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Two different theoretical approaches are used to study the OH radical attack on toluene: the Møller-Plesset
perturbation theory and the B3LYP density functional method. The critical points of the potential energy
surface for the OH addition to toluene are determined, and rate-equilibrium relationships are discussed. A
stable structure corresponding to a prereactive complex which is formed when the OH radical is at about 2.5
Å from toluene is obtained. The existence of this loosely bound system is necessary to explain the
experimentally observed negative activation energy. The geometry of transition states and products are
determined for addition at different positions in the ring, including the ipso position, which has not been
considered in previous works. Energy results at the MP4 and coupled cluster levels calculated at the optimized
MP2 and B3LYP geometries confirm that the ipso adduct is more stable than the ortho adduct by about 0.5
kcal/mol. Several routes are proposed for the subsequent reactions of the ipso adduct, which could explain
the very high yield ofo-cresol with respect to the other cresol isomers.

1. Introduction

Aromatic hydrocarbons represent about 20% of all the organic
compounds emitted to the atmosphere. Of these, toluene is, by
far, the most abundant. It is well-known that its initial reaction
in the troposphere involves, almost exclusively, the OH• radical1

via two possible pathways: the abstraction of a hydrogen atom
from the side chain to form a benzyl radical and water

and the addition of the OH radical to the ring

The kinetics and mechanisms of the OH• radical reaction with
toluene has been reviewed and evaluated by Atkinson.2,3 A
description of its unusual Arrhenius plot is discussed by
Finlayson in ref 1.

The rate of OH decay for toluene was first recorded by Perry
et al.4 over the temperature range 296-473 K at a total pressure
of about 100 Torr of argon. As the temperature is increased
from about 298 K, the following characteristics are observed:

At room temperature, the OH radical decay is exponential,
with the rate constant decreasing slightly as the temperature is
increased, thus presenting a positive slope in an Arrhenius plot
of log k against 1/T. For temperatures between 325 and 380 K,
the OH decay is no longer exponential and an abrupt change is
observed both in the value and in the sign of the slope. For
temperatures above 380 K the OH decay is, again, exponential,
with a negative slope of the Arrhenius plot.

The highly curved Arrhenius plots have been explained by
the competition of the two possible pathways, reactions 1 and
2, whose relative importance varies with temperature. The
H-atom abstraction pathway (reaction 1) is of relatively minor
importance at room temperature and atmospheric pressure, with
k1/(k1 + k2) being approximately equal to 0.1.4,5

In order to explain the apparent negative activation energies
observed at the lower temperatures, several authors4-6 have
suggested that, in the addition reaction, (2), a prereactive stable
π complex could be formed as the reactants approach, prior to
the transition state and to the irreversible formation of aσ
adduct:

In particular, Singleton and Cvetanovic6 have proposed the
following equations derived for a mechanism such as the one
in eq 3 at high pressures. Ifkf andkr are the rate constants for
the forward and reverse reactions of the first step, respectively,
andkb corresponds to the second step, a steady state analysis
leads to a rate constant for the overall reaction which can be
written as

Even though the energy barrier forkr could be about the same
size as that forkb, the entropy change is much larger in the
reverse reaction than in the formation of the products. Thus,
one can expectkr to be considerably larger thankb. With this
assumption, first considered in ref 6, one obtains
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where theA’s are the preexponential factors. SinceEf is zero,
the net activation energy for the overall reaction is

where TS is the transition state and P-R is the prereactive
complex. Thus the final expression forEa turns out to be the
usual expression for the calculation of any activation energy,
regardless of the energy of the prereactive complex, and, ifETS

is smaller thanEreactants, the activation energy is negative.
In the addition reaction (2), several products are produced,1,7,8

depending on the reaction conditions. In the first step, the
addition adducts are formed, which, in the presence of molecular
oxygen and NOx, yield hydroxyl aromatic compounds, 2-, 4-
(see refs 9 and 10), and 3-NO2 -toluene,5 and shorter oxidation
products such as glyoxal, methylglyoxal, butenedial, etc., which
result from the cleavage of the ring.1,7,8Of the hydroxyl aromatic
compounds,o-cresol is the most abundant.

The variation of the overall reactivity of various aromatics
toward reaction with the OH radical has been correlated with
the nature and position of the substituent groups on the aromatic
ring, indicating that electrophilic ring addition is the dominant
reaction pathway.11 In toluene, OH can in principle add to the
ortho, meta, or para positions, and also to the carbon atom of
the ring which is attached to the methyl group (C1). The relative
rates of OH attack at each ring position for toluene have been
investigated by Kenley5 in a discharge flow system at total
pressures of 6-12 Torr and 298 K. An analysis of the cresols
in the products led Kenley to establish the following positional
selectivity, given in percent of ring addition at each position:

Since no cresol can be obtained from addition at C1, the
possibility of the formation of the ipso adduct is not included
in these percentages.

According to well-known rules of organic chemistry concern-
ing electrophilic addition to aromatic rings, one would expect
addition to occur only at the para and ortho positions, with a
slight preference for the para, in view of the steric hindrance of
the methyl group at the ortho position. The observed preference
for attack at the ortho position of toluene by factors of 5.6 and
15.8 with respect to the para and meta positions, respectively,
is significantly greater than the statistical preferences and has
not been explained.

Theoretical work on the oxidation reactions of aromatic
hydrocarbons is scarce. Bartolotti and Edney12 used a simple
density functional approach with the local exchange correlation
functional, developed by Vosko-Wilk-Nusair,13 to identify
potential intermediates produced in the OH addition initiated
atmospheric photooxidation of toluene. Although their energy
results were admittedly preliminary in nature, their calculations
were able to confirm certain aspects of the proposed reaction
mechanism2,3 and to predict the importance of carbonyl
compounds containing epoxide structures. More recently, An-
dino et al.14 performed very extensive and complete theoretical
work on the atmospheric oxidation of toluene,m- andp-xylenes,

1,2,4-trimethylbenzene, andm-ethyltoluene. These authors used
a combination of semiempirical (PM3) and density functional
theory (using the hybrid B3LYP functional15 to calculate the
energies and structures of all the postulated intermediates and
products along several possible pathways, up to the final
products. In both of these papers12,14 only the pathways
following the OH addition at the ortho position were considered.

In a previous paper on the selectivity of OH addition to
xylenes16 using MP2 and B3LYP calculations, we found a
significant contribution from adducts corresponding to addition
of the OH radical to C1. The possibility of addition at the ipso
position, however, has not been considered in general, except
for o-xylene, and the various proposed mechanisms do not
mention channels arising from the ipso adducts. Foro-xylene,
several authors7,18,19 propose schemes for the reaction of the
ipso adduct to explain the observed ring cleavage final products,
in particular, the observed formation of biacetyl.18 Yet, as
discussed by Traynham,20 numerous examples of ipso free-
radical substitution have been reported, indicating that attack
at an already substituted position is likely in free-radical aromatic
reactions, just as it is in nucleophilic and electrophilic ones.
Moreover, semiempirical calculations21 indicate that, in free-
radical reactions, the ipso intermediate is often the one of lowest
energy.

In this work, perturbation theory and density functional
methods are used jointly to study the critical points of the
potential energy surface (PES) for the OH initial attack on
toluene. Previous work performed in our group16,17 indicates
that it is interesting to use these two basically different
approaches simultaneously to help in the obtaining of the
optimized structures and to better evaluate the results. Energies
and geometries of the prereactive complex, and of the transition
states and products, are obtained for addition at all four different
positions in the ring. Rate-equilibrium relationships are derived.

2. Computational Methodology

Electronic structure calculations have been performed with
the system of programs Gaussian94 (G94).22 Restricted Har-
tree-Fock theory (RHF) is used for closed shell systems and
unrestricted Hartree-Fock theory (UHF) for open shell systems
(radicals). The correlation energy corrections are introduced both
with Møller-Plesset perturbation theory up to second order
(MP2) and with density functional theory using the B3LYP
hybrid functional.15 All geometries have been fully optimized
with both methods using a 6-31G** basis set. Energy results
from spin-projected MP2 calculations are used (PMP2). The
frequency calculations have been performed at the same level
as the optimizations. The character of the transition states is
confirmed by the existence of only one negative frequency
corresponding to the correct transition vector.

Selected calculations have also been performed with higher
level methods, namely MP4//MP2/6-31G**, CCSD//MP2/6-
31G** and CCSD//B3LYP/6-31G**, to confirm the position
selectivity.

The topology of the charge density,F(r), has been studied
using a Bader analysis at the MP2 level to identify critical points
in internal hydrogen bonds and electrostatic interactions.23,24The
critical points of F(r) are classified according to the three
canonical curvatures,λi, of the Hessian matrix (Hij ) ∂2F(r)/∂i
∂j, i, j ) x, y, z). Bond critical points are represented by (3,-
1), meaning two negative and one positive curvatures different
from zero. They are saddle points ofF(r). Ring critical points
are identified as (3,+1), corresponding to one negative and two

Ea ) Eb - Er ) (ETS - EP-R) - (Ereactants- EP-R) )
ETS - Ereactants (6)
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positive curvatures. The EXTREME program25 has been used
to determine the critical points ofF(r).

3. Results

Our present study investigates the reactants, the prereactive
complex, the transition states, and the products along four
possible reaction paths in the OH radical+ toluene addition
reaction. The total PMP2 energies of the MP2/6-31G**
optimized geometries and the B3LYP/6-31G** energies are
given in Table 1. Also given in this table are the〈S2〉 values
before and after projection of higher spin states for the MP2
calculations. It is seen that contamination by higher spin states
is especially important with this method, both at the transition
states and in the OH adducts, and that states with multiplicity
higher than 4 still contribute a little. The corresponding〈S2〉
values for the B3LYP calculations are not given: they are, in
general, about 0.78 before projection and very close to 0.75
after projection. Imaginary frequencies (vi) characterizing the
transition states and obtained at the corresponding level are also
reported in Table 1.

The total energies of the ortho and ipso OH adducts calculated
with single point MP4 and coupled cluster methods are given
in Table 2.

Reaction energies obtained using the PMP2, B3LYP, PMP4,
and CCSD energies of Tables 1 and 2, and calculated with
respect to the energies of the reactants, are given in Table 3,
together with the experimental results obtained by Perry et al.4

The activation energies calculated using eq 6 are reported in
Table 4.

From the energies of the adducts of toluene an estimate of
the predicted statistical occurrence of the isomers at 298 K can,

in principle, be obtained from the classical expression:

using the relative energies of the adducts. These estimates are
given in Table 5. However, in irreversible exothermic reactions
in which no interconversion between the isomers is expected
to occur, the selectivity may be kinetic in nature and depend
on the height of the activation barriers and on the preexponential
factors in the rate constants. In the present reaction, considering
that, in the high pressure limit, the prereactive complex has the
possibility to stabilize, all the channels have a positive effective
transition state barrier. Hence, the relative yields of the different
isomers could be calculated using an equation similar to eq 7,

TABLE 1: PMP2/6-31G** and B3LYP/6-31G** Total Energies (in hartrees) and MP2 〈S2〉 Values Before and After Projection,
of All the Systems Involved in Reaction 2 for Toluene+ OHa

system PMP2
S2(before)
S2(after) vi(MP2) B3LYP vi(B3LYP)

OH -75.535 371 0.750 -75.728 473
0.750

toluene -270.692 288 0 -271.578 778
0

P-R complex -346.233 604 0.761
0.750

i-TS -346.225 056 1.339 -638 -347.312 621 -299
1.06

o-TS -346.225 670 1.330 -649 -347.315 204 -268
1.05

m-TS -346.223 377 1.342 -676 -347.312 247 -323
1.06

p-TS -346.223620 1.338 -668 -347.313 125 -303
1.06

i-OH adduct -346.257 167 1.1401 -347.338 283
0.8472

o-OH adduct -346.256 185 1.137 -347.340 582
0.846

m-OH adduct -346.253 164 1.134 -347.337 878
0.845

p-OH adduct -346.253 540 1.138 -347.338 86
0.847

a The imaginary frequencies (in cm-1) at the transition states have been calculated at both levels. TS stands for the transition state of reaction
2, the P-R complex is the prereactive complex, and the OH adducts are the hydroxymethylcyclohexadienyl radicals with the OH added to the ipso-,
ortho-, meta-, and para-carbon atoms.

TABLE 2: Total Energies (in hartrees) of the Ortho and
Ipso Adducts, Calculated with Single Point PMP4 and
CCSD Methods Using a 6-31G** Basis Set

system PMP4//MP2 CCSD//MP2 CCSD//B3LYP

o-adduct -346.360 915 -346.294 424 -346.293 885
i-adduct -346.361 711 -346.294 825 -346.294 324

TABLE 3: Reaction Energies (in kcal/mol) for the OH
Addition Reaction, Calculated from PMP2, B3LYP, PMP4//
MP2, and CCSD//MP2 Energiesa

system PMP2 B3LYP PMP4//MP2 CCSD//MP2

ipso -19.65 -19.47 -18.00 -9.57
ortho -19.03 -20.91 -17.50 -9.32
meta -17.13 -19.21
para -17.37 -19.83

a The experimental∆H298 obtained by Perry et al.4 is -16.5 ( 5
kcal/mol. No isomers are specified.

TABLE 4: Activation Energies (in kcal/mol) for the OH
Addition Reaction, Calculated from PMP2 and B3LYP
Energies Using Eq 6a

system PMP2 B3LYP

ipso 0.50 -3.36
ortho 0.11 -4.99
meta 1.56 -3.13
para 1.40 -3.68

a The reported experimental results range between-0.4 and-1.6
kcal/mol determined at temperatures between 213 and 325 K.26 No
isomers are specified.

% k )
ωke

-Ek/RT

∑iωie
-Ei/RT

(7)
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replacingω by the product ofω times the partition function of
the transition state of each isomer, and theE’s by the activation
barriers. These results are given in the Discussion.

The relevant geometrical parameters of the prereactive
complex are indicated in Figure 1 and given in full in Table 6.
The critical points of the charge density in the prereactive
complex are also indicated in Figure 1, and its bond distances
and the topological characteristics of the charge density are given
in Table 7. A diagrammatic sketch of the PES for the addition
adducts is shown in Figure 2. In Figures 3 and 4, the transition
states and their corresponding OH adducts are represented for
the ipso and ortho isomers.

4. Discussion

The Prereactive Complex.As the reactants approach each
other, a decrease in energy is observed first, and a shallow
minimum, corresponding to the prereactive complex is located,
whose energy is 4.86 kcal/mol below reactants at the PMP2/
6-31G** level. The existence of such minima was already
observed by Sosa and Schlegel27 for the system OH-ethene,
and by Diaz-Acosta et al.28 for OH-propene and for OH-
propene-O2 when the reactants are separated by about 2.7 Å.

The geometry of the prereactive complex is shown in Figure
1. In this system, which hasCs symmetry, the OH radical is
seen to be approaching the aromatic ring from above, H first,
and at a distance of 2.22 Å from the center of the aromatic
ring. The O-C distances with respect to the ipso, ortho, meta,
and para carbon atoms are 3.41, 3.44, 3.52, and 3.55 Å,
respectively. It is interesting to point out that the OC1 distance
is the shortest. The OH radical is not fully perpendicular to the
ring, being a little bent toward C1, possibly due to a weak
interaction between the oxygen and the perpendicular hydrogen
of the methyl group. A frequency calculation performed at the
MP2/6-31G** level yields a low vibrational frequency at 32
cm-1, which corresponds to a rotation of the OH group so as
to decrease the distance between the oxygen atom and C1. The
difference in energy between the isolated reactants and this
complex is 4.86 kcal/mol, a value which is similar to that of a
weak hydrogen bond.

Two (3,-1) bond critical points of the charge density are
found between the H of the OH radical and the C1 and C6 carbon
atoms (see Figure 2 and Table 7). Their electron density is, as
expected, much lower than the one at the C-H (3,-1) bond
critical points, and even lower than for a normal hydrogen bond
or van der Waals interaction.23,24The maximum curvatures,λ1

and λ2, are very small. They are similar to, for example, the
values of the van der Waals bonds in the Ar‚‚‚HF complex,23,24

indicating the presence of a small charge concentration in the
direction perpendicular to the bonds. As a consequence, the∇2F
values present positive signs, corresponding to closed shell
interactions in the complex. No (3,-1) bond critical points are

TABLE 5: Predicted Percentage of Statistical Occurrence,
at 298 K, of the OH-Toluene Isomers, as Obtained from the
PMP2 and B3LYP Reaction Energies Using Eq 7a

system PMP2 B3LYP experiment

ipso 56.8 3.7
ortho 40.3 84.5 80.6
meta 1.6 4.9 5.1
para 1.2 6.9 14.3

a The experimental results of Kenley et al.5 are indicated in the last
column. They do not include the ipso adduct.

Figure 1. Optimized geometry of the prereactive complex. The circles
indicate the position of the critical points of the charge density.

TABLE 6: MP2/6-31G** Geometrical Parameters of the Prereactive Complexa

parameter parameter parameter

r(C1C2) 1.4015 A(C3C1C2) 118.3542 D(C2C1C12H13) 88.9573
r(C2C4) 1.3964 A(C1C2C4) 120.9809 D(C2C1C12H14) -151.2193
r(C4C6) 1.3974 A(C2C4C6) 120.0732
r(C1C12) 1.5056 A(C4C6C5) 119.5379
r(C2H11) 1.0839 A(C2C1C12) 120.8073
r(C4H9) 1.0826 A(C1C2C11) 119.3702
r(C6H7) 1.0824 A(C2C4H9) 119.8430
r(C12H13) 1.0909 A(C4C6H7) 120.2302
r(C12H14) 1.0891 A(C1C12H13) 110.9651
r(O17H16) 0.9728 A(C1C12H14) 111.0182
r(C1H16) 2.6973 A(C1H16O17) 132.0959

a The structure has a symmetry plane which contains C12, C1, C6, H7, H16, H13, and O17. The ring is practically planar.

Figure 2. Potential energy surface sketch of the hydroxyl radical
addition to toluene (P-R stands for the prereactive complex; I, O, M,
and P indicate the critical points for each isomer). The vertical axis is
the potential energy; thex andy axes indicate the coordinates of the
phenyl group, with the origin at the center of the ring.
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found between the oxygen atom and any one of the hydrogen
atoms of the methyl group, nor with any of the other carbon
atoms.

The structure of this prereactive complex may be considered
to be similar to those produced in the equivalent complexes in
the first members of the alkene series,27,28 and it may be
compared with cationπ complexes.29 However, in the latter,
when a cation is involved in the formation of theπ complex, a
low energy three-center orbital is formed as a combination of
the π orbital and the empty orbital of the cation, with theπ
orbital participating as a dative orbital, and a very stableπ
complex is obtained, whose energy may be as much as 60 kcal/
mol lower than reactants. In the OH radical addition toπ
orbitals, however, the dative orbital cannot perform the same

role, and the extra electron has to be included in an orbital with
antibonding or nonbonding character. Thus, in the OH radical-
alkene,27,28 OH radical-toluene, and OH radical-xylenes
series16 low stabilization energies (of about a few kcal/mol)
occur.

In the alkene prereactive complexes, the H of the OH radical
points toward the center of theπ orbital, at the center of the
CdC bond. At this point, which is a (3,-1) critical point, the
electron density is a minimum along the bond and a maximum
in the directions perpendicular to the bond. In the OH-toluene
π complex, the H atom of the OH radical is directed toward
the center of the phenyl ring, which is a (3,+1) critical point,
a point where the electron density distribution presents a
minimum in the plane of the ring and a maximum in the

TABLE 7: Bond Distances and Topological Characteristics of the Charge Density,G(rc), at the Critical Point of the Bonds and
Ring in the Prereactive Complex

r r c
a λ1 λ2 λ3 ε F(rc) ∇2F(rc)

C1-C2 1.4015 0.7007 -0.634 -0.520 0.328 0.218 0.307 -0.826
C2-C4 1.3964 0.6980 -0.640 -0.524 0.324 0.223 0.309 -0.840
C4-C6 1.3974 0.6985 -0.639 -0.524 0.324 0.221 0.309 -0.839
C1-C12 1.5056 0.7658 -0.485 -0.472 0.337 0.029 0.255 -0.619
C2-H11 1.0839 0.6787 -0.750 -0.737 0.452 0.018 0.285 -1.036
C4-H9 1.0826 0.6785 -0.755 -0.743 0.453 0.017 0.286 -1.046
C6-H7 1.0824 0.6782 -0.755 -0.743 0.452 0.017 0.286 -1.046
C12-H13 1.0909 0.6810 -0.716 -0.710 0.453 0.008 0.278 -0.973
C12-H15 1.0891 0.6785 -0.722 -0.715 0.453 0.009 0.280 -0.984
H16-O17 0.9728 0.1922 -1.840 -1.760 1.535 0.045 0.362 -2.064
C1-H16 2.6973 1.6849 -0.006 -0.001 0.038 6.231 0.008 0.029
C6-H16 2.5950 1.6448 -0.006 -0.001 0.038 6.231 0.008 0.029
ring -0.015 0.085 0.091 0.021 0.161

a The origin is the first atom indicated in the first column.

Figure 3. MP2 optimized geometries of the ortho (a) and ipso (b) transition states.

Figure 4. MP2 optimized geometries of the ortho (a) and ipso (b) OH adducts.
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direction perpendicular to the plane.23,24The position of the two
(3,-1) critical points between the hydrogen atom of the OH
radical and the C1 and C6 carbons, which are detected in the
prereactive complex, could indicate that a three-center orbital
is formed, similar to those in diborane,23 albeit with an electron
density too small to obtain a ring or cage critical points. As
expected, a (3,+1) ring critical point is also found at the center
of the phenyl ring.

The prereactive complex can be considered as the precursor
structure for all addition reactions (ipso, ortho, meta, and para
adducts). It is a shallow minimum at the center of the PES and
it constitutes a branching out point for all the addition channels
(Figure 2).

The OH + Toluene Addition Reactions. Six transition
structures (Figure 2) are found surrounding the prereactive
complex on the PES, leading to the six different isomers of the
hydroxytoluene adducts. Coming from the prereactive complex,
the OH radical appears to flip toward the ring, positioning itself
in a configuration nearly parallel to the ring, with the oxygen
atom pointing to the nearest reactive carbon. The ortho transition
state (TS) has the lowest energy, 4.98 kcal/mol above the
prereactive complex. From this point, the reaction proceeds to
form the ortho derivative and finally theo-cresol, as found in
the experiments. The second TS, in order of increasing energy,
corresponds to the one at the ipso position, at 5.36 kcal/mol.
The methyl steric hindrance is probably responsible for the
slightly higher energy of this structure. The oxygen is nearer to
the methyl hydrogens than in the ortho TS (see Figure 3), and
more separated from the reactive carbon. The other two
transition state structures, meta TS and para TS, are higher in
energy than the previous ones, with the para TS a little lower
than the meta TS.

When the PMP2 results are analyzed, it is observed that none
of the four transition state energies is lower than the energy of
the isolated reactants (Table 5), so that the negative activation
energies detected in the experiments are not very well repro-
duced by these calculations. The PMP2 ortho TS and ipso TS,
however, present activation energies which are only 0.1 and
0.5 kcal/mol above the reactants, respectively. The B3LYP
results present the right sign (Table 5). However, the PMP2
activation energies are closer to the range of the available
experimental results (-0.4 to -1.6 kcal/mol determined at
temperatures between 213 and 325 K).26 Contrary to most ab
initio methods, and Møller-Plesset in particular, B3LYP is
known to underestimate the height of reaction barriers.30

As for the transition vectors in the transition states, they
correspond to the deformation of the ring, with the O atom
moving toward the carbon atom involved in the bond and the
OH group remaining approximately parallel to the plane of the
rest of the ring.

Concerning the adducts, the ipso isomer is found to be more
stable, by only 0.5 kcal/mol, than the ortho isomer, if energy
values calculated at either PMP2 or PMP4/6-31G** levels are
used (Table 3). However, at the B3LYP/6-31G** level, the ipso
derivative is less stable than both the ortho and the para isomers.
Additional single point coupled cluster calculations performed
at the MP2/6-31G** and the B3LYP/6-31G** optimized
geometries to try to resolve the discrepancy yield the following
result: in both cases, the ipso isomer is found to be more stable
than the ortho isomer by 0.25 kcal/mol. However, the MP2
geometries are clearly the ones yielding the lowest CCSD
energies.

It is interesting to note that the reaction energies obtained
from the projected MPn and from DFT results agree rather well

with the experimental results (Table 3 and ref 4). Coupled cluster
reaction energies, however, are only about half the value
obtained with the other methods. Two reasons may be advanced
to explain this discrepancy. On the one hand, the CCSD results
for the adducts present a large spin contamination, with〈S2〉 )
1.13, and results for projected coupled cluster calculations are
not available. On the other hand, the latter are performed without
geometry optimization. The interest for performing these
calculations in this work concerns the possibility of helping
decide on the relative stability of the ortho and ipso isomers.

The oxygen atom of the ipso adduct is at a distance of 2.35
Å from the carbon of the methyl group. The high stability of
this isomer could conceivably arise from the interaction of the
lone pairs of the oxygen with the hydrogen of the methyl group
in a star conformation (see Figure 4). In the ortho adduct, the
methyl group changes to an eclipsed conformation in order to
allow a hydrogen atom to interact with a lone pair of the oxygen
(Figure 4), at a distance of 2.55 Å.

In fact, the preference for addition of OH at the ipso position
is not surprising: it is equivalent to that observed in addition
reactions at double bonds, the latter favoring the most substituted
carbon atom. It is in line with the experimental and theoretical
results presented by Traynham.20 In the case of propene, MP2
calculations28 have indeed shown that the favored addition
product is the one with OH located at the central carbon atom.
We have recently recalculated the energies of the OH adducts
of propene, using the B3LYP/6-31G** method with full
geometry optimization: as in the case of toluene, the relative
stability of both isomers is reversed.

Several routes can be proposed for the subsequent reactions
of the ipso adduct. First, phenol could be formed, and it should
then be found in an important amount, in the same way that
cresols do, following identical oxidation channels. Phenol is
indeed found, albeit in minor amounts.8 We suggest that the
ipso-hydroxytoluene adduct may undergo a 1,2 OH shift,
perhaps catalyzed by molecular oxygen attacking the hydrogen
of the hydroxyl group. This reaction would also explain the
observed relatively high yield of 80.6%o-cresol at 298 K.5 A
similar 1,2 rearrangement has been shown to occur to an
appreciable extent whenp-bromonitrobenzene is photochlori-
nated. According to Traynham,20 the identification of rearrange-
ment of an ipso substituent to an ortho position may account
for the high proportion of ortho substitution that is characteristic
of many free-radical aromatic substitution reactions.

As obtained from our PMP2 results, the theoretical popula-
tions estimated for a thermodynamically controlled reaction are
56.8%, 40.3%, 1.6%, and 1.2%, at 298 K, for the ipso, ortho,
meta, and para adducts, respectively (Table 5). If the populations
are calculated without considering the ipso adduct, the para
isomer presents a very low yield in comparison with the
experimental yield. Although the para adduct is more stable than
the meta isomer, possibly due to the inductive effect of the
methyl group, the population of the meta derivative is slightly
higher due to the degeneration degree of the meta positions.
The inductive effect also plays an important role in lowering
the energy of the ortho isomer.

It is not surprising that the corresponding percentages obtained
using eq 7 and the B3LYP energies are in much better agreement
with experimental results, since this method gives very little
weight to the ipso adduct. If a kinetic control is assumed, and
the data for the available MP2 partition functions of the
transition states are used, the results are not satisfactory: 57.9%,
11.5%, 22.0%, and 8.5%, at 298 K, for the ipso, ortho, meta,
and para adducts, respectively.
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Kenley et al.5 obtained only 3-NO2-toluene in the reaction
of o-cresol with NO2. However, other authors8-10 also obtained
very small quantities of 2- and 4-NO2-toluene. The 2-NO2-
toluene could come from the ipso adduct. The channel from
the ipso adduct to 2-NO2-toluene should be more reactive than
the channel to phenol, so phenol would be obtained only in
minor quantities.

Even considering the possibility that the stability of the ipso
derivative is exaggerated in the PMPn and CCSD calculations,
and that the internal interactions with the oxygen lone pairs are
overestimated, it is clear that the formation of the ipso adduct
is not negligible, and that it should yield detectable concentra-
tions of certain products, as observed, for example, in them-
and p-cresols. In particular, the ipso adduct could produce
oxidation products derived from the cleavage of the ring, such
as methylglyoxal and butenedial7,8 by a mechanism similar to
the one suggested by Shepson et al.7 for the oxidation of
o-xylene. Indeed, calculations performed on the OH adducts of
o-xylene16 have shown, unequivocally, that the ipso adduct is
strongly favored.

Finally, we would like to suggest that the ipso adduct may
also be somehow related to the formation of benzaldehyde. The
latter is obtained in considerable amounts, and it has always
been assumed that it is a product formed in the hydrogen
abstraction channel (eq 1). However, we have shown31 that the
barrier for the direct abstraction of a hydrogen atom from the
side chain of toluene, to form a benzyl radical and water, is
relatively high, of the same order as the one for the abstraction
of a primary hydrogen in alkanes. Further work is needed on
this subject.

Rate-Equilibrium Relationships. It is interesting to look
for possible relationships, in the form of linear and quadratic
equations, between the equilibrium energies of the adduct
isomers and their transition state energies. In the following
discussion the PMP2 energies have been used.

A plot of ∆E# ) EP-R - ETS as a function of∆E ) EP-R -
Eadduct (whereEP-R, ETS, andEadduct are the total energies of
the prereactive complex, the transition states, and the adducts,
respectively) for all the isomers does not yield a linear
relationship. The ipso isomer, however, may have to be
considered apart from the others, since it is the only one for
which the OH radical has to overcome the methyl steric effect.
Indeed, if the ipso adduct is removed from the series, a good
linear fit is obtained:

which has a correlation coefficientr2 ) 1.0000 and a standard
deviation s.d.) 0.0195 with energies in kcal/mol. The equation
above corresponds to a Bell-Evans-Polanyi model32,34and to
a Leffler equation.33 The physical meaning of the fitting
parameters might be the following:

(i) The intercept is the value of the barrier for∆E ) 0
reaction. It can be considered either as a integration constant
(Leffler’s model33) or as the intrinsic reaction barrier (∆E0

#) of
the series (as in Marcus’ theory35). The concept of an intrinsic
barrier is well-known in Marcus’ theory35 as applied to electron
transfer reactions,35 proton transfer reactions,36,37alkyl transfer
reactions,38 and SN2 reactions,34,39 but in the OH• addition
reactions to toluene the physical meaning of the intrinsic barrier
is not clear.∆E0

# for the addition reaction could be the barrier
to go from a prereactive critical point on the upper face of
toluene to one on the opposite face. A schematic energy path
leading over the intrinsic barrier between the ortho and meta
positions is represented in Figure 5. In this figure, the ortho

and meta paths are projected on the plane of the intrinsic reaction
path.

The nuclear configuration of the transition state (TS0
#) could

be one in which the OH radical is in the plane of the phenyl
ring. Unlike the transfer and SN2 reactions mentioned above,
the intrinsic reaction barrier of the OH addition to toluene would
have to have a reaction coordinate different than those of the
addition isomers. Whereas the reaction coordinates leading to
the adducts point approximately toward the carbon atoms of
the phenyl group, those of the thermoneutral reactions bisect
the C-C bonds. Since the thermoneutral reactions can proceed
along a path which goes either between the ortho and meta
positions or between the meta and para positions, two slightly
different (TS0

#)’s should exist with a perceptible energy differ-
ence between them. Thus, the energy of the intrinsic reaction
barrier could be taken to be the average between both values:

In the present case, the value obtained for the intrinsic barrier
(15.8 kcal/mol) is similar, with the opposite sign, to the reactioin
energies (which lie between-17 and-19 kcal/mol depending
on the isomer) and approximately 3 times the value of the
addition barriers (5.0, 6.4, and 6.3 kcal/mol for the ortho, meta,
and para adducts, respectively). The transition state TS0

# be-
longs to the PES of the addition reactions, since it is the high
barrier nearest the addition barriers. It determines the neighbor-
ing critical points, such as the addition TSs in the formation of
the ortho, meta, and para adducts (see Figures 2 and 3).

(ii) The slope has the physical meaning of the Brønsted
parameter,R.34 This parameter is also related to the Leffler-
Hammond principle,33,34,40and it can be interpreted as a measure
of the relative position of the transition state on the reaction
coordinate. Its value should range between 0 and 1 (1- R
indicating the closeness between the transition states and the
reactants).33 In this reactionR is a constant equal to 0.76,
suggesting that all the transition states should be closer to the
products than to the reactants. Indeed, taking the C‚‚‚O distance
as the main internal variable in the reaction coordinate, its MP2
value is 3.44 Å in the prereactive complex, 1.97 Å in the TSs,
and 1.45 Å in the adducts.

If the energy data corresponding to the ortho, meta, and para
addition channels are fit to the Marcus equation34,35,39

∆E# ) 15.8( 0.17+ (0.76( 0.01)∆E

Figure 5. Schematic energy paths: Solid line, P-Rf ortho adduct;
dashed line, path leading over the intrinsic barrier from the face-up
P-R to the face-down P-R; doted line, P-Rf meta adduct.

∆E0
# ) (1/2)(∆E0

#(o,m)+ ∆E0
#(m,p))

∆E# ) ∆E0
# + 1

2
∆E + 1

16∆E0
#
∆E2
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a fair fit is obtained. However, if the intercept and the coefficient
of the linear term in the previous equation are allowed to adjust
freely, the following relation is obtained:

with r2 ) 1.0000 and s.d.) 0.0206. Thus, statistical parameters
similar to those of the linear fit are obtained. In fact, both the
height of the intrinsic barrier (16.5 kcal/mol), which is similar
to the one obtained in the linear fit, and the very small coefficient
of the quadratic term (0.004) explain why the relationship is
almost linear. The coefficient of the linear term is slightly
different from 0.5, the value in the Marcus equation. Considering

in the previous fit,34 we obtain the following equation:

which yields 0.75, 0.77, and 0.76 for the ortho, meta, and para
TSs, respectively. All of these values fall within a narrow
interval and indicate that the TSs should be more similar to the
adducts than to the prereactive complex.

One can conclude that the ortho, meta, and para addition
reactions follow a quasi Marcusian behavior; the deviation could
be due to the existence of different reaction coordinates for the
thermoneutral reaction.

If the ipso reaction is included in the set of data, fitting via
the Marcus equation is not satisfactory. However, if the four
sets of data are adjusted to a quadratic polynomial, the following
equation is obtained:

with r2 ) 0.9998 and s.d.) 0.175. Both statistical parameters
are better than those obtained with the Marcus equation, the
coefficient of the linear term is much larger than the 1/2 value
of the Marcus equation, and the intercept goes up to 103.3 kcal/
mol, indicating a very high∆E0

#(i,o). Indeed, the reaction path
near the methyl group should have a very high intrinsic barrier,
due to the steric hindrance of this group. TheR values are found
to be-0.75, 0.16, 1.74, and 1.54 for the ipso, ortho, meta, and
para isomers, most of them being outside of the 0-1 interval.34

The ipso TS would be the one least similar to the products. In
this case, the behavior is not of the Marcus type at all.

5. Conclusions

Several methods based on a different approach to electron
correlation have been used in this work to study the formation
and the relative stability of the four OH-toluene isomers. The
ipso adduct is considered here for the first time. It is found that
the PMPn and the CCSD methods attribute a much greater
stability to the ipso adducts than B3LYP, inverting its relative
importance as a product of the OH+ toluene addition reaction.

The reaction energies agree rather well with experiment
except for the CCSD results, which present considerable spin
contamination in the adducts, and it cannot be projected out.
The large spin contamination also observed in the MPn
calculations is certainly a drawback. Using projected MPn results
approximately corrects these deficiencies. Also, the activation

energies obtained with this method are not negative, as expected.
However, for the ortho and the ipso isomers, the calculated
activation energies are close to zero. The two problems
mentioned above do not occur with B3LYP. As already observed
in other DFT calculations on other types of systems,14,16 DFT
does yield negative activation energies. However, there are other
deficiencies in this method; i.e., the negative barriers are, in
general, much too low (in fact, in work recently performed on
OH hydrogen abstractions from alkanes,30 barriers are also found
to be negative, which is definitely not correct), and the
interactions between the oxygen atom and the methyl group in
ipso additions are given very little weight. The combined use
of these two approaches, and the fact that results are in
reasonable agreement, should lend credibility to the trends
described in this work.

A prereactive structure has been found, in which the OH
radical is bound to the aromatic ring by two weak interactions
characterized by two (3,-1) bond critical points of the charge
density. The prereactive complex can be considered as the
precursor structure for all the addition reactions.

The specific interaction responsible for the extra stability of
some isomers with respect to others appears to be the interaction
of the lone pairs on the oxygen atom with hydrogen atoms from
neighboring methyl groups, the latter clearly rotating in order
to shorten the O‚‚‚H distances involved. In the case of the ipso
adduct, two lone pairs on the oxygen atom interact with two
hydrogen atoms of the methyl group attached to C1. The distance
between these atoms is about 2.57 Å.

New results have been obtained in this work, concerning, in
particular, the stability of the OH adduct corresponding to the
OH addition at the ipso position of the ring. Even considering
the possibility that the stability of the ipso derivative is
exaggerated in the PMPn and CCSD calculations, it is clear
that the formation of this adduct is not negligible, and that it
should yield detectable concentrations of certain products, as
observed, for example, for the meta and para isomers. Moreover,
the energy barrier for its formation from the prereactive complex
is found to be quite low. The question that remains to be
discussed concerns the fate of this adduct, which has not been
considered in experimental work. In this work, three schemes
are suggested: (i) the ipso-hydroxytoluene adduct may undergo
a 1,2 OH shift, (ii) it may lead to the formation of 2-NO2-
toluene, and (iii) it could produce oxidation products derived
from the cleavage of the ring, such as methylglyoxal and
butenedial.

Rate-equilibrium relationships suggest the possible existence
of intrinsic barriers which would be an integral part of the PES.
They would be the high barriers nearest the transition state
structures in the different channels of addition, contributing a
constant kinetic factor to the thermodynamic driving force of
the OH• addition reactions in toluene.

The ortho, meta, and para series follows an equation similar
to the Marcus equation, with a nearly constant Brønsted
parameter,R. The deviation from the Marcus equation can be
due to the existence of different reaction coordinates leading to
the intrinsic barriers and to the adducts. The height of the
intrinsic barrier is quite close to the equilibrium energies, and
approximately 3 times the size of the reaction barriers. When
the ipso derivative is included in the series, the behavior of the
series and the interpretation of the intrinsic reaction barrier are
less clear.
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