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Abstract: The 1,4-cycloaddition reactions of the singlet (1∆g) oxygen withs-cis-1,3-butadiene and benzene,
with the formation of 3,6-dihydro[1,2]dioxin and 2,3-dioxabicyclo[2.2.2]octa-5,7-diene, respectively, were
studied by means of the CAS MCSCF/CAS MCQDPT2 ab initio method with the 6-31G* basis set. In the
case of butadiene the reaction was found to be exoenergetic and the product was found to haveC2 symmetry,
with the peroxide moiety in the gauche configuration. In the case of benzene the reaction was found to be
endoenergetic and the bicyclic product formed was found to haveC2V symmetry, with the peroxide moiety in
the syn configuration. Three possible reaction routes were studied: (i) concerted cycloaddition, (ii) stepwise
cheletropic cycloaddition with the formation of zwitterionic 2,5-dihydrofuran l-oxide as an intermediate, and
(iii) stepwise cycloaddition with the formation of a linear intermediate. In the case of butadiene routes (i) and
(ii) were excluded, because only second-order saddle points were found on the corresponding reaction pathways.
The linear intermediate (I1) found in route (iii) has a biradical character, and its energy relative to that of the
separate reactants is 4.1 kcal/mol. The dominant activation barrier corresponds to the transition structure T1

leading to I1 and amounts to 9.9 kcal/mol. The rearrangement of I1 to the product (P) involves only a minor
activation barrier of 7.5 kcal/mol (relative to I1). In the case of benzene the reaction occurs in a concerted
manner with a single transition structure havingC2V symmetry; the activation barrier is 25.3 kcal/mol. This
difference in binding mechanism can be explained in terms of the configuration of the peroxide moiety in the
adduct.

Introduction

Singlet (1∆g) oxygen addition to unsaturated and aromatic
compounds, which involves the formation of organic peroxides
and hydroperoxides, plays an important role in chemical and
biochemical processes.1-3 Singlet oxygen addition to lipids and
other unsaturated components of the living cells can directly
initiate the chain of radical reactions leading to peroxidation,1,4

while oxygen addition to xenobiotics can result in the generation
of superoxide anion radicals and other active oxygen species
of high cytotoxicity.

The four principal types of oxygen addition reactions are (i)
[π2 + π2] 1,2-cycloaddition to an isolated double bond,
resulting in the formation of 1,2-peroxides (Scheme 1a); (ii)
1,4-cycloaddition to a system containing at least two conjugated
double bonds, resulting in the formation of the so-called 1,4-
peroxides (Scheme 1b); (iii) 1,3-addition to a double bond
connected to a hydrogen-bearing group, resulting in the forma-
tion of allylic hydroperoxides (Scheme 1c); and (iv) 1,4-addition
to phenols and naphthols with the formation of hydroperoxide

ketones (Scheme 1d). The formation of 1,4-peroxides and
hydroperoxide ketones from naphthalene and anthracene deriva-
tives or phenols and naphtols, respectively, occurs readily when
oxygen is passed through UV-irradiated, cooled nonaqueous
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Scheme 1.Examples of the Addition of Oxygen to
Unsaturated and Aromatic Compounds

a 1,2-Addition to olefins to form 1,2-dioxetane-type products.b 1,4-
Addition to naphthalene derivatives to form 1,4-endoperoxides.c 1,3-
Addition to olefin derivatives; X denotes CR2, NR, or O.d Addition to
phenol derivatives containing bulky groups in positions 2 and 4 of the
ring to form hydroperoxide ketones.
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solutions of naphthalene or anthracene derivatives5-7 or phenols
or naphthols,7,8 respectively.

There have been numerous experimental2,9-11 and theoreti-
cal12-20 studies on 1,2-cycloaddition. On the basis of the results
of their MCSCF study of oxygen addition to ethene17 and, very
recently, ethene derivatives and butadiene,20 Tonachini and co-
workers concluded that the reaction occurs through a biradica-
loid intermediate, in which one oxygen atom is attached to one
end of the CdC bond. A linear intermediate of the same type
was found in our MCSCF study of singlet oxygen addition to
ethenol.19 We found that in this case either the intermediate
can undergo ring closure to form the 1,2-peroxide or a proton
transfer to the peroxy moiety can occur to form the hydroper-
oxide, the latter product having considerably lower energy. Only
one MINDO/3-CI12 and one ab initio UMP2 study21 of oxygen
addition to butadiene and one semiempirical and DFT study of
oxygen addition to benzene22 have been reported, and no study
has been carried out at the MCSCF level. The above-mentioned
study by Tonachini and co-workers20 included butadiene but
considered only the [π2 + π2] cycloaddition and not the [π4
+ π2] cycloaddition of oxygen to butadiene. Therefore, we
devoted our present study to the investigation of the mechanism
of singlet oxygen 1,4-addition tocis-1,3-butadiene to form 3,6-
dihydro[1,2]dioxin and to benzene to form 2,3-dioxabicyclo-
[2.2.2]octa-5,7-diene using the CAS MCSCF/CAS MCQDPT2
ab initio method. These reactions can be considered model
reactions of 1,4-oxygen addition to conjugated and aromatic
systems, respectively. The choice of simple models, which
however possess all the essential features of more complicated
systems, enables one to apply a high level of theory, which is
necessary to achieve a correct qualitative description of the
energy surfaces of the reactions under study. Nevertheless, it

should be noted that the simple systems chosen correspond
exactly to the reactions observed experimentally. Addition of
oxygen to butadiene to form 3,6-dihydro[1,2]dioxin was carried
out by Kondo et al. with 20% yield.23 Although oxygen addition
to benzene itself has not been observed experimentally, because
of the high ionization potential of this compound, oxygen
addition to pentamethyl- and hexamethylbenzene, which have
considerably lower ionization potentials, occurs readily with
initial formation of the corresponding endoperoxides, which
have been detected experimentally.24 These two compounds
have the sameπ-electronic structure as benzene.

Scheme 2 summarizes intermediates or transition structures
(and thereby the respective reaction mechanisms) in oxygen [π4
+ π2] cycloaddition to conjugated double bonds proposed in
the literature.25 Mechanisms A and D involve zwitterionic or
biradical linear intermediates, respectively; they should be
nonstereospecific, which was, indeed, observed in the reaction
of singlet oxygen with (E,Z)-2,4-hexadiene.26 Mechanisms F
and G are concerted mechanisms, involving symmetric or
nonsymmetric transition structures, respectively; they are sup-
ported by the stereospecificity of [π4 + π2] oxygen cycload-
ditions to condensed or sterically hindered dienes.27,28Moreover,
a concerted symmetric cycloaddition mechanism was found by
Houk and co-workers in their ab initio UMP2 study21 of oxygen
[π4 + π2] addition tocis-1,3-butadiene. Mechanism C involves
peroxiranes and was proposed by Dewar and Thiel,12 on the
basis of the results of their MINDO/3-CI calculations. However,
this mechanism can be excluded on the basis of the results of
the recent study of Tonachini and co-workers.20 Mechanism E
involves dioxetane intermediates; however, vinyl dioxetanes
isolated by Kearns29 and Clennan30 decomposed without rear-
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Scheme 2.Schematic Representation of Possible
Mechanisms of Oxygen Binding to Conjugated Double
Bondsa

a See text for description.
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rangement, rendering this mechanism unlikely. Mechanism B
involves cheletropic addition of oxygen, with the formation of
zwitterionic substituted 2,5-dihydrofuran 1-oxide intermediates.
Although there is no direct experimental evidence to support
this mechanism, it could be considered possible, because it
occurs in some other cycloaddition reactions.25

Because the experimental data do not provide full evidence
as to whether concerted mechanisms (F and G) or those
involving linear intermediates (A and D) take place, we
investigated the corresponding pathways. We also investigated
the cheletropic mechanism B, which was not considered
previously in theoretical studies.

Methods

Calculations were carried out at the CAS MCSCF level, with the
6-31G* basis set. In our previous study19 we found that introducing
polarization functions is necessary to achieve correct geometry of the
O-O moiety. As in our earlier study, we used the (10,8) active space
(8 orbitals with 10 electrons) in most of the calculations. For isolated
reactants, this active space corresponds toσo, π(1, π(1

/ , andσo
/ orbitals

of the oxygen molecule and the HOMO-LUMO pair of the organic
compound molecule. Additional calculations for butadiene, and those
calculations for benzene, aimed at estimating the energies of the species
relative to those of the reactants, were performed in an extended (12,-
10) active space obtained by adding the next bonding-antibondingπ2-
π2
/ orbital pair of the organic donor. This extension was necessary in

the case of benzene, because of the double degeneracy of the HOMO
and LUMO orbitals in the isolated benzene molecule. Considering only
one HOMO-LUMO pair could therefore introduce a bias to the energy
of benzene. It should be noted that because of symmetry breaking
following oxygen interaction with benzene, all species on the benzene-
oxygen reaction path (except the isolated benzene molecule) have
nondegenerate energy levels; therefore, even the (10,8) active space is
appropriate. For optimized geometries dynamic correlation was esti-
mated by carrying out single-point MCQDPT2 calculations.31 The basis
set superposition error (BSSE) was estimated by the method of
Chałasin´ski et al.,32 as in our previous work.19

The six-fold symmetry of the benzene ring and theCs symmetry of
s-cis butadiene were kept during optimization of the structures of the
reactants.

Transition structures were located by calculating energy profiles of
the reacting systems in the internal coordinate most closely approximat-
ing the appropriate reaction coordinate, with optimization of all
remaining degrees of freedom. The geometry corresponding to the
maximum in the energy curve was taken as an initial approximation to
that of the transition structure, and then the gradient norm was
minimized to complete the search of the transition structure. The
Hessian matrix and subsequently the normal modes were calculated
for all stationary points. The Hessian matrix was evaluated numerically.
Finally, for transition structures, intrinsic reaction path (IRC) calcula-
tions were carried out to make sure that the transition structures are
located between the correct energy minima.

All calculations were carried out with the use of the program
GAMESS.33

Results and Discussion

Oxygen Cycloaddition tos-cis1,3-Butadiene.The reaction
routes connecting the stationary points found in the reaction
paths studied are presented in Scheme 3a. The calculated

structures of intermediates and transition structures are shown
in Figure 1 (with 3,6-dihydro[1,2]dioxin as the final product),
and the energies are summarized in Table 1. The product has
C2 symmetry, with the rotation axis passing through the centers
of the middle C-C bond and the O-O bond (Figure 1d). This
result is consistent with the crystal structures of monocyclic
peroxides formed from 1,3-dienes34 (as found in the Cambridge
Structural Database35). According to the results of the calcula-
tions, the reaction is significantly exoenergetic (Table 1). The
reaction involves the formation of a linear intermediate (I1), in
which the oxygen molecule is attached to one of the terminal
carbon atoms (Figure 1b). Inspection of the configuration state
functions (CSFs) and natural orbital occupancies (Tables 2 and
3) reveals that I1 and the transition structure T1 from the reactants
to I1 have an open-shell character, with the two outermost
orbitals b1 and b2 approximately half-filled (see Scheme 4 for
pictorial representation of composite orbitals). Their effective
electronic configuration can be approximated byσ2px(O2)2π2py-
(O2)2π2pz(O2)2σ2px(CO)2b1

1 b2
1 (see the legend to Table 3 and

Scheme 4 for the character of orbitals of T1 and I1). As in the
case of oxygen addition to ethenol,19 the b1 and b2 orbitals are
linear combinations of theπ2py

/ orbital of the oxygen moiety
and the 2pz orbital of the middle carbon atom closest to the
C-O bond. After the rotations of the-CH2-O-O group about
the CH-CH2 and the CH2-O bonds, the 2pz orbital of the
outermost oxygen atom begins to overlap with the 2pz orbital
of the outermost carbon atom in the T2 transition structure and,
finally, in the formation of the second C-O bond in P.(30) Clennan, E. L.; L’Esperance, R. P.J. Am. Chem. Soc.1985, 107,
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Scheme 3.Outline of the Reaction Routes Studied Here
Corresponding to Oxygen Addition tocis-1,3-Butadiene (a)
and Benzene (b)a

a The broken lines in part (a) indicate that the corresponding
stationary points are only second-order saddle points. The broken-line
arrows in part (b) indicate that no path connecting I1 with TC2V or P
was found.
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Figure 1. Stationary points on the 1,3-butadiene-singlet oxygen energy surface: (a) the reactants (S), (b) the linear intermediate (I1), (c) the
“chelatic” intermediate (I2), (d) the product (P), (e) the transition structure from S to I1 (T1), (f) the transition structure from I1 to P (T2), (g) the
transition structure from I1 to I2 (T3), (h) the transition structure from I2 to P (T4), (i) thesupra-suprasecond-order saddle point from S to P (SPCs),
and (j) the second-order saddle point from S to I2 (SP′Cs). The lengths of selected bonds, selected interatomic distances in transition structures, and
Mulliken population charges (in parentheses) are shown. The drawings were generated using MOLMOL.40
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There is no concerted pathway from the reactants to the
product (P), because the corresponding “would-be” transition
structure, SPCs, is a second-order saddle point. This stationary
point has a largely closed-shell character, and its effective
configuration isσ2px(O2)2π2py(O2)2π2pz(O2)2σ4

2 π2py

/ (O2)2 (Table
3). It should be noted that only one bonding orbital that pertains
to the two C-O bonds being formed (σ4; Scheme 4) becomes
doubly filled. One of its electrons comes from the HOMO orbital
of butadiene and another one from theπ2pz

/ orbital of oxygen
(the one most aligned with the C-O bonds). The remaining
electron of the HOMO orbital of butadiene is transferred to the
π2py

/ orbital of oxygen (the one perpendicular to the C-O-
O-C plane), which becomes doubly filled. This formally results
in the transfer of a unit electron charge from butadiene to
oxygen, which is reflected in increased negative charges of the
oxygen atoms, compared with the charges of T1 (Figure 1).
Breaking the symmetry of the SPCs second-order saddle point
changed the two C‚‚‚O distances, until the transition structure

T1 was reached. Oxygen addition to butadiene cannot, therefore,
be considered a “classical” Diels-Alder [π4 + π2] cycload-
dition. This result is different from that obtained by Houk and
co-workers21 using the ab initio UMP2 method with the 6-31G*
basis set; these authors found a concerted mechanism, as in the
case of ethene addition to butadiene. (The concerted mechanism
of the latter reaction has been proved by MCSCF ab initio36

and DFT37 calculations.) A stepwise mechanism of oxygen
addition to butadiene was found in an earlier MINDO/3-CI study
by Dewar and Thiel,12 but that mechanism involved a closed-
shell peroxirane intermediate and not a biradical linear one.

Although SPCs has a largely closed-shell character (Tables 2
and 3), calculations at a single-determinant reference level
predicts only one normal mode with an imaginary frequency.21

It could therefore be suspected that using insufficient active
space could lead to incorrect characteristics of SPCs. To check
this, we extended the active space to (12,10) to include the
secondπ2-π2

/ orbital pair of butadiene. After geometry opti-
mization, SPCs remained a second-order saddle point, and the
occupancies of additional pairs of orbitals (which, however,
change their character on oxygen binding) were very close to 2
and 0, respectively. Because the completeness of the active space
should be even more critical for definitely open-shell species,
we also performed an additional geometry optimization of the
true transition state, T1, with the (12,10) space. Again, the
occupancies of the additional orbitals introduced to the active
space remained close to 2 and 0, respectively, and T1 remained
a first-order saddle point. Therefore, using the (10,8) active space
seems to be sufficient to study the mechanism of oxygen
addition to butadiene.

It should be noted that, in contrast to the case for oxygen
addition to ethene,17,20 the difference between the energies of
T1 and SPCs is only 1 kcal/mol (at the MCQDPT2/BSSE level;
Table 1). Moreover, in the case of oxygen addition to ethene,
the symmetric saddle point is a third-order saddle point.17 This
is because the symmetric binding mode is forbidden in the case
of oxygen addition to ethene, since there is no phase continuity
of the overlapping HOMO orbital of ethene and theπ2pz

/ orbital
of O2, which are the first viable candidates to initiate bond
formation. There is, therefore, a strong force, which leads to
breaking theCs symmetry of the transition structure and forming
initially only one C-O bond. Conversely, the phases of the
overlapping parts of the HOMO orbital of butadiene and the
π2pz

/ orbital of oxygen are consistent, and overlap can develop
to form theσ4 molecular orbital. The presence of the second
imaginary frequency of SPCs, which corresponds to rotating the
peroxide moiety with respect to butadiene and altering the two
C‚‚‚O distances (Figure 2), can be explained by the fact that
the symmetric binding mode would result only in the product
with the Cs symmetry, which is a saddle point in the confor-
mational transition between two equivalent conformations of
the six-membered ring with theC2 symmetry. Therefore, the
oxygen-binding mechanism involves two stages. This also is
confirmed by the fact that oxygen addition to linear dienes can
occur nonstereospecifically.25 The experimentally measured rate
constants of oxygen binding to acyclic 1,3-dienes only weakly
depend on solvent polarity,3 which suggests the biradical
mechanism with little charge transfer, as opposed to the
mechanism involving the symmetric SPCs second-order saddle
point, in which charge transfer to oxygen is more pronounced
(Figure 1i).

(36) Li, Y.; Houk, K. N. J. Am. Chem. Soc.1993, 115, 7478-7485.
(37) Goldstein, E.; Benno, B.; Houk, K. N. J.Am. Chem. Soc.1996,

118, 6036-6043.

Table 1. Relative Energies (with Respect to the Separated
Reactants; kcal/mol) of the Stationary Points in Oxygen
1,4-Addition to 1,3-Butadiene

species ∆EMCSCF ∆EMCSCF/BSSE∆EMCQDPT2 ∆EMCQDPT2/BSSE

second-order
saddle point

SPCs 22.20 23.37 7.74 10.90

transition
structure

T1 16.23 17.92 4.71 9.91

diracical
intermediate

I1 4.60 6.92 -3.63 4.09

transition
structure

T2 10.26 21.02 3.10 11.54

second-order
saddle point

SP′Cs 39.76 41.52 22.04 28.20

transition
structure

T3 23.60 26.07 12.35 22.90

zwitterionic
intermediate

I2 -4.35 -1.49 -2.80 11.11

transition
structure

T4 32.15 35.06 29.70 41.56

cyclic product P -44.84 -41.70 -52.05 -38.01

Table 2. Dominant Configuration State Functionsa of All
Stationary States in Oxygen 1,4-Addition to 1,3-Butadiene

structure CSF coeff.

diradical I1 2 2 2 2 2 0 0 0 0.8078
intermediate 2 2 2 2 0 2 0 0 -0.5363

zwitterionic I2 2 2 2 2 2 0 0 0 0.9726
intermediate 2 0 2 2 2 0 0 2 -0.1318

cyclic P 2 2 2 2 2 2 0 0 0.9660
product 2 0 2 2 2 0 0 2 -0.1790

transition T1 2 2 2 2 2 0 0 0 0.8831
structure 2 2 2 2 0 2 0 0 -0.3290

2 2 2 0 2 0 2 0 -0.1012
2 2 2 1 1 1 1 0 0.1004

transition T2 2 2 2 2 2 0 0 0 0.7949
structure 2 2 2 2 0 2 0 0 -0.5580

2 0 2 2 2 0 0 2 -0.1057
2 1 2 1 1 1 0 1 -0.1012

transition T3 2 2 2 2 2 0 0 0 0.9108
structure 2 2 2 2 0 2 0 0 -0.3245

2 1 2 1 2 1 0 1 -0.1127
2 0 2 2 2 0 0 2 -0.1076

transition T4 2 2 2 2 2 0 0 0 0.9587
structure 2 0 2 2 2 0 2 0 -0.1563

second-order SPCs 2 2 2 2 2 0 0 0 0.9303
saddle point 0 2 2 2 2 2 0 0 -0.1744

2 2 2 0 2 0 2 0 -0.1290
1 2 2 1 2 1 2 0 -0.1161
2 0 2 2 2 0 0 2 -0.1112
1 1 2 2 2 1 0 1 0.1094
1 2 2 1 2 1 1 0 0.1000

second-order SP′Cs 2 2 2 2 2 0 0 0 0.8449
saddle point 2 2 2 1 1 1 1 0 -0.2858

2 2 2 2 0 0 2 0 -0.2114
2 2 2 0 2 2 0 0 -0.1911
2 2 2 1 1 1 0 1 0.1319
2 2 2 0 0 2 2 0 0.1275
2 2 2 2 0 2 0 0 -0.1257
2 2 2 0 2 0 2 0 -0.1024

a The CSFs with coefficients greater than 0.1 in absolute value. See
Table 3 for the order and description of orbitals.
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The results obtained in this study also indicate that the
cheletropic mechanism (mechanism B in Scheme 2) is unlikely.
First, the putative transition structure SP′Cs (Figure 1j), leading
to the five-membered-ring intermediate I2 (Figure 1c), is a
second-order saddle point and has a relatively high energy (Table
1). The only route to I2 goes through the linear intermediate I1

and involves a transition structure T3 relatively high in energy
(Figure 1g, Table 1). The rearrangement of I2 to P involves a
transition structure T4 (Figure 1h), which has the highest energy
among all stationary points considered (Table 1); this energy is
about 4 times higher than that of the direct rearrangement of I1

to P. As shown (Table 1), I2 itself has a higher energy, compared
to that of the linear intermediate I1, as estimated at the
MCQDPT2/BSSE level, although the MCSCF energy alone is
lower than that of I1 (Table 1).

According to our calculations, the major barrier of oxygen
addition to butadiene comes from the T1 transition structure.
The activation energies of oxygen addition to cyclic dienes in

vacuo determined by Ashford and Ogryzlo38 range from 3.9
kcal/mol for cyclopentadiene to 5.5 kcal/mol for 1,3-cyclohexa-
diene. These values are in fair agreement with the energy of
the T1 transition structure calculated in this study, which is 4.7
kcal/mol at the MCQDPT2 level (Table 1) and 9.9 kcal/mol
after the BSSE correction. It should be noted that the BSSE
correction at the MCSCF/PT2 or MCSCF/MCQDPT2 level is
usually exaggerated. The uncorrected and BSSE-corrected values
of the T1 energy can therefore be considered the lower and upper
limits, respectively, of the energy of T1.

Finally, it should be noted that dienes usually occur in the
s-trans conformation, and it is therefore reasonable to assume
that this is the dominant conformation of the diene moiety
attacked by oxygen to form the biradical intermediate I1. In this
case, thes-trans conformation of the diene moiety will be
conserved in I1 right after oxygen binding, and the formation
of a cyclic product could occur only after I1 reaches thes-cis
conformation (upon a 180° rotation about the central C-C
bond). As follows from Figure 1b, this bond is shorter than a

(38) Ashford, R. D.; Ogryzlo, E. A.Can. J. Chem.1974, 52, 3544-
3548.

Table 3. Charactera and Occupation Numbers of the MCSCF Natural Orbitals of All Stationary Structures in Oxygen 1,4-Addition to
1,3-Butadiene

I1 I2 P T1 T2

σ2s(O2) 1.97 σ2s(O2) 2.00 σ2s(O2) 2.00 σ2s(O2) 1.99 σ2s(O2) 1.97
σ2px(O2) 1.94 σ2px(O2) 1.95 σ2px(O2) 1.92 σ2px(O2) 1.95 σ2px(O2) 1.94
π2py(O2) 2.00 π2py(O2) 1.97 π2py(O2) 2.00 π2py(O2) 1.95 π2py(O2) 2.00
σ(CO) 1.97 σ1 1.97 σ3 1.97 σ(CO) 1.92 σ3 1.98
b1 1.39 σ2 1.99 σ4 1.97 b1 1.72 σ4 1.35
b2 0.63 σ2

/ 0.03 σ4
/ 0.03 b2 0.32 σ4

/ 0.68
σ*(CO) 0.03 σ1

/ 0.05 σ3
/ 0.05 σ*(CO) 0.10 σ3

/ 0.03

σ2px

/ (O2) 0.06 σ2px

/ (O2) 0.02 σ2px

/ (O2) 0.08 σ2px

/ (O2) 0.05 σ2px

/ (O2) 0.06

T3 T4 SPCs SP′Cs

σ2s(O2) 1.97 σ2s(O2) 2.00 π2py(O2) 1.88 π2pz(O2) 1.96
σ2px(O2) 1.94 σ2px(O2) 1.92 σ2px(O2) 1.94 σ2px(O2) 1.95
π2py(O2) 2.00 π2py(O2) 1.97 σ2s

/ (O2) 1.99 π2py(O2) 1.97
σ(CO) 1.97 σ1 1.99 σ4 1.91 σ1 1.76
b1 1.77 σ2 1.95 πg(CC) 1.99 σ2 1.73
b2 0.26 σ2

/ 0.03 σ4
/ 0.15 σ1

/ 0.29
σ*(CO) 0.03 σ1

/ 0.09 σ3
/ 0.08 σ2

/ 0.30

σ2px

/ (O2) 0.06 σ2px

/ (O2) 0.06 σ2px

/ (O2) 0.06 σ2px

/ (O2) 0.05

a σ2px(O2) and σ2px

/ (O2) denote the bonding and antibonding orbitals, respectively, of the O-O moiety; π2py(O2) denotes the analogue of the
oxygen moleculeπ-bonding orbital of the O-O moiety, whose component 2p orbitals are perpendicular to the O-O bond and to the respective
C-O-O plane (there is at least one such plane for each of the species considered);π2pz(O2) denotes the analogue of the oxygen moleculeπ-bonding
orbital perpendicular toπ2py. For the description of the composite orbitals b1, b2, σ1-σ4, andσ1

/-σ4
/, see Scheme 4.

Scheme 4. Illustration of the Composite Orbitals of the
Stationary Points in Oxygen Addition to butadiene and
Benzene Referred to in Tables 3 and 6

Figure 2. First (a) and the second (b) mode with imaginary frequency
of the second-order saddle point SPCs in oxygen addition to butadiene.
The frequencies are 660.7i and 137.4i cm-1, respectively.
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single C-C bond and should therefore have a partially double
character, which could result in a significant barrier to the
corresponding internal rotation. We estimated this barrier by
performing three constrained optimizations at the CAS MCSCF
level of I1, with the values of the rotation angle constrained to
180°,39 -90°, and 90°, respectively. The resulting energy barrier
to internal rotation was 10.52 and 6.23 kcal/mol after the
MCQDPT2 correction. These values are relatively low and can
easily be overcome by thermal movement. Moreover, they are
comparable with the energy differences between the second
transition state T2 and the intermediate I1 obtained at the
corresponding level of theory. Therefore, the mechanism of
oxygen addition to dienes inferred from our study seems to be
probable, even if the diene moiety is assumed to be in ans-trans
conformation.

Oxygen 1,4-Cycloaddition to Benzene.The reaction routes
studied are outlined in Figure 3b. The product formed, 2,3-
dioxabicyclo[2.2.2]octa-5,7-diene, hasC2V symmetry with the
peroxide moiety in the syn configuration (Figure 3b), consistent
with the crystal structures of 1,4-peroxides formed from aromatic
compounds.6,39 As opposed to the case of 1,3-butadiene, the

reaction is remarkably endoenergetic (Table 4); this can be
attributed to (i) greater strains in the bicyclic compound formed
on the addition, compared to a unstrained monocyclic compound
formed from butadiene and oxygen, (ii) loss of aromaticity, and
(iii) forcing the peroxide group into the syn configuration
because of ring-closure constraints. Thesupra-supraoxygen
approach that preserves theC2V symmetry of the system passes
through the first-order saddle point TC2V (Figure 3d). There also
exists a linear intermediate I1 (Figure 3c), as in the case of
oxygen addition to butadiene; however, we were unable to find
a transition structure from the reactants to it. Every attempt to
optimize the putative transition structure T1 led to TC2V. It can
therefore be concluded that I1 can be formed only from P by
breaking of one of the C-O bonds. This suggests that oxygen
addition to benzene (and possibly to other aromatic compounds)
occurs in one step. The absence of the second normal mode
with imaginary frequency can be attributed to the syn config-
uration of the peroxide moiety in the product of this reaction,
as opposed to the reaction of butadiene with oxygen, in which
the species with syn configuration of the peroxide moiety is
only a saddle point. It should also be noted that the estimated
energy barrier to this process is much higher compared to 1,3-
butadiene (Tables 1 and 5), and that TC2V has an even higher
relative energy compared to that of the second-orderCs saddle
point in the case of butadiene; this can be attributed to strains
in the bicyclic species formed and to the loss of aromaticity on
oxygen addition. This difference is consistent with the fact that

(39) (a) Klein, C. L.; Stevens, E. D.; Zacharias, D. E.; Glusker, J. P.
Carcinogenesis1987, 8, 5-18. (b) Izuoka, A.; Murase, T.; Tsukada, M.;
Ito, Y.; Sugawara, T.; Uchida, A.; Sato, N.; Inokuchi, K.Tetrahedron Lett.
1987, 38, 245-248. (c) Sawada, T.; Mimura, K.; Thiemann, T.; Yamato,
T.; Tashiro, M.; Mataka, S.J. Chem. Soc., Perkin Trans. 11998, 1369-
1371.

(40) Koradi, R.; Billeter, M.; Wu¨thrich, K. J. Mol. Graphics1996, 14,
51-55.

Figure 3. Stationary points on the benzene-singlet oxygen energy surface: (a) the reactants (S), (b) the product (P), (c) the linear intermediate
(I1), and (d) thesupra-supratransition structure from S to P (SPCs). The lengths of selected bonds and selected interatomic distances in transition
structures and Mulliken population charges are shown. The values in italics in parts (b) and (d) pertain to the (12,10) active space; the values for
I1 (part d) were calculated with the (10,8) active space only. The drawings were generated using MOLMOL.40

Table 4. Relative Energies (with Respect to the Separated Reactants; kcal/mol) of the Stationary Points in Oxygen 1,4-Addition to Benzene

species ∆EMCSCF
a ∆EMCSCF/BSSE

a ∆EMCQDP2
a ∆EMCQDPT2/BSSE

a

transition structure TC2V 40.86 43.09 21.15 29.27
41.67 43.98 17.12 25.25

diradical intermediate I1 36.49 36.75 18.71 26.69

bicyclic product P 16.45 19.52 3.66 17.11
18.82 21.95 1.76 11.82

a Values in italics pertain to the (10,8) active space.
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the rate constants of oxygen addition to naphthalene and
anthracene derivatives are 1 or more orders of magnitude lower
than in the case of acyclic dienes.3

As noted in the Methods section, to estimate the energies of
the transition structure TC2V and of the product P we extended
the active space to (12,10), to avoid the possible bias connected
with imbalanced active space of the isolated benzene molecule.
(To save computational time, we did not perform such extended
calculations for I1, which does not seem to occur on the reaction
path of oxygen addition to benzene). The data in Table 4 indicate
that the relative energies do not change significantly after
extension of the active space; they appear to be shifted by a
constant factor. The geometries of TC2V and P also remain similar
after extension of the active space (Figure 3). As in the case of
butadiene, the additional two orbitals introduced have effectively
2 and 0 occupancy, respectively, in all species.

The stationary points TC2V and I1 have qualitatively the same
electronic configurations, and their frontier orbitals have a form
similar to those of the stationary points SPCs and I1 of the
reaction path of butadiene addition of oxygen (Tables 5 and 6).
As in the case of butadiene, direct overlap between one of two
degenerate HOMO orbitals of benzene and theπ2pz

/ orbital of
oxygen can develop, owing to their consistent phases, which
allows for a one-step reaction with a symmetric transition
structure TC2V. Because of formal transfer of one electron from
benzene to oxygen, the transition structure is more polar than
in the case of the linear transition structure T1 corresponding
to oxygen addition to butadiene (Figure 3d); this is consistent
with the observed solvent effect on the rate constants of oxygen
addition to aromatic compounds.3

Conclusions

The results of our study suggest that 1,4-oxygen addition to
acyclic 1,3-dienes and to the aromatic compounds occurs
through two different mechanisms: (i) a stepwise mechanism
involving a linear biradicaloid intermediate (mechanism D of
Scheme 2), as in the case of oxygen addition to isolated CdC
bonds, and (ii) a single-step mechanism with a symmetric
transition structure with significant charge transfer from the
organic donor to oxygen (mechanism F and possibly G of
Scheme 2, mechanism G taking place if the aromatic compound
is not symmetric). This is consistent with the observed difference
in the solvent effect on both processes,3 as well as with the
observed nonstereospecificity of oxygen addition to some acyclic
dienes.25 The phase consistency of the frontier orbitals of the
organic compound and oxygen allows for the second mechanism
in both cases (as opposed to oxygen addition to isolated double
bonds13,17,19). However, in the case of oxygen addition to acyclic
1,3-dienes, it would lead in the first step to a species with the
peroxide moiety in a syn configuration, which is a saddle point
on the energy surface of the six-membered ring of the formed
monocyclic peroxide. Conversely, the peroxide moiety in the
bicyclic 1,4-peroxides formed from aromatic compounds is in
the syn configuration owing to ring-closure constraints, and
therefore the reaction can occur in one step with a symmetric
transition structure. The syn configuration also occurs in 1,4-
peroxides formed from cyclic 1,3-dienes, and it can therefore
be supposed that the reaction occurs in one step also in this
case.

On the basis of the results of earlier work17,19,20and this study,
it can be concluded that mechanisms involving cyclic zwitte-
rionic intermediates perepoxides (route C of Scheme 2) and 2,5-
dihydrofuran 1-oxide derivatives (route B of Scheme 2) can be
excluded, because the barriers to rearrangement of such
intermediates to the final product are prohibitively high and each
of them can be formed only from a linear biradicaloid
intermediate. On the other hand, the calculated energy of 2,5-
dihydrofuran 1-oxide (Table 1) is low enough that such species
may be considered as probable intermediates in related reactions,
such as the formation of hydroperoxides from phenols or
naphthols through a proton transfer.
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Table 5. Dominant Configuration State Functionsa of All
Stationary Structures in Oxygen 1,4-Addition to Benzene

structure CSF coeff.

transition TC2V 2 2 2 2 2 0 0 0 0.9381
state 2 2 2 0 2 0 2 0 -0.1461

2 2 2 1 1 1 1 0 0.1392
2 0 2 2 2 2 0 0 -0.1215
2 2 2 2 0 0 2 0 -0.1124
2 1 2 1 2 1 1 0 0.1079

diradical I1 2 2 2 2 2 0 0 0 0.6958
intermediate 2 2 2 2 0 2 0 0 -0.6356

2 2 2 2 1 1 0 0 0.1766
1 1 2 2 2 1 0 1 0.1038

bicyclic P 2 2 2 2 2 0 0 0 0.9623
product 2 0 2 2 2 0 0 2 -0.1820

a The CSFs with coefficients greater than 0.1 in absolute value. See
Table 6 for the order and description of orbitals.

Table 6. Character and Occupation Numbers of the MCSCF
Natural Orbitals of All Stationary Structures in Oxygen
1,4-Addition to Benzene (See Table 3 for Explanation of Symbols)

TC2V I1 P

σ2s(O2) 1.99 π2py(O2) 1.98 σ2s(O2) 2.00
σ2px(O2) 1.94 σ2px(O2) 1.94 σ2px(O2) 1.92
π2py(O2) 1.99 σ2s

/ (O2) 2.00 σ2s
/ (O2) 2.00

π2pz(O2) 1.90 σ(CO) 1.97 σ3 1.97
σ4 1.92 b1 1.07 σ4 1.97
σ3
/ 0.06 b2 0.95 σ3

/ 0.03

σ4
/ 0.13 σ*(CO) 0.03 σ4

/ 0.04

σ2px

/ (O2) 0.06 σ2px

/ (O2) 0.06 σ2px

/ (O2) 0.08
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