7858

J. Phys. Chem. R006,110, 7858-7866

A Theoretical Study of the Reaction of OfP) with Isobutene

Hongmei Zhao,* Wensheng Bian,*" and Kun Liu &

Beijing National Laboratory for Molecular Sciences, State Key Laboratory of Molecular Reaction Dynamics,
Institute of Chemistry, Chinese Academy of Sciences, Beijing, 100080, China, Department of Chemistry, Beihua
University, Jilin 132013, China, and Department of Computer Chemistry and Cheminformatics, Shanghai
Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu,

200032, Shanghai, China

Receied: January 27, 2006; In Final Form: May 1, 2006

The reaction of G) with isobutene ((CkJ.C=CH,) is investigated using the unrestricted second-order
Mgller—Plesset perturbation (UMP2) and complete basis set CBS-4M level methods. The minimum energy
crossing point (MECP) between the singlet and triplet potential energy surfaces is located using the-Newton
Lagrange method, and it is shown that the MECP plays a key role. The calculational results indicate that the
site selectivity of the addition of G®) to either carbon atom of the double bond of isobutene is weak, and

the major product channels are g3{O)CH; + CHjs cis/transCH;CHCHO + CHjs, (CH3),CCO + H,, and
CHsC(CH,), + OH, among which (CE),CCO + H, is predicted to be the energetically most favorable one.

The complex multichannel reaction mechanisms are revealed, and the observations in several recent experiments
could be rationalized on the basis of the present calculations. The formation mechanisms of butenols are also

discussed.

1. Introduction

The reactions of GP) with alkenes are important in a wide

variety of areas ranging from atmospheric chemistry to meta-

bolic activation of hydrocarbon carcinogehis particular, they
play a very important role in our understanding of combustion
processes and oxidation mechanisms of hydrocaftoithe
reaction of OfP) with isobutene has recently attracted much
experimental attentiorfs?
Bersohn’s groupinvestigated the H, C\CHO, CO, and OH

products of the GP) atom with alkenes by the laser-induced
fluorescence (LIF) method under single-collision conditions, an

low for O(P) + isobutene. They proposed that the addition of
the O atom was in favor of occurring at the less substituted C
atom to form a hot triplet diradical and &) could also be
added to the more substituted C atom, in which case the adduct
would decompose into GHand CHC(O)CHs. Furthermore, in
2005, Taatjes et &l.observed a significant amount of enols
including butenols by photoionization mass spectrometry in
flames of hydrocarbon. They proposed that currently accepted
hydrocarbon oxidation mechanisms should be revised to explain
the formation of these unexpected compounds and the formation

g of enols could not be accounted for purely by keémol

as for OBP) + isobutene, they observed some H product and tautomerization.

found that the yield of CO was very small and the OH signal
was strong. They also tried to detect the LHO)CH; radical,

Previously extensive quantum chemical calculatidheere
performed for OfP) + C,H4, a prototype reaction of oxygen

but they did not observe any, and consequently they proposedatom with alkenes, and in 2005, Nguyen ef gresented a

that the attack of GP) was selective, that is, at the less
substituted C atom of the double bond. Washida étsalidied
the LIF of methyl-substituted vinoxy radicals produced in the
reaction of OfP) + isobutene. The spectra of the 1-methyl-
vinoxy CH,C(O)CH; and the cis/trans mixture of the 2-meth-
ylvinoxy radical CHCHCHO appeared strongly, while the
spectrum of the 2,2-dimethylvinoxy radical (@HCCHO
seemed very weak. They suggested that@@)CH; could

be produced by the direct release of Okhen OfP) attacked
the more substituted carbon. Later, Bersohn’s gtalgiected
the HCO product by cavity ring-down spectroscopy, but they
did not observe the HCO signal for the title reaction. More
recently, Oguchi et dl.investigated the mechanisms of the
reactions of OP) with three isomeric butenes by observing
the yields of CH and GHs with a photoionization mass
spectrometry. It is found that the branching fraction for the;CH
channel was around 24% and the yield of th#l€was quite
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comprehensive theoretical study and were the first to compute
the product distributions and thermal rate constants for this
reaction. However, the reaction of 3] with isobutene has not
been investigated theoretically, and in this work, we present
the first theoretical study for it. Our purposes are multiple. We
want to elucidate the reaction mechanisms, locate the minimum
energy crossing point on the intersection seam, explain the
formations of various products found in the recent experiments,
and investigate the product channels unidentified before. Also,
we intend to investigate the formation mechanisms of butenols
in the title reaction, which is a basic reaction in the flame of
isobutene. Moreover, there is an apparent contradiction about
the site selectivity of GP) + alkenes reactions. Cvetanovic
proposed the selectivity of €R) addition firs11 He suggested
that the oxygen atom attacked the carbon atom of the double
bond of unsymmetrical olefins to form a biradical and this
addition took place at the less substituted carbon. Su €t al.
investigated the formation of vinoxy radicalSH,CHO in the
reactions of OP) + RCH=CH,, and their experimental results
showed that the vinoxys originated with about equal chance

8 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences. from the addition to either carbon atom of the double bond. As
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for the selectivity of the GP) addition in the title reaction,
experimentaliss® did not give direct and consistent experi-
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results from a larger positive barrier height for the addition of
O(P) at the more substituted end; however, in the present case,

mental evidences, and had different opinions, as we mentioned—0.3kcal/mol of barrier height is obtained, which apparently

above. We would like to explore this interesting problem on
the basis of our calculations.
2. Methods of Calculation

The unrestricted second-order Mghtd?lesset perturbation
(UMP2) method is used to fully optimize the equilibrium

geometries of the reactants, products, intermediates, and transi

tion states with the standard 6-311G** basis set. The intrinsic
reaction coordinate (IR®) calculations are carried out to
confirm that the transition states connect the right minima. To

give more reliable energies, the final single-point energies are

evaluated at the complete basis set CBS-4M (M referring to
the use of minimal population localization) levéf® The
relative energies at the UMP2/6-3tG** level for some
selected points are given where appropriate. All ab initio
calculations are performed using the Gaussian 03 pacdKage.
The minimum energy crossing point (MECP) on the intersection
seam is located at the UMP2/6-311G** level using the Newton
Lagrange method, which was introduced by Koga and Moro-
kuma= to find the point where the energy is the lowest on the
(f-1)-dimensional hypersurface of seam between two f-dimen-

could not prevent the addition. So the site selectivity of the
addition of OfP) is weak. Even though we take into account
the error in energies at the CBS-4M level and assume a small
positive barrier height (0.4 kcal/mol), it could only slightly
prevent the addition at the more substituted end. Furthermore,
after3TS1 and*TS8, two very stable, low-energy adducisfl
and3M2, are formed, which have the relative energies-@3.0
and—22.1 kcal/mol, respectively. The similar stability k11
and®Mz2 also implies that the selectivity of the addition of O
atom to the more/less methyl-substituted ends of double bond
is weak.

This conclusion is not in agreement with the experimental
result of Bersohn’s groupthat CHC(O)CH; was not observed,
but supports Washida et alvho observed strong spectrum of
the 1-methylvinoxy CHC(O)CHs; and suggested that GB-
(O)CHs could be produced by the direct release of;Qthen
O(P) attacked the more substituted carbon. Additionally, this
conclusion is consistent with the experimental results of Su et
al.*> who investigated the mechanisms of formation of vinoxy
radicals in the reaction of €R) with terminal alkenes and found
that the vinoxys originated with about equal probability from

sional potentia] energy surfaces. A homemade program is usedaddition to either carbon atom of the double bond. The site

for this purpose.

3. Results and Discussion

The optimized geometries of the various reactants, intermedi-
ates, transition states, and products at the UMP2/6-311G** level
are shown in Figure 1. The vibrational modes and the imaginary
frequencies of the transition states are also indicated. The
energies and zero-point vibrational energies at the UMP2/6-

311G** level, the single-point energies computed with the CBS-
4M method, and the relative energies by taking the energy o

reactants as zero are listed in Table 1. The energy difference
at the CBS-4M level between the reactants and several product

involved in this work demonstrate good agreement with the
available experimental reaction enthalfiésee Table 1). The

influence of the temperature and pressure may have smal
contributions to the errors. The comparison indicates that the

uncertainty of the relative energies at the CBS-4M level is

s S . . .
éhe investigation of the chemical reaction mechanism. For

selectivity of addition of O{P) results from the interpretation
that the alkyl substitution at one end enhanced the electron
density on the other end and thus enhanced the electrophillic
attack by OfP); however, the influence of the methyl group on
the electron density could be weak, and actually our calculations
indicate that OFP) can be added to either carbon atom of the
double bond of isobutene and the less substituted end is only
slightly preferred.

3.2. The Minimum Energy Crossing Point between the

¢ Singlet and Triplet States. It has been shown that the

characterization of the MECGP 24 plays an important role in

polyatomic molecules, there may be many intersections between
two potential energy surfaces. The MECP on the intersection

jseam is very important and is usually considered as a “transition

state” for the nonadiabatic process.
Koga and Morokum& introduced the NewtonlLagrange

around 2 kcal/mol, and this gives us confidence in the method for the search of the MECP, which has the same
reliability of the present level of calculations. The following geometry and energy for the singlet and triplet states. The
subsections are organized as follows. First, the selectivity of €nergies, energy gradients, and Hessian matrixes of both singlet
the addition of OfP) to isobutene is discussed. Second, the and triplet states need to be calculated, and the lowest-energy
results about the MECP are presented. Then, the adiabatic andPoint is found on the seam of intersection at the UMPZ61
nonadiabatic reaction channels and various mechanisms includ 9™ level. The geometry of the obtained MECP is shown in
ing the formation mechanisms of butenols are discussed. Figure 2, which is between the two equilibrium geometries of
3.1. The Selectivity of the Addition of OfP) to Isobutene. M2 and*IM2. The energies and energy gradients of the MECP
The addition of OfP) can occur at either carbon atom of the in the triplet and singlet states are listed in Table 2. The energy
double bond of iso-gHs. When OP) attacks the more methyl- gradients of the MECP are not zero, unlike the optimization
substituted end of the <€C bond, the diradical intermediate  result of an equilibrium or a transition state geometry. The
3M1 ((CH3)-C(O)CHy") is formed via the transition stat&@S1. energy gradients of the MECP in the singlet state are propor-
On the other hand, if GP) is added to the less methyl- tional to that in the triplet state, and the ratio equalg/(1 —
substituted carbon atom, the diradical intermedi® ((CHz)-C- 1), where is the Lagrange multiplier. These characteristics
()C(O)Hy) is formed via3TS8. The geometries 6fTS1 and are shown to be reasonable, which is a good check for the
3TS8 are illustrated in Figure 1. The relative energiedT$1 obtained MECP.
and3TS8 by taking the energy of the reactants as zero are shown The chemical reaction pathway can be found by the intrinsic
in Table 1. It can be seen that at the CBS-4M I€¥0&1 is 0.3 reaction coordinate (IRC) meth@828which is used to search
kcal/mol below the reactants leading to the formatiofIbf1, the reaction paths of the intersystem crossing through the
whereas théTS8 is 1.6 kcal/mol below the reactants leading intersection. Figure 3 shows the minimum energy path from
to 8IM2. This means that the initial addition needs not to 3IM2 to IM2 through the MECP varying with 3H2C bond
overcome a potential barrier. Normally, the strong site selectivity distance and 1362C—1C—9C dihedral angle at the UMP2/
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Figure 1. The optimized geometries of the various reactants, intermediates, transition states, and products in the triplet and singlet states at the
UMP2/6-311G** level. (The vibrational modes and the imaginary frequencies of the transition states are also indicated), &g far the
UMP2/6-311G** level. Bond lengths are in angstrom, angles are in degrees and imaginary frequencies aré. in cm

TABLE 1: Calculated Energies?

UMP2/6-311G** CBS-4M expt UMP2/6-311G** CBS-4M
species B2  ZPVE  Eces RE  AH,, species ke  ZPVE  Eces RE
O(P) + (CHz).C=CH (R) —231.6625 0.1087 —231.9212 0 STS6  —231.6321 0.1068 —231.9143 4.3
CH.C(O)CH:+ CHs (P1) —231.6875 0.1020 —231.9641 —26.9 —28.7 °TS7  —231.5988 0.1039 —231.8777  27.3
(CHz).CO+ CH, (P2) —231.6811 0.1023 —231.9439 —14.2 TS8  —231.6438 0.1099 —231.9238 —1.6
(CH,)oC(®B1) + H,CO (P3) —231.6683 0.1048 —231.9328 7.3 STS9  —231.6597 0.1034 —231.9425 —13.4
(CH2)2C(*A) + H,CO (P3) —231.6595 0.1037 —231.9316 —6.5 STS10 —231.6535 0.1080 —231.9352 —8.8
(CH3),COCH+ H (P4) —231.6335 0.1012 —231.8985  14.3 STS11  —231.6502 0.1057 —231.9228 1.0
(CH);CCHO+ H (P5) —231.6810 0.1011 —231.9524 —19.6 —20.3 3TS12 —231.6409 0.1061 —231.9189 15
(CH3).CHCO+ H (P6) —231.6923 0.1018 —231.9502 —18.2 STS13  —231.6671 0.1049 —231.9416 —12.8
transCH:CHCHO+ CH; (P7)  —231.6829 0.1025 —231.9605 —24.7 —27.5 °TS14 —231.6478 0.1074 —231.9247 —2.2
CisCH:CHCHO+ CH; (P8) = —231.6852 0.1028 —231.9611 —25.1 TS15 —231.6232 0.1067 —231.9086 7.9
(CH).CCO+ H (P9) —231.7802 0.1007 —232.0453 —77.9 STS16  —231.6236 0.1068 —231.9022  11.9
(CH;)2CCH+ OH (P10) —231.6264 0.1056 —231.9064 9.3 STS17 —231.6228 0.1043 —231.9066 9.3
transCH:COCHy+ CHs (P11)  —231.5750 0.0997 —231.8492  45.2 STS18  —231.6320 0.1048 —231.9169 2.7
CisCH,COCH+ CH; (P12) ~ —231.5562 0.0998 —231.8357  53.6 UM1  —231.8039 0.1147 —232.0631 —89.0
(CHz)2CH + HCO (P13) —231.6951 0.1029 —231.9599 —24.3 —23.4 4M2  —231.8362 0.1140 —232.0908 —106.4
(CHz).CCOH+ H (P14) —231.6333 0.1028 —231.9063 9.3 UM3  —231.7328 0.1121 —231.9870 —41.3
CH:sC(CHp)+ OH (P15) —231.6596 0.1038 0.1037 —15.0 UM4  —231.6936 0.1125—231.9523 —19.5
trans:CHsCCHOH+ CH; (P16) —231.6395 0.1041 —231.9189 1.4 UM5  —231.8172 0.1136 —232.0761 —97.2
Cis-CH:CCHOH+ CH; (P17) = —231.6365 0.1041 —231.9165 3.0 UM6  —231.8182 0.1138 —232.0769 —97.7
(CHz)o.CH, + CO (P18) —231.8408 0.1098 —232.0914 —106.8 UM7  —231.7465 0.1140 —232.0038 —51.8
SIM1 —231.6924 0.1096 —231.9579 —23.0 ITS1  —231.7032 0.1046 —231.9705 —30.9
3IM2 —231.6919 0.1103 —231.9564 —22.1 ITS2  —231.6853 0.1078 —231.9645 —27.2
3IM3 —231.6969 0.1104 —231.9628 —26.1 ITS3  —231.7020 0.1100 —231.9663 —28.3
SIM4 —231.6992 0.1118 —231.9600 —24.3 ITS4  —231.6692 0.1095 —231.9318 —6.7
SIM5 —231.7107 0.1111 —231.9747 —33.6 TS5 —231.6874 0.1092 —231.9501 —18.1
SIM6 —231.7095 0.1109 —231.9737 —33.0 ITS6  —231.6708 0.1110 —231.9358 —9.1
STS1 —231.6433 0.1100 —231.9217 —0.3 ITS7  —231.6726 0.1046 —231.9454 —15.2
STS2 —231.6638 0.1063 —231.9475 —16.5 ITS§  —231.7015 0.1083 —231.9642 —27.0
STS3 —231.6530 0.1063 —231.9314  —6.4 ITS9  —231.7180 0.1101 —231.9834 —39.0
STS4 —231.6077 0.1068 —231.8845  23.1 ITS10 —231.6978 0.1078 —231.9560 —21.8
TS5 —231.6334 0.1046 —231.9149 3.9 ITS11  —231.7171 0.1082 —231.9781 —35.7

aCalculated total energies (b, in hartree) and the zero-point vibrational energies (ZPVE, in hartree) at the UMP2/6-311G** level (those of
STS11 at the UMP2/6-3HG** level). The energies (&s, in hartree) were computed with the CBS-4M method and the relative energies (RE, in
kcal/mol) were computed by taking the energy of reactants as 2A¢t8,q, is the experimental reaction enthalpies at 298 K.

6-311G** level; other coordinates are optimized. In the triplet above3IM2 at the CBS-4M level. We will show in the next
state, the 3H2C bond distance shortens from 1.131 A at the two sections that the MECP plays a key role and the intersystem
MECP (see Figure 2) to 1.101 A &2 (see Figure 1). The  crossing has the lowest barrier in all reaction routes in the triplet
130-2C—1C-9C dihedral angle changes from 0.at the state.
MECP to—48.0° at 3IM2 (see Figure 3). In the singlet state, 3.3. Adiabatic Reaction Channels in the Triplet StateThe
the H migration occurs with the breaking of the 3RIC bond adiabatic reaction channels of3®] with isobutene in the triplet
and the formation of the 3H1C bond. At last, the geometry  state are investigated, and the potential energy profiles of these
of IM2 is reached. It can be seen that the MECP conrifet? channels at the CBS-4M level are shown in Figure 4. As
and1IM2 properly. mentioned in section 3.1, the addition of%) to (CH;),C=
There is nearly no experimental information about the energy CH, can producélM1 and®IM2. Several further channels from
barrier betwee’IM2 and the MECP. The calculations of this  %IM1 and®IM2 are acquired. In addition, two direct hydrogen
work show that the barrier is small, which is only 1.3 kcal/mol abstraction reaction channels are found.
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12H >H 3H 130 1eH9F -y~ triplet state
de 16
|.313‘ 1@H 26 -231.66
11H 4H
130 -231.68
MECP -231.70
Figure 2. The optimized geometries and the numbering of atoms for 23172 g
the minimum energy crossing point (MECP). =
-231.74 g’
TABLE 2: Energies (in hartree) and Energy Gradients (g, 3176 ©
in hartree/bohr) of the Minimum Energy Crossing Point
(MECP) in the Triplet (T) and Singlet (S) States at the -231.78
UMP2/6-311G** Level 23160
MECP 231,82
_ energy (S)  energy (T) -231.84
geometric —231.6808813 —231.6808819
parameters 96S) 9(M 9(S)/e(M Figure 3. Minimum energy path fronfIM2 to M2 through the
B1 (2C-1C) —0.019 97 0.02028 —0.9847 minimum energy crossing point (MECP) varying with 38C bond
B2 (3H-2C) 0.00515  —0.00523 —0.9847 distance and 1362C—1C—9C dihedral angle at the UMP2/6-311G**
B3 (4H-2C) 0.00515  —0.00523 —0.9847 level. (Other coordinates are optimized.)
B4 (5C-1C) 0.001 73 —0.00176 —0.9829
B5 (6H:5C) :0'001 92 0.00195 :0'9846 Furthermore?IM1 could undergo isomerization v S4, with
B6 (7H-5C) 0.001 91 0.00195 —0.9794 O
B7 (8H-5C) 000016 —000016 -1 the CH group migrating from the carbon atom to the end of
B8 (9C-1C) —0.01301 0.01322 —0.9841 the oxygen atom and theitM3 is formed. It can be seen that
B9 (10H-9C) —0.000 26 0.00026 -1 the torsional vibration of the Cfgroup leads to the fission of
B10 (11H-9C) 000069  —0.0007  —0.9857 the C-C bond. Subsequent unimolecular reactions® M3
B11 (1289C) ~0.00026 000026 —1 could form (CH),CO + CH, via *TS5 and (CH).C + H,CO
B12 (130-2C) —0.026 25 0.026 66 —0.9846 3 -
AL (3H-2C—1C) ~0.027 25 0.02767 —09848 via3TS6. The barriers ofTS5 and®TS6 are 30.0 and 30.4 kcal/
A2 (4H-2C~1C) —0.027 24 0.02766 —0.9848 mol, respectively3IM1 could also decompose to (GJZCOCH
A3 (5C—1C-2C) 0.01469  —0.01492 —0.9845 + H via 8TS7. All the energy barriers foiM1 releasing CH
A4 (6H-5C-1C) —0.002 81 0.00286 —0.9825 or H are higher than that for releasing €$ince a G-C bond
AS (7TH-5C-1C) —0.00281 0.00286 —0.9825 has smaller bond energy than a8 bond, the methyl group
A6 (8H—5C—1C) 0.001 14 —0.00117 —0.9743 hould b f tiall lled rather th H at
A7 (9C—-1C—2C) 001198 001217 —09843 should be preferentially expelled rather than an H atom or a
A8 (10H—9C—1C) —0.005 63 0.005 73 —0.9825 CH; radical.
2519 él&giggllc%) —8-882 gg 8-882 gg —g-ggig The addition of OP) to the less alkyl-substituted end of the
ALL (130-20-1C) 0.00008 —000003 —1 daouble bond O_fISO-Q'|3fOI’mS the diradical (Cb)ZQ()F: (O)H;
i B B (3IM2). The G=C bond stretches from 1.342 A in isadds to
D1 (4H—2C—1C—-3H) 0.011 4 0.011 57 0.9853 e N 3
D2 (5C-1C—2C—3H) 0 0 1.498 A in3IM2 (see Figure 1)3IM2 could release (Ch)--
D3 (6H-5C—1C—2C) 0.00035 —-0.00035 -1 CCHO and H overcoming a barrier of 8.7 kcal/mol fgiS9,
D4 (7TH-5C-1C—-2C) —0.000 35 0.00035 -1 which is 7.4 kcal/mol higher than that for the intersystem
D5 (8H-5C-1C~-2C) 0 0 crossing. This can explain the experimental result of Washida
D6 (9C-1C—2C~5C) 0 0 et al. that the spectrum of (GHCCHO is weak’
D7 (10H-9C-1C-2C) —0.003 07 0.003 12 —0.9839 ’ . o
D8 (11H-9C —1C—2C) 0 0 8IM2 can form (CH),C and HCO via3TS10.3IM4 is formed
D9 (12H-9C—-1C—2C) 0.00308  —0.00313 —0.9840 with the H atom migration to the adjacent C aton?liN2 via
D10 (130-2C-1C-9C) 0 0 3TS11, which is found at the UMP2/6-31G** level. Then
aBond distances (B, angles (4), and dihedrals (f) are defined ~ °IM4 decomposes to (C4CHCO + H (P6), transCHs-
according to the numbering of the MECP in Figure 2. CHCHO + CHz (P7) andcissCHsCHCHO + CHjs (P8) via

separate transition state$M4 can also change téiM5 with

As shown in Scheme 1, there are 4 reaction channels startingthe H atom shift, andiM5 could dissociate directly to (Cib-
from the initial adduct (ChH),C(C’)CHy (]IM1), and the CCHO + H. 3IM2 could also undergo isomerization via a H
dominant one (see Figure 4) is the formation of CKD)CHs shift transition stat€TS12 to form*IM6, which could dissociate
and CH via a transition state’{S2), in which the G-O bond directly to (CH),CCHO and H.
distance is reduced to 1.195 A, leading to the formation of a  On the other hand, two direct H abstraction reaction paths
carbonyl (G=0) bond in CHC(O)CH; (see Figure 1). The  are found. When O attacks the H atom attached directly to the
barrier for*TS2 is 6.5 kcal/mol, and it is the lowest-energy C atom of a double bond, the abstraction reaction proceeds via
decomposition path ciM1. It explains the strong LIF spectra  3TS17 with an energy barrier of 9.2 kcal/mol. When O attacks
of CH,C(O)CH; found in the experiment of Washida et’al. the H atom in a methyl group, another direct abstraction reaction

Additionally, the simple bond fission ciM1 could occur happens vidTS18 with a very low barrier of 2.7 kcal/mol. This
leading to (CH),CO and CH by overcoming a barrier of 16.6  should be the reason that the strong OH signal was observed in
kcal/mol, which is 10.1 kcal/mol higher than that f&FS2. the experiment of Quandt et &lt is also interesting to see the
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Figure 4. The potential energy profiles of the adiabatic reaction channels in the triplet state at the CBS-4M level.

SCHEME 1

—>TS1—3IM1 ——3TS2—CH,C(O)CH,+CH, [P1]
1>3TS3—(CH;),CO+CH, [P2]
53TS4—3IM3 —I:3Ts5—»(CH3)2c0+CH2 [P2]

3TS6—(CH;),C+H,CO [P3]

L53TS7—(CH;),COCH+H [P4]

O(CP)+(CH;),C=CH, [R]—{>>TS8—3IM2——*TS9—(CH;),CCHO+H [P5]

1>3TS10—(CH3),C+ H,CO [P3]
3TS11-°IM4

3TS13—(CH;),CHCO+H [P6]
—3TS14—3IM5—(CH;),CCHO+H [P5]

3TS15—trans-CH; CHCHO+CHj [P7]

3TS16—cis-CH;CHCHO+CH; [P8]

L53TS12—-3IM6—(CH;),CCHO+H [P5]
I>3TS17— (CH;),CCH+OH [P10]

L>3TS18—CH;C(CH,),+OH [P15]

remarkable site selectivity for the H atoms that O attacks, and dissociates directly to P14, P16, P17, and P10 which are very
it is much easier for O to attack the H atom in the methyl group. high in energy. It can be seen from Figure 5 that the barrier of

Furthermore, the above results indicate thatC¢CH,), + OH,
and CHC(O)CH; + CHsz are among major product channels.
3.4. The Nonadiabatic Reaction Channeldg-rom sections
3.1-3.3 we see that the reactants could foli2 via 3TSS8,
and in all the decomposition and rearrangement patREvs

the path, through which the butenol is formed by the keto
enol tautomerization, is the lowest in all reaction path¥MdP.
There exists a keteenol equilibration of tautomerization.

The second channel for the formation of butenol involves
the epoxy compoundiM1, which can be formed through the

in the triplet state, the lowest-energy one is the intersystem H migration inIM2 via 'TS2. The energy ofTS2 is 27.2 kcal/
crossing through the MECP, which results in the nonadiabatic mol lower than that of the reactants. The proton transfers from
reaction channels. After the intersystem crossing, the H atomthe carbon to the end of the oxygen atom in tHé1 leading

migrates to the adjacent C atom and an energized single)£CH

to the formation of'IM4 via 'TS5. The energy ofTS5 is

CHCHO ¢IM2) is formed. There are several isomerization and evaluated to be 18.1 kcal/mol below the reactants. Subsequently,

dissociation routes initiated froHM2 (see Scheme 2). The

the cleavage of the-€0 bond can forntrans-(CHs),C=CHOH

potential energy profiles of the nonadiabatic reaction channels (1IM5) via 1TS6. The relative energy dfTS6 is —3.8 kcal/

at the CBS-4M level are illustrated in Figure 5.
3.4.1. The Formation Mechanisms of Butendlse enols are

mol. The dissociation ofiIM5 could produce (Ch),CCO and
H,, overcoming the barrier of 78.8 kcal/mol f6FS7, and could

the tautomers of carbonyl (keto) compounds, which bear produce (CH),CCHO and H without any barrier. We also found

OH groups adjacent to carbewarbon double bonds. The
butenols are denoted aians-(CH3),C=CHOH (lIM5) andcis-
(CHz).,C=CHOH (IM6), and from Scheme 2 we could recog-
nize three pathways which could produce butenols.

a third channel for the formation of butendlM2 changes to
1IM7 via ITS8, the energy of which is 27.0 kcal/mol below the
reactants, then butenciks-(CH3),C=CHOH (lIM6) is produced

via ITS9. It can be seen from Figure 5 that the second and third

The calculations show that the most important way for the channels are energetically accessible.

formation of the butenol is keteenol tautomerization. (Cb-
CHCHO M2) could change tais-(CH3);C=CHOH (tIM6)

The low energy and high dissociation thresholds of butenols
could make them important intermediates of the title reaction

via1TS11. The geometries of these species are shown in Figure(see Figure 5). The experimentalists Taatjes étfalnd that

1. The transition statéTS11, which is a four-membered ring,
lies on a pathway involving a direct hydrogen shift, and an
important structural feature of it is that its bridging hydrogen
causes the narrowing of the OCC angle to 11X8mpared
with values of 124.9 in 1IM2 and 127.8 in IM6. 1IM6

enols were common intermediates in hydrocarbon oxidation,
and the concentration of enols observed was greater than what
one would get from a keteenol equilibration. They proposed
that the currently accepted hydrocarbon oxidation mechanisms
will likely require revision to explain the formation and
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Figure 5. The potential energy profiles of the nonadiabatic reaction ch

SCHEME 2
O(CP)+(CH3),C=CH, [R]
)

3TS8
!

M2

!
MECP

I_.IIMz —

—!TS1—(CH;),CCO +H, [P9]

—cis-CH;CHCHO +CH; [P8]
I—trans-CH;CHCHO+CH; [P7]
(CH;),CCHO+H [P5]

I (CH;),CH+HCO [P13]

L ITS10— (CH;),CH,+CO [P18]

reactivity of the enols. The calculational results in this part show
that the butenols can be produced from the ketool tau-

tomerization with the lowest-energy barrier in all reaction paths
of IIM2. There are also two other H-shift or rearrangement
pathways with higher barrier heights to form butenols. The

I>!TS11—c¢is-(CH;3),C=CHOH ('IM6

J. Phys. Chem. A, Vol. 110, No. 25, 2008365

P12
53.8
i
—_—
P14 P10 eI
R 23 93 1452
31S8 — ) i
00 _16 :'P16,'/' P17 TS6 . 1S4 '
! 414 S e
] 67 6.
= ' PS5 " " 1 ! HIn 1
g | -19.6 P13 o - M4, " ,—1T-§-72—| P5
= v MECP - —= - no 1TSS -17.1 [ A N o ]
[ S\ V7S ey | I - . y 1 H K
g 221 081 hasig Ak sy g w1 Wy
Ej/ i 11218 /) P8 /,;’1_5272:: " 'TS‘): TS3 " ! /
| h V125,057 TS2 Ny ECTERN I ' 0
| " Y ‘471 ! A ALY, / \IM3 ,‘: ' r
H '|| /2" 'TS1 "309\ iR l,' o ’ AN H ' [
| " Y — ) v 413 ! oo
: i A7 ITSI s S A
Al A S R A
) ‘¥, ! N/ 1y / H
| o W9 N Ml ' bl e
! \-77.9 :'l N _-89.01 :] v 77.9
1 ’ 1
a i s
; 97.7 94,
i
. P18
-106.8

annels at the CBS-4M level.

—!TS2-'IM1—!TS5—'1M4—!TS6— trans-(CH3),C=CHOH ('IM5)

1TS7—(CH;),CCO +H, [P9]

(CH;),CCHO+H [P5]
(CH;),CCOH +H [P14]
trans-CH;CCHOH+CHj [P16]
¢is-CH;CCHOH+CH; [P17]
(CH3),CCH+OH [P10]

! TS8—IM7—!TS9— cis-(CH;),C=CHOH ('1M6)

trans- CH;COCH,+CHj [P11]
cis-CH;COCH,+CH [P12]

L ITS2— 1M1 - !TS3—1IM3 —-ETS4—>(CH3)2C+H2C0 [P3]

have relatively low energies, although they are somewhat higher
than that ofTS1 for the lowest product channel. This can
explain the experimental resuttf Washida et al., who studied
the laser-induced fluorescence of the methyl-substituted vinoxy
radicals and found that the strong spectracisf/trans-CHs-

second and third channels for the formation of butenols are CHCHO can be observed. This also contributes to the yield of
preferred to occur at high temperatures, as is consistent with CHz radicals, which was evaluated as 24% by Oguchi ét al.
the experimental resdithat the kinetic process producing enols The channel, through whictiM2 releases H and (CH,CCHO,

is favored at a higher temperature.
3.4.2. Other Pathways dfM2. It can be seen from Scheme

has a higher barrier than the paths mentioned above, and because
of the competition of several other channels (see Figure 5), it

2 that the intermediatéM2 undergoes subsequent isomerization is expected to be minor, which is consistent with the experi-
or decomposition steps forming a variety of intermediates and mental result that the signal of (GJZCCHO is weak(see also

products besides butenols.
Dissociation of!IM2 to (CHz),CCO and H takes place via

section 3.3). Nevertheless, this is also a possible channel for
the formation of H and (CE,CCHO, which were believed to

1TS1, which lies 30.9 kcal/mol below the reactants. This route be purely from the adiabatic triplet pathway by experimentdlists.

is the lowest product channel, which has a barrier higher than

that of the equilibration of the keteenol tautomerization.
(CH3),CCO and H should be important products, which is
expected to be observed in the experiment.

There are three direct decomposition routedf by which
the CH; or H radicals are released directly frdtivi2. The cis/
transCH3;CHCHO are obtained after different Gldroups are

The epoxy compound (CHC—O—CH, (*IM1) is formed
involving the H migration of'IM2 via 'TS2. The open-ring
reaction fromtM1 to 1IM3 via 1TSS is energetically accessible,
and!TS3 is below the reactants by 28.3 kcal/mol. Then §GEl
and HCO are produced Vi&TS4, which is higher in energy
than the channels mentioned above. It is expected that yields
of (CH3).C and HCO are small. The single-step cleavage of

released in the singlet state, and the related product channel$IM3 could also release theis-/transsCH;COCH, and CH.
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1IM2 can decompose to CO and (@kCH; via 'TS10 which which has the lowest-energy barrier among all pathways of the
lies higher than the product channeis-/transCH3;CHCHO decomposition and rearrangement of isobutyraldehyde, whereas
+ CHz in Figure 5. Because of the competition of several lower- the second and third ones are also energetically accessible. It is
energy decomposition channels'ti 2, the branching fraction expected that butenols could be produced through the above
for this channel should be very small, as is consistent with the three channels in the flame of isobutene.
experimental conclusidrof Quandt et al. that the yield of CO
is very small. In addition!IM2 can decompose to HCO and Acknowledgment. The Project Supported by National
(CHs)2CH directly which lie somewnhat lower than the product Natural Science Foundation of China (Grant No. 20573119) and
channel H+ (CH3),CCHO in Figure 5, and the branching Chinese Academy of Sciences. Some of the calculational results
fraction for HCO should also be small. Generally speaking, we of this research were computed at Virtual Laboratory of
did not find any apparent channel for the production efi§; Computational Chemistry, Computer NetWork Information
and thus we think it very reasonable that the yield gfi©was Center, Chinese Academy of Sciences.

found to be quite low in a very recent experimént.
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