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Abstract: This study aims to determine
whether a balance between concerted
and non-concerted pathways exists, and
in particular to ascertain the possible
role of diradical/zwitterion or peroxir-
ane intermediates. Three non-concerted
pathways, via 1) diradical or 2) peroxir-
ane intermediates, and 3) by means
of hydrogen-abstraction/radical recou-
pling, plus one concerted pathway (4),
are explored. The intermediates and
transition structures (TS) are optimized
at the DFT(MPW1K), DFT(B3LYP)
and CASSCF levels of theory. The latter
optimizations are followed by multire-
ference perturbative CASPT2 energy
calculations. 1) The polar diradical
forms from the separate reactants by
surmounting a barrier (�E�

MPW1K � 12,
�E�

B3LYP � 14, and �E�
CASPT2 �

16 kcalmol�1 and can back-dissociate
through the same TS, with barriers of
11 (MPW1K) and 8 kcalmol�1 (B3LYP
and CASPT2). The diradical to hydro-
peroxide transformation is easy at all
levels (�E�

MPW1K � 4, �E�
B3LYP � 1 and

�E�
CASPT2 � 1 kcalmol�1). 2) Peroxirane

is attainable only by passing through
the diradical intermediate, and not di-
rectly, due to the nature of the critical
points involved. It is located higher in
energy than the diradical by
12 kcalmol�1, at all theory levels. The
energy barrier for the diradical to cis-

peroxirane transformation (�E�� 14 ±
16 kcalmol�1) is much higher than that
for the diradical transformation to the
hydroperoxide. In addition, peroxirane
can very easily back-transform to the
diradical (�E�� 3 kcalmol�1). Not only
the energetics, but also the qualitative
features of the energy hypersurface,
prevent a pathway connecting the per-
oxirane to the hydroperoxide at all
levels of theory. 3) The last two-step
pathway (hydrogen-abstraction by 1O2,
followed by HOO-allyl radical coupling)
is not competitive with the diradical
mechanism. 4) A concerted pathway is
carefully investigated, and deemed an
artifact of restricted DFT calculations.
Finally, the possible ene/[�2��2] com-
petition is discussed.
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Introduction

1�g is the first excited state of dioxygen, degenerate, and
22.5 kcalmol�1 higher than the ground state triplet (3��

g). As a
reactive species in oxidation reactions[1, 2a] it is important and
ubiquitous. It can be generated in the troposphere by ozone
photolysis,[2b, 3] or by the oxidation and combustion of hydro-
carbons (autoxidation).[2c, 4a] It can also be prepared in the
laboratory by chemical (and photochemical) techniques.[2a,
2d, 5a] Both useful and destructive, it has been exploited for
synthetic purposes,[2a] while its reactions with some biomole-
cules have been investigated,[2e] so establishing that it is
capable of attacking DNA bases,[5b] and, by and large, of
damaging organic tissues.

1�g O2 exhibits a diverse reactivity with organic unsaturated
molecules,[6±8] as shown in Scheme 1, where the three main
modes of attack are displayed. Two cycloadditions are
possible, the [�2��2] addition to one C�C double bond, that
produces a 1,2-dioxetane, and the [�4��2] addition, which is
possible if the substrate is a conjugated (s-cis) diene, and
generates an endoperoxide.

If one allylic hydrogen is available, another channel is open,
and a hydroperoxide can form. This is called the ene[9]

(Schenck)[10, 11] reaction, and is the subject of the present
investigation. It is not necessary for the hydrogen to be allylic
for the abstraction to take place. In fact, it has recently been
reported that a vinyl hydrogen atom, rather than allyl
hydrogen atom, is preferentially abstracted in highly twisted
1,3-dienes to give allenes (in a diastereoselective way).[12] The
addition to phenol derivatives (Scheme 1) is a reaction similar
to the ene, and yields hydroperoxide ketones.[13, 15] The ene
reaction, although to some extent resembling the [�4��2]
reaction, is not a cycloaddition, but a group transfer reac-
tion.[14] The different reactions can compete, if the substrate
structure allows it. For instance, dioxetane formation is found
to prevail over hydroperoxide formation with electron-rich
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Scheme 1. Reactions of 1�g O2 with organic unsaturated molecules.

alkenes, whilst electron-withdrawing substituents promote the
ene mode.[16]

A large number of experiments have been carried out in an
attempt to elucidate the mechanistic features of the singlet
oxygen reactions. The mechanisms of the three mentioned
reactions are in fact related by the possibility of sharing the
intermediacy of some short-lived structure.[7, 11] Both two-step
and concerted mechanisms have been proposed for the ene
reaction. On the basis of the experimental evidence collected
on different molecular systems, divergent reaction mecha-
nisms have been proposed so far,[7, 8] and no ultimate answer
seems to be available at the present.

Concerted and non-concerted modes of attack are sketched
in Scheme 2 for the ene reaction (conceivable channels
represented by dashed arrows).
The non-concerted pathways
might involve either open-chain
diradical/zwitterionic intermedi-
ates, or a cyclic peroxirane inter-
mediate (also called perepoxide).
The concerted pathways would
require the formation of one
C�O bond, accompanied, in the
same kinetic step, by a methyl
hydrogen transfer to the other
oxygen atom. A further channel
could consist of a first hydrogen-
abstraction step (operated by
O2), followed by radical recom-
bination to give the hydroperox-
ide.

Some evidence has been col-
lected in favor of the existence of
non-concerted pathways in the
ene reaction (and in the [�2��2]

reaction).[6b] In particular, a series of stereochemical stud-
ies,[11, 17, 18] as well as kinetic isotope effect (KIE) experiments
concerning the ene reaction[19±22] have yielded results that are
apparently best accommodated by the intermediacy of
peroxirane, or a peroxirane-like exciplex. Solvent polarity
effects have led some researchers to postulate the interven-
tion either of more or less loosely structured exciplexes, or of
peroxiranes, not only for the ene mode, but also for the
[�2��2] and the [�4��2] reactions.[11, 16, 18, 23±25] Evidence for
the intervention of a peroxirane species in [�2��2] cyclo-
additions is somewhat less persuasive than for the ene
reaction,[15, 28±31] although the ene pathway seems to be less
polar than the pathway for dioxetane formation (this has been
inferred from the observation that dioxetane formation can be
enhanced by an increase in solvent polarity, and can become
the preferential pathway, or even the only one).[15, 18±20] In fact,
some indications for the involvement of open-chain zwitterion
intermediates are also given in the literature.[26, 27]

The contribution of theoretical investigations carried out by
other researchers has flanked the experimental efforts to
elucidate the ene and [�2��2] reaction mechanisms. Earlier
semiempirical investigations[32] suggested that a peroxirane
could play an important role, but indicated for electron-rich
alkenes, the likely intermediacy of an open-chain zwitterion.
By contrast, successive GVB±CI calculations were in favor of
a diradical mechanism, and determined for peroxirane an
energy higher than that of the diradical.[33] Further ab initio
and semiempirical UHF calculations led to the same descrip-
tion, but the authors were induced to suggest a concerted
mechanism by the computationally predicted and experimen-
tally observed stereospecificity and regioselectivity.[34]

A CCI and CASSCF study based on symmetry-constrained
geometry optimizations defined the Cs peroxirane ™pathway∫
as easier than that involving a Cs (syn) diradical.[35] Informa-
tion on lower symmetry pathways was not available, and it was
not possible to determine whether the Cs critical points were
authentic transition structures, because of the symmetry
constraints. Evidence in favor of the formation of diradical

Scheme 2. Concerted and nonconcerted reaction pathways for the ene reaction.
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intermediates was derived from CASSCF studies on
ethene[36, 37] and ethenol,[38] by using fully unrestricted geom-
etry optimizations. Peroxirane structures were found to
correspond to energy minima on the energy surfaces, but
these structures were attainable only by passing first through
the open-chain diradical intermediates. A diradical inter-
mediate was also found in a recent CAS±MC±QDPT2 and
CASSCF study of the [�4��2] cycloaddition of singlet oxygen
to butadiene. (On the other hand the addition to benzene was
found to take place in a concerted fashion.[39])

Herein we discuss the reaction of singlet dioxygen with
propene, the simplest alkene system capable in principle of
undergoing the ene reaction. This study is limited to this
model molecule because of the number of different tests
carried out on several aspects of the reactivity. However,
other more substituted systems are currently being examined,
because other interesting aspects can be related to the
presence of more than one substituent on the double C�C
bond. The aim of the study described herein is to contribute to
the understanding of the relative importance of concerted and
non-concerted pathways leading to the hydroperoxide prod-
uct in the gas phase, and to assess the relevant barrier heights.
The potential competition of the ene reaction with the
[�2��2] cycloaddition is also discussed. The possible inter-
mediacy of diradical and peroxirane species, as well as their
interconversion and competition, will be discussed. Accord-
ingly, the distinction between a zwitterion and a diradical must
not be perceived as too rigid, because a carbon ± oxygen
diradical is endowed with some zwitterionic character.[40]

Although, in the present case, gas-phase calculations show
that a more pronounced zwitterionic character is pertinent to
excited electronic states of the same open-chain molecules,
polar diradicals (as those found in this study) can be
considered as representative of pathways involving open-
chain intermediates.

Methods

The study of the model reaction was carried out by determining the critical
points and the related energy differences on the gas-phase reaction energy
hypersurface. Two different theoretical methods (A and B, here below)
were used, and the polarized 6 ± 311G(d,p) basis set[41] was used throughout
the study.

Method A) The geometrical structures of the critical points were optimized
without constraints by gradient methods[42] at the complete active space
multi-configuration self-consistent field level of theory (CAS±MCSCF,
hereafter CASSCF).[43] To better assess the energy difference estimates,
dynamic correlation effects were then taken into account through CASPT2
calculations, that is by multireference second-order perturbation theory
(PT2), for which the reference wavefunction �0 is the CASSCF wave-
function.[44] Both the MCSCF and PT2 computations require the definition
of the active space of orbitals, within which every possible electron
promotion is taken into account (complete active space, CAS), thus
providing the complete CI that defines �0 . The active space chosen for the
geometry optimization of the separate reactants includes: I) the � system of
propene (�CC and �*CC); II) a �CH, �*CH couple of orbitals pertaining to the
C�H bond involved in the hydrogen transfer to oxygen; III) the two �u and
the two �g orbitals of O2; IV) the �OO, �*OO orbitals of O2. This choice is
shown in Scheme 3.

In the final set of single-point CASSCF and CASPT2 (frozen core)
calculations, which were carried out to better assess the relative energies, a
uniform larger active space was chosen for all structures.

Scheme 3.

This active space additionally includes two orbitals, incorporated as ™empty
counterparts∫ of the oxygen lone-pair orbitals, to improve convergence.
These are sketched by the dashed lines shown in Scheme 3. Each one of
these is similar to the lone pair orbitals, but has out-of-phase contributions
on the oxygen atoms involved, whereas the lone pair orbital has in-phase
contributions.

The eight-orbital set (I ± III), populated by ten electrons in all possible
ways, defines the ™ten electrons in eight orbitals∫ CAS, labeled as (10,8),
while the more extended active space (I ± IV) defines the ™twelve electrons
in ten orbitals∫ active space, (12,10). The electron configuration shown in
Scheme 3, and that obtained by shifting the two �g electrons into the
rightmost �g orbital (with equal weights and combined with the minus sign)
define one of the two degenerate 1�g electronic states of the O2 molecule. If
one of the two �g electrons is assigned to the leftmost and the other to the
rightmost �g orbital, the two-determinant configuration that dominates the
second degenerate 1�g electronic state is obtained. As the alkene and O2

approach each other, other configurations can contribute significantly to
the CI eigenvector, as a function of the geometry of approach. Therefore,
depending on the structure under scrutiny, two oxygen lone pairs are found
associated to different orbitals.

Both the (10,8) and (12,10) active spaces were used to optimize all the
stable and transition structures discussed in the next section. The nature of
the critical points, qualified as energy minima or saddle points (of first or
higher order) could be determined by vibrational analysis only at the (10,8)
level, at which the computation of the analytic Hessian was feasible. The
same (10,8) computations provided thermochemical information. The
geometries obtained with the two active spaces show insignificant changes,
with the exception of the O�O bond length, that is obviously sensitive to
the extension of the active space to the �OO, �*OO orbital pair. In the final
set of single-point CASPT2 calculations, the uniform larger active space
chosen for all structures has the (12,10) space as a basis, plus the two
™empty counterparts∫ of the oxygen lone-pairs orbitals sketched in
Scheme 3. This choice defines a (12,12) active space. From these homoge-
neous energies, the energy differences reported in Table 1 were obtained.
The enthalpy and free energy estimates are obtained by adding the relevant
corrections computed at the (10,8) level (also collected in Table 1). The
exclusion of the �OO and �*OO orbitals in going from the (12,10) to the (10,8)
active space could affect the thermochemical estimates in a non-negligible
way; thus, they should be considered with due caution. The full set of
energies at the various computational levels is presented in the Supporting
Information, together with the optimized geometrical parameters of the
critical points.
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Method B) The stable and transition structures were determined by
gradient procedures[45] within density functional theory (DFT),[46a,b] making
use of the B3LYP[46c] and MPW1K[46d] functionals and the 6 ± 311G(d,p)
basis set. The former functional is very popular and of widespread use, and,
even if prone to underestimate some reaction barriers, has generally
performed well as regards geometries and energetics. The latter functional
has been more recently defined with the aim of obtaining reliable energy
barriers.

One problem arises because the unrestricted DFT (UDFT) calculations on
diradical species converge on closed-shell type solutions, with zero spin
densities (i.e. the unrestricted framework produces a restricted solution).
This obviously gives an incorrect description of diradical or diradicaloid
structures. To get a qualitatively correct description, two highest occupied/
lowest unoccupied orbital rotations are switched on, right from the
beginning of the iterative SCF-like procedure, one within the � set, the
other within the � set. The qualitative description of a diradical or
diradicaloid species, after convergence, is satisfactory in terms of nonzero
spin densities, and is thus likely to generate reasonable structures. Yet, this
handling of the UDFT monodeterminantal wavefunction gives rise to a
significant spin contamination by the triplet in the wavefunction itself, as
evidenced by the �S√2� values, which may yield a value close to 1. Therefore,
the nature of the wavefunction is intermediate between the singlet and
triplet spin multiplicities, and the energy values so obtained need to be
refined by some spin-projection method to eliminate the spin contaminants.
This was accomplished in an approximate way by using the formula
suggested by Yamaguchi et al. ,[47a] that allows elimination of the largest
contaminant of the singlet, i.e., the triplet.[47b]

When two species react to form an adduct, the basis set superposition error
(BSSE)[46e] can affect the energy differences. Due to the indirect and
somewhat elaborate procedure just mentioned we preferred to assess the
effect of a basis set extension instead of estimating the BSSE. This effect
was then explored by a couple of tests carried out at theMPW1K level only.
All the energies were initially recomputed by the 6 ± 311G(3df,2p) basis set,
in conjunction with the 6 ± 311G(d,p) optimum geometries. Then for three
selected points (the dissociation limit, the diradical formation TS, and the
diradical), whose energy differences could be particularly affected by a
BSSE, single-point energy calculations were carried out with the larger
aug ± cc ± pVTZ basis set of Dunning.[41b] In all cases the variations are
moderate (as can be seen from Table 2).

Method C) The condensed phase simulation was carried out at the
DFT(B3LYP) level by using the self-consistent reaction field (SCRF)
approach,[48a] in conjunction with two methods. One is based on the use of
the Onsager ±Kirkwood model[48b] for single-point calculations, in which
the order of multipole used is the hexadecapole. The other is the polarized
continuum model (PCM) method, put forward by Tomasi and co-workers,
with and without geometry re-optimization.[48c] The solvents considered
were CHCl3 and CH3CN.

The DFT and CASSCF optimizations were carried out by using the
GAUSSIAN 98 system of programs.[49] The natural bond orbital (NBO)
analysis,[50] implemented in that suite, was used to evaluate the natural
atomic orbital (NAO) charges. The CASSCF and CASPT2 calculations

with the largest active space were done with the MOLCAS4 program.[51]

The two transition structures shown in the Figures 1 and 7 are drawn by the
MolMol 2.4[52] program.

Results and Discussion

The results pertaining to the gas-phase mechanism are
presented and discussed in this section (�E, �H, and �G
values, relative to the separated propene and singlet dioxygen
reagents 1, are collected in Table 1 and Table 2), and are
followed at the end by a brief comment on some condensed
phase results.

Formation of the diradicals : Two sp2-carbon atoms can
undergo 1O2 attack, thus yielding different diradical inter-
mediates (2a and b, Scheme 4). The ene product can originate
only from the 2a attack on the unsubstituted carbon (for this
reason 2b is studied only at the DFT(B3LYP) level), but both
can give way to the [�2��2] cycloaddition. Moreover,
although not all the conformational minima of the peroxyl
diradical have the terminal oxygen atom and the methyl group

Table 1. CASPT2(12,12) relative energies, and estimates of the enthalpy
and free energy differences[a] (at 298 K).

Structure �E �H[b] �G[b]

propene� 1�g O2 1 0.0 0.0 0.0
diradical formation TS 1 ± 2a 15.7 15.9 26.1
peroxyl diradical 2a 7.1 9.0 19.0
diradical to hydroperoxide TS1 ± 3 0.6 7.8 20.0
hydroperoxide 3 � 33.4 � 30.1 � 19.9
diradical to peroxirane TS3 ± 4 22.3 23.3 35.0
peroxirane 4 19.5 22.3 33.5
hydrogen abstraction TS1 ± 5 33.6 30.4 38.6
HOO � allyl radicals 5 18.7 16.5 14.3
diradical to dioxetane TS2a ± 6 17.8 19.0 30.0
dioxetane 6 � 29.9 � 25.9 � 14.7

[a] In kcalmol�1 (see text for details). [b] The CAS estimates are indirect
and approximate. They are obtained for a TS by summing up: i) the
CASPT2(12,12) energies which correspond either to the CASSCF(12,10)
TS, or to the maximum along a CASPT2(12,12) profile (values in italic),
and ii) the correction for the enthalpy and free energy coming from the
CASSCF (10,8) vibrational analysis carried out on the CASSCF (10,8)
critical point.

Table 2. DFT relative energies, enthalpies, and free energies (at 298 K).[a]

Structure Functional B3LYP MPW1K
�E[b] �H �G �E[b] �H �G �E[d]

propene � 1�g O2 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
diradical formation TS1 ± 2a 14.2 13.8 23.2 17.5 17.0 26.1 18.0[e]

peroxyl diradical 2a 5.7 6.5 16.3 0.8 1.7 11.2 1.2[e]

diradical to hydroperoxide TS1 ± 3 6.7 5.9 17.7 4.5 3.2 15.2 4.8
hydroperoxide 3 � 31.8 � 29.5 � 19.1 � 35.6 � 32.8 � 22.8 � 35.9
diradical to peroxirane TS3 ± 4 ± ± ± 15.2 15.6 27.7 14.8
peroxirane 4 18.1[c] 19.9[c] 30.9[c] 12.6 14.6 25.7 12.0
hydrogen abstraction TS1 ± 5 23.9 20.5 28.6 27.9 24.4 32.2 29.0
HOO � allyl radicals 5 18.4 16.7 14.4 15.4 13.5 11.3 16.2
diradical to dioxetane TS2a ± 6 15.2 15.2 25.5 10.8 11.0 21.5 11.0
dioxetane 6 � 26.8 � 24.0 � 12.8 � 34.4 � 31.3 � 20.0 � 35.7

[a] In kcalmol�1. [b] Energy determined by the method proposed by Yamaguchi (see Methods section). [c] These data are relevant to the trans
methylperoxirane. [d] �E[MPW1K/6 ± 311G(3df,2p)//MPW1K/6 ± 311G(d,p)]. [e] �E[MPW1K/aug-cc-pVTZ//MPW1K/6 ± 311G(d,p)] values for TS1-2a
and 2a are 18.5 and 1.9 kcalmol�1, respectively.
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in a favorable mutual orientation for the hydrogen-transfer
and the related C�C double bond formation, some of them
permit the [�2��2] cycloaddition (Scheme 4).

The attack which gives 2a corresponds to a rather high
barrier (�E�

MPW1K � 12.3, �E�
B3LYP � 14.2, and �E�

CASPT2 �
15.7 kcalmol�1). The diradical 2a is kinetically stable with
respect to back-dissociation through the same TS, with a
significant energy barrier, whose height is 11.5 (MPW1K), 8.4
(B3LYP), or 8.6 kcalmol�1 (CASPT2). The mode of attack at
the methyl-substituted carbon atom to give intermediate 2b
presents a slightly higher barrier (�E�� 15.7 kJmol�1 at the
DFT(B3LYP) level). Also, the diradical 2b is stable with
respect to back-dissociation, with a barrier of 4.2 kcalmol�1.
Diradical 2b is higher in energy than 2a by 5.8 kcalmol�1.
Both these minima will be reconsidered when discussing the
[�2��2] pathway and its possible competition with the ene
reaction.

Hydroperoxide formation from the diradical 2a : The allyl
hydroperoxide product is located at approximately �36.4
(MPW1K), �37.5 (B3LYP), or �40.5 kcalmol�1 (CASPT2)
below the diradical intermediate 2a. Figure 1 displays the

Figure 1. Transition structure TS 2a ± 3 for the transformation of the
peroxyl diradical 2a to the product hydroperoxide 3. The reported
interatomic distances are in ängstrˆms and were calculated at the
DFT(B3LYP)/6 ± 311G(d,p), DFT(MPW1K)/6 ± 311G(d,p), CASSCF/6 ±
311G(d,p) levels. The dipole moment was calculated at the DFT(B3LYP)
level, the NAO group charges are given in parentheses.

transition structure TS2a ± 3, relevant to the hydrogen-trans-
fer step that yields the product. This very exoergic step is
described as rather easy at the DFT(MPW1K) level
(3.8 kcalmol�1), and more so at the DFT(B3LYP) level
(1.0 kcalmol�1). The CASPT2/CASSCF single-point compu-

tation for TS2a ± 3 even provides a zero energy difference.
Given that the actual position of the TS on the CASPT2
surface is unknown,[53] and that our previous experience has
shown non-negligible shifts with respect to the CASSCF
geometry, an approximate energy profile was built by simply
carrying out a linear interpolation of the geometrical param-
eters at the CASSCF level, given that those of 2a and TS2a ± 3
are rather close (see the Supporting Information, file ener-
gies.xls). This was followed by a series of CASPT2 single-point
calculations. The energy profile defines the CASPT2 estimate
as 0.6 kcalmol�1, close to the B3LYP value. If this path is
compared to that determined at the CASSCF level, its
highest-energy point is closer to the diradical minimum 2a,
and suggests an earlier CASPT2 TS.

The pathway to peroxirane : If the spatial relationship
between the exocyclic oxygen atom and the methyl group is
considered, two isomeric structures of the methyl peroxirane
4 can be drawn, one in which the two groups are approx-
imately syn (cis-4) and one in which they are approximately
anti (trans-4). Both structures are stable at the
DFT(MPW1K), and are located 11.9 and 11.8 kcalmol�1

above the diradical 2a, respectively. By contrast, cis-4 cannot
be optimized at the DFT(B3LYP) level, because the hydrogen
transfer typical of the ene reaction is exceedingly easy, and the
hydroperoxide product is the only outcome of any optimiza-
tion attempt. Only the trans-4 isomer can be optimized, which
is located 12.4 kcalmol�1 above the diradical. An intercon-
version TS, in which the terminal oxygen atom lies approx-
imately on the three-ring plane (Scheme 5), connects the two
stable structures at the DFT(MPW1K). The relevant first-
order saddle point corresponds to a barrier (in the trans to cis
direction) of 25 kcalmol�1 (Table 2).

Scheme 5. The interconversion of cis-4 and trans-4.

A similar TS is found at the DFT(B3LYP) level, and its
energy is again 25 kcalmol�1 above that of trans-4. Of course,
the saddle point connects in this case trans-4 to the product.
Thus, the process is rather high in energy and unlikely, and
trans-4 turns out to be uninteresting if the ene process is
considered. At the CASSCF level both the cis-4 and trans-4
isomers are found, and are described as stable with respect to
both back-dissociation and conversion to the diradical. The
estimate of the energy at the CASPT2 level for cis-4 places it
12.4 kcalmol�1 above the diradical.

The direct formation of cis methyl peroxirane from propene
and singlet oxygen is not possible. In fact, the saddle point
representative of a mode of approach in which the dioxygen
and propene moieties combine by taking on a peroxirane-like
nuclear configuration (Scheme 6, dashed arrow), is a second-

Scheme 4. Diradical intermediates yielded by the attack of 1O2.
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Scheme 6. The second-order saddle point representing the mode of
approach of dioxygen and propene.

order saddle point (two imaginary vibrational frequencies),
not a transition structure, at the CASSCF level (gray dot).[54]

Thus, the relevant structure is not of direct chemical interest,
and the peroxirane minimum is attainable by the reacting
system only by passing through the diradical intermediates
(Scheme 6, arrows). This is consistent with what was found in
a previous study.[37]

The role of peroxirane : Although the DFT(B3LYP) compu-
tations question the existence of the cis methyl peroxirane
energy minimum, in contrast with the DFT(MPW1K) results,
both calculations locate a perepoxidic structure approximate-
ly 12 kcalmol�1 above the diradical, just as the multiconfigura-
tional calculations do. This of course casts some doubt on the
role of a perepoxidic structure in the ene reaction. Therefore,
it was decided to determine the features of the CASPT2
hypersurface in greater detail by a rather large series of single-
point energy calculations. The zone of the energy surface that
includes the diradical 2a and the cis peroxirane 4, and
connects them with the dominium of the product allyl
hydroperoxide 3, was explored at the CASPT2(12,12)//
CASSCF(12,10) level. This part of the study is articulated as
follows. The ™valley∫ that connects the CASSCF minima 2a
and cis-4 was delineated by a series of constrained geometry
optimizations. In each of these, the subspace of the geo-
metrical parameters is defined by holding the angle defined by
the atoms CCO fixed to one value between the extremes of
�CCO� 61� (pertaining to cis-4) and �CCO� 105� (per-
taining to 2a) and optimizing the remaining parameters. In a
parallel fashion, starting from the TS2a ± 3 (�CCO� 98�) a
™ridge∫ was determined that extends in the direction of
peroxirane. The scan was carried out by a series of constrained
hydrogen-transfer first-order saddle point searches. Again,
the CCO angle was the variable chosen to scan the ridge,
within the geometrical subspace just defined. Along the ridge,
the MCSCF geometries determined at various values of the
CCO angle share a fundamental feature with the critical point
TS2a ± 3 : the methyl C�H bond is rather short, and the
corresponding O�H bond rather long. In the final points of
each optimization the first Hessian eigenvector resembles that
of the transition structure TS2a ± 3. Finally, the direction
connecting some selected points of the valley to the corre-
sponding points along the ridge (i.e. in correspondence with
the same CCO value) was probed, by simply performing
linear interpolations of the geometrical parameters. This
overall setting is apparent in Figure 2, where the displayed

Figure 2. Three-dimensional map built by a series of single-point
CASPT2(12,12) calculations, carried out on CASSCF(12,10) geometries.
The surface includes the diradical 2a (zero of the energy) and the cis-
peroxirane 4 (foreground), and connects them with the dominium of the
allyl hydroperoxide 3 (background).

surface is a representation of the CASPT2 energies collected
in correspondence of all CAS±MCSCF geometries. The part
of the surface closer to the reader is the valley, marked (A),
(A�) and (A��) in Figure 2, that joins the two minima, whereas
the more remote part includes the ridge, marked (B), (B�), and
(B��), beyond which the surface goes down to the hydro-
peroxide minimum. Along the section (A) ± (A�) ± (A™), the
cis peroxirane is found on the left, 12.4 kcalmol�1 above the
diradical, which is on the right. The valley and the ridge are
the common qualitative features shared by the CASSCF and
CASPT2 surfaces.

However, the CASPT2 energy hypersurface is shifted with
respect to the CASSCF: this results in an earlier position of
TS2a ± 3 with respect to the diradical as already seen
previously, and, in much the same way, of the whole ridge.
Thus, the CASPT2 points corresponding to the MCSCF ridge
(farthest left-to-right line in the surface of Figure 2) lie
beyond the CASPT2 ridge (B). In addition to the fact that cis-
4 is at higher energy than 2a, two important points can be
gathered from the three-dimensional plot. 1) The transforma-
tion 2a ± 4 is possible (�E�

CASPT2 � 15.7 kcalmol�1), but the
back-transformation is much easier (�E�

CASPT2 �
2.9 kcalmol�1). 2) Even more importantly, and apparent upon
inspection of Figure 2, the 4 ± 2a back-transformation would
be significantly easier for the system than ascending the
leftmost valley (dashed arrow) from cis-4 toward the hydro-
peroxide 3 (�E�

CASPT2 � 14.0 kcalmol�1). The entire valley is
not well protected with respect to the wide lower-energy
dominium of the diradical minimum, which lies on the right.
As the system ascends the valley, overcoming the low ridge
that separates it from the broad basin on the right becomes
easier and easier: the height of the (A�) ± (B�) ridge with
respect to the ascending valley goes down from approximately
2.9 kcalmol�1 in correspondence of the (A) ± (A�) ± (A��)
valley, that is of TS2a ± 4 (vertical arrow), to less than
0.5 kcalmol�1 in correspondence of the (B) ± (B�) ± (B��) ridge:
overcoming this low ridge that separates the uphill valley from
the broad basin on the right (curved arrow) should be easier
than climbing the valley. Thus, no liable reaction pathway is
associated with the cis peroxirane 4. The descent into the
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product domain has to take place through the diradical
intermediate 2a and TS2a ± 3.

Concerted hydroperoxide formation from 1O2 and propene :
Another important point would be to ascertain whether a
concerted pathway is open to this system, in competition with
the two-step diradical pathway. This would imply the for-
mation of one oxygen ± carbon bond as well as a methyl-
hydrogen transfer to the other oxygen (O�) taking place in the
same kinetic step. The two-dimensional map displayed in
Figure 3 attempts to give an overall view of the relationship

Figure 3. Two nonconcerted pathways (1 ± 2a ± 3 and 1 ± 5 ± 3) connect the
reactants 1 to the allyl hydroperoxide 3. The postulated concerted pathway
(approximately diagonal curve) is found in correspondence of a restricted
DFT calculation. This defines a RDFT ™TS∫, which does not exist as the
following tests show. Test #1: the stability of the DFTwavefunction at the
™TS∫ with respect to orbital rotations is tested and found to be unstable; the
orbitals are relaxed along the direction of instability, until a stable solution
is found; then a TS search is run and converges onto TS 1 ± 2a. Finally, a
CASSCF TS search starting from the geometry of the RDFT ™TS∫ gives TS
1 ± 2a again. Test #2: constrained hydrogen-transfer ™TS∫ CASSCF
optimizations, which generate points along a ridge for fixed C�O values
(1.7 ± 2.9 ä): the force along C�O is always negative.

between the two pathways discussed in this subsection and in
that dealing with dioxetane formation. In Figure 3, the
putative concerted transformation of the two reactants 1
directly to the hydroperoxide 3 would lie on the approx-
imately diagonal curve. In a recent paper on the ene reaction
of singlet oxygen with cyclohexene, a concerted pathway was
found at the restricted DFT (RDFT) level.[55] Indeed, when
searching for a concerted transition structure at the UDFT(-
B3LYP) level of theory, the unrestricted self-consistent
procedure converged right from the beginning on a restricted
wavefunction, and a TS was found at this point (star in
Figure 3). This RDFT TS (vibrational frequencies calculation
in the Supporting Information) has a rather usual C�O length
(1.930 ä), but can be classified as rather early as concerns the
hydrogen transfer. In fact, a large O��H length (1.809 ä)
corresponds to a C�H bond that is moderately stretched
(1.137 ä). The soundness of this result has been carefully
scrutinized for our system as follows (test #1: see Figure 3 and
the Supporting Information). 1) The TS wavefunction was
tested to check its stability with respect to orbital rota-

tions,[56±58] and found to be unstable. 2) When the orbitals were
relaxed along the instability direction, a new stable solution
was found. The new UDFT solution coincides with that
obtainable by the orbital switching procedure (see the
Methods section), that had already been used when dealing
with diradicals, diradicaloid structures,[38] homolysis and
radical coupling.[59] This wavefunction now has acceptable
spin densities and a qualitatively proper spin polarization that
allows to it to correlate back to the reactants, upon re-
dissociation of the twomoieties, in a correct way. In particular,
the system evolves toward an adequate description of 1�g O2.
3) If this stable wavefunction is used to search for the TS over
again, and the analytic Hessian is computed before starting,
the TS for the formation of the diradical from the two
reactants (TS1 ± 2a) is found instead: no trace of the
restricted-DFT transition structure is present on the unre-
stricted surface.

Then, given that a multideterminantal wavefunction should
more easily accommodate the spin recoupling patterns
associated with a concerted transition structure, this TS was
again searched for at the CASSCF level, starting from the
geometry provided by the restricted DFT calculations. These
searches were unsuccessful, since the diradical formation TS
was found again. A further probing of the reaction surface was
performed at the CASSCF level (Figure 3: test #2). By taking
the diradical to hydroperoxide TS2a ± 3 as a starting point, a
series of constrained hydrogen-transfer first-order saddle
point searches was carried out at fixed C�O lengths. If the
dominium of a concerted TS were intersected, the only
nonzero residual force, that along the C�O, should at some
point in the proximity of point marked with the star in
Figure 3 change its sign from negative to positive. These
optimizations went along a ridge, spanning a 1.7 to 2.9 ä C�O
length range. The force along the C�O was negative at all
times, thus providing an indication that a concerted transition
structure is absent on the CASSCF hypersurface.

Hydroperoxide formation by means of hydrogen-abstraction/
radical coupling : Another conceivable two-step reaction
pathway begins with a hydrogen transfer from propene to
1O2. It generates the radical pair allyl and hydroperoxyl 5.
This step requires 27.9 (MPW1K), 23.9 (B3LYP), or
33.6 kcalmol�1 (CASPT2). The allyl and hydroperoxyl radi-
cals are 15.4 (MPW1K), 18.4 (B3LYP), or 18.7 kcalmol�1

(CASPT2) above the two reactants. They can then very easily
couple, to give the final hydroperoxide product. However, at
all theory levels, the TS is significantly higher than the
diradical formation TS, which requires, as seen, 12.3
(MPW1K), 14.2 (B3LYP), or 15.7 kcalmol�1 (CASPT2).

Consequently, this hydrogen-abstraction/radical recombi-
nation pathway cannot compete efficiently. The overall
energy profiles for the transformations examined so far are
displayed in Figure 4. Bold numerals used in the tables are
used also in the energy profiles to mark the critical points
consistently. Thus, on the left in Figure 4, the diradical
formation pathway is recognizable as marked by: 1, TS1 ±
2a, 2a, and the diradical transformation to the hydroperoxide
as: 2a, TS2a ± 3, 3. Finally, the last two-step pathway just
presented as 1, TS1 ± 5, 5.
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Dioxetane formation pathway from the diradical : The
[�2��2] cycloaddition, which in this case produces the methyl
dioxetane 6, is rather often found to compete with the ene
pathway. The outcome of the competition between the two
reactions is altered, in general, by the nature of the alkene and
solvent effects. Several experiments (see for instance refer-
ences [18 ± 20]) indicate that the [�2��2] cycloaddition
should have a more polar TS than the ene pathway, because
as the solvent becomes more polar, the cycloaddition becomes
more competitive.

For our system, we find that the energy of methyl dioxetane
6 is �35.2 (MPW1K), �32.5 (B3LYP), or �37.0 kcalmol�1

(CASPT2) with respect to the diradical intermediate 2a. Thus,
as was the case for the allyl hydroperoxide, the reaction step is
quite exoergic. However, the energy barriers for the [�2��2]
reaction that originates from the diradical 2a (10.1 (MPW1K),
9.5 (B3LYP), 10.7 kcalmol�1 (CASPT2)) are significantly

Figure 5. Transition structure TS 2a ± 6 for the formation of methyl
dioxetane 6. The reported interatomic distances are in ängstrˆms and
were calculated at the DFT(B3LYP)/6 ± 311G(d,p), DFT(MPW1K)/6 ±
311G(d,p), and CASSCF/6 ± 311G(d,p) levels. The dipole moment was
calculated at the DFT(B3LYP) level, the NAO group charges are given in
in parentheses.

higher than those for the ene
reaction at all levels (the tran-
sition structure TS2a ± 6 for
diradical closure to dioxetane
is shown in Figure 5).

The difference (�E2�2�
�Eene) is 6.3 at the MPW1K,
8.5 at the B3LYP, and
10.2 kcalmol�1 at the CASPT2,
thus in favor of the ene pathway
(Figure 6). Yet, in contrast with
a single ene pathway, which has
its origin in one conformation
of 2a, the dioxetane can form
through different channels,
which originate not only from
a second conformation of 2a
(see Scheme 4), but also from
those of 2b. Thus, the �G
values reported in Tables 1
and 2 should allow one to
estimate the branching ratio
for the ene and [2�2] pathways.
Due to the rather indirect way
by which the CAS estimates of

G have been obtained, we prefer to make use of the DFT
values to approximately determine kene/k2�2 . Kinetic equa-
tions were derived within the steady-state approximation,
applied to the diradical intermediates 2a and 2b, each in two
conformations, and can be found in the Supporting Informa-
tion along with other details. The interconversion of the
conformations has been taken into account for both dirad-
icals, as well as the fact that 2a and 2b can interconvert only
by re-dissociating. The result, at the DFT(B3LYP) level, is a
factor of almost 3� 103 in favor of the ene channel.

We have already commented that the distinction between a
zwitterion and a diradical must not be held as too rigid,
because a carbon ± oxygen diradical has some zwitterionic
character (e.g. �� 2.853 D, at the DFT(B3LYP) level).[40] A
sharper zwitterionic character may be related to excited
electronic states of the open-chain molecule, but polar
diradicals are representative of pathways involving open-
chain intermediates. The dipole moments of the two transition
structures are different, but the difference is not very large.
For instance, at the DFT(B3LYP) level, the diradical to
hydroperoxide TS2a ± 3 has a �� value of 3.355 D, while for
the diradical to dioxetane TS2a ± 6 the �� value is 3.706 D.
This difference is further illustrated by the NAO charges
reported in Figure 1 and Figure 5. At this point, it is
interesting to assess to what degree a polar solvent might be
able to stabilize the diradical intermediate and the two
transition structures, on the basis of their intrinsic polarity.

Solvent simulation is limited in this paper to ™solvating∫ the
gas-phase system with a polarizable continuum. This is done
by the Onsager±Kirkwood and Tomasi methods (solvent:
acetonitrile). The former provides only a slight stabilization of
the cycloaddition TS relative to the ene TS (ca. 1.1 kcal
mol�1). On the other hand, DFT(B3LYP)/PCM single-point
energy calculations and subsequent re-optimization of the

Figure 4. CASPT2 and DFT (MPW1K and B3LYP) energy profiles for two nonconcerted pathways in the gas-
phase ene reaction of singlet dioxygen and propene.
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geometries within the DFT/PCM scheme provide a rather
disappointing result in that this small effect disappears. The
DFT/PCM results do not alter at all the picture presented for
the gas-phase reaction, neither qualitatively (optimization of
the critical points), nor quantitatively (energy differences).
Additional data on these tests are provided in the Supporting
Information. More significant effects could be expected if
protic solvents (e.g. methanol) were considered, but this
aspect of the study requires a more demanding investigation,
because the approach would consist in building a ™super-
molecule∫ cluster, by explicitly associating the reactants and
one or more solvent molecules, followed, for instance, by the
PCM estimate of the solvent effects. This extension is reserved
for a follow-up study of the ene reaction in protic solvents,
which is currently underway.

Thus, the final indication is that the only practicable
pathway for this system is the ene, via the diradical
intermediate. The rate-determining step along this pathway
is diradical formation. The enthalpy data of Table 1 and
Table 2 can be compared with the data obtained from an early
gas-phase kinetic study by Ashford and Ogryzlo,[60] in which
the Arrhenius parameters for a series of bi-, tri-, and
tetrasubstituted alkenes were determined. The only outcome
of the photo-oxidations studied was hydroperoxide formation
(as apparent from Table V in reference [60]). Our �H�RT
values for propene are in fair agreement with the qualitative
trend shown by the experimental Ea values as a function of the
degree of substitution. Consistently with the non-negligible
polarity exhibited by the transition structure for diradical
formation (��� 2.552 D for TS1 ± 2a), our DFT(B3LYP)/
PCM solvent simulations reduce the rather high energy
barrier for diradical formation computed in the gas phase

(14.2 kcalmol�1) by an extent
that depends on the solvent
polarity: the barrier goes down
to 12.2 kcalmol�1 for CHCl3,
while for acetonitrile a further
drop to 11.3 kcalmol�1 is esti-
mated. Our computations indi-
cate that the entropy change
has a significant effect on the
gas-phase free energy barrier:
�S���30 to �34 calmol�1

K�1, depending on the theory
level, as expected for the for-
mation of an adduct. The im-
portant role of entropy was
stressed in reference [31].

Conclusions

The gas-phase mechanism of
both the ene and [�2��2] re-
actions in the O2�CH2�
CH�CH3 system (1) have been
investigated. The main result of
this study is that a two-step ene

pathway passing through a polar diradical intermediate (2a) is
sharply favored. Diradical formation is described as non-
reversible. Another major result is that a peroxirane (4)
pathway is ruled out, at least as regards this system, by the
energetics and by the qualitative features of the hypersurface.
Of course, further investigation on more complex systems is
advisable before taking this result as applicable in general. A
concerted pathway, flanking the nonconcerted diradical path-
way, and connecting directly the reagents 1 to the hydro-
peroxide product 3, is suggested by a restricted DFT
calculation. This possibility is carefully examined and dis-
carded as an artifact of the restricted setting. A second
nonconcerted pathway (hydrogen abstraction operated by O2

on propene, followed by hydroperoxyl and allyl radical
coupling to give 3) is not competitive. Also the [�2��2]
cycloaddition, which stems from the same diradical inter-
mediate, cannot compete in this system with the very easy
2a ± 3 ene step. The ene channel is preferred by a factor of the
order of 103. Given that the cycloaddition TS is slightly more
polar than the ene, we attempted to simulate the effect of a
polar solvent (CH3CN) by two methods, to assess its
effectiveness in tuning the competition more in favor of the
cycloaddition. One simulation gave a very small effect in that
sense, while the other was basically ineffective.
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