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Abstract: The three pathways postulated for 1,3-migration of the peroxyl group in the allylperoxyl radical
(1a), a key reaction involved in the spontaneous autoxidation of unsaturated lipids of biological importance,
have been investigated by means of quantum mechanical electronic structure calculations. According to
the barrier heights calculated from RCCSD(T)/6-311+G(3df,2p) energies with optimized molecular
geometries and harmonic vibrational frequencies determined at the UMP2/6-311+G(3df,2p) level, the
allylperoxyl rearrangement proceeds by fragmentation of 1la through a transition structure (TS1) with a
calculated AH*(298 K) of 21.7 kcal/mol to give an allyl radical—triplet dioxygen loosely bound complex
(CX). In a subsequent step, the triplet dioxygen moiety of CX recombines at either end of the allyl radical
moiety to convert the complex to the rearranged peroxyl radical (1a') or to revert to the starting peroxyl
radical 1a. CX shows an electron charge transfer of 0.026 e in the direction allyl — O,. The dominant
attractive interactions holding in association the allyl radical—riplet dioxygen pair in CX are due chiefly to
dispersion forces. The AH(298 K) for dissociation of CX in its isolated partners, allyl radical and triplet
dioxygen, is predicted to be at least 1 kcal/mol. The formation of CX prevents the diffusion of its partners
and maintains the stereocontrol along the fragmentation-recombination processes. The concerted 1,3-
migration in allylperoxyl radical is predicted to take place through a five-membered ring peroxide transition
structure (TS2) showing two long C—0 bonds. The AH*(298 K) calculated for this pathway is less favorable
than the fragmentation—recombination pathway by 1.9 kcal/mol. The cyclization of 1a to give a dioxolanyl
radical intermediate (2a) is found to proceed through a five-membered ring transition structure (TS3) with
a calculated AH*(298 K) of 33.9 kcal/mol. Thus, the sequence of ring closure 1a — 2a and ring opening 2a
— 1a' is unlikely to play any significant role in allylperoxyl rearrangement 1a — 1a'. In the three pathways
investigated, the energy of the transition structure is predicted to be somewhat lower in either heptane or
aqueous solution than in the gas phase. Although the energy lowering calculated for TS1 is smaller than
the calculated for TS2 and TS3, it is very unlikely that the solvent effects may reverse the predicted
preference of the fragmentation—recombination pathway over the concerted and stepwise ring closure-
ring opening mechanisms.

Introduction tion, tumor initiation, and the deposition of arterial plaque
) ) ) _ associated with low-density lipoprotein modificatibf.
AIIyIperoxyI radicals q.) are intermediates which are formed A||y|peroxy| radicals are known to undergo [2'3]-rearrange-

when unsaturated organic compounds react with molecular ments (e.g.1— 1) in nonpolar aprotic solvents (e.g., hexane)
oxygen (autoxidation). They are thus involved in processes as

diverse as the development of rancidity in unsaturated fats, the R Ry R; Ry
. . L X 7

drying of paints, and the perishing of rubber. In recent years, —_—

the chemistry of allylperoxyl radicals involved in the spontane- 0—0- :0—0

ous autoxidation of unsaturated lipids of biological importance 1 1

has received renewed interest because they have been implicated o )
in peroxidative destruction of cell membranes, DNA and protein in Which the peroxyl unit migrates across the allylic backbone

modification, radiation damage, aging and age pigment forma- (Schenk rearrangemenit).he main practical importance of this
process lies in its effect on the composition ratio of hydroper-

T Institut d'Investigacions Qmiques i Ambientals de Barcelona, CSIC. (1) Porter, N. A; Mills, K. A.; Carter, R. LJ. Am. Chem. Sod.994 116,
* Centre Especial de Recerca en’Qiva Tegica i Departament de 6690-6696.
Quimica Fsica, Universitat de Barcelona. (2) Porter, N. A; Caldwell, S. E.; Mills, K. ALipids 1995 30, 277—290.
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oxides formed in the autoxidation of unsaturated lipids. Despite rearrangement. Specifically, the prototype 1,3-migration of the
the fact that [2,3]-rearrangements have been known since theperoxyl unit in the allylperoxyl radicall{ R;=R,=H), desig-
late 1950s, the mechanism is still under deldate. shown in nated byla, has been studied theoretically by Boyd et®l.
Scheme 1, three mechanisms have been most often suggestemploying single-point second- and third-order MoeliBtesset
for allylperoxyl rearrangement!! The first (pathwayA) perturbation theory with standard 6-31G(d,p) basis set, per-
consists of a stepwise process involving a carbon centeredformed at the geometries optimized by using the unrestricted
dioxolanyl radical intermediate2), which subsequently under-  Hartree-Fock (UHF) method with standard 6-31G(d) basis set,
goesB-scission. Another viable mechanism (pathvigyconsists those authors failed to find a concerted transition state 3ike
of a concerted mechanism involving a five-membered ring proposed for the rearrangement. The calculations revealed the
peroxide transition state3). Finally, an alternative stepwise 1,2-dioxolanyl-4-yl radical Z, Ri=R,=H), designated bya,
process (pathwayC) has also been suggested in which the to be close in energy to that of radickd but the lowest energy
peroxyl radical undergogsscission to give an allyl radical and  pathway fromla to 2a proceeds over a barrier of almost 41
triplet dioxygen pair specied). In a subsequent step, the triplet kcal/mol. Since earlier calculatioHsindicated that the €0
dioxygen recombines at either end of the allyl radical to convert bond energy inla is about 21.5 kcal/mol, significantly lower
it to the rearranged peroxyl radicdl or to revert to the starting  than the barrier calculated for the rearrangement thrdtagh
peroxyl radicall. Boyd and co-workers suggested that the allylperoxyl rearrange-
Brill > and Portéf provided evidence that the migration does ment proceeds by fragmentation td to give the allyl radical
not occur in a stepwise process by cyclization of the allylperoxyl and triplet dioxygen, which subsequently recombine leading to
radical to produce a dioxolanyl radical intermediatgathway the rearranged peroxyl radicall (pathwayC in Scheme 1).
A in Scheme 1) since authentic dioxolanyl radicals undergo The authors concluded that the observed high degree of
reactions to give products not observed in the rearrangementstereoselectivity of the rearrangement must result from a cage
product mixture. Beckwith, Davies, and co-workesibse- effect, wherein the diffusion of the allyl radieatriplet dioxygen
quently reported an ESR investigation on the cholesterol pair is prevented due to the caging by the solvent. In this
allylperoxyl rearrangement undet®Q), atmosphere and sug- mechanism, recombination of the allyl radical and dioxygen of
gested that the reaction involves a concerted sigmatropic [2,3]-an initial radicat-dioxygen pair occurs with stereochemical
allylperoxyl rearrangement. Porter and Wdjgkoposed that memory to return to the starting peroxyl or to give the rearranged
the allylperoxyl rearrangement proceeds through a concertedperoxyl radical. However, the authors pointed out that there is
transition state like3 (pathwayB in Scheme 1). Evidence to  no precedent in the literature to support this notion. On the other
support this view is the fact that, in optically pure acyclic allylic hand, since the attempts to locate the concerted transition
peroxyl radicals, the rearrangement is a highly stereoselectivestructure were performed at the UHF level of theory and it is
process. likely that an adequate description of the electronic structure
To the best of our knowledge, only one theoretical paper has of such a transition structure requires inclusion of the electron
been devoted to the study of the mechanism of the allylperoxyl correlation, the existence of a concerted pathway for the 1,3-
migration in the allylperoxyl radical cannot be fully discarded.

(3) (a) Schenk, G. O.; Neumuller, O.-A.; Eisfeld, Wngew. Chenl958 70, 2
595. (b) Schenk, G. O.; Neumuller, O.-A.; Eisfeld, Wistus Liebigs Ann. In latter WOI‘k, Porter et af assumed that_the a”y_lper_OXyl
@ w?m.l%sacﬁjia zgﬁ. Re998 31, 99-107 rearrangement proceeds by a fragmentati@tombination
alton, J. ccC. em. Re! , . f .
(5) Brill, W. E. J. Chem. Soc., Perkin Trans.1984 621-627. mechanism (pathwa in Scheme 1) and reported stereochem-
(g) gortlfr,,hl- ﬁ.:LZSJran, P. JJ.AC(QJe.mD Soc., Clh%mGC.o’\r}?mtJﬁ)IIIBSA 1.4'\;2. . ical-oxygen labeling studies indicating that solvent viscosity
()M?%_‘A’J't_ Chem. g’_ocva'%sri(m' Trgnsﬂ'ggg’giggz';l_ accoll, A MILZES affects the partitioning between escape by difussion and
(8) Porter, N. A.; Wujek, J. SJ. Org. Chem1987, 52, 5085. recombination of the allyl radicaldioxygen caged pair. An
(9) Porter, N. A,; Kaplan, J. K.; Dussault, P. 51.Am. Chem. S0d.99Q 112, . . . . : .
1266-1267. increase in solvent viscosity results in a decrease in escape
(10) Boyd, S. L.; Boyd, R. J.; Barclay, L. R. C.; Porter, N. A.Am. Chem.
So0c.1993 115 687—1267. (12) (a) Mills, K. A.; Caldwell, S. E.; Dubay, G. R.; Porter, N.JAAm. Chem.
(11) Boyd, S. L.; Boyd, R. J.; Barclay, L. R. @. Am. Chem. S0d.990Q 112, So0c.1992 114, 9689-9691. (b) Porter, N. A.; Mills, K. A.; Caldwell, S.
5724. E.; Dubay, G. RJ. Am. Chem. S0d.994 116 6690-6696.
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product and an identical increase in pair readdition product (3df,2p) basis se€ which includes a single diffuse sp shell on carbon
formed with stereocontrol. This viscosity dependence observedand oxygen atom¥, triple d-polarization and a single additional
gives evidence in support of a cage effect in the allylperoxyl f-polarization on carbon and oxygen atoms, and double p-polarization
rearrangement. More recently, Lowe and Pdfteave inves- ~ ©n Nydrogen atoms. _ _

tigated the course of the peroxyl oxygens during the allylperoxyl The .geometnes of the relevant stationary points on the ground-state
rearrangement of an allylic hydroperoxide having a specific CsHsOz PES were initially optimized at the UMP2/6-3+G(3df,2p)

. : -~ level employing analytical gradient procedufé All the stationary
hydroperoxide oxygen labeled. The results of that investigation points were characterized by their harmonic vibrational frequencies as

Showed that . the rearrangement is temperature_ dEpendemminima or saddle points. All of these calculations were performed with
reactions carried out at lower temperatures proceeding with lessihe GAUSSIAN 98 program package.

loss of label to the atmosphere and with more positional  while the UMP2 method, based on a reference unrestricted Hartree

selectivity of the label transfer. Lowe and Porter Assumed for Fock (UHF) single determinant, gives an adequate description of the
the rearrangement a mechanism involving competition betweenPES in those regions where the nondynamical electron correlation
a pathway connecting the reactant and product allylperoxyl effects are expected to be small, it is unlikely that the UMP2 method
radicals directly by a process in which the terminal oxygen of can provide an adequate description of the allylperoxyl dissociation to
the reactant is transferred to the product proximal position and & doublet allyl radical and triplet dioxygéf Therefore, the transition

a pathway involving fragmentation of allyiperoxyl to a pair - ZECE B e EEEE Ee O e B B T e space
ffbeecl'%sr V;’Zf;‘pgat”o C;I\I/aep?setoaﬁl)llllylrg%riggla\\/;/\léh dﬁg;"’;gg:f‘?rﬁg (CASSCF) clas¥ with the 6-311G(3df,2p) basis set. The CAS was

. o selected following the procedure suggested by Anglada and Bbfill,
temperature dependence on positional selectivity of the label based on the fractional occupation of the natural orbitals generated from

transfer and loss of label provided an estimate of the rate e first-order density matrix calculated from an initial multireference
constants’ ratio for the two pathways. Estimation of this rate single- and double-excitation configuration interaction wave function
constants’ ratio at 20, 40, and 60 followed by Eyring analysis  correlating all valence electrons. The active space consisted of 11
provided approximatAAH* and AAS' values (i.e., AH*, — electrons and 9 orbitals: the three electrons and three orbitals involved
AH*; = 9.0 kcal/mol andASH, — ASH; = 26 eu) for the two in the = system of the allyl radical unit plus eight electrons and six
competitive pathways. orbitals of the dioxygen unit. Distribution of the correspondingttize

At this point, several questions naturally arise: What is the electrons among these &ctive orbitals leads to a wave function
energy barrier involved in the fragmentation of allylperoxyl designated by CASSCF(11,9). To obtain comparable energies, single-

. . . . . point CASSCF(11,9) calculations were carried out for some stationary
2
radical to give allyl radical and triplet dioxygen? Do the allyl points at the UMP2/6-314G(3df.2p) optimized geometries. Al

_radi_cal and the triplet dioxygen fqrm a caged pair SpeCief‘:" and CASSCEF calculations were performed by using GAMESS system of
if this turns out to be the case, is the caged pair a stationary programsgs

point on the ground-state potential energy surface (PES), and g incorporate the effect of dynamical valence-electron correlation
what is the nature of the attractive interactions holding in on the relative energy ordering of the stationary points, second-order
association the allyl radical and the triplet dioxygen in the caged multiconfigurational perturbation theory calculations (CASPTBjsed
pair? Does there exist a transition structure for the concertedon the CASSCF(11,9) reference function were carried out. CASPT2
allylperoxyl rearrangement at the electron correlated level of single-point energies were calculated at the geometries optimized at

theory? To answer these questions, we investigated the stationarfither the CASSCF(11,9)/6-3+15(3df,2p) or UMP2/6-31+G(3df,2p)

points on the gHsO,® ground-state PES most relevant to the
1,3-migration of the peroxyl unit ida by means of high-level

ab initio quantum mechanical electronic structure calculations.
We report here the energetic and structural results of this

evel, using the 6-31:+G(3df,2p) basis set. To take into account the
different multiplicities of the dissociation products (i.e., doublet allyl
radical and triplet dioxygen), the CASPT2-g1 procedure with the full
Hartree-Fock matrix was used in the construction of the zeroth-order

theoretical investigation. The findings presented demonstrate (is) (a) Moller, C.; Plesset, MPhys. Re. 1934 46, 618. (b) Pople, J. A.;

that a loosely bound radicatriplet dioxygen complex mediates
the allylperoxyl radical rearrangement.

Computational Details

A high-level treatment of electron correlation energy is mandatory
to reliably describe the expected weak interactions between the allyl
radical and triplet dioxygen in the radicallioxygen caged pair
postulated by Boyd and Porter as intermediate in the allylperoxyl
rearrangement. Though density functional theory (DFT) is more and
more commonly used as a very efficient computational method for the
study of molecules and bulk materials, its applications to weakly bonded

systems remain rather sparse in the literature, except studies that

consider hydrogen bondirt§On the contrary, second-order Moelter
Plesset perturbation thedfy(MP2) in conjunction with a large basis

set is nowadays usually accepted as a good starting point to account

for the correlation effects required to describe weakly bonded systeths.
Therefore, we decided to employ the spin-unrestricted version of the
MP2 method, designated UMP2, with the split-valence 6+43G1

(13) Lowe, J. R.; Porter, N. AJ. Am. Chem. S0d.997, 119, 11534-11535.
(14) Wesolowsky, T. A.; Parisel, O.; Ellinger, Y.; WeberJJPhys. Chem. A
1997, 101, 7818-7825.

Binkley, J. S.; Seeger, Rnt. J. Quantum Chem., Symp976 10, 1.

(16) Hobza, P.; Zahradnik, Ehem. Re. 1988 88, 871.

(17) Hobza, P.; Selze, H. L.; Schlag, E. Whem. Re. 1994 94, 1767.

(18) Chalasinski, G.; Szczesniak, l@hem. Re. 1994 94, 1723.

(19) Frisch, M. J.; Pople, J. A,; Binkley, J. $. Chem. Phys1984 80, 3265.

(20) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AAlnitio Molecular
Orbital Theory John Wiley: New York, 1986; pp 8687.

(21) Schlegel, H. BJ. Comput. Chen982 3, 214.

(22) Bofill, J. M. J. Comput. Chenil994 15, 1.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, M. A.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

R. E.; Burant, J. C.; Dapprich, S.; Milliam, J. M.; Daniels, A. D.; Kudin,

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

J. V.; Stefanow, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, A.;

Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,

C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;

Johnson, B. G.; Chen. W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

M.; Replogle, E. S.; Pople, J. ASAUSSIAN 98revision A.11; Gaussian,

Inc.: Pittsburgh, PA, 1998.

(24) For a review, see: Roos, B. @dv. Chem. Phys1987 69, 399.

(25) Anglada, J. M.; Bofill, J. MTheor. Chim. Actdl995 92, 369.

(26) Schmidt, M. W.; Baldrige, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
S.; Jensen; J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus,
T. L.; Dupuis, M.; Montgomery, J. AJ. Comput. Cheml993 14, 1347.

(27) (a) Anderson, K.; Malmgqvist, P.-A.; Roos, B. O.; Sadlej, A. J.; Wolinski,
K. J. Phys. Chem199Q 94, 5483. (b) Anderson, K.; Malmqvist, P.-A.;
Roos, B. O.J. Chem. Phys1992 96, 1218.
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Hamiltonian?® The CASPT2 computations were performed with the
MOLCAS 5 program packag®.

Further, we investigated the effect of computing the electron
correlation at higher levels of theory on the relative energy ordering
of the stationary points located at the UMP2/6-3T3(3df,2p) level.

To this end, single-point (frozen core) coupled-clui®tenlculations
including all single and double excitations, based on a reference UHF
single determinant, together with a perturbative treatment of all
connected triple excitatiorf designated UCCSD(T), were carried out
with the 6-31H1-G(3df,dp) basis set. Finally, total energies for relevant
stationary points were also evaluated from partially spin-adapted CCSD-
(T) calculations based on a restricted open-shell HartFeek (ROHF)
reference determinaftdesignated RCCSD(T), to accomplish the spin
contamination problem in UCCSD(T) wave functiofi§he UCCSD-

(T) calculations were carried out with GAUSSIAN 98, whereas the
MOLPRO 98* program package was employed for the RCCSD(T)
calculations.

Zero-point vibrational energies (ZPVEs) were determined from the
harmonic vibrational frequencies calculated at the UMP2/6+331
(3df,2p) level. Our best total energiesK correspond to the sum of
the RCCSD(T)/6-311G(3df,2p) energy and ZPVE correction. Thermal

Figure 1. Selected parameters of the UMP2/6-313(3df,2p) optimized
geometry of the complex of benzene with triplet dioxygen. Distances are
given in angstroms.

Figure 1 shows the lowest-energy equilibrium geometry calculated

corrections to enthalpy, absolute entropies, and Gibbs free-energy valuegor the ground-state benzer®, complex. This structure posseses

were obtained assuming ideal gas behavior from the unscaled harmonic

frequencies and moments of inertia by standard metffoéistandard
pressure of 1 atm was taken in the absolute entropies calculations.

To examine the characteristics of the bonding and interactions in

the most relevant structures, we have also performed an analysis of

the electron charge density within the framework of the topological
theory of atom in molecules (AIM} making use of a locally modified
versiori’ of the PROAIM and EXTREME programs of Bader et®@l.
and the MORPHY 97 prograii.The Z density matrix obtained from
UMP2 gradient calculations with the 6-3t&(3df,2p) basis set, an
effective correlated density matrik were used in this analysis.
Preliminary Test for the Complex of Benzene with Oxygen.To

confirm the reliability of the UMP2/6-31tG(3df,2p) theoretical
procedure, we tested it on the complex of benzene with dioxygen.
Triplet O; (°Z4™) and benzene are known to form a weak 1:1 complex

symmetry and is a triplet state of;Bymmetry. It has a parallel
arrangement with the Oon a symmetry plane bisecting two—C
bonds. A configuration with the £on a symmetry plane containing
two opposite G-H bonds turned out to be only 0.01 kcal/mol higher

in energy. The distance between the centers-of-mass of benzene and
O; (Rso) is 3.103 A, and the shortest-@ distances are found to be
3.236 A. As expected from these long distances between the benzene
and Q moieties, the structural perturbation of the two partners in the
benzene-O, complex are insignificant as compared with the separated
species. In fact, the €C and G-O bonds undergo a lengthening of
only 0.001 and 0.002 A, respectively. No experimental data are available
concerning the geometry of the benzei@ complex. Previous
theoretical calculations at the UMP2 level of theory with different basis
sets by Granucci and Persféand Wesolowsky et &t predicted for

the Rgo distance the values of 3.36 and 3.21 A, respectively. In these
calculations, the experimental geometries of benzene anweéde

in the ground state, which is detected through the appearance of a charggss\,med and kept fixed along the geometry optimization of the

transfer band with a band at 219 ritA dissociation energip, of 1.6
+ 0.3 kcal/mol has been measured by Grover and co-workers for the
benzene-O, complex in the gas phage.

(28) Anderson, KTheor. Chim. Actdl995 91, 31.

(29) Andersson, K.; Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A.; Cooper,
D. L.; Fleig, T.; Fuscher, M. P.; DeGraaf, C.; Hess, B. A.; KarlstipG.;
Lindh, R.; Malmqvist, P.-A.; Neogudy, P.; Olsen, J.; Roos, B. O.; Sadlej,
A. J.; Schiiz, M.; Schimmelpfennig, B.; Seijo, L.; Serrano-Andre..;
Siegbahn, P. E. M.; Stalring, J.; Thorsteinsson, T.; Veryazov, V.; Widmark,
P.-O.MOLCAS version 5; Lund University: Sweden, 2000.

(30) For a review, see: Bartlett, R. J. Phys. Chem1989 93, 1967.

(31) Raghavachari, K.; Trucks, G. W.; Pople. J. A.; Head-GordonChem.
Phys. Lett.1989 157, 479.

(32) Knowles, P. J.; Hampel, C.; Werner, H3JChem. Physl993 99, 5219.

(33) (@) Purvis, G. D.; Bartlett, R. II; Chem. Physl982 76, 1910. (b) Hampel,
C.; Peterson, K. A.; Werner, H.-Chem. Phys. Lett1992 190 1. (c)
Deegan, M. J. O.; Knowles, P. Chem. Phys. Letfl994 227, 321.

(34) Werner, H.-J.; Knowles, P. J.; Aliffld.; Amos, R. D.; Berning, A.; Cooper,
D. L.; Deegan, M. J. O.; Dobbyn. A. J.; Eckert, S. T.; Hampel, C.; Leininger,
C.; Lindh, R.; Lloyd, A. W.; Meyer, W.; Mura, M. E.; Nicklass, A.;
Palmeiri, P.; Peterson, K. A.; Pitzer, R.; Pulay, P.; Rauhaut, G.7t3chu
M.; Stoll, H.; Stone, A. J.; Thorsteinsson, MOLPRQ version 98.1;
University of Stuttgart: Germany, 1998.

(35) For example, see: McQuarrie, Btatistical MechanigsHarper and Row:
New York, 1986

(36) Bader, R. F. WAtoms in Molecules: A Quantum Theorg@jarendon:
Oxford, U.K.,199Q

(37) Mota, F. Universitat de Barcelona, unpublished work.

(38) (a) Biegler-Kmig, F. W.; Bader, R. F. W.; Tang, T.-H. Comput. Chem.
1982 3, 317. (b) Bader, R. F. W.; Tang, T.-H.; Tal, Y.; Biegler-g, F.

W. J. Am. Chem. S0d.982 104, 946.

(39) (@) MORPHY 97: Popelier, P. L. A. with contributions from Bone, R. G.
A.; UMIST: Manchester, U.K., 1997. (b) Popelier, P. L. Bomput. Phys.
Commun.1998 108 180.

(40) For example, see: Wiberg, K.B.; Hadad, C. M.; LePage, T.; Breneman,
C. M.; Frisch, M. JJ. Phys. Cheml1992 96, 671.
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benzene-O, complex.

At the UMP2/6-31#G(3df,2p) level, the energy of the benzene
O, complex lies 2.9 kcal/mol below the sum of the energies of the
isolated partners, benzene angl(@able S1, Supporting Information).

It is worth noting that the amount of spin contamination in the reference
UHF wave function was found to be very small; thus the expectation
value of the spin-squared opera@mwas calculated to be 2.050, which

is very close to the value of 2.0 for a pure triplet state. By means of
the counterpoise methdé,a basis set superposition error (BSSE)
correction of 1.2 kcal/mol was calculated at the UMP2/6-8G{3df,2p)
level. This BBSE correction reduces the predicted stabilization energy
to 1.7 kcal/mol. Inclusion in the latter value of a ZPVE correction of
0.4 kcal/mol (Table S1, Supporting Information) leads & 0 K
stabilization energy of 1.3 kcal/mol, which is in reasonable agreement
with the experimental dissociation energy of #60.3 kcal/mol.

The net atomic charges evaluated by using the AIM population
analysis of the effective UMP2/6-3315(3df,2p) electron density
showed an electron charge transfer in the benz€azeomplex of only
0.026 e in the direction benzene O,. This is consistent with previous
theoretical findings indicating that the dominant attractive interactions
holding in association the benzene andd@rtners in the loosely bound
benzene O, complex arise mainly from dispersion forcés?

(41) Birks, J. B.; Pantos, E.; Hamilton, T. D. 8hem. Phys. Lettl973 20,
544,

(42) Grover, J. R.; Hagenow, G.; Walters, E.JAChem. Physl992 97, 628—
642.

(43) Granucci, G.; Persico, MChem. Phys. Lettl993 205 331-336.
(44) Boys, S. F.; Bernardi, AViol. Phys.197Q 19, 553.
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1.232

(1.426)

TS1

Figure 3. Selected parameters of the CASSCF(11,9)/643%(3df,2p)
optimized geometry of the transition structure for the fragmentation of the
allylperoxyl radical to give an allyl radical and a triplet dioxygen. The
UMP2/6-31H1-G(3df,2p) optimized parameters are given in parentheses.
Distances are given in angstroms.

1C
Figure 2. Selected parameters of the UMP2/6-313(3df,2p) optimized cx

geometries of the most relevant conformational minima of the allylperoxyl

Fi 4. I f the UMP2/6- f,2 imi
radical. Distances are given in angstroms. igure Selected parameters of the U /6-313(3df,2p) optimized

geometriey of the loosely bound allyl radiedtiplet dioxygen complex.
Distances are given in angstroms.
We conclude that the UMP2 level of theory with the 6-313-

(3df,2p) basis set might provide an adequate description of the weak
interactions between the allyl radical and triplet dioxygen caged pair
postulated by Boyd and Portr.

Results and Discussion

Selected geometrical parameters of the most relevant station-
ary points located on thez8s0,° ground-state PES for the 1,3-
migration of the peroxyl unit irLla are shown in Figures-26
(bond lengths in A), which are computer-generated plots of the
optimized geometries at either the UMP2 or CASSCF(11,9)
levels of theory with the 6-3HG(3df,2p) basis set. The
Cartesian coordinates of all structures reported in this paper are

available as Supporting Information, and the total energies .
calculated at various levels of theory with the 6-313(3df,dp) Figure 5. Selected parameters of the UMP2/6-313(3df,2p) optimized

. . geometry of the transition structure for the concerted 1,3-migration in the
basis set, as well as the ZPVEs and the electric dipole momentsyjyiperoxy! radical. Distances are given in angstroms.

of these structures, are collected in Table S2 (Supporting

Information). Relative energies calculated at different levels of at 0 K (AE), and the relative enthalpie&l) and Gibbs free
theory for the most relevant stationary points are summarized energies AG) calculated at 298 K. Figure 7 summarizes the
in Tables 1 and 2, whereas those for less relevant stationaryAE profiles of the three different pathways leading to the 1,3-
points are collected in Table S3 (Supporting Information). For migration inla. Calculated topological properties of the bond
some of the most relevant stationary points, Table 3 gives the critical points for the most relevant structures, determined from
relative energies calculated at the RCCSD(T)/6-8G13df,dp) AIM analysis of the effective UMP2/6-3H1G(3df,dp) electron
level (AU), the relative ZPVESAZPVE), the relative energies  charge density, are given in Table S4 (Supporting Information).

TS2
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2A

Figure 6. Selected parameters of the UMP2/6-313(3df,2p) optimized
geometries of the 1,2-dioxolanyl-4-yl radical intermedia2&) and the
transition structureTS3) connecting this intermediate and the allylperoxyl
radical. Distances are given in angstroms.

Table 1. Relative Energies (kcal/mol) Calculated at Different
Levels of Theory with the 6-311+G(3df,2p) Basis Set? of the Most
Relevant Stationary Points on the Ground-State Potential Energy
Surface for the 1,3-Migration in the Allylperoxyl Radical

structure? UMP2 UCCSD(T) RCCSD(T)
1A 0.0 0.0 0.0
TS1 38.8 27.4 23.2
(28.0¥ (24.2y
CX 20.7 20.2
CsHs' + O2 22.2 21.8 22.3
TS2 20.2 24.0 23.8
TS3 43.2 34.5 35.3
2A -31 2.7 2.2

aUsing the UMP2/6-311G(3df,2p) optimized geometrieSee Figures
2—6. ¢ Using the CASSCF(11,9)/6-3115(3df,2p) optimized geometry.

Table 2. Relative Energies (kcal/mol) Calculated at Different
Levels of Theory with the 6-311+G(3df,2p) Basis Set? of Selected
Stationary Points on the Ground-State Potential Energy Surface
for the 1,3-Migration in the Allylperoxyl Radical

structure® CASSCF(11,9) CASPT2
CsHs* + Oy 0.0 0.0
CX 0.7 2.7
TS1 9.4 0.5
TS2 23.3 2.4

aUsing the UMP2/6-311G(3df,2p) optimized geometries, excéil
for which the CASSCF(11,3)/6-3#iG(3df,2p) geometry was employed.
b See Figures 35.

Table 3. Calculated Relative Energies (kcal/mol) of the Most
Relevant Stationary Points on the Ground-State Potential Energy
Surface for the 1,3-Migration in the Allylperoxyl Radical@

structure AL AE(0K) AH (298 K) AG (298 K)
1A 0.0 0.0 0.0 0.0
TS1 24.2 215 21.7 21.0
CX 20.3 15.8 17.0 135
CsHs* + O2 22.3 17.1 18.0 7.9
TS2 23.8 24.4 23.6 25.7
TS3 35.3 34.6 33.9 35.8
2A 2.2 1.2 2.6 2.3

aUsing the UMP2/6-312G(3df,2p) optimized geometries, excéfil
for which the CASSCF(11,9)/6-3#1G(3df,2p) geometry was employed.
b Relative energy calculated at the RCCSD(T)/6-8G(3df,2p) level. The
relative energy o€X was obtained from the total energies@X and GHs*
+ O, calculated at the CASPT2/6-315(3df,2p) level, including the BSSE
correction and the relative energy okHE + O, with respect tolA
calculated at the RCCSD(T)/6-3:+5G(3df,2p) level.

of the O5-04—C1—-C2 dihedral angle (i.e., 8¢°0—74.9, and
171.3, respectively). These structures are similar in geometry
to those calculated by Boyd and co-workers, namely structures
F, D, andE, respectively, in ref 10. At all levels of theory,
structurelA is predicted to be the lowest energy conformation
of 1a, but the energies of the three minima differ in a few tenths
of kcal/mol (Table S3, Supporting Information). Structdm

is therefore assigned an energy of zero, and energies of other
structures through this paper are given relativiéAo According

to Table 3, the enthalpy of reaction at 298 K, designated by
AH((298 K), for the addition of triplet @to the allyl radical to
give 1A, is predicted to be-18.0 kcal/mol. This value is in
good agreement with the experimentsH, (298 K) value of
—18.24 0.5 kcal/mol*® The 1A, 1B, and1C conformers ofla

can be interconverted through rotation of the-@56 unit about

the C1-04 bond. We have found three transition structures,
designated by SAB, TSAC, andTSBC (Figure S1, Supporting
Information), which differ again in the value of the 64—
C1-C2 dihedral angle (i.e., 3?5131.T, and—127.0, respec-
tively). The transition structure3SAB, TSAC, and TSBC

Finally, the net atomic charges and atomic spin populations for correspond to structureé — D, E — F, and D — E,
these structures, calculated from AIM population analysis, are 'espectively, in ref 10. At all levels of theory (Table S3,

given in Table 4.

Allylperoxyl Radical Rotational Conformers. The allyl-
peroxyl radical is a conformationally flexible system allowing
torsion about the G2C2 and C+04 bonds. Boyd et d° have
examined theoretically the conformational PES@&employing

Supporting Information), these transition structures lie within
2.5 kcal/mol of the equilibrium structuiBA. As has previously
been reported? the three conformersA—1C are polar, with
dipole moments ranging from 2.78 D f&B to 3.07 D forl1C
(Table S2, Supporting Information). AIM population analysis

single-point UMP2/6-31G(d,p) calculations, performed at the indicates that in structur®A the peroxyl group carries an overall
geometries optimized at the UHF/6-31G(d) level. Although it Nnegative charge of 0.588 e and that the spin density is associated
was not a central aim of the present study, we explored somePrimarily with the terminal oxygen atom (O5) and the carbon
conformational possibilities. We have found three conforma- atoms C2 and C3 (Table 4).

tional minima forla, designated bytA, 1B, and1C (Figure 2)

which differentiates one from the others essentially in the value

10646 J. AM. CHEM. SOC. = VOL. 125, NO. 35, 2003

(45) Morgan, C. A;; Pilling M. J.; Tulloch, J. Ml. Chem. Soc., Faraday Trans.
21982 78, 1323-1330.
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AE TS3 TS3'
keal mol™! ’

0.0

N Q Q

0—O0-
Figure 7. Schematic energy profiles along an arbitrary reaction coordinate showing the structures invoved in the three different pathways leading to the
1,3-migration in the allylperoxyl radical. Energy values obtained from ZPVE-corrected RCCSD(T)#8=%2dif,2p) total energies.

Table 4. Net Atomic Charges and Atomic Spin Populations Determined from AIM Population Analysis?

net atomic charge atomic spin population
structure C1 C2 C3 04 05 C1l C2 C3 04 05
1A +0.447 -0.029 —0.037 -0.407 —0.181 +0.006 —0.535 +0.571 +0.330 +0.644
TS1 +0.061 +0.002 —0.052 —0.079 —0.149 —-0.415 +0.000 —0.193 +0.856 +0.775
CX —0.060 —0.009 —0.060 —0.013 —0.013 —0.519 +0.094 —0.519 +0.987 +0.987
TS2 +0.144 —0.018 +0.062 —-0.161 —0.243 +0.144 —0.463 +0.498 +0.388 +0.451
TS3 +0.537 —0.024 +0.056 —0.563 —0.255 +0.014 +0.426 —0.080 +0.125 +0.502
2A +0.516 —0.097 +0.519 —0.563 —0.564 +0.000 +0.858 +0.000 +0.007 +0.001

a Calculated by using the effective MP2/6-31G(3df,2p) wave function. Atom numbering refers to Figures62

1,3-Migration in the Allylperoxyl Radical. Three reaction geometry of the complexCX (Figure 4), was characterized as
pathways for the 1,3-migration of the peroxyl unit in allylperoxyl a true minimum on the PES. The main geometrical features of
radical have been found. The most favorable pathway (pathwayCX are the long €O distances (3.128 A) and the insignificant
C in Scheme 1) proceeds through the transition structure structural changes of the allyl radical and dioxygen moieties in
designated byr'S1 (Figure 3). Overall, the geometry dfS1 CX as compared with the separated species. Thus, in forming
optimized at the CASSCF level of theory is similar to that the CX complex, the &C and G-O bonds undergo a
computed at the UMP2 level. Hence, in going from the UMP2 lengthening of only 0.001 and 0.002 A, respectively.
to the CASSCF geometry, the €D4 breaking bond is Figure 8 displays the electron charge density grap@Xfin
lengthened by 0.116 A, whereas the- €12, C2-C3, and 04 the plane containing the two oxygen atoms and the terminal
05 bonds are lengthened by less than 0.03 A. Moreover, the carbon atoms of the allyl moiety. The presence of a bond critical
RCCSD(T) energies calculated farS1 at the geometries  point between atom pairs €004 and C3-O5 indicates the
optimized at the UMP2 and CASSCEF levels of theory differenti- existence of a binding interaction between these atom pairs. The
ate each other by 1.0 kcal/mol (Table 1). AIM population relatively low value of the electron charge densipfrf) =
analysis reveals that the peroxyl moietyTi81 carries an overall 0.0731 e bohrd) and the positive value of the its Laplacian
negative charge of 0.228 e, which is substantially less than the (V2p(rp) = 0.023 e bohr%) and local electronic energy density
corresponding value of 0.588 e IrA (Table 4). (Ee(rp) = 0.0067 hartree boh?) at these bond critical points

The normal mode associated with the single imaginary (Table S4, Supporting Information) indicate that the atom pairs
vibrational frequency offS1 (966) consisted mainly of an  C1-04 and C3-O5 are weakly bound by a closed shell
elongation of the Cx04 distance combined with a rotation of interaction. It is remarkable the large value of the ellipticity of
the O4-05 unit about the Ct0O4 bond. A geometry reopti- the C1-04 and C3-O5 bonds ¢ = 0.4528), which indicates
mization of TS1, slightly modified according to this normal an anisotropic distribution of the electron charge between these
mode with the appropriate sign, led to a structure which appearsatom pairs. According to the net atomic charges calculated for
to be a loosely bound [§Es5 *---O,] complex of Cs symmetry. the C1, C3, 04, and O5 atoms (Table 4), there is a small
The electronic ground-state state of this complex is a doublet accumulation of negative charge within the basin of these atoms.
of A” symmetry, originating from the coupling of tRa, state Moreover, the net atomic charges on the oxygen atoms show
of the allyl radical with the®Z,~ state of Q. The optimized an electron charge transfer of only 0.026 e in the direction
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Figure 8. Contour plot in the C+04—05-C3 plane and graph of the
effective UMP2/6-31%G(3df,2p) electron charge density of the allyl
radical-triplet dioxygen complexCX. Bond critical points are denoted by
squares. The labels of the nuclei that lie in the-@4—05—C3 plane are
bold, and those that do not lie in this plane are open.

allyl — O,. This is consistent with the abovementioned findings
for the benzeneO, complex and again indicates that the
dominant attractive interactions holding in association the allyl
radical and @ partners in the loosely bour@X complex are
due chiefly to dispersion forces.

At the UCCSD(T) level of theoryCX lies at 1.6 kcal/mol
below the sum of the energies of the separated partneirk; C
+ O, (Table 1). At this level of theory, a BSSE correction of
0.8 kcal/mol was calculated with the 6-3tG(3df,2p) basis
set. This BBSE correction leads to a stabilization energy of only
0.8 kcal/mol ofCX toward decomposition into4Els" + O,. At
this point, it is worth noting that the UHF wave function of the
UMP2 and UCCSD(T) calculations with the 6-3&G(3df,2p)

basis set was subjected to very serious spin contamination. Thus

the expected value of th& operator was calculated to be
1.9811, as compared to 0.75 for a pure doublet state. This ca
be taken as an indication of strong nondynamical electron
correlation effects. One may then question the reliability of the
energy calculated fa€X at the UCCSD(T) level of theory. On

the other hand, the RCCSD(T) method cannot be employed for

computing the energy oCX because the reference wave
function cannot be described by a single ROHF determinant.

In principle, a CASSCF approach should take into account the

multiconfiguration character of the reference wave function and
the nondynamical electron correlation effect<CK. However,

since the dominant attractive interactions holding in association

the allyl radical and @partners in th&€X complex arise mainly
from dispersion forces, it is unlikely that the CASSCF method
can provide an adequate description of this complex. In fact,
the geometry reoptimization of structu@X at the CASSCF-
(11,9) level of theory with the 6-3H1G(3df,2p) basis set led
to a five-membered ring structure showing twe-QG bonds of
4.213 A, which lies 0.1 kcal/mol below the energy of the isolated
partners, GHs* + O,. Therefore, an adequate description of the
loosely boundCX complex requires a quantum mechanical

method that can take into account both the dynamical and

nondynamical electron correlation effects. Though the CASPT2
method fulfils these requirements, a geometry optimization at

10648 J. AM. CHEM. SOC. = VOL. 125, NO. 35, 2003
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this level of theory with a large basis set is not currently possible
for a system of the size of structu@X because analytical
CASPT2 energy gradients are not available in the MOLCAS
program package. Therefore, we decided to evaluate the
CASPT2 energy of£X employing the geometry optimized at
the UMP2 level. According to Table 2, at the CASPT2 level of
theory,CX lies at 2.7 kcal/mol below the sum of the energies
of the separated partnersghlz' + O.. At this level of theory,

a BSSE correction of 0.7 kcal/mol was calculated. This BBSE
correction reduces the predicted stabilization energy to 2.0 kcal/
mol. Inclusion in the latter value of a ZPVE correction of 0.7
kcal/mol leadsa a 0 Kstabilization energy of 1.3 kcal/mol of
CX toward decomposition into 4Els* + O,. This predicted
stabilization energy should be considered as a lower value
because the geometry of the complex was optimized at the
UMP2 rather than at the CASPT2 level of theory.

Our best relative energy @X with respect to the energy of
1A (i.e., 20.3 kcal/mol, Table 3) was obtained from the total
energies ofCX and GHs* + O, calculated at the CASPT2/6-
311+G(3df,2p) level, including the BSSE correction, and the
relative energy of gHs* + O, with respect to the energy A
calculated at the RCCSD(T)/6-31G(3df,2p) level. According
to Table 3, theAH,(298 K) for the procesdA — CX is
predicted to be 17.0 kcal/mol. This elementary reaction involves
an enthalpy of activation at 298 K, designatedAif#(298 K),
of 21.7 kcal/mol. Since the transition structure for the formation
of CX from 1A (TS1) and the transition structure for the
formation of the rearranged peroxyl radichh' (TS1) are
degenerate, it is concluded that the overdi¥(298 K) for the
1A — 1A' rearrangement via pathw&y(Scheme 1) is predicted
to be 21.7 kcal/mol.

We have found a transition structure for the concerted
rearrangement dfato 1a (pathwayB in Scheme 1). This five-
membered ring transition structure, designated B¢ (Figure
5), shows an elongated breaking-O bond of 1.777 A and a
long forming G-O bond of 2.048 A. The normal mode
associated with the single imaginary vibrational frequency of
TS2 (519) corresponds chiefly to a shortening of one of these
C—0 bonds and a lengthening of the other one, i.e it leads to
either thelB conformational minimum ofaor to its rearranged
structure {B'). We should point out that Boyd and co-workérs
did not find any transition structure for the concerted rearrange-
ment (pathwayB in Scheme 1) at the UHF/6-31G(d) level. Our
results suggest that a proper description of the transition structure
for the concerted pathway requires the explicit incorporation
of the electron correlation effects in the computational method
employed. Thus, we were not able to compl&2 by using a
UHF wave function with neither the 6-31G(d) nor 6-31G-
(3df,2p) basis sets. On the other hand, by using the spin-
unrestricted version of the configuration interaction with all
single and double excitations (CISB®)and quadratic CISD
(QCISDY" methods, we did locate a transition structure for the
concerted pathwap showing a geometry close to that computed
with the UMP2 method. In clear contrast, several attempts to
locate such a transition structure with the spin-unrestricted
version of the DFT Becke three-parameter hybrid functithal

(46) Pople, J. A.; Seeger, R.; Krishnan,IRL. J. Quantum. Chem. Synt977,
11, 149.

(47) Pople, J. A.; Head-Gordon, M.; Raghavachari,JKChem. Phys1987,
87, 5968.

(48) Becke, A. DJ. Chem. Phys1993 98, 5648.
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combined with the Lee, Yang, and Parr (LYP) correlation
functional?® designated by UB3LYP? were unsuccessful.
Similar failures of the UB3LYP functional were also observed
in recent theoretical studies on the mechanism of the oxidation
of alkyl radicals by @.51.52

The UMP2 and UCCSD(T) calculations show that the energy
of TS2lies below that offS1 (Table 1). However, the RCCSD-
(T) calculations reverse the relative energy ordering asa
is found to be 0.6 kcal/mahoreenergetic thaT'S1. Inclusion
of the ZPVE corrections increases this small energy difference
to 2.9 kcal/mol. According to Table 3, the concerted 1,3-
migration in1A throughTS2 involves anAH¥(298 K) of 23.6
kcal/mol, whereas the two-step 1,3-migration Vil involves
an AH*(298 K) of 21.7 kcal/mol. Therefore, on the basis of the
calculatedAH*(298 K) it can be concluded that pathw@yis
more favorable than pathwdy (Scheme 1) by 1.9 kcal/mol.
Furthermore, this conclusion is confirmed by the Gibbs free
energies of activation at 298 K, designatedA$+(298 K), of
21.0 and 25.7 kcal/mol calculated for pathwa@sand B,
respectively (Table 3).

Finally, we find that the ring closure ofa to give 2a
(pathway A in Scheme 1) proceeds through the transition
structure designated byS3 (Figure 6). This five-membered
ring transition structure shows a shortO bond of 1.426 A
and a long forming €0 bond of 1.976 A. Overall, the
geometry ofTS3is similar to that computed by Boyd and co-
workers at the UHF/6-31G(d) level (structuxein ref 10). A
comparison of AIM population analysis for the cyclic transition
structuresTS3andTS2 reveals that the peroxyl moiety iFS3
carries an overall negative charge of 0.818 e, while in that in
TS2 carries a negative charge of only 0.404 e. THIS3 is
predicted to be more polar thafS2. This prediction is
consistent with the calculated electric dipole moments of 1.57
and 2.90 D folTS2andTS3, respectively (Table S2, Supporting
Information).

Table 5. Solvent Effect on the Energies (kcal/mol) of Selected
Stationary Points on the Ground-State Potential Energy Surface
for the 1,3-Migration in the Allylperoxyl Radical?

structure heptane water
1A —-1.5 -3.0
TS1 —-0.9 —-0.8
CX 0.7 2.8
CsHs* + O 0.0 25
TS2 —-2.1 -39
TS3 —2.7 —6.8
2A —-3.8 -10.8

a Calculated with the PCM method at the UMP2 level of theory with
the 6-311G(3df,2p) basis set using the geometries optimized in gas phase
at the UMP2/6-31+G(3df,2p) level.

central carbon atom (C2) and that the peroxyl group carries an
overall negative charge of 1.127 e (Table 4). Thus, in passing
from the peroxyllA to the dioxolanyl radical intermediaA,
the overall negative charge carried by the peroxyl moiety
increases by 0.539. ¢However, the electric dipole moment
increases by only 0.08 D (Table S2, Supporting Information).
Therefore, both free radicals show a similar polar character.
The UMP2 calculations predict the ring closurd — 2A to
be exoergic by 3.1 kcal/mol (Table 1). However, the RCCSD-
(T) calculations indicate that this reaction is slightly endoergic.
Further, theAH(298 K) for the ring closurelA — 2A is
predicted to be 2.6 kcal/mol (Table 3). At the UMP2/6-313-
(3df,2p) level, TS3lies 43.2 kcal/mol abov&A (Table 1). This
potential energy barrier is 2.9 kcal/mol higher than that obtained
by Boyd and co-workers from UMP2/6-31G(d,p) calculations
employing UHF/6-31G(d) optimized geometrigsAccording
to Table 3, the formation o2A via TS3 involves aAH¥(298
K) of 33.9 kcal/mol. Therefore, the sequence of ring closure
la— 2aand ring openin@a— 1& (pathwayA in Scheme 1)
is unlikely to play any significant role in the allylperoxyl
rearrangemerta— 1d. This result is in agreement with most
experimental studi€s’ and Boyd's previous theoretical study.
Solvent Effects on the 1,3-Migration in the Allylperoxyl

The atomic displacements associated to the one imaginaryragical. To investigate the possible solvent-induced changes

vibrational frequency of S3 (964) is dominated by a lengthen-
ing (or shortening) of the C305 distance. A geometry
reoptimization of TS3, slightly modified according to this
normal mode with the appropriate sign, led to a puckered
nonsymmetric C,) five-membered ring structure, designated by
2A (Figure 6), which turns out to be the lowest energy
conformation of dioxolanyl radicaRa. We explored other
conformational possibilities foRa. Besides structur@A, we
have found a structure witl@, symmetry, designated b3B,

and another structure witlls symmetry, designated bgC
(Figure S2, Supporting Information). At the RCCSD(T) level
of theory, the energy d?B is calculated to be only 0.001 kcal/
mol higher than that oRA, whereas the energy &C is
calculated to be higher than that2A by 4.5 kcal/mol (Tables
S2 and S3, Supporting Information). However, structiZBs
and2C are not true energy minima on the conformational PES

on the preferred pathway for the 1,3-migration in the allylper-
oxyl radical, the solvent effects were introduced within the self-
consistent reaction field (SCRF) formalism by means of the
polarized continuum model (PCM) of Tomasi et5alas
implemented in GAUSSIAN 98. All SCRF calculations were
carried out at the UMP2 level of theory with the 6-31G-
(3df,2p) basis set using optimized gas-phase molecular geom-
etries computed at the same level of theory. Despite the fact
that the allylperoxyl radical rearrangements are experimentally
performed in nonpolar aprotic solvents, two different continuum
environments characterized by relative dielectric permittivities
of 1.92 (heptane) and 78.39 (water) were considered to explore
the influence of increasing the dielectric permittivity on the
potential energy barrier of the different reaction pathways
studied.

The solvent effect on the energies of the most relevant

because a vibrational analysis revealed that both structures havgyationary points of the ground-state PES for the 1,3-migration

one imaginary frequency. AIM population analysis indicates that
in structure2A the majority of the spin density resides at the

(49) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785

(50) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. Bhys. Chem.
1994 98, 11623.

(51) Bofill, J. M.; Olivella, S.; Sole, A.; Anglada, J. Ml. Am. Chem. Soc.
1999 121, 1337-1347.

(52) Olivella, S.; Bofill, J. M.; Sole, AChem—Eur. J. 2001, 7, 3377-3386.

in 1a, evaluated as the difference between the total energies
calculated in the solvent and in the gas phase, are summarized
in Table 5. In the three pathways investigated, it is found that

the energies of the corresponding transition structures are lower

(53) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981 55, 117. (b)
Miertus, S.; Tomasi, hem. Phys1982 65, 239. (c) Tomasi, J.; Persico,
M. Chem. Re. 1994 94, 2027.
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in heptane solution than in the gas phase. This energy loweringometries and harmonic vibrational frequencies determined at
is, however, rather small foFS1. Thus, whileTS3 and TS2 the UMP2/6-31%G(3df,2p) level, the allylperoxyl rearrange-
undergo an energy stabilization of 2.7 and 2.1 kcal/mol, ment proceeds by fragmentation @& through a transition
respectively, the energy afS1 is lowered by only 0.9 kcal/  structure,TS1, to give an allyl radicattriplet dioxygen loosely
mol. Nevertheless, since the difference betweenAts(298 bound complexCX. In a subsequent step, the triplet dioxygen
K) calculated for the pathways through the transition structures moiety of CX recombines at either end of the allyl radical
TS1andTS2 (i.e., pathway< andB in Scheme 1) is 4.7 kcal/  moiety to convert the complex to the rearranged peroxyl radical
mol (Table 3), it is unlikely that in nonpolar aprotic solvents (1&) or to revert to the starting peroxyl radickh (pathwayC
the larger stabilization of 1.2 kcal/mol evaluated 82, as in Scheme 1). The overalhH¥*(298 K) of this pathway is
compared toTS1, may reverse the predicted preference of calculated to be 21.7 kcal/mol.
pathwayC over pathwayB in the gas phase. (2) The loosely bound compleX shows two long €O
In aqueous solution, an energy lowering is found also for distances of 3.128 A and an electron charge transfer of only
the three transition structurésS1, TS2, and TS3. Again the 0.026 e in the direction allyl~ O,. The AH(298 K) for
largest energy lowerings are found f683 (6.8 kcal/mol) and dissociation of2X in its isolated partners, allyl radical and triplet
TS2 (3.9 kcal/mol), whereas the stabilization 061 (0.8 kcal/ dioxygen, is predicted to be at least 1 kcal/mol. The dominant
mol) appears to be very small. When the high polarity of water attractive interactions holding in association the allyl radical
is taken into account, these findings can be rationalized in termstriplet dioxygen pair inrCX are due chiefly to dispersion forces.
of the increase in the charge separation between the peroxyl (3) The observed high degree of stereoselectivity of the
and allyl moieties in the transition structuré$1, TS2, and rearrangement results from the formation of @¥ complex,
TS3. Thus, according to the net atomic charges displayed in which prevents the diffusion of the allyl radical and triplet
Table 4, the overall negative charge carried by the peroxyl dioxygen partners and maintains the stereocontrol along the
moiety increases in the ordd@iS1 (0.228 e)< TS2 (0.404 e) fragmentatior-recombination processés.
< TS3(0.818 e). In this regard, it is worth noting that the energy ~ (4) The concerted 1,3-migration in the allylperoxyl radical
of complexCX in both the gas phase and heptane solution is (pathwayB in Scheme 1) is predicted to take place through a
predicted to be lower than in water. This result is consistent five-membered ring transition structufeS2, showing two long
with the small negative charge of 0.026 e residing in the C—O bonds. Though the potential energy calculated®® is
dioxygen unit ofCX (Table 4). Again, it is not expected that 0.4 kcal/mol lower than that calculated 861, the AH*(298
the larger stabilization of 3.1 kcal/mol found farS2, as K) determined for pathway$8 and C indicates that the
compared tar'S1, in aqueous solution may compensate for the fragmentatior-recombination pathwa§ is more favorable than
larger difference iMG*(298 K) of 4.7 kcal/mol calculated for  the concerted pathwa® by 1.9 kcal/mol.
the first transition structure. In conclusion, it is very unlikely (5) The cyclization of the allylperoxyl radical to produce a
that the solvent effects may reverse the predicted preference ofdioxolanyl radical intermediat&a, is found to proceed through
pathwayC over pathwayB in the allylperoxyl rearrangement.  a five-membered ring transition structuiie$3, showing a long
C—O bond. Since theAH¥(298 K) for this cyclization is
calculated to be 33.9 kcal/mol, it is concluded that the sequence
In this paper, we have investigated by means of quantum of ring closurela— 2aand ring openin@a— 1a (pathway
mechanical electronic structure calculations the three pathwaysA in Scheme 1) is unlikely to play any significant role in the
most often suggested for 1,3-migration of the peroxyl group in allylperoxyl rearrangemertta — 14.
the allylperoxyl radical,1a, a key reaction involved in the (6) In the three pathways investigated, the energies of the
spontaneous autoxidation of unsaturated lipids of biological corresponding transition structures are predicted to be somewhat
importance. The following points emerge from this investigation: lower in both heptane and aqueous solution than in the gas
(1) According to the barrier heights calculated from RCCSD- phase. Despite that the energy lowering calculatedrst is
(T)/6-311+G(3df,2p) energies with optimized molecular ge- smaller than the calculated f&S2 andTS3, it is very unlikely
that the solvent effects may reverse the predicted preference of

(54) In relation to the interpretation of the experiments that describe the pathwayC over pathwaysB andA in the gas phase,
stereochemical transfer of chiriality in the allylperoxyl rearrangement, an .
anonymous referee has raised the question of whether calculations on the Acknowledgment. This research was SUpported by the
diference in energy of the compleBX having a methyl subsiituent on _ Spanish DGICYT (Grants PB98-1240-C02-01, BQU2002-

in the two possible orientations (i.e., pseudo trans and pseudo cis to .

the C2-C3 bond) would explain the overall stereochemical outcome. To 04485-C02-01, and BQU2002-04485-C02-02). Additional sup-
investigate this interesting point, we have carried out preliminary calcula- ;
tions on the relative energies of the pseudo trans and pseudo cis methyl port Came from C‘Tﬂalon_lan _C'R'T (Grant 2001SGR00048)'
substituted comple€X. At the UMP2 level of theory with the 6-3#G- Calculations described in this work were performed on a
(2df,p) basis set, including the ZPVE correction, the pseudo trans : f f
conformation turns out to be 0.5 kcal/mol less energetic than the pseudo HP9000 J282 workstation at the University of Barcelona and
cis one. This results account for two important experimental facts (ref on the CPQ AlphaServer HPC320 at the Centre de Supercom-
12b): (1) while the allylperoxyl rearrangement is highly stereoselective, I
the rearrangements starting from an allylperoxyl radical having a cis putaciode Catalunya (CESCA).
substituent in the double bond occur with les stereoselectivity than Supporting Information Available: Cartesian coordinates of
rearrangements proceeding from an allylperoxyl radical having a trans . . ..
substituent, and (2) rearrangements across a trans double bond occur moréll Structures reported in this paper, Tables-S# summarizing
readily than rearrangements across a cis double bond. Following another i -nOi ; i i i i
interesting suggestion by the same anonymous referee, we have carriedwt"JII energies, Zer_o point Vlbr_atlonal energle.sf, elecmc d|p0|e
out additional calculations on the relative energies of the com@héx moments, topological properties of bond critical points, and
having a methyl substituent on both C1 and C3 in the three possible [; it i i f i
orientations (i.e., transtrans, transcis, and cis-cis). At the UMP2/6- Flgurgs S1and S2 of addltlpnal Statlonary pomts. This material
311+G(2df,p) plus ZPVE correction, the relative energies of these structures is available free of charge via the Internet at http://pubs.acs.org.
are found to be 0.0, 0.5, and 3.7 kcal/mol, respectively. Therefore, these
results nicely agree with the aforementioned experimental findings. JAO030171E
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