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Abstract: A potential energy surface for the reaction of vinyl radical with molecular oxygen has been studied using
the ab initio G2M(RCC,MP2) method. The most favorable reaction pathway leading to the major-GEHO

products is the following: €Hsz + O, — vinylperoxy radicall or 1' — TS 8 — dioxiranylmethyl radicaB — TS

9 oxiranyloxy radicall0 — TS 11 — formyloxymethyl radicall2 — TS 13 — CHO + CH,0, where the rate-
determining step is oxygen migration to the CC bridging position viad9TSying below the reactants by 14.3
kcal/mol. The GH3O + O products can be formed by elimination of the oxygen atom fra#i;OO via TS23,

which is by 7.8 kcal/mol lower in energy than the reactants, but by 6.5 kcal/mol higher th@h Ti®ie hydrogen
migration in1' gives rise to another significant product channefHE+ O, — 1' — TS 25 — C,H, + O,H, with

TS 25 lying below GH3 + O, by 3.5 kcal/mol. Multichannel RRKM calculations have been carried out for the

total and individual rate constants for various channels using the G2M(RCC,MP2) energetics and molecular parameters
of the intermediates and transition states. The computed low pressure reaction rate constant is in quantitative agreement
with experiment. At atmospheric pressure, the title reaction is dominated by the stabilization of vinylperoxy radical
C,H300 at room temperature. In the 56000 K temperature range, the CHOCH,O channel has the highest rate
constant, and a = 900 K, GH30O + O are the major products. At very high temperatures, the channel producing
C,H, + O,H becomes competitive.

I. Introduction

Vinyl radicals play an important role in hydrocarbon-fuel
combustion reactions.

of benzené,the building block of PAH’s (polycyclic aromatic
hydrocarbons), precursors to séot.

The reaction of @Hs; with O, retards soot formation by
effectively competing with gH, and other unsaturated hydro-

carbons. The reaction is also a key step in the high-temperature

oxidation of GH4 and in GH, and GH, flames®=7 Because
of the high reactivit§~12 and exothermicity of the §s + O,

reaction, many product channels may be accessible, particularly

under high-temperature combustion conditions, viz.:

C,H; + O,— C,H;00 + 46.4 kcal/mol

— C,H;0 + O + 9.0 kcal/mol

— CHO+ CH,0O + 87.5 kcal/mol
— C,H, + HO, + 13.4 kcal/mol
— CH,CO+ OH + 0.6 kcal/mol
— C,H,0, + H+ 77.1 kcal/mol
— CH,; + CO, + 131.1 kcal/mol

Most of these exothermic product channels may contribute
significantly and variably over a wide range of temperature and
pressure. Our goal is to quantify their relative contributions
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Its successive reaction products with
C,H,, for example, have been shown to be a potential source

using a combined high-level ab initio molecular orbital and
statistical rate constant (RRKM) calculation for the respective
transition states and associated products in order to provide a
reliable estimate of these rate constants for practical combustion
applications.

Gutman, Slagle, and co-work&Pshowed experimentally that
the GH3 + O, reaction produces predominantly the CHO
CH,0 products below 1000 K. How the yields of these and
other products would change with temperature and pressure
under combustion conditions is not easy to speculate without a
sound theoretical basis. To answer this important question,
Westmorelantf as well as Bozzelli and De&hhave employed
a version of RRK theory to calculate the branching ratios of
several of these products using assumed Arrhenius parameters.
These exercises are useful for a qualitative guidance but may
be dangerous because the calculated data are very sensitive to
the assumed parameters. Also, the process is complex as will
be illustrated later for a specific case of the title reaction.

Recently, Carpentér has carried out semiempirical and ab
initio molecular orbital (MO) calculations of the potential energy
surface of the gHs + O, reaction. He suggested the existence
of a new reaction mechanism involving cyclization of the first-
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formed vinylperoxy radical to a three-member-ring dioxiranyl compounds. The preference of the G2M(RCC) methods over original
radical rather than the four-member-ring dioxetanyl radical G2 is expected to be particularly significant for the open-shell systems
which was assumed in earlier mechani€fs® However, with large spin contamination. For some structures we carried out
Carpenter’s consideration of the reaction mechanisms is far from CASSCF Calcg'a“ongﬁ The GAUSSIAN 92/DFT2° MOLPRO 947°
complete. The theoretical method he used, PMP4(SDTQ)/ and GAMESY’ programs were employed for the potential energy

. - surface computations.
6-311G(d)//UMP2/6-311G(d), may provide a qualitative de- Rice—RamspergerKasset-Marcus (RRKM) calculations have been

scription of the potential energy surface but may not give capieqd out for the total and individual rate constants using the equations
quantitatively accurate data, especially for systems with spin gescribed earlié#2 and a modified multichannel computer program
contamination of such magnitude agHz + O,. previously written for the Chl+ O, reaction3®

In this paper, we present a detailed ab initio MO study of
nearly all possible channels of the title reaction including the lll. Results and Discussion

consideration of various intermediates of thgHeD, radical. The structures of all the reactants, products, intermediates,

As will be discussed Eeloyv, we use our newly established G2M- 5 ransition states calculated in the present paper are shown
(RCC,MP2) method which is designed to give energies of jy Figure 1. The profile of the potential energy surface for

radical intermediates and transition states to experimentalmportant channels of the 85 + O, reaction at the B3LYP/
accuracy. The ab initio MO data are employed for the RRKM g_311G(d,p)+ ZPE is shown in Figure 2. The energies at the

calculations of the multichannel rate constants which are more quantitative G2M(RCC,MP2) are numerically shown for
compared with experimental results. some structures in Figure 2.

The reaction of @Hsz with O, starts by the formation of
vinylperoxy radical, GH3OO, when the oxygen molecule

The geometries of the reactants, products, various intermediates, andattaches to the radical site of the vinyl radical. As will be
transition states for thes83 + O, reaction have been optimized using  discussed later, the direct abstraction paths, eithelz G- O,
the hybrid density functional B3LYP method, i.e., Becke's three- — C,H30 + O or GH3z + O, — CoH» + OyH, do not exist. In
parameter nonlocal-exchange functidfalith the nonlocal correlation C,H3s00, the radical center is shifted to theorbital of the

functional of Lee, Yang, and Pattwith the 6-311G(d,p) basis s&. terminal oxygen, and the CC bond retains its double character.
Vibrational frequencies, calculated at the B3LYP/6-311G(d,p) level, As could be anticipated for the reaction of the radicals, no

have been used for _characterlzatlon of stathnary points, zer_o-pomt transition states were found on theHG + O, — C,Hs00
energy (ZPE) correction, and RRKM computations. All the stationary . . :
potential energy surface. The vinylperoxy radical can be created

points have been positively identified for minimum (number of . . .
imaginary frequencies (NIMAG= 0) o transition state (NIMAG= from the reactants in two stable conformatiodswith the OO

1). Connections of the transition states between designated intermedi-20nd in thetrans-position toward CC, and’, with OO in the
ates have been confirmed by intrinsic reaction coordinate (IRC) Cis-position. Bothl andl' haveCssymmetry andA" electronic
calculationd! at the B3LYP level. All the energies quoted and State. 1is 1.2 kcal/mol more favorable thah. The exother-
discussed in the present paper include the ZPE correction. micity of C,H3OO0 formation at the first reaction step is
In order to obtain more reliable energies of the most important calculated to be 45:246.4 kcal/mol at the G2M(RCC,MP2)
intermediates and transition states, we used the MP4(SDTQ)/6-311G-|level. The B3LYP optimized geometry of tiieans-C,H;00,
(d,p), MP4(SDTQ)/6-31%G(d,p)*° and G2M(RCC,MP2) methods. 1, is similar to that obtained by Carpenter at the UMP2 level.
The G2M(RCC,MP2) method is a modification of the Gaussian-2 (G2) The PMP4/6-311G(d)ZPE energy difference of 33.1 kcal/mol
approack? by Pople and co-workers, it uses B3LYP/6-311(G(d,p) between GHs + O, and1 reported by Carpenter is significantly
optimized geometries and ZPE corrections and substitutes the QCISD'underestimated as compared to higher levels of theory.
(T)/6-311G(d,p) calculation of the original G2 scheme by the restricted A. Four-Member-Ring Reaction Mechanism. Baldwin

open shell coupled clust8RCCSD(T)/6-311G(d,p) calculation. The .
total energy in G2M(RCC,MP?2) is calculated as follols: and Walk?r prquSéa the meChan!Sm. of CH . CHZQ
formation involving a four-member-ring intermedid?e This

E[G2M(RCC,MP2)]= E[RCCSD(T)/6-311G(d,p)} mechanism served a long time as the basis for description of

AE(+3df2p)+ AE(HLC) + ZPE[B3LYP/6-311G(d,p)] (22) (a) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.;
Curtiss, L. A.J. Chem. Physl989 90, 5622. (b) Curtiss, L. A.; Jones, C.;
where Trucks, G. W.; Raghavachari, K.; Pople, J. A.Chem. Phys199Q 93,
2537. (c) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJ.A.
AE(+3df2p) = E[MP2/6-31H-G(3df,2p)]— Chem. Phys1991, 94, 7221. (d) Curtiss, L. A.; Raghavachari, K.; Trucks,
G. W.; Pople, J. AJ. Chem. Phys1993 98, 1293.
E[MP2/6-311G(d,p)] (23) (a) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76, 1910. (b)
. ) ) Hampel, C.; Peterson, K. A.; Werner, H.Qhem. Phys. Lett1992 190,
and the empirical “higher level correction” 1. (c) Knowles, P. J.; Hampel, C.; Werner, HdJChem. Phys1994 99,
5219. (d) Deegan, M. J. O.; Knowles, P.Chem. Phys. Lett1994 99,
AE(HLC) = —5.25; — 0.1, 321
(24) Eade, R. H. E.; Robb, M. AChem. Phys. Lett1981, 83, 362.
(25) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
where Mo and n; are the number ofx and j valence electrons, Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
respectively. It has been sholrihat the G2M(RCC,MP2) method A .: Reglogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
gives the average absolute deviation of 1.15 kcal/mol of calculated J. S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J.;
atomization energies from experiment for 32 first-row G2 test Stewart, J. J. P.; Pople, J. A. GAUSSIAN 92/DFT; Gaussian, Inc.:
Pittsburgh, PA, 1993.
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103 7414. System): Schmide, M. W.; Baldridge, K. K.; Boatz, J. A.; Jensen, J. H.;
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J. Chem. Physl992 96, 2155. (c) Becke, A. DJ. Chem. Physl992 97, QCPE Bull.199Q 10, 52.
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(20) Hehre, W.; Radom, L.; Schleyer, P. v. R.; Pople, JAA.Initio (29) Berman, M. R.; Lin, M. CJ. Phys. Chem1983 87, 3933.
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Figure 1. Optimized geometries (in A and deg) of the reactants, products, various intermediates, and transition statesHarth®,@eaction.

Plain numbers fod—15 show the parameters optimized at the UMP2/6-311G(d) level from ref 15b. The numbers in italics are optimized at the
present B3LYP/6-311G(d,p) level. F&rthe numbers in parentheses show UHF/6-311G(d) data (ref 15b), and the numbers in brackets are optimized
at the CASSCF(7,5)/6-311G(d,p) level. Solid arrows for T$and9' show the normal mode corresponding to the imaginary frequency.
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Figure 2. The profile of potential energy surface (in kcal/mol) for the most important mechanisms ofthetQ0, reaction. The energies of the
curves are based on energies at the B3LYP/6-311G{d BPE[B3LYP/6-311G(d,p)] level. Numbers in italics for some structures show energies

at the higher level G2M(RCC,MP2) which include ZPE.

vinyl radical oxidation. We will at first examine the potential
energy profile for this mechanism. We have found that this
process proceeds frompiE;00 to 2 via a transition statd.
The barrier is high; according to the PMP4/6-311G(d)//UMP2/
6-311G(d)}-ZPE results of Carpenté?,TS 4 lies about 14 kcal/
mol above GH; + O,. The present B3LYP/6-311G(d,p)
ZPE result gives the energy of 0.2 kcal/mol. The use of the
G2M(RCC,MP2) method lowers the energy4fo —1.0 kcal/
mol. CarpentéP considered onlyrans conformerl of C;Hs-
0OO. Our IRC calculations showed that transition stétis
connected to the intermedia?an the forward direction and to
cis-C;H300, 1', in the reverse direction. [fis formed on the
first reaction step, it has to rearrange idtdy rotation of OO
around the single CO bond before going toward #S
Transition statel" corresponds to th& — 1' rotation with the
barrier of 6.1 kcal/mol relative td at the B3LYP/6-311G-
(d,pHZPE level.

Intermediate2, dioxetanyl radical, which is formed after TS
4 is cleared, is less stable tharand lies 27.8 kcal/mol below
the reactants at the G2M(RCC,MP2) level. A weak OO bond
in the four-member ring o can be easily broken, with the

rotation around the CC bond. IRC calculations confirmed the
connection of2 with the asymmetrid¢rans-6 via TS 5.

6 can give the reaction products CHO CH,O by scission
of the CC bond. This process is nearly thermoneutral; PMP4
approximation with 6-311G(df, 6-311G(d,p), and 6-3HG-
(d,p) basis sets shows the exothermicity of-2454 kcal/mol,
but at the B3LYP/6-311G(d,p) level, an endothermicity of 2.8
kcal/mol is calculated. The barrier betweénand CHO+
CH,0 at transition stat& is low again, 7.1 kcal/mol at the
B3LYP level with respect t®. TS 7 has a loose geometry:
the breaking CC bond length is 1.94 and 2.12 A at the UMP2
and B3LYP levels, respectively. When compared with the
UMP?2 level, endothermicity of th6 — CHO + CH,0 step in
the B3LYP level causes elongation of the CC distance and gives
a late character to the transition state.

The reaction mechanism just examinedHg+ O, — 1' —
4 -2 —5—6 —7 — CHO + CH)O, has as the
rate-determining step the formation of four-member-ring diox-
etanyl radical2. Transition state4 lies slightly below the
reactants, and this channel would exhibit a small negative

transfer of the oxygen to the second carbon and the formationtemperature dependence of the rate constant. The calculated

of 2-oxoethoxy radical, intermediag 5 is the corresponding
transition state. Th2 — 6 isomerization is highly exothermic,
with the energy gain of about 70 kcal/mol. The barrier is low,
only 1.2 kcal/mol at the B3LYP/6-311G(d,p) level, and 3S
possesses an early character. Isoétesis no symmetry. Both
cisandtransconfigurations of the 2-oxoethoxy radical wit

reaction exothermicity, 93.7 kcal/mol at the G2ZM(RCC,MP2)
level, significantly exceeds the experimental value of 87.5 kcal/
mol. This error, unusually large for this high level of calcula-
tion, is a result of error accumulation. For the reactantsisC
and Q, G2M(RCC,MP2) atomization energy is underestimated
by 2.5 and 1.8 kcal/mol, respectively, as compared to experi-

symmetry have one imaginary frequency corresponding to the ment, while for the products, HCO and,€&0O, the calculated
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Table 1. Relative Energies and ZPE (in kcal/mol) for Various Species through thie € O, Reaction, Calculated at Different Levels of
Theory at the B3LYP/6-311G(d,p) Optimized Geometries

B3LYP/ PMP4/ PMP4/ RCCSD(T)

species ZPE 6-311G(d,p) 6-311G(d,p) 6-311+G(d,p) 6-311G(d,p) G2M(RCC,MP2) expger
CoHs + OF 25.1(0) 0.0 0.0 0.0 0.0 0.0 0.0
CH:0+ 0O 26.6(0) -5.1 —10.0 -11.3 —-11.1 —-95 -9.0
CHO + CH;O 24.7(0) —82.7 —86.8 —88.4 —85.8 —93.7 —87.5
CO, + CHs 26.0(0) —-126.7 —132.0 —130.7 —-128.1 —135.2 —-131.1
H(O)CC(O)H+ H 23.1(0) —62.2 —68.9 —70.3 —68.5 -77.1
CoH, + OH 25.8(0) -7.7 —-45 —5.4 -7.7 —14.9 —-13.4
C,H300, trans 1, Cs 29.8(0) —41.2 —-33.9 —34.4 —-37.1 —46.4
C,H;00,cis, 1', Cs 29.9(0) —40.1 —32.9 —33.2 —36.2 —45.2
TS1",C 29.5(1) —-35.1
HCOOCH, 2, C; 30.2(0) —15.2 —-12.9 —14.0 —15.5 —27.8
CoH3(02), 3, Cs 28.9(0) —24.3 —25.3 —26.4 —26.0 —38.3
TS4,C, 28.6(1) 0.2 10.6 8.6 5.0 -1.0
TS5,C 28.9(1) —14.0 -5.8 -7.1
CH,OCHO,6, C, 29.0(0) —85.5 —82.4 —84.0
TS7,C, 26.9(1) —78.4 =77.7 —79.8
TS8,C, 28.5(1) -15.3 -11.0 -11.9 -10.6 -21.4
TS9,Cs 28.1(1) —28.0 —22.2 —24.6 —25.1 —34.0
TS9,C, 28.0(1) -95 -1.6 —-33 —6.4 —-14.3
seam9”, 2A’ 27.3(1) —-12.2 -5.9 —8.6 -7.9 —-15.4
2A" 27.8(1) -11.7 13.6 9.8 -1.8 —12.8
CHO(O)CH, 10, C; 29.5(0) —74.4 —71.8 —73.8
TS11,C, 8.8(1) —74.8 —73.6 —75.6
CHO-0-CH,, 12, C; 29.1(0) —98.7 -97.7 —99.1
CHO—-0—-CH,, 12, Cs 29.2(0) —103.1 —101.7 —102.9
TS13 C; 26.8(1) —72.8 —67.5 —69.5
TS13,C 27.6(1) —75.9 —-71.3 —73.5
TS14,C, 27.0(1) —64.3 —65.1 —66.0
TS15 C 29.2(1) —-73.9 —=71.0 —73.2
HsCOCO16, Cs 30.5(0) —102.9
TS17,C, 27.8(1) —75.8
TS18 C; 25.8(1) 28.2
H3CCQ;, 19, Cs 29.5(0) —23.6
TS20,C; 29.0(1) —20.6
H3CCQ;, 21, Cs 29.8(0) —-112.2
TS22, Cs 28.8(1) -107.8
TS23 C; 27.3(1) —6.6 —-6.5 -8.0 -5.0 -7.8
CoH30-0 24, Cs 27.2(0) -7.9 -10.8 —12.0 —10.5 —13.5
TS25C, 25.9(1) -0.6 5.4 4.2 4.0 -5.2
TS25,C; 25.3(1) —0.6 5.3 49 5.8 —-35
C,H,00H, 26, C; 28.5(0) —10.2 -7.2 —8.6 —-9.4 —20.5
C;H,OCA") + OH 23.6(0) 4.2 4.3 0.9 1.7 —0.6
TS27,C, 26.7(1) 6.9 13.3 11.2 13.4 3.9
TS28 C, 25.8(1) 30.1
C,H,(OH)0, 29, Cs 31.1(0) —-112.7 —108.6 —110.6 —109.3 —-121.3
HC(OH)COH30, C; 30.8(0) —70.1
H,C(OH)CO031, C, 30.5(0) —98.1
H,CCO(OH)32, C, 30.2(0) —119.3 —119.4 —121.1
HCC(OH), 33, Cs 25.8(0) —72.4
34,C, 30.6(0) —-67.1
35,C; 30.7(0) —67.4
36, Cs 31.3(0) —66.7
TS37,C, 26.6(1) —56.1 —54.4 —57.0
TS38 C; 23.9(1) —54.6 —55.0 —58.0
TS39 C, 23.8(1) —59.3 —61.0 —62.8
TS40,C, 26.6(1) —-34.1
TS41,C, 28.0(1) —64.4
TS42, Cs 26.8(1) —56.7
TS43 Cs 26.8(1) —79.6
TS44,C, 26.8(1) —-51.1
TS45,C, 29.8(1) —62.2
TS46,C, 27.1(1) -31.9

a2 The energy values in the table include the ZPE correction. ZPE is calculated at the B3LYP/6-311G(d,p) level, with the number in parentheses
representing the number of imaginary frequencies, NIMAGxperimental data from ref 32.The total energies (in hartree) for thetG + O
system are the following: B3LYP/6-311(d,p)228.29181, PMP4/6-311G(d,p}227.74462; PMP4/6-3HG(d,p) —227.75423; RCCSD(T)/6-
311G(d,p)—227.75054; and G2ZM(RCC,MP2)227.89624.

atomization energy is overestimated by 0.3 and 1.6 kcal/mol, in 4 are 0.07 and 0.05 A longer than the UMP2 optimized ones.
respectively, causing the total error of 6.2 kcal/mol. The largest deviation is found for the CC distance iwhere

As seen in Figure 1, UMP2 and B3LYP methods give, in the B3LYP value is 0.18 A longer than the UMP2 one. This is
general, similar geometries for the intermediates and transition caused by the flatness of the potential energy surface. The
statesl—7. However, sometimes the differences are significant; change of the distance from 1.94 to 2.12 A leads to the energy
for example, the B3LYP optimized CC and OO bond lengths change of only 0.1 kcal/mol. Because the B3LYP relative



9764 J. Am. Chem. Soc., Vol. 118, No. 40, 1996 Mebel et al.

energies are closer to the G2M(RCC,MP2) energies than theTable 2. Molecular and Transition-State Parameters Used in the
UMP2 values and the UHF wavefunction for this species is RRKM Calculations
susceptible to high-spin contamination, we consider B3LYP  species or

geometries as more reliable. transition state i i (107*0g cn?) vi (em™)
B. Three-Member-Ring Reaction Mechanisms.Carpen- CaHs A 3.6 713, 820, 918, 1046,

ter!> has suggested for the d; + O, reaction another CB: gg'z 13%12’316651’ 3038, 3136,
mechanism which involves an intermedi8teith a CQ, three- 0, A 19.5 1638
member ring. In3, carbon and hydrogen atoms form a B 19.5
symmetry plane and two oxygens are reflected by this plane. c 0.0
The CCa-bond breaks and the radical center is moved to the ©H00:1 'é‘ 1172'3 14305;5%850711'163%14'1812‘2 1289
s-orbital of the terminal C. The OO bond becomes a single c 188.7 1408, 1672, 3165, 3212, 3263
bond, with a length 0.16 A longer than that th The CH:00,1 A 39.1 199, 337, 631, 689, 883,
dioxiranylmethyl radicaB which lies 38.3 kcal/mol below the B 123.4 919, 969, 1071, 1176, 1320,
reactants at the G2M(RCC,MP2) level is 8.1 kcal/mol less stable c 162.5 1399, 1650, 3173, 3221, 3273

” . CoH302, 3 A 42.7 260, 395, 454, 608, 778,
thanl. The transition stat8 separate8 from 1 or 1'; the barrier B 109.7 782, 956, 1140, 1149, 1243,
from 1 is 25.0 kcal/mol, much lower than the barrier for four- c 126.3 1403, 2463, 3125, 3161, 3278
member cyclization at T8. 8is 21.4 kcal/mol lower than £E13 TS4 A 58.8 307,577, 698, 782, 881,
+ O at the G2M(RCC,MP2) level. Due to the endothermicity E 172%; 1001%017023‘891116;616223?918397'
of thel — 3 isomerization, T8 has a rather late character. 1qg A 116 267, 480, 580, 839, 855,
The OO bond ing, for instance, is only 0.04 A shorter than B 119.0 942, 969, 1193, 1280, 1383,
that in3, but is 0.12 A longer than that ih. The COO angle c 133.3 1513, 3161, 3189, 3269
changes by 34from 1 to 8 and by 20 from 8 to 3. In the TSY A 57.4 293, 396, 466, 754, 882,
reverse direction, T8 is connected to bottians andcis-CyHs- E 1?257'; 9531’ 41611403’01222153’11425353’2173171'
OO0 because the potential energy surface bifurcates. Intermedi-ts o3 A 34.0 83, 190, 496, 584, 857,
ate 3 has also been confirmed to be directly accessible from B 202.8 966, 1012, 1199, 1322, 1423,
the reactants. If the 13 + O, — 3 reaction takes place within c 2112 1490, 3039, 3146, 3257
Cs symmetry, with GH3 in-plane and @ out-of-plane, it is TS25 g‘ 31'(75 45985436%'133%;128‘1'182%1'121 4
symmetry-forbidden, becausel; + O, at infinite separation c 1415 1531, 1846, 3180, 3269
has a?A’ electronic state. However, if the symmetry breaks, TS25 A 46.0 286, 365, 587, 639, 680,
0O, can attach to ¢Hz forming 3 without any barrier. This B 136.1 731, 825, 862, 1055, 1343,

C 182.1 1675, 1885, 3312, 3438

would happen if @ approaches £1; asymmetrically and out-
of-plane and the trajectory goes through the geometries having

higher energies than T§ bypasses T8, and ends ir8. We 10 (enantiomer)—~ 9 — 10 as the rotation of the COHO group:
could not find any TS connecting with the reactants, their 02 36(° (terminal)— 300> — 240 (bridged), & 120° (bridged)
optimization leads to the ££l; + O, dissociation. — 60° — 0° (terminal), and H 210— 180° — 15(°.

Starting from3, two reaction scenarios are possible. Car- We have found T’ which actually connect8 with 10. In
pentet® has considered one: the migration of an oxygen atom 9', one of the oxygens is moved toward the Ctdrbon, C;
onto a bridging position with formation of the oxiranyloxy the OO distance is stretched from 1.49 A3no 1.84 A in9
radical 10. The other possibility of hydrogen migration will  and the €O distance is shortened to 2.27 A. In this sere,
be discussed near the end of this section. The intermetiiate is an early TS because D, the GO bond length is 1.39 A.
is much more stable thah 2, or 3; at the B3LYP/6-311G(d,p) The proces8 — 9— 10can be considered as the synchronous
+ ZPE level it lies 74.4 kcal/mol below the reactants. One of rotation of & 330° — 285 — 240¢°, O° 30° — 15° — 0°, and
the oxygen atoms ii0 asymmetrically bridges the CC bond, H on G 180 — 165 — 150°. The barrier for the3 — 10
and the radical center shifts onto the terminal oxygen. Carpenterisomerization vigd' is calculated to be 24.0 kcal/mol, and the
could not find the transition state betwe2and10. He located transition state lies 14.3 kcal/mol below the reactants at the
a TS9 only at the UHF level, and its PMP4 energy was lower G2M(RCC,MP2) level. Thus®' is about 7 kcal/mol higher
than the energy 08. Based on this, Carpenter suggested that than 8. Using molecular parameters shown in Table 2, we
the dioxiranylmethyl radicaB might not be a local minimum  calculated entropies and Gibbs free energies for BZind9'.
at the correlated level. Starting from the UHF geometry reported In the temperature range of 308500 K, the entropy of' is
by Carpenter, we have found T8at the B3LYP/6-311G(d,p)  slightly, by 0.4-0.7 calmol~t-deg?, higher than the entropy
level. The energy o8 actually is lower than the energy 8fat of 8. Meanwhile, the Gibbs free energy of ™Bis by 5-7
the B3LYP level. Therefore, this transition state cannot be kcal/mol higher than that of T8. Therefore, th& — 9 — 10

connected td. We carried out IRC calculations fro® in isomerization, but not — 8 — 3, is the rate-determining step
forward and reverse directions. T®was found to haveCs for the formation of CHO+ CH,0.

symmetry, with GHsz in-plane and two oxygens out-of-plane. In addition to TS9 within Cs symmetry that connects) and
As seen in Figure 1, the normal mode corresponding to the 10, and TS9 in C; symmetry that connect3 and 10, there
imaginary frequency o9 belongs to the 'airreducible repre- still may be a transition state in the vicinity 6fthat connects

sentation and a motion along this mode destroys the symmetry.from 3 to 10. A candidate is an asynchronous structure with
Profiles of IRC in two directions have to be identical and both 02 and @ at 330 and 30 corresponding td but the CO
reverse and forward calculations result in the intermedigte distances shortened asdn TS 9 is in the?A’ state with (4)%
Thus,9 connectsl0 with 10 and serves as a transition state for (&) configuration and3 in the 2A" state has the (3l(a)?2
terminal-bridge exchange of two oxygen atoms. The barrier configuration. Therefore, we at first located the minimum of
for this degenerate rearrangement is high, 46.4 kcal/mol at thethe seam of crossing (MSX) betweéA” and?A’ electronic
B3LYP + ZPE level. Using the Neuman projection (with 0  states withinCs symmetry, the structur@’. At the B3LYP/6-
defined as the 12 o’clock position), one can consider the process311G(d,p) level9" lies 13.7 and 16.6 kcal/mol higher th&n
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and 9, respectively. A B3LYP TS search without symmetry CO,, and the transition state 1¥. The latter ha&s symmetry,
constraint starting from the neighborhood ®f converged to the breaking CO bond is elongated from 1.45 Alito 1.86

9, indicating that the hypothetical TS betwegrand 10 does A'in 17, and the OCO angle opens from 127i1 16to 146.F

not exist. A similar search using the CASSCF(7e,50) method in 17 directing toward the linear COmolecule. The barrier
without symmetry constraints starting arou®iticonverges to with respect tdl6 is quite high, 27.1 kcal/mol at B3LYPZPE,
the structure, very similar t®, which is a TS for1l0 — but TS 17 lies 11.5 kcal/mol lower than TS4 in this
enantiomerl0 scrambling, but not foB — 10 isomerization. approximation. Meanwhile, the reverse reaction,COCHz
Therefore, we conclude that an asynchron®us 10 transition — 17 — 16 has a high barrier of 50.9 kcal/mol.

state does not exist and the isomerization can take place only The second reaction pathway from dioxiranylmethyl radical
via the synchronous TS. 3 leading to CQ + CHs also exists. Instead of oxygen

The reaction evolution starting from intermediafecan occur ~ Migration to the bridging positior§ — TS 9" — 10 discussed
by two different paths. One is the migration of the bridging above, this intermediatecan undergo a 1,2-hydrogen shift from
oxygen to G, giving the 2-oxoethoxy radic#l. The transiton ~ C'to C2 Inthis case, intermediafi9, methyldioxiranyl radical
state for this O-shift is structurk5 and the barrier is only 0.5 ~ H3sCCQ,, is formed via transition stat#8. While 18 is non-
kcal/mol with respect td0 at the B3LYP/6-311G(d,p} ZPE symmetric,19 hasCs symmetry andA’ electronic state. During
level. Thel0— 6isomerization is calculated to be exothermic  the hydrogen shift, the radical center is moved in the opposite
by 11.1 kcal/mol at the B3LYP level, and T has an early ~ direction, from Cto CL 19is only 0.7 kcal/mol less favorable
0.21 A longer than that i, but by 0.77 A shorter than that i high, 52.5 kcal/mol, and T$8 lies 28.2 kcal/mol above the
in 6. Intermediates can produce CHG- CH,O via TS7 with reactants and 37.7 kcal/mol higher thanar &t the B3LYP+ZPE
a low barrier, as was already discussed. level. Thus, this mechanism cannot compete with oxygen
migration leading tol0. The intermediatel9 can be trans-
formed further by breaking the OO bond which results in the
acetoxy radicaRl. This isomerization is highly exothermic;
21 lies 88.6 and 112.2 kcal/mol belod® and GHs + O,
respectively, at the B3LYPZPE level. 21 possesse<s
symmetry with carbon, oxygen, and one-hydrogen atoms in the
plane of symmetry, and the electronic statéds The structure
20is the transition state for the OO breach, betw&@and21.
The barrier is low, 3.0 kcal/mol with respect 1®, and 20 is
an early transition state. Intermedidt®is quasi-stable; once
it is formed, it easily isomerizes to the acetoxy radizal The
rupture of the CC bond in the latter gives €Ht CO,. This
reaction step is exothermic by 14.5 kcal/mol (B3L¥PBPE)
and has an early transition sté?8 The latter has the same
symmetry and electronic state 28 The barrier with respect
to 21 is calculated to be 4.4 kcal/mol. The early character of
22is seen in that the CC distance and OCO angle increase only
by 0.07 A and 18.9 as compared to those 1. The IRC
calculation confirmed the connection 22 with 21 and CH +
CO,. For the reverse reaction, the barrier atZ28s 18.9 kcal/

The other path, a breach of the CC bond with the formation
of formyloxymethyl radicall2, has been considered by Car-
pentet> and is more favorable than the first ondl is the
transition state for the breach of the CC bondlh At the
B3LYP/6-311G(d,p) levelllis only 0.3 kcal/mol higher than
10. With ZPE, TS11 lies even 0.4 kcal/mol lower thahO,
indicating instability of the latter. The formyloxymethyl radical
can exist in two conformations. Carpenter has calculated one
of them, 12, with the oxygen atom of €in the trans-position
relative to C. Structurel2 has no symmetry. We have found
that another conformatiod?2, with the terminal oxygen in the
cis-position, is 4.4 kcal/mol more stable tha@ owing to the
O---H hydrogen bond interaction with the OH distance of 2.41
A. Both12and12 can be obtained frorh0via TS11because
the potential energy surface is expected to have a bifurcation
point afterll. 12and12 can rearrange to each other by rotation
around the single OC bond, and the barrier would not be high.
12 has Cs symmetry and?A'" electronic state. In both
conformations the unpaired electron is located on the; CH

carbon. ' Thel0 ~— 12 or 12 isomerization is exothermic by mol. Therefore, the reaction of GQvith CHs is more likely

24.3-28.7 kcal/mol at the B3LYPZPE level. ; -
) . ) } to produce21 with the carbon atom of methyl forming a CC
The formyloxymethyl radical can dissociate by breaking the ponq thani6 with formation of a new CO bond.

oc bO”‘?' and 9""“9,”‘6 reaction products, CH@HZO'”?”‘Q’ The reaction mechanisms involving the three-member-ring
13andcis-13 transition states connet? and12, respectively, intermediate3 can be summarized as follows:
with CHO + CH,O. This reaction step is endothermic by-11

16 kcal/mol at different levels of theory. The transition states 18—=19 —= 20— 21—>2
are late and loose, with the OC distance of ::8®3 A at the CoHy+O0y—1 or 1> 8 —= 3< 14—=1g-=17-7 COzCHs
B3LYP level. The B3LYP OC bond length ih3is 0.12 A
longer than the UMP2 optimized value, but the difference is

attributable to the flatness of the potential energy surface. The
energy ofl3 is by 3.1 kcal/mol lower than that df3 at the The channels leading to the CH® CH,O products are
B3LYP + ZPE level. preferable because TS lies much lower than TSI8, the

Another path of transformation df2 is 1,3-hydrogen shift barriers at TS13 and 13 are lower than that at T%4, and
from C! to C? via transition statel4. TS 14 lies somewhat CHO + CHyO can also be formed via tH®0 — 15— 6 — 7
higher than TSL3, by 8.5, 2.4, and 3.5 kcal/mol at the B3LYP/  subchannel with low barriers at TS16 and7.

1213
9—=10— 11 ’1f CHO+CH,0
N 2._>13,/ >

15— 6—>7

6-311G(d,p), PMP4/6-311G(d,p), and PMP4/6-3Q(d,p) C. Elimination of Oxygen Atom from the Vinylperoxy
levels. IRC descent in the forward direction frold gives Radical. C;H300 1 or 1' can dissociate with elimination of
intermediatel6, methoxyformyl radical HCOCO. 16 is 4.2 one oxygen atom, instead of undergoing complex rearrangement

kcal/mol more stable thafi2 and 102.9 kcal/mol below the  described in the previous two sections. The dissociation
reactants, €Hs + O,. H3COCO hasCs symmetry, with the products, vinoxy radical and the O atom, lie 9.5 kcal/mol below
symmetry plane containing four heavy atoms and one hydrogen,C,H3s + O, at the G2M(RCC,MP2) level. This level is in good
while two other hydrogens are reflected by the plane. The agreement with the experimental heat of the reaction, 9.0 kcal/
electronic state 0f6is 2A’ and the unpaired electron is located mol.32 The calculated endothermicity of thelzO0 — C,H30

on ac-orbital of Ct. H3COCO16 finally dissociates to Cki+ + O process is 36.9 kcal/mol at G2ZM(RCC,MP2). If the
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dissociation takes place withi@s symmetry, it is symmetry-
forbidden becausé has?A'" electronic state and the overall
electronic state of g¢30 + O is 2A’. Therefore, we looked
for the transition state for O elimination without symmetry
constraint. The search leads to struct28 Consistent to the
reaction endothermicity, T83 has a late character; the geometry
of the GH30 fragment is close to that in the free radical and
the OO distance is long, 1.98 A. In the reverse view point, the
oxygen atom attacks the planar vinoxy radical from an out-of-
plane position, with the OOCC dihedral angle of 125.%t

the B3LYP/6-311G(d,p) leveR3 lies 2.2 kcal/mol below the
products, vinoxy+ O, implying the existence of a83;0-0O
complex. Such a compledd, planar and ifA’ electronic state,
was located. As compared &3, the OO distance is elongated
further, to 2.39 A. At the B3LYP/6-311G(d #ZPE level, the
energy of the complex formation fromyB30 and O is 2.8 kcal/
mol, and the barrier at T33, with respect to gH30-0, is 1.3
kcal/mol. The use of the more accurate G2M(RCC,MP2)
method somewhat changes the energetics. At this level3TS
lies 7.8 kcal/mol below gHsz + O, but 1.7 kcal/mol higher than
C;H30 + O products. The complexation energy fofHzO-O
24is 4.0 kcal/mol at G2M(RCC,MP2). Thus, for thek +
O;—1lorl — TS 23— C,H30-0 24— CyH30 + O reaction
channel, T3 is the rate-determining TS. At our best G2M-
(RCC,MP2) level, this transition state lies below the reactants
but 6.5 kcal/mol higher than TS for the rate-determining step
of CHO 4+ CH,O formation. On the other hand, T2 has a
looser structure and therefore has a higher entropy fhan
Hence, at high temperatures, the channel leadingk:QG +

O can compete with the mechanisms producing CHOH,O,

as will be seen from our RRKM calculations later. It is worth
mentioning that the reverse,@;0 + O reaction can produce
not only GH3;0O0 but also the 2-oxoethoxy radic] if the
oxygen attacks € The GH30 + O — 6 reaction is highly
exothermic and has no barrier. The direct abstractiohizG-

0O, — C,H30 + O, cannot take place.

D. The Pathways Involving Hydrogen Shift in G;H300.
Another possibility of transformation afis-C;H300, 1' is the
1,4-hydrogen shift from €to the terminal oxygen. We have
found two transition states for the hydrogen shift. OneZ2bS
leads to intermediat26, 2-hydroperoxyvinyl-HCC(H)(OOH).
This isomerization is endothermi2§ lies 24.7 kcal/mol higher
thanl' but 20.5 kcal/mol below the reactants at the G2ZM(RCC,-
MP2) level. The geometry &6 is not planar; the OH bond is
rotated out of plane with the HOOC dihedral angle of 88.4
The unpaired electron ig6 shifts to &. TS 25 has a structure
with a CCOOH five-member ring. This is a late transition state
that could be anticipated from the reaction endothermicity. The
moving H atom is located much closer to O (1.19 A) than to
C2 (1.40 A). The barrier for the hydrogen shift is 40.0 kcal/
mol with respect td' and TS25is 5.2 kcal/mol lower in energy
than the reactants at the G2ZM(RCC,MP2) level.

Three pathways of reorganization2 are conceivable. The
first one is the elimination of the OH group to form a triplet
C.,H,0O. The cleavage of the OO bond occurs without barrier.
At the G2M(RCC,MP2) level, €4,0 A"”) + OH lies 19.9
kcal/mol higher thar6 and 0.6 kcal/mol lower than £l; +
O,. The triplet GH,O hasCs symmetry and two unpaired
electrons are located on theorbital of G andz-orbital of O.

Mebel et al.

of 26 to CH, + O,H. the CO bond in27 is lengthened to
1.86 A and both HCC angles approach 180 he barrier at
the G2M(RCC,MP2) level is 24.4 kcal/mol with respecti®

TS 27 is 3.9 kcal/mol higher than the reactants. The third
channel is the 1,2-H shift i86 from one carbon atom to another
with the transition stat@8. The barrier has a typical height of
40.3 kcal/mol with respect t®26 at the B3LYP/6-311G-
(d,pHZPE level, and T28is 30.1 kcal/mol above the reactants.
Therefore, this mechanism is not probable. One could expect
that the hydrogen shift i26 leads to the formation of the H
CCOOH radical. However, optimization of this structure leads
to the dissociation into $£=C=0 and OH. Thus, T8
connect26 with the HLCCO + OH products.

The second transition state for the 1,4-hydrogen shiftldC

00,1 is 25. Opposite ta25, the five-member CCOOH ring
in 25 has a loose geometry; the CO distance is 2.17 A. On the
product side, T25 is directly connected to £1, + O;H. On
the reactant sid&5 seems to be connected tgh; + Oy, i.e.,
to be a transition state for direct hydrogen abstraction. However,
this is not the case. IRC calculation confirm@& to be
connected withl'. TS 25, lying by 3.5 kcal/mol below gH3
+ O,, corresponds to the hydrogen shift accompanied by the
cleavage of the CO bond and the formation of the tripeCC
bond. The energy d5 is by 1.7 kcal/mol higher at the G2M-
(RCC,MP2) level than the energy @b. However,25 has a
looser geometry and therefore higher entropy tB&n C;H,
+ O,H would be produced rather by tié — 25 — C,H, +
O;H channel than by thg' — 25— 26— 27— C,H, + O,H
channel, becaus?y lies by 7.4 kcal/mol higher thaP5 at the
G2M(RCC,MP2) level. Also, if intermediat26 is formed, it
would rather dissociate to/8,0 (BA"") + OH than to GH;, +
O-H.

We have not found any transition state for direct hydrogen
abstraction from gHz by O,. We tried to locate one, using the
initial geometry similar to25, but with oxygen in therans
position relative to the carbon of CH, in order to avoid formation
of the CO bond. However, the energy of such a structure is
much higher than the energy of the reactants and the optimiza-
tion does not result in any saddle point.

E. Other Isomers of GH30,. The reaction mechanism
described above do not necessarily involve all of the potential
isomers of the gH3O, radical. In this section, we consider
various arrangements of four heavy atoms of the radical and
different distributions of three hydrogens between them in order
to generate most of the possible isomers of these species. The
only assumptions made for this consideration is that carbon and
oxygen atoms should have the valences of 4 and 2, respectively.
Some high-energy isomers might be missed this way, but they
are not expected to be important for the reaction.

With respect to the arrangement of C and O atoms, all
configurations of GHzO, can be divided into the groups shown
in Chart 1.

All of the structures29—36, which we did not consider in
the previous sections, appear to be minima on the potential
energy surface with no imaginary frequencies. Their implica-
tions to the reaction mechanism are discussed below.

The isomer29, HOCHCHO, can be obtained in the reaction
of OH with triplet GH0, if OH attacks the radical center of
C?and a new GOH bond is formed. The reaction is barrierless

The second mechanism is the rupture of the CO bond resultingand highly exothermic, 116.9 and 120.7 kcal/mol at the B3LYP/

in C;H, + O;H. The26 — C;H, + OyH step is endothermic
by 5.6 kcal/mol at the G2ZM(RCC,MP2) level. Acetylene and
OH lie by 14.9 kcal/mol below the reactants at this level of

6-311G(d,p}-ZPE and G2M(RCC,MP2) levels, respectively.
At our best level G2ZM(RCC,MP229 lies 121.3 kcal/mol below
C;Hz + O, HOCHCHO,29 hasCs symmetry,2A" electronic

theory. This number is in close agreement with the experimental state, with three electrons formiagbonds between . Cl, and

value of 13.4 kcal/mot2 27 is the transition for the dissociation

0. 29 can rearrange to structuéeby 1,2-H shift from oxygen
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Chart 1
1. Chainisomers
a. CCOO chainrstructuredl, 1' and 26.
H,C=C—0—0H does not exist
b. COCO chain-structuresl2, 12, and16
c. COOC chainrno reasonable structures exist
d. OCCO chain-structures, and new isomerg9, 30, and31
2. Branch isomers21 as well as32 and33

O
Ve
Cc—C_
(¢]
3. Three-member-ring isomers
a. 3and19
Ve
c—c_l
b. 10, 34and35
Ve
o—c’|
(0]
4. Four-member-ring isomers
a. Structure?
[
b. New IsomeB6
7
o—C

to C2. 37is the corresponding transition state. The rearrange-
ment is endothermic by 27.2 kcal/mol, and the barrier is high,
29.4 and 67.6 kcal/mol relative and29, respectively, at the
B3LYP+ZPE level. IsomeR9 can also eliminate the hydrogen
atom of the OH group producing,8,0; via the transition state
38. The different conformations &9 are not considered here,

but the calculated one seems to be the most favorable one

because of the stabilizing-HO interaction. Meanwhile, the
global minimum for GH»0, is H(O)C—C(O)H, diformyl acid,
and ha<C,, symmetry with two hydrogens locaté@nsto each
other. Therefore, hydrogen elimination via T8 is ac-
companied by the rotation about the single CC bond. As a
result, 38 has no symmetry. The transition state has a late
character. Its geometry is close to that of H{O)CC(O)H, except
that the OCCO dihedral angle is different, and the OH distance
is long, 1.77 A. The endothermicity of tH29 — H(O)CC-
(O)H reaction is 50.5 and 36.2 kcal/mol at the B3L¥PPE
and G2M(RCC,MP2) levels, respectively. Atthe B3L¥RPE
level, the barriers for the hydrogen elimination fr@®and for

the reverse reaction are 58.1 and 7.6 kcal/mol, respectively.

The H(O)CC(O)H+ H products can also be formed by the
hydrogen elimination from &n the 2-oxoethoxy radica. The
barrier at transition stat89, 26.6 kcal/mol with respect t6
(B3LYP+ZPE), is significantly higher than the barrier for the
dissociation of6 to CHO + CH,O at TS7, but 3.2 kcal/mol
lower than the barrier for th@ — 29 rearrangement via TS7.
Thus, it is not likely that29 can be obtained from the
2-oxoethoxy radical. If HOCHCH®9is formed from GH,0
(®A") + OH, the two channel®9 — TS 38 — H(O)CC(O)H
+ Hand29—TS37— 6— TS 7 — CHO + CH,0, would
compete, with the first more favorable than the second at high
temperatures because their barriers are close ar88#&Sooser
than TS37.

For the reaction of H(O)CC(O)H with H, the barrier at TS
39 for the formation of6 is 4.7 kcal/mol lower than that at TS
38for 29. Thus, the main products of the H(O)CC(OYHH
reaction would be CHG+ CH,0, obtained by the following
mechanism: H(O)CC(O)H- H—TS39—6—TS7— CHO
+ CH0.

The other isomers from group 1d &6 and31. 30 has a
rational formula HOCHCOH (vinyl-1,2-diol) an8il is HOCH,-
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CO (2-hydroxyacetyl radical). Neither structure has symmetry.
The unpaired electron is located oA.C30 has a CC double
bond and31 has a GO double bond. Bot!30 and31 are less
stable thar9, by 42.1 and 14.1 kcal/mol at the B3L¥ZPE
level, respectively. Meanwhile3l is 12.6 kcal/mol more
favorable than6 and its energy is close to that of the
formyloxymethyl radicall2 and12. 30 can be obtained from
29 by the 1,2-hydrogen shift from Qo O via the transition
state40. The barrier is calculated to be high, 36.0 and 78.6
kcal/mol relative ta30 and29, respectively, at the B3LYPZPE
level. Although30 seems to be kinetically stable, it would be
extremely difficult to reach it from29 or anywhere else.
Intermediate81is connected t@9 and6 through transition states
41 and 42, respectively.41is a TS for the 1,2-H shift from
one carbon atom to another. The barrier has a typical height
of 33.7 kcal/mol at the B3LYRZPE level with respect to the
less stable isomeBl. 42 is a TS for the 1,3-hydrogen shift
from the oxygen atom to € The barrier for the 1,3-shift is
7.7 kcal/mol higher than that for the 1,2-shift reflecting higher
exothermicity of theB1 — TS 41 — 29 reaction as compared
to that of31— TS42— 6. Intermediate31 can also dissociate
to hydroxymethyl radical CHOH and CO by the scission of
the single CC bond, and the reverse barrier is expected to be
similar to the barrier for the C{+ CO — CH3CO reaction.

In addition to21 discussed above, group 2 contains isomers
32and33. 32is H,CC(O)OH and lies 119.3 kcal/mol lower
than GHs + O, (B3LYP+ZPE). We believe thaB2 is the
global minimum for the @H30, species. The CC(O)(OH)
radical32is planar and its electronic state?s”. The unpaired
electron belongs to the-system and is distributed betweeh C
C?, and the terminal oxygen. T48 connects HCC(O)OH with
21 and corresponds to the 1,3-hydrogen shift froft& the
oxygen atom. We did not consider all possible conformations
of H,CC(O)OH assuming tha32 is the best one due to the
H---O hydrogen bonding and rotation around the single CO bond
is easy. TH3lies 32.6 and 39.7 kcal/mol higher thad and
32, respectively. The pathway leading to the global minimum
of CoH3O» is as follows: CQ+ CH; — TS22— 21— TS43
— H,CC(O)(OH)32. The rate-determining step is the 1,3-H
shift at TS43 and the activation energy is 47.1 kcal/mol at the
B3LYP+ZPE level. The reaction is endothermic by 7.4 kcal/
mol.

Intermediate33, 2,2-dioxyvinyl radical HCC(OH) is 46.9
kcal/mol less stable tha@2. Different conformations of HCC-
(OH) may exist, buB3 is probably the most stable one due to
the H--O hydrogen bonds33 can be obtained frorfB2 by the
1,3-H shift from C to the oxygen via transition statel. The
barrier is calculated to be 21.3 and 68.2 kcal/mol relativé3o
and 32, respectively, at the B3LYPZPE level.

Group 3b contains structuré§, 34, and35 with one oxygen
bridging the CC bond.10is the most stable of the three, and
34and35lie by about 7 kcal/mol higher and are close in energy.
In 34, C! is bound with an H atom and hydroxyl, besides the
bridging oxygen, and the radical center is located 8n This
intermediate can be obtained frd&f by oxygen migration onto
the CC bridge via TSA5. The barrier, 50.5 kcal/mol with
respect ta29, is high but slightly lower than those at T3
and 38 for rearrangement d29 to 6 and dissociation to H(O)-
CC(O)H+ H. However,34is not very stable kinetically; the
reverse barrier for its transformation &9 is only 4.9 kcal/
mol.

In structure35, Ct is connected to the OH group and has an
impaired electron, while two other hydrogen atoms are con-
nected to € It can be reached fromO by the 1,2-H shift
from C! to the terminal oxygen. The barrier for the shift, located
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at TS 46, is 42.5 and 35.5 kcal/mol relative t©0 and 35, 6 via TS37. The two transition states have close energies and
respectively. Becausk0 is not stable and rearranges @ar these subchannels would be competitive.

12 virtually without barrier,35 cannot be obtained through G. RRKM Calculations of the Rate Constants for Key
intermediatel0. The other pathway leading 185 would be Product Channels. We have calculated the rate constants for
oxygen migration to the bridging position in intermedi82 formation of various products according to the following

However, the32 — 35 isomerization is endothermic by 51.9 mechanisms:

kcal/mol and we do not consider this channel here.
b (TS23)

Group 4b includes isom@&6 with a COCO four-member ring.  C.H.. + O, == C.H.00' 1 C.H.O+0O
The radical center is onC The energy oB6is close to those 2 2-a 728 2
of 34and35. 36 may also be connected wittd, but due to ¢529 ~ H.0+ OH
the instability of the latter, we did not calculate this pathway. o (Ts25) 2

F. Summary of Reaction Mechanisms.The profile of the CH,+ OH
potential energy surface for the most important channels of the e (TS4)
C;Hs + O, reaction is shown in Figure 2. According to the — CHO+ CH,0O
energetics calculated at the G2M(RCC,MP2) and B3LYP/6- f(TS8) +. (159)
311G(d,p) levels, the most favorable pathway leading to the T‘CZHS , 3——
CHO + CH,0 products is the following: ¢3+ O,— 1or1' CHO+ CH,O
—TS8—3—TS9 —10—TS11—120r12 — TS13o0r
13 — CHO + CHyO. The rate-determining step for this hiMI C,H,00

mechanism is oxygen migration to the CC bridging position

best GZM(RCC,MP2) level. The alternative subchannel for the ang the dioxiranylmethyl radical intermediates. In the first
formation of these products is1lQ— TS15—6—TS7— approximation, we consider that the intermed®terives solely
CHO+ CHO. The CQ + CHs products can be formed from  fom 1 through cyclization via T8 and is not formed directly

17 — CO, + CHz. However, the energy of T$4 is higher Steady-state assumption for both excited intermediates leads

than that of TSL3 by 6-11 kcal/mol at various levels of theory  tg the following expressions for the second-order rate constants
and the former has a much tighter geometry than the latter.  of various product channels:

The main reaction products, CH® CH,0, can also be 1. For channels be:
formed by the mechanism suggested earlier, involving a four-
member-ring dioxetanyl radic@t C,Hz+ O,— 1 — TS4— a, QO QF K (E)N (E*)e*E*/KT de*
2—TS5—6—TS7— CHO+ CH,O. The rate-controlling k(T) = f;efa’” ; KEN, 0)
step is the formation o2 via TS 4, lying 1.0 kcal lower than Qc,4,Qo, o+ zkj(E) - F(B)

the reactants and 13.3 kcal/mol higher than9dr &t the G2M-
(RCC,MP2) level. Thus, this mechanism probably cannot 2. For the collisional stabilization of £:00":
compete with the channels involving the three-member-ring X
dioxiranylmethy! radicaB. o A . KT o wN(EHe BT dE”

The reaction can also proceed by the elimination of oxygen ka(T) = h QcnQo € j<; o+ zki(E) — F(E) (n
atom from the vinylperoxy radicdl or 1': Co,Hz + O, — 1 or Zs e
1' — TS 23— 24— C,H30 + O. The transition stat@3 is
6.5 kcal/mol higher in energy than TS (7.8 kcal/mol below
the reactants), but its geometry is much looser than that. of
Therefore, this channel can compete at high temperatures with P + EHKT gt
the mechanisms going through BS If the vinyloxy radical k (T) = %a & e—Ea/KwaG(E)Na(E )e dE ()
recombines with the oxygen atom, they can prodéieéthout 9 h Qc 1, Qo, ° o+ ij(E) -F
a barrier and the latter dissociates to CHOCHO.

Hydrogen migration in gH300, 1' gives rise to other reaction ~ where
channels: @Hz + O, — 1 — TS 25— 26 — C,H,O (A") +
OH, where TS25 and GH,O + OH products lie 5.2 and 0.6 k(E) = aiCiNi(Ei*)/p(E) (V)
kcal/mol below the reactants at the G2ZM(RCC,MP2) level, and
CHz; + O, — 1' — TS 25 — C,H, + O-H with TS 25 lying F(E) = k(E)k_((E)/[k_((E) + kg(E)] V)
by 3.5 kcal/mol below the reactants. These mechanisms are
less favorable than those involving TS and 23. For the _
formation of GH,O BA") + OH, the hydrogen shift via T85 G(E) = k(BKAEBVIKA(E) + ky(B)] (V)
is rate determining, despite the fact that the products are higher
in energy than the transition state. TA&@— C,H,0 CA") + ij(E) = K_{(E) + Ky(E) + k(E) + ky(E) +
OH dissociation is barrierless, and in the 3500 K temper- k(E) + k(E) (V)
ature range the Gibbs free energy of 25is always higher
than that of GH.O + OH. The intermediate26 can also and
dissociate into gH, + OzH via TS 27, which lies 3.9 kcal/mol

3. For the formation of CHO+ CH,O via the ring
intermediates:

above to the reactants; this channel would not be competitive o =k[M] (VI
at low temperatures. £,0 (A”) + OH can recombine,
producing very stable HOCHCHO intermedi&t8. HOCH- In the above equations; is the statistical factor for the ith

CHO can either eliminate the hydrogen atom giving H(O)CC- reaction path, an&; is the energy barrier for the formation of
(O)H + H via TS 38 or rearrange into the 2-oxoethoxy radical the vinyl peroxy radical via step a, which is effectively zero.
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Table 3. Maximum AG¥, the Corresponding CDistance, and
the Rate Constant for Unimolecular Decomposition efi§D0O, 1
(C.H300 — C;H3 + Oy) Calculated on the Basis of Canonical
Variational Transition-State Theory

T, K COoH A AG*, kcal/mok K_g st 10M L

300 2.63 36.47 1.6& 1074 EoT e — e — ®
500 2.51 33.80 1.7% 10°2 [ 1
700 2.23 31.51 2.1% 16
900 2.21 29.67 1.16 108
1000 2.21 28.80 1.05 107
1200 2.19 27.15 2.83 108
1400 2.18 25.61 2.92 10°
1600 2.16 24.18 1.66 10w 10 E - T .
1800 2.15 22.87 6.26 101 E T e E
2000 2.13 21.64 1.79 101 [ e ]
2200 2.12 20.52 4.19 104 105 £ K 3
2500 2.09 19.00 1.14% 10%2 : i 3
3000 2.06 16.87 3.68 1012 .
3500 2.03 15.28 8.09 102 107

a At the B3LYP/6-311G(d,p) level, relative t0,8500, 1. 0 05 1 15 2 25 3 35
1000/T

P =2 Torr He (a)

LN L e 2 e T

ALl e )

10-!2 3 v g E

10" Ko TTre—m e —

k /cm® molecule™ s™

Qc,H; andQg, are the total partition functions of:83; and Q,
respectively, an@)} andQ; are the transitional and rotational P =760 Torr N, (b)
partition functions of the association TS (a)«(E*) is the sum R R RN REAAN AN AERRN AR
of states of TS (a) with excess eneff§yabove the association i ]

barrierE,, ki(E) is the specific rate consta&ffor the ith channel, 10 _ \/_/kﬁ/’ _

andC; is the ratio of the overall rotational partition function of EoS - oo ETEaREEEE
the TS and the vinyl peroxy radical, which may be eithisr : ol K i PR _k., — ]
or trans-C;H300. Because of the small torsion barridh & 107 ¢ k\ Lk, 3
5 kcal/mol) and the large density of stat¢E), due to the high P ]
internal energy carried by the excitedHzOO radical £46 1070 ;E Kool - 3
kcal/mol), both the harmonic oscillator and the free internal rotor SN
approximation for the €00 torsional mode gave essentially
the same result for the Gibbs free energy. The effective collision ' 3
frequencyw, given by eq VIII, was calculated by Troe’s weak- ! -~
collision approximatior#! 1078
Our existing multichannel RRKM program prevoiusly em- o

ployed for the CH + O, reaction rate constant calculati8n qorte b e
was modified for the present system. The evaluation of various 0 05 1 15 2 25 3 35
rate constants given by egslll is straightforward for all the
steps, except the association process a which does not have a 1o00/T
well-defined TS on account of the absence of reaction barrier. Figure 3. Arrhenius plots of the total and individual rate constants
To circumvent the difficulty, we applied the much-practiced for the GHs; + O, reaction and its various channelk;m; total rate
canonical variational methddbased on the maximum free ~cOnStant @Hs + O, = productsks, CoHs + O, — Lor I' = TS 23

. . + . . + —’C2H30+O, kc, C2H3+Oz—’l —>T825—>—>C2H20(3A )+
energy of activationAG*. In Qrder to find the maximurG OH: kg, CoHs + Oy — 1' — TS 25 — CoHp + OoH: ke, CoHa + Op —
for each temperature, we first scanned the potential energy _. 154 — cHO + CH,0; kg CiHs + O, — LorI' — TS8 — 3
surface for the approach of;@ C;Hs. We assumed thatthe . 159 — CHO + CH,0; andkn, CHs + 02 (M) — L or 1'. (a) At
oxygen molecule approaches the vinyl radical in-plane and in 2 Torr pressure of He: closed circles show experimental data-ét 1
the trans-position. The CO distance was fixed at the values Torr from ref 12. Open circles are experimental data at+-8.3 Torr
from 1.6 to 3.0 A with the interval of 0.1 A, and other geometric from ref 9. Squares designate experimental data at®.%orr from
parameters were optimized for each value of CO. Thus, we ref 8. Triangles show experimental data at 400 Torr of He from ref 11.
calculated 15 optimized geometries for CO distances from 1.6 _(b) At 760 Torr pressure of NKey rate constant expressions are given
to 3.0 A. For each structure, we calculated 3 7 vibrational in the text.

frequencies, projected out of the gradient direction. The pgecqyse the structures with GO1.6 A have one‘avibrational
computed B3LYP/6-311G(d,p) energies, moments of inertia, and ¢reqency below 100 cr, in the free Gibbs energy calcula-
vibrational frequencies (shown in supporting information for s \ve substituted this frequency by free rotation around the

the most important 1:62.7 A interval) were used for the - axis. The reduced moment of inertia for the free rotation
calculations ofAG. The B3LYP energies seem to be reliable ;- computed from the geometry of each structure. The

enough because they change steadily and approach the energy,ctures with CO longer than 2.1 A have another low

of the separated fragments. Also, the B3LYP energy oflthe ;i aiional frequency. Therefore, we used the two-dimensional

— CaHs + O reaction is close to the RCCSD(T) energy. rqtor for the AG calculations. We looked for the maximum
(31) Troe, JJ. Phys. Chem1979 83, 114. AGF¥ for various temperatures in thg range from 300 to 3500 K.
(32) (a) Chase, M. W., Jr.; Davles, C. A.; Downey, J. R., Jr.; Frurip, D. The accurate position of the maximum for each temperature,

J.; McDonald, R. A.; Syverud, A. N. JANAF Thermochemical Tablgs. calculated on the basis of the parabolic fit of the three largest

Phys. Chem. Ref. Datt985 14, Suppl. 1. (b)CRC Handbook of Chemistry ; ; ; ; +
and Physics74th ed.: Lide, D. R., Ed.. CRC Press: Boca Raton, 1993, ~C Values, is shown in Table 3. Using the maximu®,
(33) (a) Garret, B. C.; Truhlar, D. G. Chem. Phys1979 70, 1593. (b) we calculated the VTST rate constant for th#1gDO 1 — C,H3

Isaacson, A. D.; Truhlar, D. Gl. Chem. Phys1982 76, 1380. + O, decomposition, also shown in Table 3. This rate constant

k /cm® molecule™ s™
7
(2]

10M™ E ; - ke -

LAALL B
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Table 4. Calculated Total and Individual Rate Constants for thel{Ct O, Reaction (102 cm?® molecules? s72) at the Pressure (760 Torr)

of Nz
T.K ko ke Ky ke kg kn Koot
300 2.447 4.15% 1072 4.109x 1072 1.760x 1072 4.845 7.390 14.80
500 3.092 5.99% 1072 7.437x 1072 3.735x 1073 4.786 2.616 10.60
700 3.350 7.40% 1072 1.114x 10 6.153x 1072 4.054 9.775< 10t 8.57
900 3.738 9.275 107? 1.633x 10t 9.551x 1073 3.595 4.270x 10t 8.03
1000 3.836 1.00%x 10 1.897x 10t 1.320x 1072 3.298 2.817 101 7.72
1200 3.937 1.14% 10 2.441x 10t 1.499x 1072 2.725 1.241x 101 7.16
1400 3.997 1.27% 10? 3.025x 10 1.889x 1072 2.250 5.600x 1072 6.75
1600 4.069 1.41% 10t 3.664x 10! 2.311x 10°? 1.885 2.603x 1072 6.51
1800 3.903 1476 101 4.125x 1071 2.616x 1072 1.483 1.100x 102 5.98
2000 4.073 1.64& 10t 4.893x 107! 3.109x 10°? 1.314 5.492« 1072 6.08
2200 4.275 1.836 10 5.739x 10! 3.648x 1072 1.187 2.816x 103 6.26
2500 4.639 2.15 107t 7.163x 10! 4.547x 1072 1.057 1.082« 1073 6.67
3000 5.392 2.76% 101 9.964x 10! 6.296x 1072 9.379x 10 2.450x 104 7.67
3500 5.954 3.28% 10 1.255 7.883x 1072 8.399x 107! 5.781x 107 8.46

is fitted to give the following expression:
k_,= 4.40x 10" exp(—40062RT) s *

In the RRKM calculations, we used for the transition state of

step a the molecular parameters of the structure with a maximum
AG* for each temperature. As the maxima are located between

the calculated structures, the corresponding moments of inerti
and vibrational frequencies were linearly interpolated.

First, we compared the predicted values with the experimental
dat#—12 and performed the RRKM calculations for the pressure
of 2 Torr of He. The total and individual rate constants are
shown in Figure 3a. The calculatdg, is in quantitative

agreement with experiment. At low pressure and temperatures

below 900 K, the reaction is dominated by the formation of
CHO + CH,0 through step g. At higher temperatures, the
C;H3:0 + O channel takes over. Rate constaptorresponding
to the formation of GH, + OH, is the third by value, and at

the temperatures of about 3000 K, it even becomes higher than

RRKM calculations have also been performed for atmospheric
pressure with N as the bath gas. The results are shown in
Figure 3b and Table 4. At room temperature, the reaction is
dominated by the stabilization of the vinylperoxy radicaHg
00. At 500 K, the CHO+ CH,0 channel becomes the major
one. At 900 K, the formation of 3 + O becomes dominant.
The GH, + O,H product channel also has a high rate constant,

and at temperatures higher than 3000 K, it is the second most

significant channel. The total and most important individual
rate constants are fitted by least squares to the following three-
parameter expressions in émolecule’! s~ for 300-3500 K

and 760 Torr of N:

kot = (9.15x 10 )T *# exp(454.07)

ky + k(CHO + CH,0) = (7.60x 10" )T ~+%
exp(=510.6m)

ko(C,H,0 + O) = (5.03x 10 )T **exp(-~5.4/T)
ky(C,H, + O,H) = (2.22 x 10 9T “**exp(193.01)

k,(C,H,00) = (5.06 x 10'4T ~*®exp(-2860.51)

reverse GH, + O,H — CyH3z + Oy reaction. k4 is fitted in
the temperature range of 368500 K by the following three-
parameter expression:
k g=(5.18x 10 T +o*

exp(—7130.9T) cm® molecule * s *

%The two-parameter expression for the 3AMO0 K temperature

range is as follows:

k-

4= (7.45x 10 "% exp(=7970.6T) cm® molecule * s+

This means that the apparent activation energy for #ié, G-
O;H — C;H3; + Oy reaction, 15.8 kcal/mol, is close to the
reaction endothermicity, 14.9 kcal/mol.

As discussed in section B, the dioxiranylmethyl radi@abn
be formed directly from gHs + O, through an asymmetric
association pathway without barrier. Therefore, we searched
for a variational transition state on the Gibbs free energy surface
of the GH3; + O, — 3 association using a similar approach as
for the GH3; + O, — 1 association. The distance between the
reactive C atom of gHs and the center of the OO bond was
fixed at different values and other geometric parameters were
optimized without symmetry constraints. In all cases, such
optimization converged to planar structures, i.e., to the varia-
tional TS’s found earlier for the £1; + O, — 1 association.

On this basis, we concluded that botfHz + O, — 1 and GH3

+ Oz — 3 channels share the same variational TS. After the
transition state, th&AG surface can bifurcate leading to either
peroxy 1 or dioxiranylmethyl radicaB.

In order to test the effect of bifurcation in the initial
association reaction, we assumed the bifurcation probability to
be 50% for both gH; + O, — 1 and GH3 + O, — 3 channels
using the same TS parameters. The result of the RRKM
calculation using similar rate constant expressiondll| by
including the term for the direct formation 8fgives virtually
the same total reaction rate constant as without considering the
direct formation of3. This is not surprising because the reaction
is controlled by the association variational TS which does not
change. Only minor changes have been found for the rates of
individual channels. For instance, at 300 K and the pressure
of 2 Torr of He the rate constant of the formation of CHO
CH,0 via TS9' (k) slightly decreases, from 8.94 1012 to
8.65x 10712 and the rate constant of thekzO + O channel

Comparison of Figures 3a and 3b shows that the pressure(ky) increases from 4.3& 10712 to 4.96 x 10712 Since the

dependence of the total rate constant is small.

Using detailed balancing on the basis of the calculdgd
and equilibrium rate constant for thels + O, — C,H, +
O,H reaction, we also calculated the rate constatfor the

bifurcation factor is not well defined and the changes in the
rate constants are small, we believe that our consideration of
the approximation neglecting the direct formation 3from

the reactants is valid as described.
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IV. Concluding Remarks are the major products. At very high temperatures, the channel

The reaction mechanism involving the three-member-ring producing GHz + O-H is the second most significant one.

dioxiranylmethyl radicaB8 is confirmed to be the most favorable
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The low pressure constant calculated on the basis of RRKM g, n50rting Information Available: Table of energies and
theory is in quantitative agreement with experiment. At
atmospheric pressure and room temperature, the reaction ha
been shown to be dominated by the stabilization gfi{O0O.

In the 506-900 K temperature range, the CHOCH,O channel
has the highest rate constant, andrat 900 K, GH3O + O JA961476E

molecular parameters for theld;—O, structures optimized at
Various CO distances (2 pages). See any current masthead page
for ordering and Internet access instructions.



