents O�H# bond length C�H# bond length Spin densities on Spin densities on Spin densities on
[Å] [Å] H# atom O atom C atom[a]

H 1.129 1.421 �0.0040 0.2522 0.6744
CH3 1.120 1.430 �0.0069 0.2416 0.6863
OCH3 1.105 1.467 �0.0110 0.2230 0.7058
OH 1.107 1.462 �0.0103 0.2260 0.7036
NH2 1.092 1.490 �0.0125 0.2029 0.7221
F 1.125 1.420 �0.0061 0.2481 0.6825
Cl 1.132 1.410 �0.0067 0.2543 0.6695
CHO 1.167 1.371 �0.0057 0.2992 0.6232
CN 1.162 1.370 �0.0054 0.2910 0.6314
NO2 1.179 1.355 �0.0046 0.3159 0.6104
CF3 1.159 1.370 �0.0076 0.2931 0.6365

[a] The C atom of the methyl radical.

Figure 2. Correlation between the values of Ea and the O�H bond
length (top, r � 0.9733) and C�H bond length (bottom, r �
�0.9817) for phenols; the red star and blue inverted-triangle points
indicate the values for the hydrogen-bonded and non-hydrogen-
bonded catechols, respectively

ear regression lines. Analyzing the transition geometries for
the OH-substituted phenols in the ortho and para positions,
we find that some differences exist. The values of r1 and r2
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for catechol (hydrogen-bonded form) are nearly the same as
the corresponding values for p-OH-phenol, but the value of
Ea of the former is lower than that of the latter as a result
of the IHB effect. For the non-hydrogen-bonded form of
catechol, the value of r1 is much larger and that of r2 is
much smaller than the corresponding values for p-OH-phe-
nol, but the difference between their values of Ea is only ca.
0.5 kcal mol�1. Comparing the transition state geometries
between the two forms of catechol, we find that the IHB
effect on transition state geometry is rather strong. This ob-
servation suggests that the effect of substituents on tran-
sition states for the o-substituted phenols may differ from
those of the p-substituted phenols, which is a situation that
needs further verification by investigating the effects of sub-
stituents on the transition states of o-substituted phenols.

It is known that the unpaired spin density is shared be-
tween the phenoxyl groups and the methyl radical in the
transition states. For phenols substituted by electron-donat-
ing groups, the spin density of the oxygen atom is lower
and the spin density of the carbon atom is higher than those
of phenol. Electron-attracting substituents, however, have
an opposite effect. From these data, the linear relationships
between the spin densities of the oxygen and carbon atoms
are presented in Figure 3. If we add the values for catechol
to the two plots, we observe, interestingly, that the hydro-
gen-bonded catechol (red star point) is on the regression
line for the oxygen atom spin density, but not on the line
for that of the carbon atom. The data point for the non-
hydrogen-bonded catechol (blue inverted-triangle) is not on
either of the two lines.

Table 5 lists the electron densities of atoms and bonds
for the transition states. We attempted to plot the electron
densities of atoms and bonds against the values of Ea. Lin-
ear relationships between the electron densities of the car-
bon atoms and the values of Ea, and the C�H# bonds and
Ea, are presented in Figures 4 and 5. The corresponding
values for catechol were also added to these plots, and we
find that the values for the hydrogen-bonded catechol (red
star) are on the line, but the values for the non-hydrogen-
bonded catechol (blue inverted-triangle) are not. This ob-
servation further supports the notion that the effects of sub-
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Figure 3. Correlation between the values of Ea and the spin density
of the oxygen atom (top, r � 0.9734) and the spin density of the
carbon atom (bottom r � �0.9739) for phenols; the red star and
blue inverted-triangle points indicate the values for the hydrogen-
bonded and non-hydrogen-bonded catechols, respectively

stituents on transition states for the o-substituted phenols
may differ from those of the p-substituted phenols.

Table 6 lists the activation energies (Ea), relative O�H
bond dissociation enthalpies (BDEs), logarithm of exper-
imental rate constant (log kH), and Hammett-type param-
eters σp

� for p-substituted phenols and the corresponding

Table 5. The electron densities on atoms and bonds in the transition states

Substituents C atom[a] C�H# Bond H# atom O�H# Bond O atom[b] C�O bond C* atom[c]

H 5.2518 0.2023 0.3740 0.1888 8.1646 0.5252 6.8575
CH3 5.2677 0.1923 0.3707 0.1955 8.1601 0.5253 7.7564
OCH3 5.2855 0.1795 0.3792 0.1949 8.1696 0.5387 7.3995
OH 5.2791 0.1831 0.3816 0.1925 8.1701 0.5449 7.2401
NH2 5.3022 0.1729 0.3730 0.2080 8.1627 0.5691 7.2600
F 5.2538 0.1965 0.3861 0.1807 8.1718 0.5330 7.1099
Cl 5.2567 0.1999 0.4156 0.1597 8.1735 0.5507 8.5817
CHO 5.2288 0.2268 0.4594 0.1134 8.1744 0.5192 7.6131
CN 5.2263 0.2225 0.4610 0.1154 8.1750 0.5654 7.5043
NO2 5.2107 0.2353 0.4718 0.1011 8.1770 0.5147 8.0318
CF3 5.2293 0.2172 0.4582 0.12071 8.1756 0.5261 8.4509

[a] The C atom of the methyl radical. [b] The O atom from which the H atom is abstracted. [c] The C* atom that is bonded to the OH# group.
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Figure 4. Correlation between the values of Ea and the electron
density of the carbon atom (r � �0.9754); the red star and blue
inverted-triangle points indicate the values for the hydrogen-
bonded and non-hydrogen-bonded catechols, respectively

Figure 5. Correlation between the values of Ea and the electron
density of the C�H bond (r � 0.9768); the red star and blue in-
verted-triangle points indicate the values of the hydrogen-bonded
and non-hydrogen-bonded catechols, respectively

values for catechol. We see that the presence of an electron-
donating group in the o- or p-position in phenol reduces
the values of Ea and increases the antioxidant activity,
whereas the electron-attracting group increases the values
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Table 6. The activation energy (Ea), the relative O�H BDE, the logarithm of the experimental rate constant (kH), and Hammett-type
parameters σp

� for p-substituted phenols

Substituents Ea Relative O�H[a] log kH
[b] σp

�[c] F[c] R�[c]

[kcal mol�1] BDE [kcal mol�1]

H 5.43 0 3.63 0 0 0
CH3 4.78 �1.81 4.13 �0.31 0.01 �0.32
OCH3 3.55 �5.12 4.84 �0.78 0.29 �1.07
OH 3.64 �5.06 4.83 �0.92 0.33 �1.25
NH2 2.92 �8.23 �1.30 0.08 �1.38
F 4.56 �1.89 �0.07 0.45 �0.52
Cl 4.97 �0.62 3.50 0.11 0.42 �0.31
CHO 6.49 2.37 0.73 0.33 0.40
CN 6.16 2.22 2.63 0.66 0.51 0.15
NO2 6.60 4.21 0.79 0.65 0.14
CF3 6.22 3.01 0.61 0.38 0.23
Catechol[d] 2.70 (2.64)[e] �10.01 5.74
Catechol[f] 3.05 �4.52

[a] Data from ref.[42b] [b] The experienced values from ref.[51] [c] Data from ref.[52] [d] Hydrogen-bonded form. [e] Value in parenthesis was
extrapolated from the regression equation. [f] Non-hydrogen-bonded form.

Figure 6. Correlation between log kH and the calculated values of
Ea for monophenols. The regression equation is: Ea �
9.30�1.16log kH; r � �0.9714

of Ea and decreases the activity. Figure 6 is a plot of the
calculated values of Ea versus the value of log kH

[51] for
p-substituted monophenols. We find that a good linear re-
lationship exists between log kH and Ea. The regression
equation is Ea � 9.30�1.16log kH and the correlation coef-
ficient (r) is 0.9742. According to the regression equation,
the value of Ea of catechol was extrapolated to be 2.64 kcal
mol�1, which is consistent with the calculated result (2.70
kcal mol�1).

The plot of the relative O�H BDE versus Ea shows that
there also exits a linear relationship between them (r �
0.9901, Figure 7). Hence, it is rational to use the thermo-
dynamic parameter O�H BDE to replace the value of Ea

to predict the antioxidant activity of phenolic compounds.
The resulting linear regression equation Ea � 5.35 � 0.32
X (where X is the relative O�H BDE) for p-substituted
monophenols yields a relative O�H BDE for catechol of
�8.28 kcal mol�1, which is in fair agreement with the value
obtained through a kinetic analysis (�7.2 kcal mol�1).[44]
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Figure 7. Correlation between the calculated values of Ea and the
relative O�H BDE for monophenols. The regression equation is:
Ea � 5.35 � 0.32 X, where X is the relative O�H BDE; r � 0.9901

Figure 8. Correlation between the values of Ea and σp
� for mono-

phenols; r � 0.9833



Transition States During H-Abstraction of Monophenols and Catechol FULL PAPER

Figure 9. Correlation between the values of Ea and R� for mono-
phenols; r � 0. 9764

Figure 10. Correlation between the values of Ea and F for mono-
phenols; r � 0.4663

Correlations between the Hammett-type parameter
σp

� [52] and the values of the O�H BDE of substituted
phenols have been studied and good linear relationships
have been observed.[53,54] Figure 8 indicates that a good cor-
relation exists between σp

� and the calculated values of Ea

for the p-substituted monophenols (r � 0.9833). Because
the value of σp

� has two components, i.e., field/inductive
(F) and resonance (R�) parts (σp

� � F � R�),[52] it is inter-
esting to determine whether the values of Ea are mainly
governed by field/inductive effects or resonance effects. We
find that the correlation between the values of Ea and R�

(r � 0.9764) is much better than that between Ea and F
(r � 0.4663) (Figures 9 and 10), which suggests that the
values of Ea are governed by resonance effects. This result
is similar to observations made on the values of the O�H
BDEs.[24e,42b]

Conclusion

The B3LYP/6�311�G(d,p) method is a reliable method
for locating transition states and calculating activation ener-
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gies for phenols during H-atom abstraction. A comparison
between the transition state geometries of catechol and
para-substituted phenols indicates that similar transition
states exist for these phenols during the process of donating
one hydrogen atom. It is also interesting to observe that the
effects of substituents on the transition states of o-substi-
tuted phenols may differ from those of p-substituted phen-
ols. The calculated value of Ea of catechol is much lower
than that of phenol, which mainly arises from the electron-
donating property of the ortho hydroxyl group. Although
the IHB effect on Ea is small, the IHB effect on the tran-
sition state geometry is rather strong. According to the re-
gression equation of the relative O�H BDE versus the val-
ues of Ea of p-substituted monophenols, the relative O�H
BDE of catechol was estimated to be �8.28 kcal mol�1,
which agrees with the value obtained by a kinetic analysis
(�7.2 kcal mol�1). In addition, we find that the values of
Ea are governed by resonance effects, which is a similar
finding to the observation regarding the O�H BDEs.
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