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The ene reaction of singlet oxygen with «,-unsaturated car-
bonyl compounds gives unsaturated hydroperoxides and dis-
plays interesting features: Different reactivities of the s-cis
and s-trans reactants and a marked regioselectivity, influ-
enced to some extent by solvent polarity. All of these traits
are accounted for by a polar diradical mechanism. A per-
epoxide intermediate is not a critical point on the reaction’s

potential energy surface. Also, a trioxene intermediate is lo-
cated too high in energy to be significantly populated. An
alternative pathway leading to dioxetane is not as effective
as the ene pathway giving the hydroperoxide.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

'A, O, is an important and ubiquitous reactive species
in oxidation reactions.'! It exhibits a diverse reactivity with
organic unsaturated molecules, giving particularly the
[r2+7n2] and [rn4+n2] cycloadditions.”) Wherever an allylic
hydrogen is available, an additional reaction channel form-
ing a hydroperoxide is available: this is called the enel!
(Schenck) reaction. These different reactions can compete,
but one usually dominates in particular circumstances. For
example, electron-withdrawing substituents in alkenes pro-
mote the ene mode.

With regard to the mechanistic features, the mentioned
reactions are in fact related by the possibility of sharing a
common open-chain diradical/zwitterionic or cyclic perox-
irane (perepoxide) intermediate (the reaction pathways are
sketched in Scheme 1).2¢3%] For the ene reaction, both two-
step and concerted mechanisms have been proposed in the
past.126:2d]

The contribution of previous theoretical investigationsl®]
has flanked the experimental efforts with the aim of eluci-
dating the ene reaction mechanism. Among the more recent
contributions, the reaction of singlet oxygen with 1,3-cyclo-
hexadiene has been investigated at the DFT(B3LYP) and
CASPT?2 levels by Sevin and McKee,[® who find a two-step
mechanism to 1-hydroperoxy-2,4-cyclohexadiene and a less-
favored concerted transition structure to 1-hydroperoxy-
2,5-cyclohexadiene. Then, 2-butene and 2,3-dimethyl-2-but-
ene have been studied by Singleton et al.,[”l who find a con-
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certed mechanism with a bifurcation point after the transi-
tion structure at the CCSD(T)//DFT(B3LYP) level.
Experimental studies on the singlet oxygen addition to
o,B-unsaturated aldehydes, ketones, esters, and carboxylic
acids are less frequent than the corresponding investigations
involving alkenes and enol ethers. These electron-poor sub-
strates are less reactive towards the electrophilic reagent
10,. The reaction still appears unusual because of the rela-
tively high reactivity in comparison with other deactivated
alkenes.®! The a,B-unsaturated substrates exhibit two inter-
esting features: a higher reactivity of the s-cis conformer
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with respect to the s-frans™ and a distinct regioselectiv-
ity.1o

As regards regioselectivity, singlet oxygen is found to add
preferably to the distal sp? carbon with respect to the car-
bonyl group, and the product hydroperoxide forms through
hydrogen abstraction from the alkyl group geminal to the
carbonyl (Scheme 2). Although polar solvents favor the
minor product, the molar ratio of the two products depends
on the solvent polarity only to a very limited extent. For
instance, the 'O, addition to ethyl 2,3-dimethylbut-2-enoate
gives a major to minor product ratio of 95:5 in carbon tet-
rachloride and of 80:20 in dimethyl sulfoxide. In the reac-
tion with methyl 2,3-dimethylhept-2-enoate, yields of the
major product range from 85 to 70% for the isomer £ and
from 95 to 93% for the isomer Z. Based on these results,
Orfanopoulos!''! put forward a two-step mechanism out-
lining the slow formation of a peroxirane intermediate, fol-
lowed by a rapid rearrangement which leads to the prod-
ucts. The transition structures relevant to the first step
(Scheme 3) should be associated to different dipole mo-
ments: the larger p of TS2 (which gives way to the forma-
tion of the minor product) may be expected to bring about
a greater stabilization in a more polar solvent.
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The more pronounced reactivity of the s-cis conformer
has been attributed to the formation of a trioxene interme-
diate T (Scheme 4).°1 The cleavage of its relatively weak
O-O bond could produce a diradical D which, in turn,
could afford either the hydroperoxide H (the main product),
or a perepoxide P that would give the minor product hydro-
peroxide H'. While the intermediate T, whose formation
would not be possible from the s-trans conformer, could
rationalize the different reactivity of the two conformers,

3644 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

it could not explain the observed regioselectivity, which is
independent of the reagent conformation.
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It has also been proposed!!?! that the observed regioselec-
tivity might originate from the charge distribution of a com-
mon intermediate (a perepoxide or a zwitterion, Scheme 5).

Scheme 5.

The hydrogen abstraction could be effected by the ter-
minal oxygen in either intermediate. In this situation the
breaking C—H bond would be weakened by the conjugation
with a partially empty p orbital (in correspondence of the
positive charge), and this effect could direct the regiochem-
istry.

Primary isotope effect studies performed by Elemes and
Footel'3! on the reaction of methyl (E)-2-methylbut-2-eno-
ate with 'O, have found a primary kinetic isotope effect
(ku/kp = 1.30-1.49, depending on the solvent). However,
solvent polarity does not influence the extent of the isotope
effect, suggesting that polar intermediates and transition
structures are not involved in the reaction path. Stratakis
and Orfanopoulos!!-'4 support a multi-step mechanism
displaying the first step forming a peroxirane followed by a
rate-determining hydrogen abstraction. A reduced regiose-
lectivityl'>] was observed towards alkenes with electron
withdrawing groups.

The theoretical work presented in this paper is concerned
with the reaction of singlet dioxygen with (E)-2-methylbut-
2-enal, chosen as a simple model system of an a,B-unsatu-
rated carbonyl compound.
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Results and Discussion

Both the s-trans (1) and s-cis (2) conformations of (E)-2-
methylbut-2-enal were considered to clarify the regioselec-
tivity and the reactivity toward 'O, addition in position 2
or 3 (Scheme 6).

i
3 3
s-cis s-trans

(E)-2-methyl-but-2-enal

Scheme 6.

Three different mechanisms for the ene reaction were
considered: (a) A concerted one; (b) a two-step one, involv-
ing a cyclic peroxirane intermediate; (c) another two-step
mechanism, involving a polar open-chain diradical.

(a) Considering the 'O, attack on C2, a closed shell con-
certed transition structure (TS) can be found. Yet, its wave
function (having (S?) = 0) is not stable with respect to or-
bital rotations.['®] If the wavefunction is consequently re-
laxed, its $? expectation value becomes close to 1 (in other
words, the singlet multiplicity gets contaminated by the
triplet). However, the first order saddle point which can be
found with the stable spin-contaminated wavefunction does
not correspond to a concerted step, but to the formation of
a diradical. Similar features had already been observed in a
previous theoretical study having propene as a substrate.['”]
In conclusion, a minimal energy concerted pathway for the
10, attack on C?, connecting directly the reagents to the
products does not exist. By contrast, considering the 'O,

0, attack on the 3 position:

0, attack on the 2 position:

o HOO
O"’O/ 0O
: —
o k H,C
| ‘//V A2 H2
/=% = | N
s-cis ‘\\\ .
%o 0—0
O// {/
/. N\
B2
Scheme 7.

Eur. J. Org. Chem. 2005, 3643-3649 WWW.eurjoc.org

attack on C3, a closed shell ((§% = 0) concerted transition
structure is found, and exhibits a stable wave function. Yet,
it cannot correspond to an important reaction pathway,
since AG* = 29.9 kcalmol!. Therefore, the importance of
concerted pathways has to be ruled out.

(b) A non-concerted pathway passing through a peroxir-
ane (Scheme 4) intermediate cannot be found. A peroxir-
anic structure does not correspond to an energy minimum,
since the delocalization of its unpaired electron on the
C-C=0 system determines a spontaneous ring opening
with formation of the diradical intermediate (see A3 or B3
in Scheme 7), as already observed for s-cis butadiene.l'®! By
contrast, peroxirane intermediates were found both for pro-
penel!”l and ethenol™! (but ruled out as intermediates in
the ene reaction because of their high energy).

(¢) The o,B-unsaturated carbonyl compounds seem to
follow the diradical mechanism shown in Scheme 7. The di-
radical pathway nicely accounts for both the regioselectivity
and the higher reactivity of s-cis isomers, as will be detailed
in the following.

Regioselectivity: The s-cis conformer of (E)-2-methylbut-
2-enal is in equilibrium with the most stable s-frans con-
former, but the free energy difference between the two con-
formers makes the former species scarcely populated. How-
ever, since both conformers of (E)-2-methylbut-2-enal are in-
tended here as models for experimentally studied systems,
the evolution of each will be dealt with independently. O,
addition to the C? position of the s-cis conformer of (E)-2-
methylbut-2-enal leads to the rather stable delocalized diradi-
cal intermediate A3 (Scheme 7), which is 10.9 kcalmol™!
higher. It can be attained through a transition structure
which corresponds to a free energy barrier of 19.4 kcalmol™
relative to the preceding minimum (Table 1; TS shown in
Figure 1, a). Though this intermediate is thermodynamically
unstable with respect to back dissociation, the free energy
barrier for the backwards step is 8.5 kcalmol ™). In the dirad-
ical A3 the terminal oxygen can easily extract a methyl hy-
drogen (Scheme 7; TS shown in Figure 1, b) with a free en-
ergy barrier of only 4.8 kcalmol™! (ene pathway). As an alter-
native, it can undergo ring closure, thus forming a dioxetane
([2+2] reaction, AG* = 11.6 kcalmol ). A second conformer
of the diradical intermediate, B3, is less stable than A3 by
1.4 kcalmol™'. B3 can form either directly from the reactants
(AG* = 20.9 kcalmol ), or from A3 (AG* = 4.9 kcalmol ).
This conformer cannot directly abstract the hydrogen from
the methyl group and give the ene product, but it can follow
three pathways: (a) back dissociation to reactants (AGH =
8.6 kcalmol ); (b) ring closure to dioxetane ([2+2] reaction,
AG* = 10.2 kcalmol™) or, (c) easily convert to the diradical
A3 (AG* = 3.5 kcalmol™"). This is the easiest transformation
for B3, and hence the pathway from the reactants through
A3 to finally produce the hydroperoxide H3 is the most likely.

The addition of O, to C? (TS shown in Figure 2, a) is
more difficult, as can one can expect on the basis of the
nature of the diradical intermediates: while A3 and B3 are
conformations of a m-delocalized system, the unpaired elec-
trons in A2 and B2 are localized. The reacting system must
overcome a free energy barrier 23.3 kcalmol! high
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Table 1. Relative potential energies, enthalpies, and free energies (with respect to the most stable conformer s-trans) for s-cis (E)-2-
methylbut-2-enal at the DFT(B3LYP)/6-311G(3df,2p)//6-311G(d.p) level (units: calmol™!, T"= 298 K).

O, attack on C3

0O, attack on C?

AE AH AG AE AH AG

s-cis aldehyde + 'A, O, 3.5 33 3.5 3.5 33 3.5
TS to diradical A 12.2 11.8 229 16.3 15.3 26.8
peroxyl diradicals A 2.2 3.1 14.4 14.5 14.1 25.3
diradical A — hydroperoxide TS 7.4 5.9 19.2 15.9 14.5 26.1
diradical A — dioxetane TS 13.5 13.5 26.0 22.5 21.6 33.5
hydroperoxide -29.3 -27.3 -15.7 -22.3 -20.8 -9.5
TS to diradicals B 14.3 13.9 24.4 23.1 22.1 31.9
peroxyl diradicals B 3.9 4.8 15.8 17.2 16.7 27.9
diradical A — diradical B TS 7.0 7.2 19.3 23.3 21.3 324
diradical B — dioxetane TS 13.5 13.5 26.0 22.5 21.6 33.5
dioxetanel?! -22.9 -21.1 -8.8 - - -

[a] Relative energies are common to the attack in C* and C.

9

a

AGF =229 keal mol™

b

AGH = 19.2 keal mol”

Figure 1. Transition structures for the formation of the diradical A3 by O, addition onto the C? of the s-cis (£)-2-methylbut-2-enal (a),
and H abstraction to produce the hydroperoxide (b). Interatomic distances are in A, free energies are relative to the s-trans conformer 1.

(Table 1), and the diradical intermediate A2 (Scheme 7) is
21.8 kcalmol ™! above the reactants. Back dissociation to the
reactants would be easy (1.5 kcalmol™), but hydrogen ab-
straction would be even easier (0.8 kcalmol™'; TS shown in
Figure 2, b). The B2 conformer can be obtained directly
from the reactants, but the G barrier is significant
(28.4 kcalmol ™). As an alternative, it could form from A2.

a

AG* = 26.8 keal mol™

In this case the G barrier is 7.1 kcalmol !, but the barrier to
go back to A2 is only 4.5 kcalmol ! high. Back dissociation
requires a comparable free energy, 4.0 kcalmol™'. Also in
this case, the B2 conformer would be easily converted into
the corresponding conformer A2.

The reaction products also have different stabilities
(~=15.7 and —9.5 kcalmol~! with respect to isolated reactants,

b

AG* =26.1 keal mol”!

Figure 2. Transition structures for the formation of the diradical A2 by O, addition onto the C? of the s-cis (£)-2-methylbut-2-enal (a),

and H-abstraction to produce the hydroperoxide (b). Interatomic distances are in
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, free energies are relative to the s-trans conformer 1.
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Table 2. Relative potential energies, enthalpies, and free energies for s-trans (E)-2-methylbut-2-enal at the DFT(B3LYP)/6-311G(3df,2p)//

6-311G(d.p) level (units: kcalmol™!, 7= 298 K).

0, attack on C?

0, attack on C?

AE AH AG AE AH AG

s-trans aldehyde + 'A, O, 0.0 0.0 0.0 0.0 0.0 0.0
TS to diradicals A 10.7 10.4 21.6 17.1 16.1 27.3
peroxyl diradicals A 2.7 3.5 14.9 14.4 14.1 25.2
diradical A — hydroperoxide TS 7.9 6.5 19.8 18.7 17.4 30.3
hydroperoxide -27.2 -25.2 -13.9 -22.0 -20.7 -9.6
TS to diradicals B 13.0 12.6 22.9 22.0 21.0 314
peroxyl diradicals B 5.2 6.0 16.5 14.9 14.6 25.7
diradical A — diradical B TS 7.7 7.8 19.8 19.0 18.1 29.7
diradical B — dioxetane TS 13.8 13.7 26.2 27.0 25.9 36.5
dioxetanel®! -22.5 -20.6 -8.6 - - -

[a] Relative energies are common to the attack in C* and C2.

for the hydroperoxide in H3 and H2, respectively), since the
former exhibits a conjugated carbonyl 7 system. In sum-
mary, the addition to C? is unfavorable with respect to C3
both from the thermodynamic and the kinetic points of
View.

The s-trans isomer exhibits analogous behavior, as can be
seen in Table 2. Two kinetic steps characterize the minimum
energy mechanism. The first step is a slow addition of O,
on the C? carbon with formation of a n-delocalized diradi-
cal intermediate. A subsequent hydrogen abstraction from
the methyl group easily affords the product hydroperoxide.
In conclusion, the two conformers share the same reaction
mechanism.

cis-trans Competition: The above diradical mechanism
also explains the observed higher reactivity of the s-cis iso-
mer, which forms through a lower barrier with respect to
the s-trans (19.4 and 21.6 kcalmol™! for the attack to C,
respectively). This enhanced reactivity may be attributed to

diates have approximately the same free energy. Once the
diradicals are formed, they display approximately the same
reactivity, since the second step (hydrogen abstraction) im-
plies in both cases the overcoming of a barrier of
5 kcalmol™! (Figure 3).

Although the cyclic intermediate trioxene (T in
Scheme 4) exists as a stable intermediate, it has a higher
free energy than the s-cis diradical (AG = 26.9 kcalmol '),
and therefore cannot play a role in the mechanism.

In order to compare our results with the experimental
data, kinetic isotope effects have been calculated. The
steady state approximation on the diradical intermediate in
the process

k

alkene + lAg 0, diradical hydroperoxide

kq

gives an observed rate constant expressed as

the greater stability of the s-frans reactant, 3.5 kcalmol™! k _ ik
more stable than the s-cis, while the two diradical interme- obsd. ko + ks
AG /kcal mol™” 5o,
30 7 ? o] O—0
& y /,’ /0
25 - ‘:Hs/_dem3 cHy > s
20 -
15 ~
10 -
5 —_
0
]
-5 - 1
CH3F<H3 "0
-10 -
15 - - - Attack to C°
) — Attack to C? . )
-20 - Hoo )
o e,

Figure 3. Free energy profiles for diradical formation by O, addition onto the C?> and C? of the s-cis (£)-2-methylbut-2-enal and the

subsequent H-abstraction to the product hydroperoxide.

Eur. J. Org. Chem. 2005, 3643-3649 WWW.eurjoc.org
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The rate constants for the elementary steps were evalu-
ated according to transition state theory™’! for the two com-
pounds (E)-2-methylbut-2-enal and (E)-2-trideuterio-
methylbut-2-enal. The s-trans substrate affords ky/kp = 1.2
(while the s-cis gives ky/kp = 1.1), in good agreement with
the experimental values for methyl (E)-2-methylbut-2-eno-
ate (1.30 in benzene and 1.49 in acetone).

Ene vs. [n2+n2] Cycloaddition: Although the cycload-
dition product may form from both diradicals A and B and
the corresponding ene product only from A, the ene channel
always predominates. For example, we compute v,,,./v>> =
3.1x10* for s-trans (E)-2-methylbut-2-enal and v,,,./v24» =
3.2x 103 for propene,l'®! consistently with the reported ef-
fects of electron-withdrawing substituents on alkenes.

Solvent Effects: Since the transition structure for cyclo-
addition is slightly more polar than the TS for the ene reac-
tion, we assessed by SCRF calculations the effect of a typi-
cal polar solvent (DMSO) in favoring the cycloaddition.
The simulation of DMSO does not introduce substantial
modifications in the reaction profile (Table 3, Table 4), con-
firming the hypothesis of an intermediate of low polarity.
Yet the solvent affects to a limited extent the reaction rates:
for example, the [t2+n2] reaction on the s-frans conformer
ZIVES Vgoiy/Vgas = 15, while for the ene reaction vy /veas =
7. The cycloaddition is thus more sensitive to the solvent
effect, even if it never becomes the major process, as test-
ified by the ratio v,,./v24» = 1.6 X 10%, estimated in DMSO.

Table 3. Free energies in the gas phase and solvent (DMSO), rela-
tive to the most stable s-trans conformer of (£)-2-methylbut-2-enal
for the O, attack on C3. IEFPCM DFT(B3LYP)/6-311G(d,p)//
6-311G(d.p) level (units: kcalmol™!, 7' = 298 K).

S-Cis s-trans
AGys  AGyrw  AGgs  AGyy
(E)-2-methylbut-2-enal + 'A, O, 7.8 34 0.0 0.0
TS to diradical A 26.8 21.0 20.9 19.7
peroxyl diradicals A 18.6 12.7 14.5 12.9
diradical A — hydroperoxide TS ~ 23.6 17.9 19.6 18.1
hydroperoxide -10.7 -19.4 -13.5 -17.3
TS to diradicals B 28.5 21.8 22.4 21.0
peroxyl diradicals B 20.0 14.3 16.3 14.5
diradical A — diradical B TS 23.7 17.5 19.7 17.7
diradical B — dioxetane TS 30.5 23.7 259 239
dioxetane -2.9 -9.4 =15 -9.3

Table 4. Free energies in gas phase and solvent (DMSO), relative
to the most stable s-trans conformer of (E)-2-methylbut-2-enal for
the O, attack on C2. IEFPCM DFT(B3LYP)/6-311G(d,p)//
6-311G(d.p) level (units: kcalmol ™!, T = 298 K).

s-cis s-trans
AGgas AGsolv AGgas AGsolv

(E)-2-methylbut-2-enal + 1Ag 0, 78 34 0.0 0.0
TS to diradical A 30.7 25.1 26.6 25.5
peroxyl diradicals A 29.3 23.8 24.6 10.8
diradical A — hydroperoxide TS  30.2 247 29.9 27.5
hydroperoxide 4.4 -11.6 -9.2 -11.9
TS to diradicals B 359 30.0 30.8 30.0
peroxyl diradicals B 32.1 27.4 25.5 25.1
diradical A — diradical B TS 36.5 31.4 29.5 29.2
diradical B — dioxetane TS 37.9 31.2 36.4 34.1
dioxetane -2.9 -9.4 -10.7 -9.3
3648 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Conclusions

The mechanism suggested by the present calculations in-
volves a diradical intermediate for the ene reaction. This
mechanism seems apt to interpret correctly both the ob-
served regiochemistry and the relative reactivity of the s-cis
and s-trans conformers of the reactant (E)-2-methylbut-2-
enal. On one hand, the regioselectivity originates from the
different stabilities of the two diradical intermediates ob-
tained by O, addition. On the other hand, the higher reac-
tivity of s-cis species with respect to the s-trans is due to the
greater stability of the s-trans conformation, while the rate-
determining step corresponds to transition structures of
similar stability. The computed kinetic isotope effect (ky/kp
= 1.2) is in fairly good agreement with the value measured
for a similar substrate [ky/kp = 1.30 for methyl (E)-2-meth-
ylbut-2-enoate in benzene]. The solvent effect on the energy
barriers is small, and favors the addition on C3. The path-
way to dioxetane ([n2+mn2] cycloaddition reaction) is found
in all cases to lie at higher energy with respect to that for
hydroperoxide formation (ene reaction).

Computational Methods

Stable and transition structures were located by gradient pro-
cedures?!! within the Density Functional Theory (DFT)?? making
use of the B3LYP functional.?*! The polarized 6-311G(d,p) basis
set?* was used in the DFT(B3LYP) optimizations. The critical
points were characterized diagonalizing the 6-311G(d,p) analytic
Hessian (vibrational analysis). The more extended 6-311G(3df,2p)
[25] basis set was used for the final single-point energy calculations.
The unrestricted DFT wave function for diradicals, used to provide
a qualitatively correct picture in terms of non-zero spin densities,
was corrected according to Yamaguchi.?! The final DFT(B3LYP)/
6-311G(3df,2p)//6-311G(d,p) energies were then combined with the
6-311G(d,p) thermochemical contributions from the vibrational
analysis to obtain the differences in enthalpies and free energies.?”)
All relative energies, enthalpies, and free energies are collected in
Table 1 and Table 2. The DFT calculations were carried out with
the GAUSSIAN 98 system of programs.[’®! The transition struc-
tures shown in Figure 1 and Figure 2 are drawn by the MolMol 2.4
program,?’! with the interatomic distances relevant to the dis-
cussion reported in A. The SCRF single point calculations were
carried out at the IEFPCMBY B3LYP/ 6-311G(d,p) level of theory.

Acknowledgments

Financial support was provided by the Italian MIUR and the Uni-
versity of Torino.

[1] a) C.S. Foote, J. S. Valentine, A. Greenberg, J. F. Liebman,
Active Oxygen in Chemistry, Blackie Academic and Profes-
sional, Glasgow, 1995, p. 105, p. 249, p. 141; b) A. Gilbert,
J. Baggott, Essentials of Molecular Photochemistry, Blackwell
Science Oxford, 1995, p. 501; ¢) R. P. Wayne, Chemistry of At-
mospheres, Clarendon Press, Oxford, 1996, p. 86; d) B. Ples-
nicar, Organic Peroxides, John Wiley & Sons, New York, 1992,
p. 489.

[2] a) M. B. Smith, J. March, March’s Advanced Organic Chemis-
try. Reactions, Mechanisms, and Structure, 5t" ed, J. Wiley &
Sons, New York, 2001, p. 920, 1021, 1054; b) B. K. Carpenter,

WWW.eurjoc.org Eur. J. Org. Chem. 2005, 3643-3649



Ene Reaction of 'A, O, with o,B-Unsaturated Carbonyl Compounds

FULL PAPER

Determination of Organic Reaction Mechanisms, John Wiley &
Sons, New York, 1984, p. 192; ¢) C. W. Jefford, Chem. Soc. Rev.
1993, 22, 59-66; d) A. A. Frimer, Chem. Rev. 1979, 79, 359—
387.

[3] a) H. M. R. Hoffmann, Angew. Chem. 1969, 81, 597-608; An-
gew. Chem. Int. Ed. Engl. 1969, 8, 556-577; b) G. O. Schenck,
H. Eggert, W. Denk, Justus Liebigs Ann. Chem. 1953, 584, 177
198; ¢) M. Prein, W. Adam, Angew. Chem. 1996, 108, 519-538;
d) M. Prein, W. Adam, Angew. Chem. Int. Ed. Engl. 1996, 35,
477-494, and references 7-23 therein.

[4] A.A. Gorman, I. R. Gould, I. Hamblett, J. Am. Chem. Soc.
1982, 104, 7098-7104.

[5] a) S. Inagaki, K. Fukui, J Am. Chem. Soc. 1975, 97, 7480—
7484; b) M. J. S. Dewar, Chem. Br. 1975, 11, 97-106; ¢) M. J. S.
Dewar, W. Thiel, J Am. Chem. Soc. 1975, 97, 3978-3986; d)
M. J. S. Dewar, A.C. Griffin, W. Thiel, 1. J. Turchi, J Am.
Chem. Soc. 1975, 97, 4439-4440; ¢) L. B. Harding, W. A. God-
dard II1, J. Am. Chem. Soc. 1980, 102, 439-449; f) K. Yamagu-
chi, S. Yabushita, T. Fueno, K. N. Houk, J Am. Chem. Soc.
1981, 103, 5043-5046; g) M. Hotokka, B. Roos, P. J. Siegbahn,
J Am. Chem. Soc. 1983, 105, 5263-5269; h) G. Tonachini,
H. B. Schlegel, F. Bernardi, M. A. Robb, J Mol. Struct.-Theo-
chem 1986, 138, 221-227; i) G. Tonachini, H. B. Schlegel, F.
Bernardi, M. A. Robb, J Am. Chem. Soc. 1990, 112, 483-491.

[6] E Sevin, M. L. McKee, J Am. Chem. Soc. 2001, 123, 4591—
4600.

[7]1 D. A. Singleton, C. Hang, M. J. Szymanski, M. P. Meyer, A. G.
Leach, K. T. Kuwata, J. S. Chen, A. Greer, C. S. Foote, K. N.
Houk, J Am. Chem. Soc. 2003, 125, 1319-1328.

[8] A.G. Griesbeck, W. Adam, A. Bartoschek, T. T. El-Idreesy,
Photochem. Photobiol. Sci. 2003, 2, 877-881.

[9] H.E. Ensley, R. V. C. Carr, R. S. Martin, T. E. Pierce, J. Am.
Chem. Soc. 1980, 102, 2836-2838.

[10]a) M. Orfanopoulos, C.S. Foote, Tetrahedron Lett. 1985, 26,
5991-5994; b) W. Adam, A. G. Griesbeck, Angew. Chem. Int.
Ed. Engl. 1985, 24, 1070-1071; ¢) W. Adam, A. G. Griesbeck,
Synthesis 1986, 1050-1052.

[11]M. Orfanopoulos, M. Stratakis, Tetrahedron Lett. 1991, 32,
7321-7324.

[12] B.-M. Kwon, R.C. Kanner, C.S. Foote, Tetrahedron Lett.
1989, 30, 903-906.

[13]Y. Elemes, C.S. Foote, J Am. Chem. Soc. 1992, 114, 6044—
6050.

[14] M. Stratakis, M. Orfanopoulos, Tetrahedron 2000, 56, 1595-
1615.

[15] M. Stratakis, M. Orfanopoulos, Tetrahedron Lett. 1997, 38,
1067-1070.

[16]a) R. Seeger, J. A. Pople, J. Chem. Phys. 1977, 66, 3045-3050;
b) R. Bauernschmitt, R. Ahlrichs, J Chem. Phys. 1996, 104,
9047-9052; ¢) H. B. Schlegel, J.J. McDouall, Computational
Advances in Organic Chemistry (Eds.: C. Ogretir, 1. G. Csizma-
dia), Kluwer Academic, The Netherlands, 1991, p. 167-185.

[17] A. Maranzana, G. Ghigo, G. Tonachini, Chem. Eur. J. 2003, 9,
2616-2626.

[18]a) A. Maranzana, Tesi di Laurea, Universita di Torino, II Fac-
olta di Scienze, Sede di Alessandria, 1997; b) A. Maranzana,
G. Ghigo, G. Tonachini, J. Am. Chem. Soc. 2000, 122, 1414
1423.

[19]1A. Liwo, D. Dyl, D. Jeziorek, M. Nowacka, T. Ossowski, W.
Woznicki, J. Comput. Chem. 1997, 18, 1668-1681.

Eur. J. Org. Chem. 2005, 3643-3649 www.eurjoc.org

[20] S. C. Tucker, D. G. Truhlar, New Theoretical Concepts for Un-
derstanding Organic Reactions (Eds.: J. Bertran, 1. G. Csizma-
dia), Kluwer Academic Publishers, 1989; pp. 291-346.

[21]a) 1. G. Csizmadia, R. Daudel, Computational Theoretical Or-
ganic Chemistry, Reidel Publ. Co., The Netherlands, 1981, p.
129; b) H. B. Schlegel, J. Chem. Phys. 1982, 77, 3676-3681; c)
H. B. Schlegel, J. S. Binkley, J. A. Pople, J Chem. Phys. 1984,
80, 1976-1981; d) H. B. Schlegel, J. Comput. Chem. 1982, 3,
214-218; e) J. A. Pople, P. M. W. Gill, B. G. Johnson, Chem.
Phys. Lett. 1992, 199, 557-560.

[22]a) R. G. Parr, W. Yang, Density Functional Theory of Atoms
and Molecules, Oxford University Press, New York, 1989; b)
W. Koch, M. C. Holthausen, A Chemist’s Guide to Density
Functional Theory, Wiley-VCH, 2000.

[23]a) A.D. Becke, Phys. Rev. A 1988, 38, 3098-3100; b) A. D.
Becke, ACS Symp. Ser. 1989, 394, 165; ¢) A. D. Becke, J. Chem.
Phys. 1993, 98, 5648-5652; d) C. Lee, W. Yang, R. G. Parr,
Phys. Rev. B 1988, 37, 785-789.

[24]a) W. J. Hehre, R. Ditchfield, J. A. Pople, J Chem. Phys. 1972,
56, 2257-2261; b) P. C. Hariharan, J. A. Pople, Theor. Chim.
Acta 1973, 28, 213-222; ¢) M. J. Frisch, J. A. Pople, J. S. Bin-
kley, J Chem. Phys. 1984, 80, 3265-3269; d) T. H. Dunning, J.
Chem. Phys. 1989, 90, 1007-1023.

[25] M. 1. Frisch, J. A. Pople, J. S. Binkley, J. Chem. Phys. 1984, 80,
3265-3269.

[26]a) S. Yamanaka, T. Kawakami, K. Nagao, K. Yamaguchi,
Chem. Phys. Lett. 1994, 231, 25-33; b) K. Yamaguchi, F. Jen-
sen, A. Dorigo, K. N. Houk, Chem. Phys. Lett. 1988, 149, 537
542; ¢) C. J. Cramer, F. J. Dulles, G. J. Giesen, J. Almlof, Chem.
Phys. Lett. 1995, 245, 165-170.

[27] Reaction enthalpies were computed as outlined, for instance,
in: a) J. B. Foresman, &. Frisch, Exploring Chemistry with
Electronic Structure Methods, Gaussian, Inc., Pittsburgh, PA
(USA), 1996, p. 166-168; b) D. A. McQuarrie, Statistical Ther-
modynamics, Harper, Row, New York, 1973.

[28] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, V.G. Zakrzewski, J. A.lJr.,
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas,
J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C.
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rab-
uck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Or-
tiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Pis-
korz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gon-
zalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon,
E. S. Replogle, J. A. Pople, Gaussian, Gaussian, Inc., Pittsburgh
PA, 1998.

[29] MolMol 2.4. A graphic program developed by the Institut fiir
Molekular-biologie und Biophysik, EHT Ziirich Spectrospin
AG, Faellenden, Switzerland. R. Koradi, M. Billeter, K.
Wiithrich, J Mol. Graphics 1996, 14, 51-55.

[30]a) E. Cances, B. Mennucci, J. Tomasi, J. Chem. Phys. 1997,
107, 3032-3041; b) M. Cossi, V. Barone, B. Mennucci, J. Tom-
asi, Chem. Phys. Lett. 1998, 286, 253-260.

Received: March 23, 2005
Published Online: July 12, 2005

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3649



