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B3LYP/6-31G* and CASMP2 calculations have been employed to study the ene reaction of singlet oxygen
with trans-cyclooctene. These methods predict that the reaction involves a perepoxide intermediate, whereas
alkenes such as tetramethylethylene are predicted by the same methods to occur by a two-step
no-intermediate mechanism, with no perepoxide intermediate. The change in mechanism arises because
the trans-cyclooctene imposes a substantial strain in the transition state for hydrogen abstraction. The
perepoxide is formed through a polarized diradical intermediate that can lead to the observation of alkene
isomerization. The polarized diradical also becomes a minimum because of the barrier to abstraction.

Introduction

Theoretical studies of the ene reaction of singlet oxygen with
tetramethylethylene have established a two-step no-intermediate
mechanism for this reaction.1 This conclusion overturns the
long-held belief that perepoxide intermediates are formed in such
reactions; experimental studies have demonstrated the existence
of a perepoxide intermediate in a few cases. trans-Cyclooctene
has a geometry that prevents allylic hydrogen abstraction, and
consequently the perepoxide intermediate is expected to have
a longer lifetime than in normal alkenes.2 Indeed, this alkene

gives a characterizable aziridine imide intermediate in the ene
reaction with triazolinediones.3

The reaction of trans-cyclooctene with singlet oxygen has
now been studied with a computational methodology that
predicts no intermediate for the reaction of simple alkenes such
as tetramethylethylene with singlet oxygen. Here we show that
trans-cyclooctene and singlet oxygen give a perepoxide inter-
mediate that is a genuine energy minimum. This is a conse-
quence of the strain in the cyclooctene ring that constrains the
allylic CH bonds to be positioned in inappropriate positions for
abstraction. The mechanism calculated for this system is
analogous to that calculated for the ene reaction of nitroso
compounds and triazolinediones.4 These DFT and CASMP2† AstraZeneca Pharmaceuticals.
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calculations provide a unifying view of the ene reactions of
singlet oxygen and explain experimental observations.

Background

The ene reaction of singlet oxygen has been a long-standing
mechanistic curiosity that has attracted the attention of many
scientists.5 At issue are the details of the order and nature of
bond-forming and bond-breaking events. The reaction could in
principle proceed through a concerted transition state like 1,
since the reaction is an allowed reaction according to the
Woodward-Hoffmann orbital symmetry rules.6 Alternatively,
a range of stepwise processes through intermediates could take
place. These intermediates may be the diradical 2, zwitterion,
3, perepoxide, 4, 1,2-dioxetane, 5, or peroxyl-allyl radical pair,
6/7. Many experimental and theoretical studies have been
undertaken. Frequently, a perepoxide is assumed7 or inferred
indirectly from stereoselectivity or isotope effects.8,9 Most cases
where a perepoxide has been shown to exist involve substrates
that cannot undergo an ene reaction.10 trans-Cyclooctene is an
interesting case, because it can undergo the ene reaction, yet
its geometry is unfavorable for the hydrogen abstraction. Upon
reaction with triazolinedione, trans-cyclooctene gives an aziri-
dine imine intermediate that is stable enough at low temperatures
to be characterized by NMR.3 In the singlet oxygen reaction,
the product of the ene reaction is identifiable alongside products
believed to be derived from trapping by phosphite of an
unusually long-lived perepoxide.2

A collaborative effort between us and Daniel Singleton
reported theoretical studies of the ene reaction of singlet oxygen
with tetramethylethylene, (Z)-2-butene, and 2-methyl-2-butene.1

A potential energy surface was found that can readily explain
almost all of the experimental observations, notably kinetic

isotope effects and the cis-effect,11 whereby abstraction takes
place preferentially from the most substituted side of an alkene.
The mechanism that was calculated was styled “two-step no-
intermediate” and is illustrated in Figure 1. An initial transition
state 8 with the symmetry of a perepoxide is the first “step”.
Following along the symmetrical path from this transition state
might lead to a minimum representing a perepoxide intermedi-
ate. Instead, this path leads to a second transition state
resembling a perepoxide, 9. This transition state is for a
hypothetical process for translation of the O-O fragment from
one terminus of the alkene to the other. The lowest energy path,
however, is not symmetrical. At the point at which the
symmetrical path ceases to be a valley and becomes a ridge,
the second derivative of the energy orthogonal to the reaction
path for one degree of freedom becomes zero (it is positive in
the valley region and negative in the ridge region). This point
has a zero vibrational frequency perpendicular to the principal
reaction coordinate and is called a valley ridge inflection point.12

The reaction path bifurcates in this region of the potential energy
surface and proceeds downhill from the initial transition state
8 directly to products 10 or 10′ (related by symmetry). No-
intermediate exists and the second transition state 9 is not
directly sampled. The two-step no-intermediate mechanism can
rationalize the experimental observations for simple alkenes.
A dynamics study revealed that this potential energy surface
can also reproduce experimentally observed kinetic isotope
effects.13

This interpretation involves no perepoxide intermediate but
a more loosely associated valley-ridge inflection region on the
potential energy surface. However, there are a few cases of
reactions of alkenes with singlet oxygen where perepoxide
intermediates have apparently been trapped. One case is
particularly striking: the reaction of trans-cyclooctene yields
products derived from trapping of a perepoxide and ene
products.2,14 Other examples generally do not yield ene prod-
ucts.10 We have investigated the trans-cyclooctene case theoreti-
cally, to determine if the two-step no-intermediate mechanism
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is changed by substrate structure to a true two-step perepoxide
intermediate mechanism.

Computational Methods

All quantum mechanical calculations were performed in Gaussian
03.15 UB3LYP calculations employ Becke’s three parameter
exchange functional combined with the Lee-Yang-Parr correlation
functional.17 Unrestricted calculations utilized an initial guess in
which the HOMO and LUMO were mixed in order to break the
spatial symmetry of these orbitals. Vibrational corrections to
enthalpy at 298 K were included, and all stationary points were
validated as minima or transition states. Spin projection employed
the method of Yamaguchi et al.16 CASMP2 energies were computed
and combined with vibrational corrections at the UB3LYP/6-31G*
level to obtain enthalpies. Key stationary points were reoptimized
at the UB3LYP/6-311G** level to ensure that they were not artifacts
of the basis set selection; these data are not reported here as no
deviations were found. The CASMP2 calculations involve a second
order perturbation correction to a CASSCF(8,7) calculation in which
the active space consisted of those orbitals that are equivalent to
the following orbitals in the perepoxide: the σ and σ* of both C-O
bonds, CH σ and σ*, and the 2p orbital at the distal O that is parallel
to the C-C bond of the perepoxide ring.18 Although it would have
been preferable to include both of the 2p orbitals on the distal

oxygen, it proved impossible to consistently apply this CASS-
CF(10,8) approach. Conformational searching employed Corina and
MacroModel, the latter utilizing the OPLS force field and a Monte
Carlo algorithm.20-22

Results and Discussion

In a previous study of the reaction of tetramethylethylene
(TME) with singlet oxygen, RB3LYP/6-31G* calculations were
used to optimize geometries constrained to different values of
the two C-O distances that correspond to the C-O bonds of a
putative perepoxide.1,17 These geometries were subjected to
CCSD(T)/6-31G* single point energy evaluations. This yielded
a surface like that shown in Figure 1, which corresponds to the
two-step no-intermediate mechanism. In the current study, in
which reactions with trans-cyclooctene were to be studied,
CCSD(T) calculations, even with the fairly compact 6-31G*
basis set, were impractical. CASMP2/6-31G* energy evaluations
were used on UB3LYP/6-31G* optimized geometries.17,18 The
change in methodology prompted a reinvestigation of the
potential energy surface of the reaction of TME to ensure that
the methodology reproduces the two-step no-intermediate mech-
anism. To this end, the surface was mapped carefully with
UB3LYP/6-31G* constrained optimizations followed by full
optimizations of the turning points to generate geometries for
CASMP2 energy evaluations. The geometries and energies are
summarized in Figure 2. In contrast to our earlier calculations
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FIGURE 1. A schematic representation of the energy contour plot for the ene reaction of acyclic and flexible cyclic alkenes. Dark blue regions
indicate low energy areas and light blue/white areas indicate high energy. The solid yellow arrows indicate the lowest energy path for the ene
reaction and the dashed yellow arrows the notional process for which 9 would be a transition state.
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on this surface, it was found that the UB3LYP potential energy
surface actually comprises two overlaid mechanisms: one via a
diradical intermediate as reported previously; the second is the
two-step no-intermediate mechanism. The initial transition state
for this latter process could be optimized with UB3LYP. This
transition state has some open-shell character, having an <S2>
value of ∼0.1. It links 1O2 and TME directly to ene product
through a valley ridge inflection point. It is at 15.5 kcal/mol
relative to reactants (13.8 kcal/mol with CASMP2). This
transition state is later than that predicted by CCSD(T) calcula-
tions, which level of theory suggests both C-O distances should
be 2.38 Å (2.15 Å for the reaction of cis-but-2-ene); in 11, the
UB3LYP transition state, these distances are 2.04 Å. A set of
constrained optimizations was performed in which the two C-O
distances were kept equal at values of 2.0, 2.1, 2.2, 2.3 and 2.4
Å. CASMP2 energy evaluations on these structures showed the
highest energy point to be between 2.1 and 2.2 Å, better in line
with the CCSD(T) calculations. The second transition state on
the two-step no-intermediate path is for translation of the O-O
moiety from one terminus of the alkene to the other. Although
it can be optimized with UB3LYP (12) and is found to be at
13.4 kcal/mol relative to reactants, it is not expected that this
region of the surface will actually be sampled during the reaction
as it is avoided when the symmetrical path splits at the valley
ridge inflection point and the reaction proceeds down one side
or other of the ridge which has this transition state at its top.

According to UB3LYP, the highest point on the two-step no-
intermediate path is approximately equal in energy with the two
regioisomeric transition states 13 and 13′ leading to diradical
formation. On the electronic energy surface, the diradical
formation transition state 13 leads initially to diradical 14 at
12.5 kcal/mol relative to reactants and then through a low barrier
of ∼0.7 kcal/mol for hydrogen abstraction (via transition state
15) to the ene product 16. However, when corrections to
enthalpy at 298 K are included, the diradical undergoes
barrierless abstraction. In line with our previous study using
CCSD(T), CASMP2 energies predict an even lower barrier for
abstraction which emphasizes that the diradical does not exist
as an intermediate and that the two-step no-intermediate
mechanism is operational. As expected, with the higher level
of theory, CASMP2, the diradical forming transition state 13 is
somewhat higher in energy than the symmetrical transition state
11 and presumably now represents a point up the sides of the
valley that has transition state 11 at its center.

The same method described above has been applied to the
reaction of trans-cyclooctene. This reaction has been studied
experimentally by Inoue and Turro14 and subsequently by Poon,
Pringle, and Foote.2 In the study of Poon et al., trapping with
P(OPh)3 was used to detect the existence of a perepoxide in
the reaction mixture. In the absence of the trapping agent, a
number of products form, including cis-cyclooctene 17, cis- and
trans-epoxides (18 and 19, respectively), ene product 20, and

FIGURE 2. Species involved in the ene reaction between singlet oxygen and tetramethyethylene. Structures shown are optimized with UB3LYP/
6-31G*. Enthalpies in kcal/mol relative to reactants are given at the UB3LYP/6-31G* level followed by the CASMP2/6-31G*//UB3LYP/6-31G*
level in brackets. Distances indicated are in Å. Dashed lines indicate forming or breaking bonds; wavy lines indicate key interatomic distances.
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its reduced alcohol form 21 (Scheme 1). The dialdehyde 22,
arising from degradation of the dioxetane 23 reported by Inoue
and Turro, was detected at far lower levels by Poon et al. The
relative amounts of each of these products under varying reaction
conditions are reproduced from ref 2 in Table 1. The same
reactions were run with differing levels of P(OPh)3 present, and
the results from these studies are also summarized in Table 1.

The formation and trapping of both trans-epoxide 19 and cis-
configured alkene and epoxide hints at the intermediacy both
of perepoxide and open chain intermediates. Therefore an
expansive characterization of the potential energy surface was
undertaken including the rotation of possible open chain
intermediates.

As previously described,19 trans-cyclooctene has only a small
number of low energy conformations available. The 3D structure
generator Corina was employed to identify low lying conforma-
tions.20 Subsequent optimization with RB3LYP/6-31G* yielded
two conformations differing in energy by 5.6 kcal/mol. A model
fused 3,8 ring system was used to generate conformations that
a perepoxide in this system might adopt using both Corina
(which generated only one conformation) and the OPLS force
field in a Monte Carlo conformational search that generated a
range of conformations, some of which were identical.21,22

Subsequent optimizations with B3LYP revealed that all con-
formations optimized to perepoxide minima in direct contrast
to the case for other alkenes, where the closest such species is
a transition state and most attempts to optimize a perepoxide
yield ene product. It was ascertained during later study that the
lowest energy conformation of the cyclooctene ring is different
for perepoxide and diradicals. Each point studied which has a
trans configuration about the initial trans-alkene was optimized
in a conformation corresponding to the lowest energy in both
the perepoxide and also in the diradical. The lowest energy is

reported throughout with the labels a and b designating whether
it is in the perepoxide or diradical conformation, respectively.

A similar exercise with trans-cyclononene showed that of
10 generated conformations, six optimized to perepoxides,
whereas the remainder directly optimized to ene product. This
suggests that the perepoxide is a minimum but will be hard to
detect experimentally since there exist conformations that
undergo barrierless reaction to yield ene product.

The perepoxide 24a of trans-cyclooctene was used as the
starting point for a systematic scan of the C-O distances
corresponding to the two C-O bonds in the perepoxide. This
search revealed that at the B3LYP/6-31G* level (both restricted
and unrestricted), the lowest energy path linking 1O2 + trans-
cyclooctene to perepoxide 24a involves the intermediacy of an
open chain intermediate. As in the reactions of nitroso com-
pounds and triazolinediones, these open shell diradicals are
highly polar in character and therefore have much in common
with zwitterionic intermediates. Such intermediates are well
described as polarized diradicals.4 The perepoxide 24 is linked
to two regioisomeric polarized diradicals (PDs) 25 and 26 by
two transition states 27 and 28, and the PDs in turn may
dissociate through transition states 29 and 30. The energetics
calculated for these species are shown in Figure 3.

The key stationary points identified during this initial search
of the potential energy surface are summarized in Figure 3.
Although the energies are discussed in detail in subsequent
sections, it is curious to note that UB3LYP and CASMP2 differ
in which region of the potential energy surface is the highest.
While UB3LYP predicts that the rate of PE formation should
be limited by diradical cyclization (and be endothermic),
CASMP2 predicts that it is the initial diradical formation step
that is rate-limiting and that the PE is lower in energy than
reactants. The lower barriers for diradical formation with

SCHEME 1. Experimentally Observed Products of the Reaction of Singlet Oxygen with trans-Cyclooctene

TABLE 1. Concentrations of Key Species at Different Times and under Different Conditions in the Reaction of Singlet Oxygen with
trans-Cyclooctenea

reaction
time (min)

initial
[trans-cyclooctene]

initial
[P(OPh)3] [17] [trans-cyclooctene] [18] [19] [21] [20] [22] [P(OPh)3] [phosphate]

30 100 0 6.5 83 1.3 0.348 3.1 6.7 0 0 0
90 100 0 3.2 58 2.7 0.8 6.2 14.6 0.4 0 0
150 20 0 0.34 4 0.6 0.26 4 0 0 0
150 20 4.7 0.24 3.4 0.73 1.1 3.7 0 0 1.6
150 20 9.3 0.2 3.4 0.59 2 3.2 0 0.24 3.5
150 20 19.1 0.17 3.6 0.49 3.3 2 0 4.9 5
150 20 29.2 0.15 3.3 0.28 4.1 1.7 0 11 6.5
150 20 39.4 0.13 3.5 0.4 4.4 1.2 0 19 7
150 62 0 0.69 24 1.1 0.36 5.4 0 0 0
150 62 4.9 0.42 23 1.3 1.6 5.2 0 0 1.9
150 62 9.8 0.35 23 1.1 3.4 5.6 0 0 3.9
150 62 19.3 0.15 31 0.59 3.6 2.1 0 5 5.1
150 62 29.5 0.21 24 0.74 7.7 3.1 0 5.4 8.7
150 62 39.4 0.18 24 0.64 8.5 2.3 0 12 9.7

a Reproduced from ref 2.

Reaction of Singlet Oxygen with trans-Cyclooctene

J. Org. Chem. Vol. 73, No. 21, 2008 8515



UB3LYP are significantly due to spin contamination. When the
enthalpy of the uncontaminated singlet is obtained by projec-
tion,16 these barriers are raised by approximately 4 kcal/mol.

Polarized diradicals 25 and 26 might also be linked by rotation
about the C-O bond and ought also to access a third conformer,
31, by this same rotation. This is the case, and these conformers
are approximately equienergetic and have barriers to rotation
of less than 1.2 kcal/mol (see Figure S3 in Supporting
Information). This suggests rapid rotation and conformational
equilibration among three more or less equienergetic conforma-
tions. This is in contrast to the case for the equivalent PDs in
the reaction of nitroso compounds where the barriers to rotation
are found to be 3-5 kcal/mol and are of a comparable
magnitude to barriers for other processes.23 Interestingly, the
O•OCC• dihedral in the dissociation transition states for these
diradicals takes values that are intermediate between those in
the diradical minima. This suggests that the diradical formation
from cyclooctene and singlet oxygen involves a reaction path
bifurcation similar to that illustrated in Figure 1. After the initial
transition state, one of the closest two diradical minima might
form depending on dynamic behavior around an inflection point
on the surface.

Spin projection energies indicated that triplet diradicals are
lower in energy than singlets in some conformations of the PD.

Although it cannot be studied with the techniques applied here,
it is possible that spin transitions may contribute to the observed
outcome in the experiments. The triplet diradicals have no
barrier to dissociation so this would enhance the rate at which
reversion to cyclooctene (both trans-cyclooctene from 25, 26,
and 31 but also cis-cyclooctene from 36 and 40, described later)
takes place.

The next three parts of the surface to be explored were those
involving rotation about the C-C bond in the PDs 25b, 26b,
and 31b. This study was done by driving the dihedral in these
PDs. The lowest energy path that accesses the cis-configured
part of the surface links from PD 31b to the PD 40 (Figure 4).
The results of all of these studies are summarized in Figures
S4 and S5 in Supporting Information. Diradical 40 has three
options open to it: dissociation to form cis-cyclooctene, cy-
clization to form perepoxide, or hydrogen abstraction to yield
ene product. Internal rotation of the PD is key to achieving some
of these processes and is expected to be facile, by analogy with
rotation in 25/26/31. The key stationary points and energetics
are summarized in Figure 4.

The relative energies of 31 and 40 indicate that much of the
strain inherent in trans-cyclooctene has been relieved upon
diradical formation such that rotation into a cis arrangement
leads to diradicals close in energy (<2.5 kcal/mol different)
contrasting starkly with the >10 kcal/mol energy difference(23) Leach, A. G.; Houk, K. N. Org. Biomol. Chem. 2003, 1, 1389–1403.

FIGURE 3. Species involved in the formation of perepoxide from singlet oxygen and trans-cyclooctene. Geometries shown were optimized at the
UB3LYP/6-31G* level. Energies indicated are enthalpies at 298 K at the UB3LYP/6-31G* level followed by spin projected values in italics and
CASMP2/6-31G* single point energies in brackets. Distances shown are in Å. Dashed lines indicate forming or breaking bonds; wavy lines indicate
key interatomic distances.
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between cis- and trans-cyclooctene. Polarized diradical 40 can
cyclize to the unproductive bystander perepoxide 41. Rotation
about the CC bond in 26b or rotation about the C-O bond in
40 gives a cis-arranged conformation poised to undergo
hydrogen abstraction. As expected in the more flexible cis-
arranged ring when the oxygen is oriented toward an abstractable
proton, a perepoxide cannot be optimized and transition state
37 for hydrogen abstraction is obtained. The diradical 40 can
also dissociate to yield cis-cyclooctene through transition states
like 43.

The portion of the surface illustrated in Figure 4 indicates a
potential pathway for the ene reaction of cis-cyclooctene through
43, 40, and 37. However, Poon et al.’s studies suggest that cis-
cyclooctene, like most alkenes able to undergo ene reaction,
does not yield experimental evidence of any intermediates.2 This
is consistent with the two-step no-intermediate reaction. In line
with this, conformational searching and optimization with
RB3LYP/6-31G* indicated that there are a number of confor-
mations of perepoxide for cis-cyclooctene that cannot be
optimized as minima and instead optimize directly to the ene
product. This is part of the fingerprint for reactions that do not
pass through such an intermediate. A transition state, 39, in one
of these conformations that do not sustain perepoxides was
optimized and found to be 9.9 kcal/mol above trans-cyclooctene

and 1O2, or 21.0 kcal/mol relative to cis-cyclooctene and 1O2,
with RB3LYP. It is assumed that the reaction of cis-cyclooctene
proceeds through an ensemble of transition states like 39 through
the two-step no-intermediate reaction directly to ene product.
By contrast, access to the cis-arranged ring from the trans
arrangement delivers at least some of the polarized diradical in
conformations like 40, which undergo facile (likely barrierless
according to CASMP2) cyclization to form cis-perepoxide. This
is consistent with the observation of cis-epoxide in the reaction
of trans-cyclooctene but not with cis-cyclooctene.

The final part of the surface to be explored was that
corresponding to the final step of the ene reaction, the abstraction
of one of the allylic hydrogens. As observed in related cases
previously,24 a scan linking the perepoxide to the ene product
revealed that although the formal lowest energy path linking
the two goes through PD 25, dynamic motion across the surface
may be able to bypass the minimum itself and access 46 directly.
There are likely to be a number of such trajectories whose
maximum in energy is close to that on the trajectories that do
sample the PD. The geometry of 46a in Figure 5 shows
substantial lengthening of the C-H bond and a relatively short

(24) Black, K. A.; Leach, A. G.; Kalani, M. Y. S.; Houk, K. N. J. Am. Chem.
Soc. 2004, 126, 9695–9708.

FIGURE 4. Internal rotation of a polarized diradical to a cis-configured polarized diradical and reactions that are accessible from that species.
Geometries shown were optimized at the UB3LYP/6-31G* level. Energies indicated are enthalpies at 298 K at the UB3LYP/6-31G* level followed
by spin projected values in italics and CASMP2/6-31G* single point energies in brackets. Distances shown are in Å. Dashed lines indicate forming
or breaking bonds; wavy lines indicate key interatomic distances.
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O-H distance. These lengths are closer to those of the reactant
than the product indicating an early transition state, as ought to
be expected for this highly exothermic step.

The various fragments of the potential energy surface can be
drawn together and are summarized for TME in Figure 6 and
trans-cyclooctene in Figure 7. In these figures, the key energetics
with CASMP2 only are shown. Figure 6 demonstrates that for
TME, whereas UB3LYP permitted structures corresponding to
a diradical stepwise pathway to be optimized, at the CASMP2
level they represent a path that passes through one energetic
highpoint and then continues downhill without interruption to
the ene product. This is a pathway that does not actually involve
an intermediate.

By contrast, as shown in Figure 7, the strain inherent in the
abstraction transition state 46 ensures that not only are the
polarized diradicals now minima (albeit with very low barriers
to various rotations and to abstraction), but the perepoxide can
also be reached. The barrier to abstraction means that the surface
in Figure 1 is effectively modified with a wall restricting access
to the ene product and therefore making open chain intermedi-
ates and the perepoxide minima. The consequences of this are

that other manifolds for reaction open up. Some conformations
of the polarized diradical (26) may undergo barrierless cycliza-
tion to give perepoxide such that it is the internal rotation barrier
that limits the rate of its formation from the lowest energy
conformation 31. This is the source of 19 in the trapping
experiments. That this cyclization has the lowest barrier for
reactions open to the PD is consistent with the observation that
interception of the PE with phosphite decreases the amount of
alkene isomerization and ene product formation observed.

The PDs can also undergo internal rotation, which enables
access to cis-configured species that may dissociate to yield cis-
cyclooctene itself or cyclization to give cis-perepoxide, likely
responsible for the observation of 18 in the reaction mixture.
The enthalpies reported here indicate dissociation to be a poorly
competitive part of the surface. The entropic advantage associ-
ated with the dissociation and spin flipping into a triplet diradical
may further contribute to the observed amount of 17 during
the reactions.

The energetics in Figure 7 suggest that the PDs play the role
of a caldera, often identified before for similar species involved
in stepwise pericyclic reactions.25 They are formed endother-
mically and have low barriers to a variety of reactions, so they
are impossible to detect but it is motion in this part of the surface
that will dictate the outcome of the reaction that is observed.
The species that is formed by falling off the caldera is not
independent of the point of entry to the caldera and hence the
energies reported here may not be the exclusive determinant of
the outcome of the reaction. In this case, the initially formed
PD permits access to PE, ene product and cis-configured species.

The calculations indicate that the trans- and cis-perepoxides
are minima and indeed may be lower in energy than reactants
and hence readily intercepted. They are substantially higher in
energy than the ene product and have relatively small barriers
to yield that product. They are also higher in energy than cis-
cyclooctene and hence the observation of cis-cyclooctene as a

(25) (a) Doering, W. v. E.; Cheng, X.; Lee, K.; Lin, Z. J. Am. Chem. Soc.
2002, 124, 11642–11652. (b) Doering, W. v. E.; Barsa, E. A. J. Am. Chem. Soc.
2004, 126, 12353–12362. (c) Doubleday, C.; Suhrada, C. P.; Houk, K. N. J. Am.
Chem. Soc. 2006, 128, 90–94. (d) Suhrada, C. P.; Houk, K. N. J. Am. Chem.
Soc. 2002, 124, 8796–8797.

FIGURE 5. Species linking perepoxides to ene product. Geometries shown were optimized at the UB3LYP/6-31G* level. Energies indicated are
enthalpies at 298 K at the UB3LYP/6-31G* level followed by spin projected values in italics and CASMP2/6-31G* single point energies in brackets.
Distances shown are in Å. Dashed lines indicate forming or breaking bonds; wavy lines indicate key interatomic distances.

FIGURE 6. Summary of key points computed in the ene reaction of
TME with singlet oxygen. The diradical pathway is shown to not be
active. The energies indicated are CASMP2 enthalpies in kcal/mol.
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reaction product. There is an independent route to ene product
through the usual two-step no-intermediate mechanism for cis-
cyclooctene.

Conclusions

Studies using UB3LYP geometry optimizations with CASMP2
single point energy evaluations reveal that in contrast to the
reaction of most normal alkenes which undergo a two-step no-
intermediate reaction, trans-cyclooctene imposes a barrier to
hydrogen abstraction thanks to the large strain in the transition
state for this process. This barrier has the consequence of
enabling both open chain polarized diradicals and perepoxides
to exist. The open chain species act as a relatively flat caldera
like region in which internal rotation, cyclization to perepoxides

and hydrogen abstraction are the outcome of falling off in
various directions. The energetic landscape reported is consistent
with the experimental outcome in which ene product, products
derived from perepoxides, and products arising from alkene
isomerization are all observed.

Supporting Information Available: Summary of all opti-
mized stationary points, all geometries and energies at B3LYP/
6-31G* and CASMP2/6-31G* levels. This material is available
free of charge via the Internet at http://pubs.acs.org.

JO8016154

FIGURE 7. Summary of the key points in the reaction of singlet oxygen with trans-cyclooctene. This contrasts sharply with that for TME and
involves a number of intermediates, including two configurations of perepoxides. Polarized diradicals are a higher energy caldera that facilitate the
internal rotations that lead to the observed product outcomes. Enthalpies shown are CASMP2/6-31G* values.
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