I. Introduction

The methoxy radical (C§D") plays a key role in chemical
reactions important in both atmospheric and combustion envi-
ronments. Under atmospheric conditions the b1 is oxidated
by molecular oxygen (& 3%5") forming formaldehyde (CkD)
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Abstract: The mechanism of the G + O, reaction in the gas phase leading to LOH- HO,* was studied

by using high-level quantum mechanical electronic structure calculations. The CASSCF method with the 6-311G-
(d,p) basis set was employed for geometry optimization of 15 stationary points on the ground-state potential
energy reaction surface and computing their harmonic vibrational frequencies. These stationary points were
confirmed by subsequent geometry optimizations and vibrational frequencies calculations by using the CISD
and QCISD methods with the 6-31G(d) and 6-311G(d,p) basis sets. Relative energies were calculated at the
CCSD(T) level of theory with extended basis sets up to cc-pVTZ at the CASSCF/6-311G(d,p)-optimized
geometries. In contrast to a recent theoretical study predicting an addition/elimination mechanism forming the
trioxy radical CHOOO as intermediate, the oxidation of @BF by O, is found to occur by a direct H atom
transfer mechanism through a ringlike transition structur€aymmetry. This transition structure shows an
intermolecular noncovalent-@0 bonding interaction, which lowers its potential energy with respect to that

of a noncyclic transition structure by about 8 kcal/mol. The 1,4 H atom transfer OB is not accompanied

by HO,* elimination but leads to the trioxomethyl radic@H,OOOH via a puckered ringlike transition structure,

lying 50.6 kcal/mol above the energy of the reactants. The direct H atom transfer pathway is predicted to
occur with an Arrhenius activation energy of 2.8 kcal/mol and a preexponential factor of 3:5788
molecule cris ! at 298 K. Inclusion of quantum mechanical tunneling correction to the rate constant computed
with these parameters leads to a rate constant 0k2L@1°> molecule* cm?® s~ 1 at 298 K, in good agreement

with the experimental value of 1.2 10715 molecule’* cm® s,

the latter radical, leading to fragmentation into £H+ HO,",
CH,000H — CH,O + HO,' 4)

and (c) by concerted elimination of HGrom the intermediate

and hydroperoxy radical (H9). There are at least three possible 54ical1 formed by addition of CHO" to O, (eq 2)
pathways for this reaction: (a) by bimolecular hydrogen

abstraction through a direct transfédraoH atom from CHO" CH,000 — CH,O + HO," (5)

to O

These reaction pathways are shown in Scheme 1, witgte-
CH,O" + O, — CH,0 + HO, Q) TS5 denote the transition states involved in egs5] respec-
tively. Which of these routes is responsable for,OHormation

(b) by radical addition of CKD" to O, forming the methyltrioxy at low temperatures remains an issue of discussion.

radical CHOOQ (1) as intermediate

which might undergo an intramolecular 1,4-hydrogen shift,
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and subsequent homolytic cleavage of the central OO bond of
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Scheme 1
TSI
CH:0° +0, — CH,0 + HO,
TS2 2 TS4
TS3
CH;000° ——  *CH,000H
1 2

Several investigatofs® reported rate constant measurements

for reaction eq 1, covering a temperature range of approximately
300-970 K. From these measurements the Jet Propulsion

Laboratory Publication 94-2thas recommended the parameters
A= 3.9 x 10 cm?® molecule’! s~ and E/R = 900 & 300

for the thermal Arrhenius expression of the rate constant for

the reaction of CHO* with O,. Lorenz et al. have observed
that the smallA-factor for this reaction rules out a noncyclic

transition state such as that expected for a conventional direc

bimolecular H-abstraction reaction eq 1, referred toT&#\,

0
/
/o ------ HooCo,
0 H
TSA

because the correspondiAgfactor is expected to be in the range
(3—6) x 10713 cm® molecule! s71.19|n discussing their results
of the kinetic study for the reaction of isopropoxy radical
((CH3).CHO) with O,, Balla et al'! have rationalized the small
A-factors measured for H transfer from alkoxy radicals to O

Bofill et al.

energetic profiles of pathways (a) and (c) were calculated by
using G2M(RCCY and CBS-QCI/APN® model chemistries.
The G2M(RCC) calculations were performed at the geometries
of stationary points (minima and saddle points) located on the
PES using the hybrid density functional theory method known
as B3LYP, i.e., Becke’s three parameter nonlocal-exchange
functional® with the nonlocal correlation functional of Lee,
Yang, and Par#? employing the d,p-polarized triple split-valence
6-311G(d,p) basis s&twith Cartesiand functions. The CBS-
QCI/APNO calculations were carried out at the geometries
optimized by using quadratic configuration interaction with the
single and double excitations (QCISD) metH#8dased on a
reference spin-unrestricted single determinant, employing the
6-311G(d,p) basis set with spherical harmashicnctions. The
298 K barrier height for path (a) was found to be 11.5 (14.8)
kcal/mol at the G2M(RCC) level (CBS-QCI/APNO value in
parentheses). Along path (c), the Bi@limination from the cis
isomer of1 was found to take place via a ringlike transition

(State with a barrier of 1.3 (8.5) kcal/mol. A schematic drawing

of this transition state, referred to @SB (transition structure

2.117
-------- 0]

1220 | 138.9 \14287
Ve ,-C"'HIH

.H.’
1447 70 1.244 ¥y
TSB

TS4 in ref 16) is depicted below (distances in A and angle in
deg). Accordingly, Jungkamp and Seinfeld concluded that
oxidation of CHO- is likely to occur by an addition/elimination
mechanism formind. as the intermediate rather than by direct
H-abstraction. However, pathway (b), involving the intramo-

in terms of a tight transition state. As has been noted recently lecular 1,4-hydrogen shift— 2, was not reported in their paper.

by Wu and Caf?in their kinetic study of the reaction of CFEI
CH,O* with O, the transition state theory predicts that cyclic
transition structures can accommodatéactors even smaller
than 104 cm® molecule? s71, since the formation of a five-

At this point it is worth noticing that Schaefer and co-
workerg?® have very recently reported a theoretical study on
the mechanism of the oxidation of the ethyl radical ¢€CH")
by O, forming ethene (CkCH,) and HQ". Using the B3LYP

membered ring transition structure from an intermediate trioxy Method with a triple plus double-polarization plus f functions
radical CFCJCH,000 requires an entropy change of about (TZ2Pf) basis set they found two distinct but energetically

—13 cal deg® mol~! and causea 3 order of magnitude decrease
of the A-factor from the normal value. On the other hand, using
group additivity rule¥® Hartman et al* have estimated that
formation of CHCH,OOO from CH;CH,O* and G is suf-
ficiently endoergic to rule out the formation of an intermediate

proximate intramolecular hydrogen-transfer transition structures
on the ground-state PES of the gEH,* + O, reaction. One

of the transition structures corresponds to the transition state
for the concerted H@ elimination in the ethylperoxy radical
(CH3CH,00), a reaction analogous to that of eq 5, while the

bound complex with a tight transition state. However, a recent Other transition structure corresponds to the transition state for

ab initio study® by Jungkamp and Seinfeld has shown that the

group additivity scheme significantly overestimates the enthal-

pies of formation of trioxy radicals.
To elucidate the mechanism by which &M+ HO. is

the 1,4-hydrogen shift in C¥H,OO leading to the hydro-
peroxyethyl radical *‘CH,CH,OOH). Since CHO* and CH-
CH, as well as CHO and CHCHy, are isoelectronic molecules,
one would expect similar pathways for the oxidation of;OM

formed and ascertain the nature of the transition state involved,@nd CHCHz* by O, forming CHO and CHCH,, respectively.
there is a need for rigorous quantum-chemical calculations of Accordingly, it is likely that a pathway for the 1,4-hydrogen

the potential energy surface (PES) of theOrH O, reaction.

shift in 1 leading to2 also exists on the ground-state PES of

To date the only theoretical study focused on this PES seemsthe CHO" + O reaction. To investigate this possibility, we

to be one recently reported by Jungkamp and Seirfelthe

(10) Zabarnick, S.; Heicklen, Jnt. J. Chem. Kinet1985 17, 455.
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indicated that the intermediate radi@ak not a stationary point

on the PES, while complete active space self-consistent field
(CASSCF¥* calculations with the latter basis predicttb be

a local minimum. Furthermore, an intrinsic reaction coordinate
(IRC)? calculation at the B3LYP/6-31G(d,p) level showed that
the ringlike transition structur€SB is connected to a hydrogen-
bonded [CHO---HOC] complex in the forward direction and

to a loosely bound [CED*---O,] complex, rather than to the
intermediatel, in the reverse reaction. Therefore, the reaction

. . . 3y -
mechanism conclusions of Jungkamp and Seinfeld were ques-92 (Zg)

tioned by these results.
In an attempt to clarify how CkO* is oxidated by Qin the

gas phase, here we present the results of our theoretical

investigation. Specifically, we report a complete characterization
of 15 stationary points on the ground-state PES of the@H
+ O reaction, including predictions of geometrical structures,
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carbon sp hybrids

harmonic vibrational frequencies, absolute entropies, and relativeScheme 3

energies of minima and transition structures. Energy differences
between the direct H atom transfer and stepwise addition/
elimination mechanisms are obtained and rationalized in terms
of the structural features shown by the radical intermediates
and transition structures involved. Finally, the Arrhenius

parameters and rate constant for the rate-determining step of

the energetically preferred pathway are compared with the
available experimental data.

Il. Electronic Structure Considerations

Experimental studies of its electronic and vibrational spectra
have established that the electronic ground state ofC€Has
Cs, molecular symmetry and corresponds to a degenétate
state?® The Jahr-Teller theorem predicts that the equilibrium
geometry of CHO" will distort to a geometry of lower symmetry
wherein the degeneracy will be removed. In fact, previous ab
initio electronic structure calculatiofis®° have found a small
energy lowering (0.350.63 kcal/mol) when the geometry of
the electronic ground statéE undergoes its JahiTeller
distortion from C3, to Cs, symmetry leading to a stable
nondegenerate ground st&®'. Scheme 2 shows a diagram-

¢is-CH;000°" (A"

If reaction 1 takes place through direct H-abstraction witBin
symmetry, with the @in-plane, it would initially be assumed
the H atom transfer arises simply from the interaction of the 1s
orbital of the in-plane H atom of C3®* with the singly occupied
in-planex* component of Q. Then it is apparent from Scheme
2 that the ground state of the reactar®&’() correlates with
the2A"" ground state of the products, originating from a coupling
of the2A" state of H®® with the 1A, state of CHO. Therefore,
it can be concluded that the direct H-abstraction mechanism of
reaction 1 is symmetry-allowed and corresponds to an adiabatic
process on the ground-state PES of thesGH+ O, reaction.
Recent ab initio quantum-chemical calculatitni§-32have
shown that the methyltrioxy radicdl exhibits two distinct

matic representation of the electronic structure of the reactantsminima on the’A" electronic ground-state PES corresponding

and products for reaction eq 1 assuming that them®lecule
abstracts the H atom of GB lying in the molecular symmetry
plane. Following the convention of Goddard efahere we

to the cis and trans conformal stereocisomer€gsymmetry.
The G2M(RCC) and CBS-APNO formalisms predict the trans
isomer to be 1.14 and 0.97 kcal/mol, respectively, higher in

have ignored the core orbitals, 1s for carbon, 1s and 2s for €nergy than the cis isomer. Scheme 3 depicts a diagrammatic
oxygen, which are tightly bound and remain relatively un- representation of the electronic structurece1 with the in-
changed as the atoms are brought together to form the moleculeslane H atom directed toward the terminal O atom. As seen in
See Scheme 2 for orbital designations. Dots indicate the numberScheme 3, the unpaired electroncgg-1 is localized on an out-

of electrons in each orbital and tie lines indicate the coupling
of two singly occupied orbitals into a bonding pair.

At infinite separation the lowest electronic state of the
reactants system is a doublet of Aymmetry, originating from
a coupling of the?A' state of CHO* with the 3%y~ state of Q.

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

(25) (a) Fukui, K.Acc. Chem. Resl981 14, 363. (b) Ishida, K.;
Morokuma, K.; Kormornicki, AJ. Chem. Physl977 66,2153. (c) Schmidt,
M. W.; Gordon, M. S.; Dupuis, MJ. Am. Chem. Sod.985 107, 7, 2585.

(26) Liu, X.; Damo, C. P.; Lin, T.-Y. D.; Foster, S. C.; Misra, P.; Yu,
L.; Miller, T. A. J. Phys. Chem1989 93, 2266.

(27) Yarkony, D. R.; Schafer, H. F., lll; Rothenberg, 5.Am. Chem.
Soc.1974 96, 656.
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R. J.J. Chem. Phys1982 76, 4144.
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845.

(30) Page, M.; Lin, M. C.; He, Y.; Choudhury, T. K. Phys. Chem.
1989 93, 4404.

(31) Goddard, W. A., Ill; Dunning, T. H.; Hunt, W. J.; Hay, P.Acc.
Chem. Res1973 6, 368.

of-plane 2p orbital of the terminal O atom. This key feature
strongly suggests that the 1,4-hydrogen shift 2 should take
place via a puckeredX symmetry) ringlike transition structure

to allow the interaction between the 1s orbithlaoH atom of

the CH group and the singly occupied 2p orbital of the terminal
O atom. However, if one assumes that prior to the 1,4-hydrogen
shift in cis-1 the central OO bond is stretched until the two
electrons forming this bond become uncoupled, the electronic
structure oftis-1 may be depicted as a combination of the two
valence bond structures shown in Scheme 4. In this situation
the 1s orbital of the in-plane H atom can interact with the singly
occupied in-plane 2p orbital of the terminal O atom forming a
planar Cs symmetry) ringlike transition structure such'B6SB
leading to CHO plus HQ*. However, when the central OO
bond incis-1is partially broken, the direct dissociation@$-1

into CH;O* + Oy, rather than the H-transfer process, would also
be possible.

(32) Vicent, A.; Hillier, I. H.J. Phys. Chem1995 99, 3109.
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Scheme 4 electrons excluded from correlation treatment (frozen core approxima-
tion), employing the 6-31G(d) and 6-311G(d,p) basis sets.
; To incorporate the effect of dynamical valence-electron correlation
B B 0 on the relative energy ordering of the stationary points located at the
CASSCF/6-311G(d,p) level, we carried out single-point (frozen core)
¢ 0 coupled-clustéf calculations including all single and double excitations,
T S ’ based on a reference UHF single determinant, together with a
iy (OOG XD e . - i
.:Q @j\” ! % @/QD\H perturbative treatment of all connected triple excitatté(&CSD(T)).
To establish that our results were converged with respect to the basis
) ) set, the CCSD(T) calculations were carried out with the 6-311G(d,p),
l1l. Methods and Computational Details 6-311+G(d,p)'s (which includes a single additional difusse sp shell on
The geometries of the relevant stationary points on thes{@HM heavy atoms only), 6-3HG(3df,2py* (which includes triple d-
ground-state PES were initially optimized by using the spin-unrestricted Pelarization and a single additional f-polarization on hea’vy atoms and
Hartree-Fock (UHF) version of the self-consistent field (SCF) mo- double p-polarization on hydrogen atoms), and Dunning’s correlation-
lecular orbital (MO) methot with the d-polarized split-valence 6-31G-  consistent polarized valence tripletcc-pVTZ) basis set& Finally,
(d) basis sé¢ employing analytical gradient proceduf&&8 All these total energies for relevant stationary points were also evaluated from
ab initio calculations were performed with the GAUSSIAN 94 program  Partially spin-adapted CCSD(T) calculations based on a restricted open-
packagé’ shell Hartree-Fock reference determinant (RCCSD{YJo accomplish
The UHF wave function of several calculated transition structures 1€ SPin co_ntan;ination problem in spin-unrestricted coupled-cluster
(i.e., TS1-TS4) was subjected to very serious spin contaminat@n, ~ Wave functions® The cc-pVTZ basis set was used in the latter
ranging from 0.814 to 1.564 as compared to 0.75 for a pure doublet calculations. The CISD, QCISD, and CCSD(T) calculations were carried
state. This can be taken as an indication of strong nondynamical electronUt With the GAUSSIAN 94 program, whereas the MOLPRO®96
correlation effects. One may then question the reliability of the Program package was employed for the RCCSD(T) calculations.
geometries calculated at the UHF level of theory for these structures, ~ 2€r0-point vibrational energies (ZPVEs) were determined from
Accordingly, all the geometries (minima and saddle points) were harmonic vibrational frequencw;s calculated at the CASSCF/6-311G-
reoptimized by use of multiconfiguration SCF (MCSCF) wave functions (d:P) level. Our best total energies&K correspond to the sum of the
of the CASSCF clagé with the 6-311G(d,p) basis set employing ~RCCSD(T)/cc-pVTZ energy and ZPVE correction. Thermal energy
analytical gradient proceduré® The complete active spaces were (1E) corrections and absolute entropi were obtained, assuming
selected following the procedure recently suggested by Anglada andideal gas behavior, from the harmonic frequencies and moments of

Bofill, 3 based on the fractional occupation of the natural orbitals Nertia by standard metho83A standard pressure of 1 atm was taken

generated from the first-order density matrix calculated from an initial N the Scalculations. The TE correction to the RCCSD(T)/cc-pV¥Z.
multireference single- and double-excitation configuration interaction 2P VE energy was evaluated as a sum of the translational and rotational
(MRDCI) wave function correlating all valence electrons. All CASSCF ~ energies at the absolute temperafli@nd the change in the vibrational

geometry optimizations were carried out by using the GAMESS system €N€rgy in going from 0 tof K. The activation energyE,) and
of programs® preexponential factorA) of the thermal Arrhenius expression of the

All the stationary points were characterized by their harmonic second-order rate constant for reaction eq 1 were calculated by the

vibrational frequencies as minima or saddle points. The harmonic following relations:
vibrational frequencies were obtained by diagonalizing the mass-

weighted Cartesian force constant matrix calculated analytically at the E,= AEf +RT (6)
CASSCF/6-311G(d,p) level by using GAUSSIAN 94. Connections of
the transition structures between designated minima were confirmed A= (€KT/h) exp(ASc*/R) 7

in each case by IRC calculatidfst the latter level of theory by using

h - Igorith f | hfégeipl
itnteo ngodgsosrd%tﬁ %O;'tte; s?z eGOOanZ ig Zbgggﬁf fegeiplemented where AE* and AS* are the energy and entropy (for standard states

expressed in concentration units) changes between the reactants and
the transition structure of the rate-determining sk the ideal gas
constantk is the Boltzmann constant, ahds the Plank constan\E*

was calculated as follows:

To asses the reliability of the CASSCF results, the geometries and
harmonic vibrational frequencies of the most relevant stationary points
were also calculated by using the configuration interaction with all
single and double excitations (CISBand quadratic CISD (QCISB)
methods, based on a reference UHF single determinant, with core

AEF = V¥ + AZPVE + AE(T) (8)
(33) Pople, J. A.; Nesbet, R. K. Chem. Physl954 22, 571.
56,(352)5(7@(?)(3 Eger’”:’g};ﬁ” B'_t%h'f;'%gb:z"‘ E %ﬂg’oi' é\r.]%\.e?dglhg%%z’ whereV* is the potential energy barrier (calculated at the RCCSD(T)/
213 cc-pVTZ level) andAZPVE andAE(T) are the differences between
(35) Schlegel, H. BJ. Comput. Cheml982 3, 214. the transition state and reactant ZPVE and TE corrections, respectively.
(36) Bofill, J. M. J. Comput. Chenl994 15, 1. ASF was calculated by the following relation:

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keitth, T. A.; Petersson,  (43) For a review, see: Bartlett, R. J. Phys. Chem1989 93, 1967.
G. A,; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, (44) Raghavachari, K.; Trucks, G. W.; Pople. J. A.; Head-Gordon, M.
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, A.; Chem. Phys. Lettl989 157,479.
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; (45) Frisch, M. J.; Pople, J. A.; Binkley. J. $.Chem. Phys1984 80,
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; 3265.
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-  (46) Dunning, T. HJ. Chem. Phys1989 90, 1007.

Gordon, M.; Gonzalez, C.; Pople, J. &AUSSIAN 94 Gaussian, Inc.: (47) Knowles, P. J.; Hampel, C.; Werner, H.dJ.Chem. Phys1993
Pittsburgh, PA, 1995. 99, 5219.

(38) (a) Baker, JJ. Comput. Chenl986 7, 385. (b) Baker, JJ. Comput. (48) (a) Purvis, G. D.; Bartlett, R. J. Chem. Physl982 76, 1910. (b)
Chem.1987, 8, 563. Hampel, C.; Peterson, K. A.; Werner, H.Qhem. Phys. Lett1l992 190,

(39) Anglada, J. M.; Bofill, J. MTheor. Chim. Actdl995 92, 369. 1. (c) Deegan, M. J. O.; Knowles, P.Qhem. Phys. Letll994 227, 321.

(40) Schmidt, M. W.; Baldrige, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, (49) MOLPRO 96: Werner, H.-J.; Knowles, P. J. with contributions from
M. S.; Jensen; J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus, Almléf, J.; Amos, R. D.; Berning, A.; Deegan, M. J. O.; Eckert, S. T.;
T. L.; Dupuis, M.; Montgomery, J. AJ. Comput. Chenil993 14, 1347. Elbert, S. T.; Hampel, C.; Lindh, R.; Meyer, W.; Nicklass, A.; Peterson,

(41) (a) Gonzalez, C.; Schlegel, B. Chem. Phys1989 90, 2154. (b) K.; Pitzer, R.; Stone, A. J.; Taylor, P. R.; Mura, M. E.; Pulay, P.; Schuetz,
Gonzalez, C.; Schlegel, B. Phys. Chem199Q 94, 5523. M.; Stoll, H.; Thorsteinsson, T.; Cooper, D. L.

(42) Pople, J. A,; Seeger, R.; Krishnan,IR. J. Quantum Chem. Symp. (50) See, e.g.: McQuarrie, [tatistical MechanicsHarper and Row:

1977, 11, 149. New York, 1986.



Methoxy Radical Oxidation by £On the Gas Phase J. Am. Chem. Soc., Vol. 121, No. 6, 19881

ASF=AS +RINRT) )

1.253

where AS' is the entropy change for standard states expressed in s | a2
pressure units an® the ideal gas constant in liter atmosphere units, 2
that is, 0.082 L atm/(meK). "\(22_;5122)‘\~
Tunneling correction to the rate constant was calculated by zero- 73 | .
order approximation to the vibrationally adiabatic PES model with zero (103.1)
curvature’® In this approximation the tunneling is assumed to occur
along a unidimensional minimum energy path. The potential energy o il
curve is approximated by an unsymmetrical Eckart potential energy (1346
barrieP? that is required to go through the ZPVE corrected energies of
the reactants, transition state, and products. The equations that describe
the Eckart potential energy function were adapted from Truong and TS1(Co) TSI (Cy)
Truhlar® Solving the Schroedinger equation for the Eckart function Figure 1. Selected parameters of the CASSCF/6-311G(d,p) optimized
yields the transmission probability(E). The tunneling correction,  geometries of the transition structur@$S( andTST') for direct H atom
I'*(T), is obtained as the ratio between the quantum mechanical andtransfer from CHO® to O,. The QCISD/6-311G(d,p) optimized geo-
the classical rate constants calculated by integrating the respegtve metrical parameters are given in parentheses. Distances are given in
over all possible energies: angstroms and angles in degrees.

. _exp((AV*+AZPVE)/kD ) E q 0 (d,p) and QCISD/6-311G(d,p) electron charge densities, are
(M = kT j; ex;{— ﬁ) «(E)dE (10) given in Table 2 and Table S4 (Supporting Information),
respectively. Finally, the net atomic charges of the most relevant
To examine the characteristics of the bonding and interactions in structures calculated from Bader Population Analysis at the
the most relevant structures we have also performed an analysis of thecASSCF/6-311G(d,p) and QCISD/6-311G(d,p) levels are avail-
electronic charge density within the framework of the topological theory able as Supporting Information (Tables S5 and S6).
of atom in molecules (AIM) making use of the PROAIM and A. Direct H Atom Transfer Mechanism. Reaction 1 is

EXTREME programs of Bader et &l.and the MORPHY 97 pro- . .
grams?* The first-order electron density matrix obtained from the predicted to be exoergic by 26.5 kcal/mol at the RCCSD(T)/

CASSCF/6-311G(d,p) wave function and thedensity matrix deter-  CC-PVTZ level of computation. Inclusion of the ZPVE and TE
mined from QCISD/6-311G(d,p) gradient calculatinsere used in corrections leads to an energy of reaction-&6.6 and—26.3
this analysis. The theory of AIM has been reviewed in a monogfaph kcal/mol at 0 and 298 K, respectively. The latter value is in

and in a recent review. excellent agreement with theH, of —26.2 kcal/mol at 298 K
. . obtained from experimentaiH;.5°
IV. Results and Discussion We have found two transition structuresS1 and TSY

Selected geometrical parameters of the CASSCF/6-311G(d,p)-(Figure 1), for direct H atom transfer from G to O,. Both
optimized structures of all reactants, products, intermediates, "aveCs symmetry and correspond to the low@At' electronic
and transition states are shown in Figure1For the purpose ~ State. TS1 and TST' differentiates one from the other in the
of comparison, the geometrical parameters of the structuresfollowing conformations: TS1, with the OO bond in theeis
optimized at the QCISD/6-311G(d,p) level are given in paren- Position toward the CO bond, afiST', with the OO bond in
these$® Some of these QCISD/6-311G(d,p)-optimized struc- the trans posmon_. Ir_1 _both transition structures the C2H104
tures (i.e.;TS1, TS, TS2, TSGT, trans-d, andcis-1) have angle de_vlates significantly from the expected value 0f°180
been reported previousk.Relative energies calculated at the for a typical H atom transfer fra a C atom to an O atom.
CCSD(T) level of theory with different basis sets are given in Although the geometrical parameters computed at the CASSCF
Table 1. In addition, Table 1 includes the ZPVEs, as well as @nd QCISD levels of theory fofS1andTS1' are qualitatively
the TE corrections and absolute entropies calculated at 298 K.In agreement, it is apparent (see Figure 1) that the CASSCF
Tables S+S3 (Supporting Information) contain the total transition structures are Somewh_a_t closer to the produc_ts than
energies calculated at various levels of theory with different in the case of the QCISD transition structures. Thus in the
basis sets. Figure 6 summarizes the potential energy pr0ﬁ|estran5|t|on _structures computed at the CASSCF level the moving
calculated at the CCSD(T)/cc-pVTZ level for pathways (a) and H1 atom is Iocated.closer to the O4 than to the 92 atom, the
(b). These profiles only include the most relevant stationary C—O double bond is nearly formed, and the radical center is
points located on the PES. Calculated topological properties of Shifted to the out-of-plane p-orbital of the O5 atom of the
the bond critical points and net atomic charge$$1 andTSZ, dioxygen moiety. On the basis that the UHF wave functions

determined from Bader AIM analysis of the CASSCF/6-311G- underlying the QCISD calculations dfS1 and TS1' show a
high spin contamination, as indicated by &evalues of 1.6334

(51) Truong, T. N.; Truhlar, D. GJ. Chem. Phys199Q 93, 1761. ' i

(82) Eckart. CPhys. Re. 1930 35, 1303, (;Sl) and 1.6755 '(_Sl), we adopt the reasona:_loleI view that

(53) (a) Biegler-Kaig, F. W.: Bader, R. F. W.: Tang, T.-H. Comput. the CASSCF optlmlzed structures are more reliable.
Chem.1982 3, 317. (b) Bader, R. F. W.; Tang, T.-H.; Tal, Y.; Biegler- The IRC calculations at the CASSCF level of theory showed
Koénig, F. W.J. Am. Chem. S0d.982 104 946. that bothTS1andTS1' go backward to a loosely bound [GEr-

54) (a) MORPHY 97: Popelier, P. L. A. with contributions from Bone, s !
R. (G ?A( )UMIST: Manchestgr, UK. 1997. (b) Popelier, P. L.@omput. -*O7] complex. The optimized geometry of this compl€X1

Phys. Commun1998 108, 180. (Figure 2), was characterized as a true local minimum on the

(55) See, e.g.: Wiberg, K. B.; Hadad, C. M.; LePage, T.; Breneman, C. PES. At the CCSD(T)/cc-pVTZ leveCX1 lies only 0.6 kcal/
M.; Frisch, M. J.J. Phys. Chem1992 96, 671.

(56) Bader, R. F. W.Atoms in Molecules: A Quantum Thepry (59) AH{(CH30O*) = 4.0+ 1.0 kcal/mol®® AH¢ (HO,*) = 3.8 + 1.2 kcal/
Clarendon: Oxford, 1990. mol 81 and AH; (CH,0) = —26.0+ 0.2 kcal/mol at 298 K. For the latter
(57) Bader, R. F. W.; Popelier, P. L. A,; Keith, T. Angew. Chem., value see ref 62.
Int. Ed. Engl.1994 33, 620. (60) Ruscic, B.; Berkowitz, JJ. Chem. Phys1991 95, 4033.

(58) A full set of Cartesian coordinates for all stationary points as (61) Fisher, E. R.; Armentrout, P. B. Phys. Chem199Q 94, 4396.
obtained by the different methods see available upon request from the (62) Lias, S. G.; Bartmess, J. E.; Liebman, J. B.; Holmes, J. L.; Levin,
corresponding author. R. D.; Mallard, W. G.J. Phys. Chem. Ref. Datt988 17, 168.
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Figure 3. Selected parameters of the CASSCF/6-311G(d,p) optimized geometries of the transition stfi82yfer(the addition of CHO" to O,
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trans-1 andgauchel. The caption for Figure 1 describes the assumed notation.

mol below the energy of the isolated reactants. Inclusion of the TS1 (Figure 1) and its total energy (Table S3, Supporting

correction for the basis set superposition effects (BSSE),
calculated by using the counterpoise metkdtf, leads to a
stabilization energy o€X1 toward decomposition into Gj@*

+ O, of 0.3 kcal/mol at the CCSD(T)/cc-pVTZ level of
computation. The above IRC calculations for the forward
direction established that bofts1 andTS1' lead to a hydrogen-
bonded [HCO---HOO] complex. The optimized geometry of
this complex,CX2 (Figure 2), has one imaginary harmonic
vibrational frequency corresponding to the rotation of the
methylene group around the C203 bond. A geometry reopti-
mization ofCX2, slightly modified according to the this normal
mode, led to a local minimun©X3 (Figure 2), which appears
to be a [HCO---HOO] complex showing a short (1.949 A)
and a long (2.878 A) hydrogen bond. At the CCSD(T)/cc-pVTZ
level of computation, this complex lies 9.0 kcal/mol below the

Information) are identical with those found by Jungkamp and
Seinfeld at the same level fofFSB, namely the transition
structure that should connect the intermedieiel and the
products CHO + HO;. However, IRC calculations at the
QCISD level with both the 6-31G(d) and 6-31G(d,p) basis sets,
starting at the corresponding optimized structure T&1,
confirmed in each case th@B1 connects the complex&3X1
andCX2, rather thartis-1 and CHO + HOy". This important
discrepancy will be discussed later.

At the CASSCF/6-311G(d,p) levalS1l is calculated to be
3.7 kcal/mol less energetic thars1' (see Table S1). On the
basis that the 0503 distanceTlif1 (2.412 A) is 0.388 A shorter
than twice the oxygen atom van der Waals nonbonded radius
(1.40 A)88 one would expecTS1to be higher in energy than
TSI owing to the electrostatic repulsion between the lone pairs

energy of the isolated products. The correction for BSSE leadson the O5 and O3 atoms iMS1. Furthermore, the absolute

to a stabilization energy o€X3 toward decomposition into
CH;0 + HOy* of 8.1 kcal/mol. Inclusion of the ZPVE correction
to the latter value gives a stabilization energy of 6.1 kcal/mol
at 0 K.
At this point it is important to note that the geometry
optimized at the QCISD/6-311G(d,p) level of computation for
(63) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.

(64) van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C. M.;
van Lenthe, J. HChem. Re. 1994 94, 1873.

entropy of TS1 at 298 K is calculated to be 7.6 eu lower than
the entropy off S1', so the former transition structure is “tighter”
than the latter. How can the energy difference betw&gi
andTS1 be rationalized? We begin by comparing the results
of the topological analysis of the electronic charge density in
TS1 and TSY. Figure 7 displays the contour plot of the
electronic charge density fofFS1 in the Cs symmetry plane.

(65) Pauling, L. CThe Nature of the Chemical Bon@prnell University
Press: Ithaca, NY, 1960.
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arises from the transfer of charge from C2 to O3 due to the
formation of ax bond between these atoms. In fact, the
ellipticity of the C203 bond inTS1 (e = 0.1179) is nearly
identical to that calculated (0.1161) for the=O double bond
in CH,O. Figure 8 shows the contour plot in tlig symmetry
plane of the MO associated to the formindond between the
C2 and O3 atoms iTS1 It is worth noting that one side of
this .z orbital is directed toward the O5 atom. Due to the large
accumulation of negative charge within the basin of the O3
atom, the nucleus of the O5 atom is attracted by the large net
negative field exerted on it by the O3 atom, and the electronic
charge distribution in the basin of the O5 atom must polarize
away from the O3 atom to balance this net attractive force on
its nucleus. On the other hand, the nucleus of the O5 atom
attracts the electronic charge distribution in the basin of the O3
atom so it must polarize toward the O5 atom. Thus, the terminal
oxygen atoms ilfS1are bound due to the polarization of both
atoms caused by the forces exerted on their nuclei by the
electronic charge accumulated on the O3 atom, which arises
chiefly from the forming C203r bond.

The energy difference of 3.7 kcal/mol betwee®l' andTS1,
predicted by the CASSCF/6-311G(d,p) calculations, risesto 7.5

brackets and the QCISD/6-311G(d,p) optimized geometrical parameterskcal/mol at the CCSD(T)/6-311G(d,p) level. This result indicates
of 2 are given in parentheses. Distances are given in angstroms andthat the dynamical valence-electron correlation lowers the energy

angles in degrees.
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Figure 5. Selected parameters of the CASSCF/6-311G(d,p) optimized
geometries of the transition structureS4) for the fragmentation of
*CH,OOO0OH into CHO + HO;'. The caption for Figure 1 describes
the assumed notation.

The crucial feature is that imS1 exists an extra bond critical

of TS1with respect tar'S1'. On the other hand, Table 1 shows
that the basis set extension does not change significantly the
relative energy of these transition structures. Therefore, it can
be concluded that the preferred route for direct H atom transfer
from CHzO to O, takes place throughS1. Further support to
this transition structure is provided by the predicted activation
entropy of—35.3 cal mot! K1, calculated at 298 K from the
absolute entropies for the reactants ar&ll. This value is in
excellent agreement with the value ef35.1 cal mot! K—1
determined from the recommendeeixperimental Arrhenius
preexponential factoA = 3.9 x 1071 cm® molecule st

B. Stepwise Mechanism.The first step of pathway (b)
consists of the formation of the trans isomer of the methyltri-
oxide radicaltrans1 (Figure 3), via a transition structure of
Cs symmetry, TS2 (Figure 3), when the oxygen molecule
attaches to the radical site of @bBr. This process is predicted
to be endoergic by 4.8 kcal/mol with a potential energy barrier

point located between the oxygen atoms O5 and O3. As shown©f 7.4 kcal/mol. At the RCCSD/cc-pVTZ level of computation

by the data in Table 2, this bond critical point is somewhat
closer to O3 than to O5. We recall that a bond critical point

between two atoms indicates the presence of a binding interac
tion between these atoms. Consequently, the lower energy of

TS1with respect tar'S1' can be ascribed to a binding interaction
between the terminal oxygen atomsTi$1, which is lacking
in TS1 due to the long distance between these atoms.

The origin of the unexpected binding interaction between the
terminal oxygen atoms ifiS1 can be elucidated by analyzing
the topological properties of the bond critical point found

this barrier is lowered to 5.6 kcal/mol. Thus the potential energy
barrier for the formation ofrans-1 is only 1.8 kcal/mol higher
than the barrier calculated at the same level for the direct H

atom transfer from CkDr to O, via TS1. Inclusion of the ZPVE
corrections increases to 4.5 kcal/mol the energy barrier differ-
ence between these two competing reactions.

In addition to the trans conformer of the radical intermediate
1, the CASSCF/6-311G(d,p) calculations predict the existence
of a gauche minimum of this radicalauchel (Figure 3), lying
only 0.2 kcal/mol belowtrans-1. This prediction is in good
agreement with the results of both CISD and QCISD calculations

between these atoms (see Table 2). Thus the relatively low valueyith the 6-31G(d) and 6-311G(d,p) basis set, which also predict

of the electronic charge density,(= 0.0262 au) and the positive
value of its LaplacianV?op = 0.1030 au) at this bond critical
point indicate that O5 and O3 are bound by a closed-shell

the gauche conformer dfto be a local minimum. In contrast,

no stationary point on the PES was found for the gauche isomer
of 1 at the B3LYP/6-311G(d,p) level of computation. A torsional

interaction. According to the net atomic charges calculated for transition structureTSGT (Figure 3), connecting thgauchel

atoms O3 and O5 (i.e;0.972 and—0.016 e, respectively),

andtrans-1 local minima was located at the CASSCF, CISD,

there is a large accumulation of negative charge within the basinand QCISD levels of theory with the 6-31G(d) and 6-311G-

of the O3 atom, while the negative charge within the basin of

(d,p) basis sets. It is worth noting thaSGT corresponds to

the O5 atoms is remarkably small. Since the net atomic chargethe transition structuréS3 of Jungkamp and Seinfeld’s pagér,

on the oxygen atom in C§® is calculated to be-0.678e (see
Table S5), the large negative net charge on the O3 atdrin

located at the B3LYP/6-311G(d,p) and QCISD/6-311G(d,p)
levels of computation, which was erroneously assigned to the
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for the oxidation of CHO" by O, forming CH:O + HO;". Relative energy values were obtained from CCSD(T)/cc-pVTZ energy calculations at the
CASSCF/6-311G(d,p) optimized geometries.

Table 1. Calculated Relative Energiek,(kcal/mol)2 Zero-Point Vibrational Energies (ZPVE, kcal/mélf,hermal Energy Corrections (TEC,
kcal/mol)P¢ and Absolute EntropiesS( eupc for Various Species through the @Bt + O, Reaction

E
species state 6-311G(d,p) 6-31G(d,p) 6-31#-G(3df,2p) cc-pVTZ ZPVE TEC S

CHiO" + O, 2A" 0.0 0.0 0.0 0.0 27.2 (0) 3.3 105.5
CX1 2A" -0.7 -0.8 -0.7 —0.6 27.4 (0) 4.6 97.2
TS1 2A" 6.5 6.4 3.4 3.7 (3.8) 26.0(1) 2.9 70.2
TSI 2p" 14.0 13.6 11.4 11.6 (11.7) 25.1 (1) 3.3 77.8
TS2 2A" 8.6 8.2 7.2 7.4 (5.6) 28.7(1) 3.2 74.0
trans-1 2A" 10.0 9.6 5.3 4.8 (4.8) 30.3(0) 31 72.5
TSGT A 10.1 9.7 5.6 5.2 30.3(1) 2.6 67.3
gauchel 2A 9.8 10.1 5.4 5.0 30.5(0) 3.0 70.8
cis-1 2A" 8.9 9.5 43 3.6 (3.7) 30.3(1) 25 67.2
TS3 2A 58.4 58.0 53.2 51.4 26.4 (1) 25 66.9
2 A 29.2 28.9 24.3 23.4 29.3(0) 3.2 715
TS4 2A 29.9 29.5 25.0 24.1 28.6 (1) 2.9 70.1
CX2 2A" —30.6 -31.0 —-33.1 —-32.7 28.4 (1) 3.9 83.1
CX3 A —335 —33.0 —35.4 —35.4 29.1 (0) 4.0 80.2
H,CO + HOO 2A" —-23.9 —24.5 —26.5 —26.4 (-26.5) 27.1(0) 3.6 106.9

a Calculated at the CCSD(T) level of theory with different basis sets using the CASSCF/6-311G(d,p) optimized geometries. The relative energies
calculated at the RCCSD(T) level of theory are given in parenthéistained from CASSCF/6-311G(d,p) calculated harmonic vibrational
frequencies® At 298 K and 1 atmd The number in parentheses is the number of imaginary frequencies.

trans/cis conformal change ih In addition toTSGT, at the At the CCSD(T)/cc-pVTZ+ ZPVE levelcis-1 turns out to
QCISD level of theory with both the 6-31G(d) and 6-311G- be the lowest energy conformer of radidgllying 6.7 kcal/
(d,p) basis sets we located a torsional transition struci8€G mol above the reactants, GB + O,. This energy difference
(Supporting Information), connecting tlgauchel and cis-1 is significantly higher than the values of 0.87 and 2.01 kcal/

local minima. Regarding the cis conformer &f both the mol predicted by the G2M(RCC) and CBS-APNO model
CASSCF and CISD calculations with the 6-31G(d) and 6-311G- chemistries® On the other hand, the CCSD(T)/cc-pVTEZ
(d,p) basis sets predict its optimized structwis;1 (Figure 3), ZPVE calculated energy difference of 1.2 kcal/mol between the
to be the transition structure connecting the two equivalent cis and trans isomers dfis in close agreement with the values
structures (i.e., mirror images) gauchel. These findings are  of 1.14 and 0.97 kcal/mol predicted by the latter two methods.
in clear contrast with the B3LYP/6-311G(d,p) and QCISD/6- At this point it is worth comparing the endoergicity of 8.3 kcal/
311G(d,p) calculations of Jungkamp and Seirfeléiand our mol, determined at the CCSD(T)/cc-pVTE ZPVE level, for
QCISD/6-31G(d) calculations, which predids-1 to be a true the formation of gauché-from CH;O* + O, with the exo-
local minimum on the PES. ergicity of 30.5 kcal/mol reported by Schaefer and co-woiers
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Table 2. Calculated Topological Properties of the Bond Critical ;
Points and Net Atomic Charges 51 andTS1' 2

X=Y Irx ry b V2pp, '
bond (A)P (A (gu)j (aﬁ)‘f ef Qx Qv i
TS1
C2—-H1 0.880 0.470 0.1383—0.2088 0.0042 +0.852 +0.304
C2-03 0.407 0.840 0.3694 0.3564 0.1179-0.852 —0.972
O4—-H1 0.887 0.342 0.1745-0.1734 0.0474 —0.168 +0.304
0O5-03 1.227 1.186 0.0262 0.1030 0.1156-0.016 —0.972
04-05 0.618 0.637 0.4777—0.5707 0.0021 —0.168 —0.016 -
C2—-H6 0.694 0.380 0.2888—1.0700 0.0449 +0.852 —0.002

TSY
C2—H1 0.853 0.457 0.1492-0.2554 0.0152 +0.853 +0.286
C2-03 0.408 0.844 0.3651  0.2869 0.0755-0.853 —0.950
04—H1 0.902 0.367 0.1565—0.0787 0.0438 —0.141 +0.286
04-05 0.642 0.620 0.4676—0.5354 0.0016 —0.141 —0.060
C2—-H6 0.697 0.377 0.2895-1.0750 0.0404 +0.853 +0.007

aDetermined from Bader topological analysis of the CASSCF/6-
311G(d,p) wave function. Atom numbering refers to Figuré Phe .
distance between the bond critical point and the X atbithe distance ‘ !
between the bond critical point and the Y atdhklectronic charge o i
density at the bond critical point.Laplacian ofp,. FBond ellipticity, . ; N
defined as = (14/12) — 1, wherel; andA; are the negative eigenvalues .- . i
of V?p, along the axes perpendicular to the bond path. :

Figure 8. Contour plot in theCs symmetry plane of the CASSCF/6-
311G(d,p) molecular orbital associated with the formimgbond
between the C2 and O3 atoms in transition struciiusé for direct H
atom transfer from CkO* to O..

compared with the geometry optimized at the CISD/6-311G-
(d,p) level, rather than that with the QCISD/6-311G(d,p)
geometry. The geometry optimization at the latter level of theory
was not fully accomplished because the iterative procedure
involved in the resolution of the QCISD equations did not
converge in the last steps of the optimization. It is important to
note that we have not found any transition structure for the
intramolecular H-transfet — 2 employing the B3LYP method
with the 6-311G(d,p) basis set. We tried to locate one using as
the initial geometry that 6f S3 optimized either at the CASSCF
or CISD level with the 6-311G(d,p) basis set. However, along
the geometry optimization the O503 bond was continuously
elongated and the computation did not result in any saddle point.
Figure 7. Contour plot in theCs symmetry plane of the CASSCF/6-  On the other hand, it is remarkable that the geomet/38 is
311G(d,p) electronic charge density of the transition strucf@efor qualitatively similar to the ringlike transition structure 6§
direct H atom transfer from G to O,. Bond critical points are g/ ymetry Jocated at the CISD/DZP level of theory for the
e b Susres. T el e Tucr e IGMANE 1S rated H atom i i CHCHOC leacing (7CH,CHOOHS
At the CCSD(T)/cc-pVTZ level, a potential energy barrier

for the formation of the gauche conformer of gBH,00 from of 46.4 kcal/mol is pred_icted for ttmuch_el - 2 isome_riza_tion
CHsCHs* + Oy, calculated from ZPVE corrected CCSD(T)/Dzp  through TS3. The main reason of this high barrier is the
energies computed at CISD/DZP optimized geometries. This formation of a highly strained five-membered ring in going
striking difference in the energy change accompanying the from 1 to transition structur@S3. In fact, the inherent tendency
formation of the gauche conformer of the isoelectronic radicals ©f the 0xygen chain to assume a skew geometry in the hydrogen
CHs000 and CHCH,OC is ascribed to the weak character POlyoxides (HQH) to dlngmlsh lone pair repulsion between the
of the central OO bond in the former radical, as compared with O &toms is well-knowfi® Thus in HOs the free valences of

the expected greater strength of the CO bond in the latter the terminal O atoms point to directions perpendicular to the
radical®” OO0 plane, the OH bonds being on opposite sides of the

. lane® Analogously, the O4H1 and O3C2 bond<iare nearly
The second step of pathway (b) is the H atom transfer from P ) ’ -
C2 to O4 in the trioxy radicdl forming the trioxomethyl radical perpendicular to the 040503 plane, whileTiB3 these bonds

. . . . far from being perpendicular to this plane, as indicated by
intermediate2. As expected on the basis of the electronic are .
considerations in Section Il, this isomerization is found to take the H1040503 and C2030504 dihedral angles of 37.9 and

. P o 49.6°, respectively. Furthermore, we note that Ti$3 the
place via a puckered) ringlike transition structurd S3. In : . L o
Figure 4, the CASSCF/6-311G(d,p) geometry 83 is C2H104 angle is 30°%smaller than in the strain-free transition

structure TS1' calculated for the intermolecular H-transfer

(66) Quelch, G. E.; Gallo, M.; Shen, M.; Xie, Y.; Schaefer, H. F., lll; between CHO" and Q.
Moncrieff, D. J. Am. Chem. S0d.994 116, 4953.
(67) The experimental average bond energies of theédDCand C-O (68) For a review, see: Mckay, D. J.; Wright, J.J5.Am. Chem. Soc.

single bonds are 33.2 and 84.0 kcal/mol, respectively (Cumper, C. W. N. 1998 120, 1003.
Wave Mechanics for Chemistéjeinemann: London, 1966; p 219). (69) Cremer, DJ. Chem. Phys1978 69, 4456.
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The optimized geometry of the trioxomethyl radical inter-
mediate2, which is formed afteffS3 is cleared, is shown in
Figure 4. At the CCSD(T)/cc-pVTZ level, this structure lies
23.4 kcal/mol above the energy of @Bt + O, and is 18.4
kcal/mol less energetic thagiauchel. After including the ZPVE

Bofill et al.

low to be reliable. At any rate, the results of our IRC calculations
at the CASSCF/6-31G(d), CASSCF/6-311G(d,p), QCISD/6-
31G(d), QCISD/6-31G(d,p), B3LYP/6-31G(d,p), and B3LYP/
6-311G(d,p) levels of theory prove thB81 corresponds to the
transition structure for direct H atom transfer from £ to

corrections, this energy separation is found to be 17.2 kcal/ O,. Further attempts to locate at either the CASSCF or QCISD
mol. This value is comparable to the energy difference of 20.2 levels of theory a transition structure for the concerted,HO

kcal/mol between the radical intermediaigsucheCHz;CHy-
OO and*CH,CH,OOH obtained by Schaefer and co-workérs

from ZPVE corrected CCSD(T)/DZP energies calculated at

CISD/DZP optimized geometries. We have not found any
equilibrium structure for the trioxomethyl radicalemploying

elimination incis-1, leading either to a loosely bound [GBF
-*HOy*] complex or CHO + HO;*, were unsuccessful.
In summary, the stepwise pathway (b) &34+ O, — CX1
— TS2— trans1 — TSGT — gauchel — TS3— 2 — TS4
— CX3 — CH;0 + HO>* has as the rate determining step the

the B3LYP method with the 6-311G(d,p) basis set. We tried to formation of the radical intermediawith a global potential

locate one using as initial geometry that2bptimized either
at the CASSCF or QCISD level of theory with the 6-311G-

energy barrier of 51.4 kcal/mol. This mechanism cannot compete
with the direct H atom tranfer pathway (a) @bt + O, — CX1

(d,p) basis set. However, along the geometry optimization the — TS1 — CX3 — CH,0 + HO," involving a potential energy
0503 bond undergoes a continuous elongation leading to thebarrier of only 3.7 kcal/mol.

CX3 complex. In contrast, CISD calculations with the 6-311G-
(d,p) basis set yielded for radicalan optimized equilibrium

C. Arrhenius Parameters. Assuming that the oxidation of
CH30O by O, takes place through pathway (a) ah81 is the

geometry close to those obtained at the CASSCF and QCISDyansition state, an activation energsg) of 2.8 kcal/mol and a

levels of theory.

preexponential factor) of 3.5733x 1014 molecule cri st

The last step of pathway (b) is the easy homolytic cleavage at 298 K are predicted from the relative energies computed at

of the weak central OO bond 8, leading to the hydrogen-
bonded [CHO---HOO] complex,CX3. This process is highly
exoergic (-59.0 kcal/mol at the CCSD(T)/cc-pVT# ZPVE

the RCCSD(T)/cc-pVTZ level and the CASSCF/6-311G(d,p)
calculated harmonic vibrational frequencies. These Arrhenius
parameters give a classical rate constant of 2.910716

level of computation) and takes place via the transition structure molecule't cm?® s1 at 298 K. The recommended experimehtal

TS4 (Figure 5) with a potential energy barrier of only 0.7 kcal/
mol. It appears, therefore, that the intermediaie a shallow

parameters ar&,= 1.788+ 0.596 kcal/mol andA = 3.9 x
10~ cm?® molecule’! s™1 and the experimental rate constant is

minimum on the PES. In accordance with the high exoergicity 1.9 x 1015 molecule cnm? s~ at 298 K. Thus the calculated

and low barrier predicted for the proce@s— CX3, TS4

classical rate constant is about 1 order of magnitude lower than

possesses an early characteristic, as shown by the smallhe experimental rate constant. By using eq 10 a quantum

differences found between the geometries optimize®fand
TS4. Actually, the transition vector associated with the imagi-
nary frequency off S4 corresponded chiefly to the rotation of

mechanical tunneling correction factbr = 9.073 was com-
puted at 298 K, which leads to a predicted rate constant of 2.7
x 10715 molecule! cm® s! in good agreement with the

the methylene group about the C203 bond combined with & experimental value. This provides further support to the direct

small lengthening of the O503 bond.
In addition to pathway (b), we investigated the concerted"HO
elimination in the trioxy radical intermediate, namely the

second step (eq 5) of the addition/elimination pathway (c). We

tried to locate a transition structure connectingith CH,O +
HO,* at the CASSCF and QCISD levels of theory with the

H atom transfer mechanism for the oxidation of £k by O,.

V. Summary and Conclusions

The most relevant energetic results of the present study are
summarized in Figure 6. In contrast to a recent theoretical study

6-311G(d,p) basis. Starting the transition structure search at thepredicting an addition/elimination mechanism forming the

B3LYP/6-311G(d,p) optimized geometry dfSB reported by
Jungkamp and Seinfeld,the optimization led in each case to
the transition structure for direct H atom transfer from 4OH

to O, (i.e., TS1). This unexpected result prompted us to perform
an IRC calculation starting at the B3LYP/6-311G(d,p) optimized
structure ofTSB with the aim of comparing it with the IRC
profile shown in Figure 3 of ref 16 proving the connection of
cis1 and CHO + HOy via TSB. Our IRC calculation
revealed thal SB is connected to the hydrogen-bonded complex
CX2 in the forward direction and to the loosely bound complex

methyltrioxy radical CHOOO as intermediate, the oxidation

of CH3O* by O, leading to CHO + HOy* occurs through a
direct H atom transfer pathway involving the ringlike transition
structureTS1 with a potential energy barrier of 3.7 kcal/mol.
TS1 shows an intermolecular noncovalent-@ bonding
interaction, which lowers its potential energy with respect to
that of the noncyclic transition structuéS1' by about 8 kcal/
mol. This noncovalent interaction arises from the polarization
of both oxygen atoms caused by the forces exerted on their
nuclei by the electronic charge accumulated on the oxygen atom

CX1 in the reverse direction. For the sake of completeness, theof the CHO moiety due to the forming C@ bond. The 1,4-
values of the most relevant geometrical parameters of the hydrogen shift in CHOOO is not accompanied by HO

structures optimized at the B3LYP/6-311G(d,p) level for the

elimination but leads to the trioxomethyl radic&lH,OOOH

CX1, CX2, and CX3 complexes are given in Figure 2. The Vvia a puckered ringlike transition structure, lying 50.6 kcal/mol
discrepancy between the two IRC calculations being comparedabove the energy of the reactants. The good agreement between
is ascribed to the different quality of the basis sets employed in 1) In el 16 1 s siated that the 1RC profi e At th

H H : nre It IS state al e profile was calculated a e
each case. In fact, our IRC calculation was carried out with the B3LYP/6-31G(d,p) level. Although the energy calculated at this level of

6-311G(d,p) basis set, while the IRC profile shown in ref 16 theory forTSB was not reported, a value close+®63.917 hartrees can
was obtained by using the 3-21G(d,p) bd3ishich is far too be estimated from Figure 3 in ref 16. This value is by far much higher than
the energy of—265.36587 hartrees we have computed at the B3LYP/6-

(70) Calculated at the B3LYP/6-311G(d,p) level in mass-weighted 31G(d,p) level foilTSB. An anonymous reviewer has indicated that a number
internal coordinates, using the second-order algorithm of Gonzalez and around—263.917 hartrees arises from calculations at the B3LYP/3-21G-
Schlegel (ref 41) implemented into GAUSSIAN 94, with a step size of (d,p) level and concluded that the figure presenting the IRC profile in ref
0.05 bohramu2. 16 is most probably labeled wrong.
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