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Quantum Chemical and Master Equation Studies of the Methyl Vinyl Carbonyl Oxides
Formed in Isoprene Ozonolysis
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Methyl vinyl carbonyl oxide is an important intermediate in the reaction of isoprene and ozone and may be
responsible for most of th®H formed in isoprene ozonolysis. We use CBS-QB3 calculations and RRKM/
master equation simulations to characterize all the pathways leading to the formation of this species, all the
interconversions among its four possible conformers, and all of its irreversible isomerizations. Our calculations,
like previous studies, predig®H yields consistent with experiment if thermalizggrmethyl carbonyl oxides

form *OH quantitatively. Natural bond order analysis reveals that the vinyl group weakenss@eb@nd of

the carbonyl oxide, making rotation about this bond accessible to this chemically activated intermediate. The
vinyl group also allows one conformer of the carbonyl oxide to undergo electrocyclization to form a dioxole,
a species not previously considered in the literature. Dioxole formation, which has a CBS-QB3 reaction
barrier of 13.9 kcal/mol, is predicted to be favored over vinyl hydroperoxide formation, dioxirane formation,
and collisional stabilization. Our calculations also predict that two dioxole derivatives, 1,2-epoxy-3-butanone
and 3-oxobutanal, should be major products of isoprene ozonolysis.

I. Introduction SCHEME 1

Isoprene (2-methyl-1,3-butadiene) is one of the most abundant = . CH,0O + CH,CHC(CH3)00
volatile organic compounds in the troposphere, with global /—( 6 7
emissions estimated at510'“ g C per yeat. The predominant
loss pathways for isoprene, like all alkenes, are reactions with

hydroxyl radical {OH), nitrate radical®NOs), and ozone (€).>* :<:+ (o
Although isoprene’s lifetime with respect to the @action is

0.0 ~_
AR CH,00 + CH,CHC(O)CH;
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~20 times longer than that with respect to ti@H or *NOs _» CH0 + CH,C(CH;)CHOO
reactions’*the isoprene Oz reaction has particular atmospheric 1 2 WO 6 4
significance in that it generate®H nonphotochemically-1° RO NG

The ozonolysis of isoprene can therefore be the dominant source & CH,00 + CH,C(CH3)CHO
of troposphericOH both at night and over heavily forested 8 9'

areas.

According to the Criegee mechanism (Scheme 1), isoprene
ozonolysis starts with the concerted cycloaddition of ozone to
one of the double bonds of isoprene, forming the 1,2-primary
ozonide (or 4-methyl-4-vinyl-1,2,3-trioxoland) and the 3,4-
primary ozonide (or 4-(2-propenyl)-1,2,3-trioxolan®). The
ozonides then undergo concerted cycloreversion to form form- Yy )
aldehyde €), methyl vinyl ketone (or MVK,9), methacrolein Qecompos_e quantitatively to forrH. In contrast, the major
(9), and a variety of carbonyl oxides (or Criegee intermediates, [SOMerization product of conformers @iwith the vinyl group
7,7, and8). synto the terminal oxygen7c and7d) will be dioxiranesl5a

Since the initial reports ofOH formation in gas-phase and15b. 4
isoprene ozonolysis, the mechanistic challenge has been to More recently, Zhang and co-workéts* reported a com-
identify the specificOH precursors. On the basis of experi- prehensive theoteucal study of the formation and cyploreversmn
mental measurements of product yields, Paulson &t ahd of both 4 and 4 (Scheme 1), as well as the unimolecular

Aschmann and AtkinsdA both proposed that mogbH comes reactions previously considered by Cremer and co-workers for
from the methyl vinyl carbonyl oxide7j, with a small both 7 (Scheme 2) and'. Their treatment combined quantum

contribution from formaldehyde oxide) chemistry, employing_a method approximating a C;CSD(T)/G-
Later, Cremer and co-workéfsreported extensive density 311++G(d,p) calculation, and RRKM/master equation simula-

functional theory (B3LYP) and MP2 studies on all the carbonyl 1ONS to predict the branching ratios for both primary ozonide
oxides formed in isoprene ozonolysis, including all stable cycloreversion and carbonyl oxide isomerization. The cyclo-

conformations of7. Their quantum chemical results (Scheme '€Version channels forming were predicted to be the most
favorable, with a combined branching ratio of 0.47. The

*To whom correspondence should be addressed. E-mail: kuwata@ Predicted rate constant for isoprene ozonolysis (1x580~*'
macalester.edu. cm® molecule! s™1) and MVK vyield (0.12) were in good

2) agreed with the previous proposaf&that7 will be the major
source of*OH. More specifically, Cremer and co-workers
predicted that the major isomerization product for conformers
of 7 with the methyl groupsynto the terminal oxygen7a and

7b) will be vinyl hydroperoxidesl4a and 14b, formed by
relatively facile 1,4-hydrogen shifts. Specib$éaand14b then
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or dioxiranes {5aand15b) (Scheme 2). The ring closure we

=z ~ ropose in this paper is analogous to reactions newly discovered
O\OH O\O 0-0

by Vereecken and Peetétsfor isoprene peroxy radicals (e.g.,
+ sOH Scheme 4).
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0 Second, we explore the effect of the vinyl group on the
“OH O\O barriers to interconversion among the four conformersy of

+*OH (Scheme 5). The fact that the=<€©C and G=0 bonds of7 are
14c 7c conjugated (as shown for conforméain Scheme 6) suggests
minor major thatTS10a—b andTS10c-d will be somewhat higher in energy

than transition structures for rotation about carboarbon
single bonds. Recent calculations on isoprene carbonyl oxides

\A Y\ by Aplincourt and Anglada bear this ot%.By the same
Os =~ - O' — 15b SCHEME 5
O. ~
+ *OH OH o +
N ad
14d 7d =
minor major Ol - \Ol/ - OI\
agreement with experimeni21523 Species?, the sole*OH ° °
precursor in their study, gave a predict€H yield of 0.25. 7a TS10a-b 7b
This was in excellent agreement with sofe?® but not i
all,821.27.28experimental measurements. It is important to note +
that the majority of theOH (0.14 of the 0.25) predicted by | t
Zhang and co-workers comes from the 1,4-hydrogen shift in /\K
thermalized, not chemically activateda and 7b. ¢ 0O
While much is already understood about the mechanism of 9 6.
isoprene ozonolysis and its atmospheric impact, a good deal O.
remains unexplored. The main goal of this paper will be to
reexamine the chemistry of all four conformers of the methyl TS10a-c TS10b-d
vinyl carbonyl oxide7, the most important isoprene ozonolysis i t
intermediate. Our contention is that the vinyl group has a
significant impact on the unimolecular reactivity of this H.C ¥
species, an impact which has received little attention in the | 2 A/
literature. | - \/ - |
First, many of the carbon-containing products from isoprene 0 o) o
ozonolysis have not been speciated, let alone quantified. Wwe O o~
propose that a significant fraction of oxidized products arises
from the electrocyclization and subsequent rearrangements of 7c TS10c-d 7d
conformer 7d (Scheme 3). The presence of a vinyl group gcHEME 6
synperiplanar to the ©0 bond allows for a type of isomer-
ization not available to carbonyl oxides derived from alkenes | ®
with only one double bond. We will present computational XN
evidence that the yield of 5-methyH31,2-dioxole @6) from | ~
chemically activated methyl vinyl carbonyl oxide is higher than ® O\O O\O
the yields of either vinyl hydroperoxided4a 14b, and 14¢ © ©
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argument,TS10a—c and TS10b—d should be lower in energy ~ CBS-QB3 overcompensates for the effects of spin contamination
than transition structures for rotation about carborygen in openshell species. The hydrogen-transfer reactions in our
double bonds. We are not aware of any study of this issue in system ardantramolecular shifts in (largelytlosedshell car-

the literature. In this paper, we provide detailed quantum bonyl oxide8°!and may therefore be expected to be accurate.
chemical evidence for both contentions. Moreover, our RRKM/ Nevertheless, we will address the possibility that CBS-QB3 is
master equation simulation results indicate that the ability of underestimating hydrogen-shift barriers in our master equation
chemically activated methyl vinyl carbonyl oxides to undergo modeling.

rotation about their &0 bonds significantly enhances the The B3LYP hybrid functional, like other generalized gradient

dioxole branching ratio. approximation methods, does not treat dispersion forces
explicitly.52-64 Therefore, it often fails to predict the existence
Il. Theoretical Methods of van der Waals complex®s$6 and severely underestimates

the barriers of loose transition structufé&xperiment and ab

A Q:Jarlnu.m Chemistry fCaIcul(?tlc_)r;f.?IIélectrqnlcos:';rucT finitio calculations indicate that this is precisely the situation
ture calculations were performed with the aussian { sylte % that exists in the first part of the ozonolysis reaction coordinate
programsi! The geometry, energy, and harmonic vibrational (Scheme 77

frequencies of each stationary point considered here were
determined initially using the B3LYP functior#af® and the SCHEME 7

6-31G(d,p) basis sét:3% Each reported minimum has all real +

frequencies, and each reported transition structure has one — = L

imaginary frequency. We determined the minima associated with + O',O', — 00O — O o;
each transition structure by animation of the imaginary fre- O\\O/O \d \d o
guency and, if necessary, with intrinsic reaction coordinate (IRC)

calculationsi®*7 HC-O): 3.247 2.101° 1.4172

Because the B3LYP method tends to underestimate hydrogen-
shift reaction barriers and can provide unreliable thermochemical
predictions®®—44we further characterized each stationary point

using the CBS-QB3 composite method of Petersson and co- Microwave spectroscof§reveals that for the ethen@zone
workers?® This model chemistry, which employs B3LYP/6-  system, the reactants form a van der Waals complex wiC
311G(2d,d,p) optimized geometries and vibrational frequencies, honds of over 3.2 A. At the cycloaddition transition state, the
uses a series of single-point calculations to extrapolate the c—0 bonds are predicted by CASSCF(10,9)/cc-pVTZ calcula-
CCSD(T) energ$f to the complete basis set limit. (The Gaussian tion< to be more tha 2 A long. Hence, it is not surprising
03 implementation of CBS-QB3 correctly computes an empirical that CBS-QB3, which is based on B3LYP geometries, has
correction term based on Overlap integrals, fIXIng a Gaussian trouble predicting a physma”y reasonable value for the iso-
98 error noted by Green and co-workéfsThe singlet diradical  prene-ozone cycloaddition barrier. We attempted to correct for
species in this study (such asS10a-c and TS10b—d in this deficiency by optimizing the cycloaddition transition
Scheme 5) were treated with wave functions of broken spin strycture geometry using the MPWB1K hybrid meta density
symmetry both for geometry optimizations (using unrestricted fynctional of Zhao and Truhlaf. The MPWB1K method has
(V) B3LYP theory) and for the single-point energy calculations peen parametrized to treat noncovalent interactions and transition
in the CBS-QB3 procedure (using UHF theory to compute the structure geometries accurately. MPWB1K calculations were
reference wave functions). All CBS-QB3 relative energies performed using the MG3S basis set recommended by Truhlar
reported here are corrected for differences in zero-point gng co-workerdt
vibrational energy scaled by 0.99. B. Statistical Rate Theory Calculations.We used Barker’s

To aid in the interpretation of our quantum chemical results, Multiwell program suité273 to solve the one-dimensional
we performed natural bond order (NBO) analyses of the SCF (internal energy) master equation for both the cycloreversion
density of selected structures using the NBO 5.0 program of of the primary ozonide and the isomerization of the methyl vinyl
Weinhold and co-worker& NBO analysis was performed on  carbonyl oxides. The zero-point corrected relative energies of
the B3LYP/6-311G(2d,d,p) optimized geometries. We paid all participating species were taken from our CBS-QB3 calcula-
particular attention to natural population analysis (NPA) chdfges  tions. Microcanonical rate constarké&) were computed using
and the Lewis structures and bond orders predicted by naturalRice— RamspergerKasset-Marcus (RRKM) theory4with the
resonance theory (NRP§. 52 required sums and densities of states being calculated based on

Recent studies indicate that CBS-QB3 often provides excel- B3LYP/6-311G(2d,d,p) optimized geometries and unscaled
lent agreement with experimental reaction energies and barriers harmonic frequencies. We did not treat low-frequency internal
in some cases with greater accuracy than single-point CCSD(T)rotations as hindered rotors, a simplification that may affect the
calculations with polarized tripl&-basis set&-57 It is possible, numerical accuracy of our resultdut should not detract from
then, that our CBS-QB3 predictions will be more accurate than the validity of our qualitative conclusiori§.
the CCSD(T)/6-31G(dyCF//B3LYP/6-31G(d,p) method used We treated collisional stabilization with the exponential-down
by Zhang and co-workers to treat isoprene 0zonoRsié58.59 model, using an energy grain size of 10¢nand assuming an
(The “CF,” or correction factor, approximates the effect of average energy transferred per collisidBq() of 300 cnt1.77
expanding the basis set from 6-31G(d) to 6-3#G(d,p) at The bath gas was\at 298 K, with Lennard-Jones parameters
the CCSD(T) level.) Comparison of the predictions of the two of o = 3.74 A ande = 82 K.7879Estimating the Lennard-Jones
methods will be made whenever possible. parameters for the isoprene ozonolysis intermediates involved

However, Coote has recently reportédhat CBS-QB3 the use of a number of different methods. First, we used the
systematically underestimatiggermolecular hydrogen-transfer  group contribution method of McCann and Darfe¢o deter-
barriers in monoradicals by0.5 kcal/mol as compared to the mine an expression for each species’ second virial coefficient
very high level W1 method of Martin et.z° perhaps because as a function of temperature and the species’ critical temperature

a Experimental value from Gillies et &8 CASSCF(10,9)/cc-pVTZ
value from Ljubic and Sabl;i€?
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TABLE 1: Zero-Point Corrected Relative Energies (kcal/ SCHEME 82
mol) for the Species in Reactions 1 and 2 + |
energy relative =
species to ?p/)ecies CBS-QB3 CCSD@) o '67<\ |C|) + R{ [2a]
TS3 1+2 “12(1.8) +33 0 Oy
4 1+2 —54.1 —-48.1 TS5a 6 7a
T8 4 b 110s i
TS5¢ 4 +13.3 +12.3 N AN
TS5d 4 +14.2 +13.1 o & — 6 + ol [2b]
TS5e 4 +15.0 AN ~0
TS5f 4 +15.3 0
TS5g 4 +15.4 +14.0 TS5b 7b
TS5h 4 +15.6
6+ 7a 4 -9.1 -13.0
6+ 7b 4 -7.4 —-11.6 /----/</ \J
6+ 7c 4 —6.2 ~105 ol O'\=| — 6+ 7 [2¢]
6+ 7d 4 -6.2 -10.3 0 Oy
8+9 4 —-2.3 -7.1 TS5¢ 7c
aThe CCS%(T)/G-SlG(dﬁCF//B3LYP/6-3lG(d,p) results of Zhang
and Zhang?® PBased on the MPWB1K/MG3S optimized geometr
and vibratig;nal frequencies scaled by 0.9367. i ’ Y O{"§7§ 6 + \Ol(\ [2d]
(Te). For the isoprene primary ozonides, we used Joback’s Tso5d/ 7:
approach!-82to estimate thal, = 620 K. For the methyl vinyl s
carbonyl oxides, we assumed Tisto be that of methyl acrylate, |
536 K83 Then, following Hirschfelder’s treatmeftwe found /--7</ I| ﬁH
. : > - 07 0\=| —/@8 o__* [2e]
the values ofg and e consistent with the virial coefficient \ - ~0
expressions we had derived. For the isoprene primary ozonides, O O
o = 7.84 A ande = 322 K, and for the methyl vinyl carbonyl TSS5e 8 9
oxides,o = 6.29 A ande = 358 K. i 1*
Each simulation was run for #@ollisions to ensure that the A
pseudo steady st&tavas achieved. Trials were run at pressures o~ o — 8 * 9 [21]
of 1, 10, 50, 100, 200, 300, 400, 500, 600, and 760 torr. \ o0
Typically, no more than 100 collisions (corresponding~{60 | © i
ns at 760 torr) were required to converge the concentrations of TSS5f
all participating species to within the numerical noise of the M 1#*
simulation. Each pseudo-steady-state yield reported is the P
average of 1®simulations. In no case is the uncertainty in a q 0 y — 8 ¢ 9 [2¢]
yield greater thant-0.002. Details of how the initial energy of
distribution of a given species was represented in a given ~ TS5g
simulation are given in the Results and Discussion section +
below. S
o o/'c37<\ !ﬂiﬁ 8 + 9  [2h]
Il. Results and Discussion \o
A. Primary Ozonide Formation and Decomposition: TS5h

Structure and Energetics. Table 1 Sum_mf_:lrizes our CBS-QB3 2The boxed numbers above each arrow for reactionsh2are the
gnd Zhang and Zha.r!g}%CCSD(T) pre,d'Ct'onS for the _energet- 1-atm branching ratios for each channel predicted by our master
ics of the cycloaddition of ozone to isoprene (reaction 1) and equation simulations, as discussed in section I1IB.

the cycloreversion of the primary ozonide(reactions 2ah,

Scheme 8). Figures 1 and 2 show the optimized structures for

the species in reactions 1 and 2. (All structures were rendered >3 {0 be 1.2 kcal/mobelowthat of the separated reactadts
using the Ball & Stick program of Mier and Falk&?b) Note and 2; CCSD(T)/6-31G(dyCF predictsTS3 to be 3.3 kcal/

that we report only the most stable conformersoTS3, and mol abave 1 and 2. Zhang and Zhari§ corroborated the
4 but report all eight possible conformers 865 zhang and ~ CCSD(T)/6-31G(d)-CF cycloaddition barriers (to both double
Zhang report only five conformers dfS5. bonds) by using transition state theory to predict rate constants
for the addition of ozone to both the 1,2-double bokg &
t 0.93 x 10717 cm® molecule’? s* at 300 K) and the 3,4-double
,:A/ — bond kss = 0.65 x 10717 cm® molecule? s71 at 300 K). The
:<;+ 03 —| / —_— O/O7<7 [1] sum of the two rate constants, 1.5810°17 cm® molecule
— o O NI s71, is close to recent experimental measuremekts (1.2—

N
o © 1.3) x 1077 cm® molecule’? s71 at ~295 K)15-18
1 2 TS3 4 CBS-QB3 clearly fails to describe the ozone cycloaddition

process adequately, probably due to the failure of B3LYP to
Table 1 reveals some significant differences between the two predict a reasonable geometry for the transition structure. Cremer
sets of energy predictions. The most obvious discrepancy regardsaind co-workers have described the analogous failure of B3LYP
the cycloaddition barrier. CBS-QB3 predicts transition structure in describing ethene ozonolysSis(lt is interesting that CCSD(T)/
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Figure 1. Optimized geometries for the species in reaction 1. Note
that in this figure and in all others containing three-dimensional

Kuwata et al.

There are other less dramatic, but still noteworthy, differences
in the two sets of relative energy predictions in Table 1. First,
our CBS-QB3 calculations predict that reaction 1~i6 kcal/
mol more exothermic than the CCSD(T) calculations. The
thermochemistry of primary ozonide formation remains a
challenge for electronic structure theory. Even for the cyclo-
addition of ozone to ethene, high-level theoretical estimates of
reaction energy range from49 to —54 kcal/mol (at 0 K)}8-90
Second, the cycloreversion barrierfS6) predicted by the
CCSD(T)/6-31G(d}-CF method are ali-1 kcal/mol lower than
the CBS-QB3 barriers. In addition, the only transition structure
(TS5¢) leading to formaldehyde oxid8)and MVK (9) reported
by Zhang and Zhang is not the lowest energy barrier according
to CBS-QB3. For this part of the reaction coordinate, there are
no experimental data to adjudicate between the two sets of
predictions?!

The two quantum chemical methods agree that the for-
mation of 8 and 9 (reactions 2eh) is 3—7 kcal/mol less
exothermic than the formation of formaldehy@iend methyl
vinyl carbonyl oxide7 (reactions 2&d). This thermochemistry
can be rationalized in terms of the isodesmic reactions in Scheme
9.

Substitution of 6 by a methyl group and a vinyl group
(reaction 3) stabilizes the carbonyl group substantially: the CBS-
QB3 energy of reaction 1 is-24.4 kcal/mol. Wiberg et &#
have attributed this stabilization to the donation of electron
density from the methyl and vinyl substituents to the electron
deficient carbonyl carbon. However, the methyl and vinyl groups
stabilize8 even more: the CBS-QB3 energy of reaction 2 is
—31.2 kcal/mol. We will consider the origin of the enhanced
stability of 8, as well as the relative stabilities of the four
conformers of7, in section IlIC.

With respect to cycloreversion (reaction 2), both quantum
chemical methods predict a correlation of reaction barrier with
reaction energy. The transition structures which lead to products
8 and9 are all -3 kcal/mol higher in energy than the transition
structures which lead to the more stable produ&tand 7.
Moreover, Figure 2 shows th@iS5e-h are all later structurally
thanTS5a—d, with breaking @-O bonds 0.03-0.06 A longer
and breaking €C bonds 0.03-0.04 A longer (except for
TS50).

B. Master Equation Simulations of Primary Ozonide
Decomposition.We solved the master equation for the 1,2-

renderings of molecules, gray represents carbon, black representéJrlmary ozonidetin order to quantify the competition between

oxygen, and white represents hydrogen. Bond lengths (in angstrom:s)COIIISIonal s_tab|I|zat|c_)r_1 oft and its decomposmon via the elght_
obtained at the B3LYP/6-311G(2d,d,p) level: bond lengths (in ang- Ccycloreversion transition states shown in Scheme 8. The initial

stroms) in parentheses obtained at the MPWB1K/MG3S level.

6-31G(d)+CF predicts a reasonable barrier despite the use of

B3LYP/6-31G(d,p) geometries.) As discussed in section IIA,
we reoptimized TS3 with the MPWB1K/MG3S method.
CBS-QB3 single-point calculations based on the MPWB1K
geometry predict a cycloaddition barrier of 1.8 kcal/mol. While
this is still 1.5 kcal/mol lower than the CCSD(T)/6-31Gtd)}F
barrier, the CBS-QB3 barrier is now at least qualitatively
reasonable.

energy of4 was represented by a shifted thermal distributfon
truncated at the energy of transition structii®3.

The 1-atm pseudo-steady-state yields for each of the eight
exit channels are presented in boxes in Scheme 8. Variation of
yield with pressure is negligible to two significant figures. At
pressures up to 1 atm, none of the highly chemically activated
primary ozonide is collisionally stabilized. This agrees with
previous predictions of primary ozonide behavior by Donahue
and co-worker§? Zhang and co-workers;*Kroll et al. ** and
Cremer and co-workef&.

Figure 1 shows the bond lengths predicted by the two density Table 2 summarizes the cycloreversion branching ratios based

functional theory methods fod, 2, and TS3. All of the

on the type of carbonyl oxide formed, withS5a and TS5b

MPWB1K bond lengths are shorter than the corresponding leading to carbonyl oxides with the methyl group syn to the

B3LYP bond lengths. In particular, all MPWB1K-&D bond
lengths are~0.04 A shorter than those predicted by B3LYP.
However, the B3LYP bond length in ozong0—0) = 1.258
A, is significantly closer to the experimental vaf8i¢1.276 A)
than the MPWBI1K prediction.

O—0 bond {a and7b), TS5c and TS5d leading to carbonyl
oxides with the vinyl group syn to the-8D bond {cand7d),
andTS5e TS5f, TS5g andTS5hleading to the parent carbonyl
oxide @ and MVK (9). Simulation results by Zhang and co-
workers# are also tabulated for comparison.
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TS5g TS5h

Figure 2. Optimized geometries for the transition structures in Scheme 8. Bond lengths (in angstroms) obtained at the B3LYP/6-311G(2d,d,p)
level.

SCHEME 9
| AEo (kcal/mol)
g + CHiCHy + \_ —r H‘/ + 2CH, 24.4 (3]
o)
6 9
.. .
O._ + CHsCHs + \: —_— | + 2CH,4 -31.2 [4]
0 (oN
0
8 7a
TABLE 2: Predicted Yields of Carbonyl Oxides Formed by reversion transition structures, while Zhang and co-workers
Cycloreversion of the 1,2-Primary Ozonide considered only the lowest energy channel leading to each
type of carbonyl oxide this work Zhang type of carbonyl oxide. Higher energy transition structures,
synmethyl (7a and 7b) 0.37 0.44 which will have a negligible impact on the reactivity of the
synvinyl (7c and 7d) 0.35 0.35 thermalized primary ozonide, play a greater role in the reactivity
parent (8) 0.28 0.21 of the chemically activated primary ozonide, since all of the
aFrom Zhang and co-worke?4. ozonide is formed with energy in excess of the cycloreversion
barriers.
We predict a significantly lower yield ofa and 7b (and One indirect confirmation of the validity of our simulation

H2CO), and a significantly higher yield & (and MVK), than concerns the experimental yield of MVK. As mentioned in
do Zhang and co-workef4.Much of this discrepancy is due to ~ section lIA, Zhang and Zharg successfully used transition
the fact that our simulation included all eight possible cyclo- state theory to predict the initial rate of isoprene ozonolysis.
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+0.249
+0.250

Te

7d

2.9 keal 2.9 kcal

Figure 3. Optimized geometries for the four possible methyl vinyl
carbonyl oxide conformers. Bond lengths (in angstroms) obtained at
the B3LYP/6-311G(2d,d,p) level are shown in normal type; selected
NPA charges are shown in boldfade K relative energies (in kcal/
mol) are from CBS-QB3 calculations.

Part of their prediction included an estimate of the branching
ratio for ozone addition to the 1,2-double boridy/(ki2 + kzs)
= 0.59. Weighing the yield (0.28) @ from the 1,2-primary
ozonide4 by the yield of4 (0.59) gives an overall MVK yield
of 0.17. This is in excellent agreement with the currently
recommended experimental MVK yield of 0.1590.013%12.23

C. Structure and Interconversion of the Methyl Vinyl
Carbonyl Oxides. Figure 3 shows the optimized geometries,
relative energies, and selected NPA charges for the four methyl
vinyl carbonyl oxidesra, 7b, 7c, and7d.

The CBS-QB3 relative stabilities of the four conformers are
in good agreement with the CCSD(T)/6-31G{d)F predictions
of Zhang and Zharlg and the G2M-RCC5//B3LYP predictions
of Aplincourt and Anglad&? and in fair agreement with the
B3LYP/6-31G(d,p) predictions of Cremer and co-workéras
previously discussed by Crem®?® the conformers with a
methyl group syn to the ©-Og bond will be preferentially
stabilized by interactions between the methyl hydrogens and
the terminal oxygen @ The NPA charges shown in Figure 3
support this contention; £and the methyl and vinyl hydrogens
have roughly the same magnitude of charge in all four
conformers. Therefore7a and 7b, which each have two
attractive H- - -Q interactions, are expected to be more stable
than7c and7d.

Kuwata et al.

Among the twosynmethyl conformersyb is predicted to
be 1.7 kcal/mol less stable th&a. We can attribut&b’s lower
stability to its synperiplanar £=Cg and CG=0, bonds, which
impart an unfavorable cyclic four-electron antiaromatic char-
acter, as previously discussed by Cremer and co-wdtkansl
Houk and co-worker® Like 7b, conformer7d is also desta-
bilized by an antiaromatic arrangement of itg=€C and C=0,
bonds. Based on the relative energiegafand 7b, we would
expect this antiaromaticity would mak&l ~2 kcal/mol less
stable tharvc. However,7d also has a positively charged vinyl
hydrogen only 2.09 A away from the negatively charged O
The corresponding hydrogen it is 2.29 A away. The CBS-
QB3 method predicts the destabilizing antiaromatic and the
stabilizing electrostatic effects ifid to be roughly equal in
magnitude, making7c and 7d equal in stability (to two
significant figures).

Scheme 10 shows the four most important resonance con-
tributors to the electronic structure of the four conformerg,of
with the percentage contribution of each Lewis structure
calculated by NRT. For each conformer, the best Lewis structure
contributes only~50% to the overall electronic character. The
second most important contributor has the connectivity, but not
the geometry, of a dioxirane. (Note that the B3LYP calculations
on which the NRT decomposition is based predict thdias
no open-shell character. Other electronic structure methods, such
as Goddard’'s GVB theory, would likely predict the singlet
diradical, instead of the dioxirane, to be a major contrib&tpr.
Both the third and the fourth best contributors will lower the
barrier to rotation about the carbenxygen bond. In addition,
the vinyl group in the fourth best contributor “pushes” electron
density to the internal oxygen, eliminating the unfavorable
positive formal charge present in the best and third best Lewis
structures. This helps explain why a vinyl group would stabilize
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TABLE 3: Selected NRT Bond Orders for Various
Carbonyl Oxides

NRT bond order

structure

“
ol
|

[VON

CQ'CB CB'C-Y CTOa Oa'oﬁ

1.91 1.07 1.55 1.10

1.93 1.06 1.56 1.10

1.92 1.01 1.56 1.09

bo 190 1.09 1.56 1.08

v p
d
ocO\o
B

1.03 1.63 1.08

a carbonyl oxide more than a carbonyl, as shown by the pair of

isodesmic reactions in Scheme 9.
The overall effect of multiple nonnegligible resonance
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a2The energy of each transition structure and product is relative to
the energy of each reactaPiRelative energies in parentheses are from
the G2M-RCC5//B3LYP calculations of Aplincourt and Anglafa.

amount ofr-character ir7’s Cs—C, bond, as evidenced in the

contributors on electronic structure can be quantified by the bond NRT bond orders (Table 3). Also note that the~C, bond
orders within the carbonyl oxide. Table 3 shows selected NRT lengths inTS10a-b and in TS10c-d (Figure 4) are 0.02

bond orders predicted for all four conformers®fas well as
for synacetaldehyde oxide. We see that in all cases, the C
C, and the Q—Og bonds have a slight amount afcharacter,
the G,—Cg bond is slightly weaker than a full double bond and
the C—0O, bond is substantially weaker than a full double bond.
Much of the decrease in the,€0, bond order is due to a
substantial contribution from the dioxirane-like Lewis structure,
as seen in Scheme 10. For this reasymacetaldehyde oxide,
which lacks a double bond conjugated with its=€, bond,
has only a slightly higher £-O, bond order than the methyl
vinyl carbonyl oxides. The vinyl group has a clear, but not large,
effect on the G—O, bond order in7.

0.05 A longer than the corresponding bonds7a-d (Figure
3). This is consistent with the idea that thg—€C, bond in7
possesses-character which is lost at the rotation transition state.
CBS-QB3 predicts that the barriers to rotation about the
C,=0, bond in the methyl vinyl carbonyl oxides (reactions 9
and 10) are 812 kcal/mol lower than the analogous barrier to
rotation in acetaldehyde oxide (reaction 11). The energetics for
reaction 11 are in good agreement with the MRBQI/
CASSCEF predictions of Anglada et%A simple argument based
on resonance structures would predict tAe&10a—c and
TS10b—d should be lower in energy than the rotation transition
state in reaction 11 based on the ability of the vinyl group to

Finally, Schemes 11 and 12 report the CBS-QB3 barriers to delocalize the unpaired electron op (Scheme 13).

rotation about the g-C, and the G—O, bonds of various

Support for this argument comes from the B3LYP/6-

carbonyl oxides, and Figure 4 shows the optimized geometries311G(2d,d,p) geometries. IRS10a—c and TS10b—d (Figure

for the methyl vinyl carbonyl oxide rotation transition structures.
The barriers to rotation about thes€C, single bond in
2-butanone oxide (reactions 7 and 8), which ar& kcal/mol,
are 5-7 kcal/mol lower than the g£-C, rotation barriers in

4), the G=C; bonds are 0.030.04 A longer and the £=C,
bonds are 0.050.08 A shorter than the corresponding bonds
in 7a—d (Figure 3). We do not have a qualitative explanation
for why reaction 10’s barrier is-4 kcal/mol lower in energy

methyl vinyl carbonyl oxide (reactions 5 and 6). The energetics than reaction 9's barrier. However, the fact that the barrier to

for reactions 5 and 6 are in excellent agreement with the G2M-

RCC5//B3LYP calculations of Aplincourt and AnglaéThe
difference in barriers reflects the small, but not negligible,

rotation in reaction 10 is comparable to the hydrogen-shift and
dioxirane-closure barriers (as presented in section IIID) means
that the common assumptitt?14.949799 that rotation about
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C=0 bonds in carbonyl oxides is negligible is not justified for
the isoprene system. S =

D. Other Unimolecular Reactions of the Methyl Vinyl h(Cp-Cy-0a-Op)| = 84.8  I1(Co-Cy-Cy-O,)| = 821
Carbonyl Oxides. Scheme 14 shows the other possible isomer-
ization reactions of the methyl vinyl carbonyl oxidés—d, and TS10b-d TS10c-d
Table 4 summarizes both the CBS-QB3 and the CCSD(T)/6- Fi?Ut_re‘lt- Optti.mizetd gteometgeséolr th?hm?_thyl vintyl Car)bonélltoxide |
31G(d¥-CF3 predictions of the relative energies of each rotation transition structures. Bond lengths (in angstroms) and torsiona
minir(ngrkn and tFr)ansition structure in this scheme.?:igure 5 shows 2"9les (in degrees) obtained at the B3LYP/6-311G(2d,d p) level.
the optimized structures for the species involved in reactions SCHEME 13
18 and 19. o Ore

As noted previously by Cremer and co-workémnd Zhang | Y o B Y o B Y
and Zhand? the 1,4-shift of a methyl hydrogen is somewhat P Y X /Y ./Y
more favorable than the 1,4-shift of a vinyl hydrogen, with the ~ a0 ~-~ a0
CBS-QB3 barriers for reactions 12 and 14 beingdkcal/mol oc(‘) O‘C‘) A
lower than the barrier for reaction 16. With regard to dioxirane O. O. O- O
formation (reactions 13, 15, 17, and 19), Cremer et°@l.
observed that for the parent carbonyl oxide, ring closure is TS10a-c TS10b-d
initiated by pyramidization at the carbon atom. This paradigm
also applies to the methyl vinyl carbonyl oxides under consid- rotation of the vinyl group out of the plane of the carbonyl oxide
eration here. For example, iiS12d (Figure 5) the torsional ~ moiety (the torsional angles about thg-&Cs bond are+61.2
angles about the &0, bond are—66.1° and 125.0, as and —141.9), significant lengthening of the double bonds

compared to exactly°0and 180 in reactant7d. In addition, (compared to the geometry @fl, r(C,—Cp) increases by 0.05
TS12dis 3-5 kcal/mol higher in energy than the other dioxirane A andr(C,—0,) increases by 0.03 A), and significant shortening
transition structures due to steric interactions betwega@ of the single bondr(Cs—C,) decreases by 0.05 A).

the vinyl group. Cyclization of vinyl carbonyl oxides to form dioxoles has

In 7d, the relative orientation of the carbonyl oxide and vinyl some precedence in the organic literatt#e1% Scarpati and
groups allow for another ring-closing pathway, reaction 18, co-workers, who have studied the rearrangements of furan
which forms 5-methyl-Bl-1,2-dioxole (6). As mentioned in endoperoxides such @sin deuteriochloroform, have obtained
the Introduction, dioxole formation has not previously been indirect evidence for carbonyl oxidB and NMR spectra of
considered in isoprene ozonolysis. This reaction can be classi-dioxole C (Scheme 15)%
fied as a 1,5-electrocyclization or, equivalently (following Finally, Table 4 shows that the CBS-QB3 and CCSD(T)/6-
Huisgert®), as the intramolecular cycloaddition of the carbonyl 31G(dH-CF methods predict relative stabilities for the carbonyl
oxide 1,3-dipole to the alkene. The geometry of the cyclization oxides (as noted in section IlIC) and their isomerization products
transition structurdS13 (Figure 5) has the hallmark®103of 14 and15that agree to within 1 kcal/mol. The predicted barriers
a monorotatory pericyclic process. These include significant against dioxirane formationTE12) agree almost exactly. In



Methyl Vinyl Carbonyl Oxides
SCHEME 14

J. Phys. Chem. A, Vol. 109, No. 47, 20080719

+
L L
S — N 3

o, X N /.
Oon ~o o O<o 0-0
14a TS11a 7a TS12a 15a
¥ +
= N i 7
~OH ~d ~0 o 0-0
14b TS11b 7b TS12b 15b
¥ - t
c” | |
[16] \Of — W= Y — Y| — a7
“OH g %o - %o
14c TS11c 7c TS12¢
£ - +
X X
(I o SRS [ (7 RS (S QR
O~g g 0 ~o
16 TS13 7d TS12d

TABLE 4: Zero-Point Corrected Energies (kcal/mol,
Relative to 7a) for Scheme 14

species CBS-QB3 CCSD®)

species CBS-QB3 CCSD®)

7a 0.0 0.0 TS12c 19.7 20.0
7b 1.7 1.5 TS12d 24.9 24.9
7c 2.9 2.5 TS13 13.9

7d 2.9 2.7 l4a —-12.9 —13.7
TS1la 18.0 18.8 14b —14.7 —14.9
TS11b 19.1 19.9 l4c —-0.1 -0.8
TS1lc 21.7 24.4 15a —18.6 —18.2
TS12a 22.2 221 15b -17.1 —17.0
TS12b 20.9 21.0 16 —25.6

aThe CCSD(T)/6-31G(d)yCF//B3LYP/6-31G(d,p) results of Zhang
and Zhangd?

SCHEME 15
Q oMe Ph
/ S Ph— CO,Me -3 COxMe
Ph 0-0
A B c

contrast, the CBS-QB3 hydrogen-shift barrief$S{11) are all
1-2 kcal/mol lower than the CCSD(T)/6-31G(dTF barriers.

fates as a function of pressure. The simulations included rotation
about the g—C, bond (reactions 5 and 6, Scheme 11), rotation

about the ¢=0, bond (reactions 9 and 10, Scheme 12), and

formation of hydroperoxides, dioxiranes, and dioxoles (reactions
12—19, Scheme 14). For each simulation, the formation of one
of the four carbonyl oxideZx (wherex = a, b, ¢, or d) was

the entrance channel. The initial energy distribution of each

chemically activated carbonyl oxide was modeled as shown in
Scheme 16.

Following Forst's treatmerif)” we assumed that the energy
difference ET between the ozone cycloaddition transition
structure TS3) and each of the primary ozonide cycloreversion
transition structuresT({S5x) goes into the internal degrees of
freedom of the corresponding carbonyl oxide and the co-
generated formaldehyd& while E, goes into the translation
of 6 and7x. In turn, the energ§' is partitioned between species
6 and 7x as described by eq 20

Pr(E)W(E " — E)
"o OWE " — €) de

() = (20)

L/(‘)E

wheref7X(E) is the fraction of carbonyl oxid&x possessing

As discussed in section IIA, we are not aware of any evidence energyE, p is the density of states afx, andWs is the sum
that CBS-QB3 systematically underestimates the barriers of of states of6. This approach to modeling the initial energy
intramolecular hydrogen transfers in closed-shell molecules suchdistributions of carbonyl oxides formed in ozonolysis has also
as carbonyl oxides. Nevertheless, we will address the possibility been taken by Zhang and co-workétsKroll et al.?* and

of underestimated hydrogen-shift barriers in the next section.

E. Master Equation Simulations of Carbonyl Oxide

Chemistry. As discussed in section 1lIB, 28% of the 1,2-primary

ozonide4 forms formaldehyde oxide8f and MVK (9), while

72% of4 forms formaldehydef]) and substituted carbonyl oxide

(7) (Scheme 8 and Table 2). Speckss formed vibrationally

excited and will undoubtedly undergo further unimolecular
reaction. We did not perform master equation simulations on one of the carbonyl oxider, 7b, 7c, or 7d) “wells.” The overall

8, but we will discuss its chemistry briefly in section IIIF.

Cremer and co-workef&.

The possible exit channels in each simulation were vinyl
hydroperoxide 14a 14b, or 14¢), dioxirane ((5a or 15hb), or
dioxole (16) (Scheme 14). Formation of any of these products
was assumed to be irreversible, which is reasonable given their
subsequent chemistry (see section IlIF). The other four possible
outcomes of the simulation were collisional stabilization into

yield for each exit channel or well was the sum of yields from

We did perform master equation calculations on the chemi- each of the four simulations weighted by the branching ratio
cally activated methyl vinyl carbonyl oxides, predicting their

(Scheme 8) for the cycloreversion transition structure producing
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TABLE 5: 1-atm Yields from Methyl Vinyl Carbonyl Oxide
Chemistry under Various Conditions

exit channel
or well casel case? case8 case4 Zhang
7a 0.14 0.06 0.13 0.19
7b 0.01 0.12 0.01 0.02
7c 0.02 0.10 0.01 0.01
7d 0.01 0.01 0.01 0.02
all carbonyl oxides  0.18 0.29 0.16 0.24 0.56
14a (from 7 .24 1 .22 1
wCpCr0:00) =00 Gy CpCorHy)=0.0 146 Efrgm 723 8.07 8.15 8.04 c?.os8
HCo-Cy-O0u-Op) = 180.0  ©(Cy-Cp-CoHg) = 180.0 14c (from 7c) 001 004 001 001
7d all hydroperoxides 0.32 0.31 0.27 0.24 0.19
15a (from 7a) 0.03 0.02 0.13 0.03
15b (from 7b) 0.02 0.05 0.05 0.04
15a (from 7c) 0.03 0.08 0.02 0.03
15b (from 7d) 0.00 0.00 0.01 0.00
all dioxiranes 0.08 0.15 0.21 0.10 0.26
dioxole (16) 0.42 0.25 0.36 0.42 0.00

a|ncludes all possible isomerization reactioh4ll interconversions
among carbonyl oxides conformers (reactions 5, 6, 9, and 10) are
neglected®¢ All rotations about &0 bonds (reactions 9 and 10) are
neglected? All CBS-QB3 hydrogen shift barrierdG11a TS11b, and
7(Cy-C,-0,-Op) = -66.1  ©(C,-Cyp-Cy-H,) = +61.2 TS119 raised by 1 kcal/mol¢ From Zhang and co-worket$.

1(C5-C,-0,-0p) = 125.0  1(C,-Cy-Co-Hy) = -141.9

These calculations predict that the most important pathway for
Ts12d b the methyl vinyl carbonyl oxide is dioxole formation, with a
yield of 0.42. Vinyl hydroperoxide formation is also important,
with a total yield of 0.32. Dioxirane formation is far less
important, with a total yield of 0.08. The remaining 18% of the
carbonyl oxide is predicted to be collisionally stabilized and
not undergo unimolecular reaction, at least on a “prompt” time
scale.

Examining case 1 results in more detail, we see that the
contributions made by7a—c to the hydroperoxide yield
decreases in order of increasing hydrogen-shift reaction barrier
(TS11a TS11h andTS11g Table 4), as expected. Interestingly,
7a, which makes the largest contribution (0.24) to the overall
hydroperoxide yield also makes the largest contribution (0.14)
to the overall stabilized carbonyl oxide yield, sinta is the

15b 16 lowest energy conformer. The relative unimportance of the
Figure 5. Optimized_ geometries for the structures in reactipns 18 and (ioxirane channels is due largely to the difference in reaction
égiaﬁ%rédaltet?]%ﬂggE'?P";‘Q%Sl"l%nz%’z,npc; ltg\:z'l?nal angles (in degrees) parriers; the lowest energy dioxirane transition strucflid, 2¢
is ~2 kcal/mol less stable than the lowest energy hydrogen-
SCHEME 16 shift transition structureTS11g and ~6 kcal/mol less stable
than the dioxole-formation transition structureS(L3) (Table
4).

Case 1 yields differ notably from those previously reported
by Zhang and co-workef$:14 The most obvious difference is
that the previous study did not take into account the possibility
of dioxole formation. Another key difference is that we have
included all possible interconversions among the carbonyl
oxides, while the previous study treated the reactions of the
four carbonyl oxide conformers separately. If we did not allow
for the possibility of interconversion, then dioxole formation
would be far less important, since the only dioxole precursor is
conformer7d. We explored this point quantitatively by per-
forming two other sets of simulations (case 2 and case 3, Table

6+ 7x %) o ; ;

In case 2, we removed all possible interconversions (reactions
that simulation’s entrance channel. The overall yields for the 5, 6, 9, and 10). This lowers the dioxole yield to 0.25 and
12 exit channels and wells were then normalized to add up to substantially increases the yields of both dioxirane and colli-
1.00. sionally stabilized?. More specifically, the yield of thermalized

Table 5 reports the pseudo-steady-state yields at 1 atm for7b increases to 0.12, and the yield of thermalizedncreases
each of the exit channels and wells and for the four categoriesto 0.10. In the full simulation (case 1), most&j and7c convert
of products under a variety of simulation conditions. Case 1 to dioxole precursof7d, since the7b < 7d and 7¢c < 7d
refers to the set of simulations performed as described above.interconversion barriers are (rather) low.

=k

YCy-C,-0,-0p) = -108.5  (C;-Cy-CHy) = +123.2
H(Cy-C;-0,-0p) = 108.3  TC,-Cy-Co-Hp) =-111.6
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0.50 speciesra (data not shown). The significance of this pressure
5 045 dependence is discussed in the next section.
g 0.40 \N The pseudo-steady-state yields reported in Table 5 and Figure
2 0.35 s —— 6 will be sensitive to our assumptions regarding the average
& 030 -e- Dioxole energy transferred per collisioiE) and how the energy
8 025 -+~ Hydroperoxide released by primary ozonide formation is partitioned between
2 020 Tgi;;?::éoxme internal and external degrees of freedom (cf. Scheme 16). In
2 015 their computational study of dimethyl carbonyl oxide, Kroll et
2 010 4 al.% reported the impact of these two assumptions on hydro-
& 0.05 peroxide yield. They found that the prompt hydroperoxide yield
0.00 . . . decreases significantly with increasing pressure even WEgh

was assumed to be as low as 100 énWith regard to energy
partitioning, it is likely that assuming that only the energy in
excess of the cycloreversion barrier can partition into the
E;%Urgepg-roz{g:sﬂ: ‘jli%e’;‘:]e(j”fg(;f gcl;lel igg?:g@"ﬁ :tziﬁiz%ﬁa(\r/ti)%yl carbonyl oxides’ internal degrees of freedom underestimates the

. ' I extent of chemical activation. Kroll et al. predicted that a 10
oxide (7a, 7b, 7¢, and7d), and dioxirane 15aand 15b). kcal/mol increase in the activation of dimethyl carbonyl oxide

more than doubles the 1-atm prompt yield of hydroperoxide. It

In case 3, we allowed for rotation about thg—<C, single is reasonable to assume that our predicted hydroperoxide yields
bonds (reactions 5 and 6) but still forbade rotation about the will exhibit similar sensitivity to these parameter changes.
C,=0, double bonds (reactions 9 and 10). In this simulation, F. Subsequent Chemistry and Atmospheric Significance
the dioxole yield (0.36) is close to the yield (0.42) in the of the Isomerization Products. (1) DioxolesLike their methyl
unaltered simulation, case 1. The remaining 0.06 of dioxole yield vinyl carbonyl oxide precursors, each of the rearrangement
must come from the rotation about the=€0, bond in7aand products is chemically activated and is expected to undergo
7b. While rotation about €O is certainly the slowest process further unimolecular rearrangement and/or decomposition. We
in our mechanism, a significant fraction of the methyl vinyl explored this quantitatively for the 5-methyl-1,2-dioxdlé.
carbonyl oxide is formed with internal energy about the barriers Scheme 17 shows the lowest barrier pathways available to the
for C=0 rotation and our simulations demonstrate that rotation dioxole; each structure is labeled with its CBS-QB3 energy
about G=0 has a nonnegligible effect on product branching relative to that ofl6. Figure 7 shows the optimized structures
ratios. obtained for each of these species (besiti®s

Finally, in case 4, we address the possibility that our CBS-  Like dioxiranes'®®the isomerization o016 is initiated by the
QB3 calculations systematically underestimate hydrogen-shift homolysis of the weak ©-Og bond. The barrier to homolysis
reaction barriers. We performed the same set of simulations asis predicted to be 20.7 kcal/mol. 7517, the C,—O, and G,—
in case 1, except that we raised the energy of each of the threeO; bonds are both 0.07 A shorter than the corresponding bonds
hydrogen-shift transition structure$11a TS11b andTS11c in 16 (Figure 5), suggesting the presenceli®l17 of (hyper)-
in Scheme 14) by 1.0 kcal/mol. With these adjustments, our conjugation to the incipient radical centers op &hd Q. The
predicted hydroperoxide yield (0.24) is close to the prediction most stable conformer of the 1,3-diradical prodligtis only
of Zhang and co-workerd. Our predicted overall yields of 2.5 kcal/mol higher in energy thdr6. The diradical is stabilized
stabilized carbonyl oxide (0.24) and dioxirane (0.10) are both by the vinoxy-like delocalization of the unpaired electron
significantly lower than those predicted by Zhang and co- between ¢ and Q.. Speciesl8s rather short C—O, bond
workers, since dioxole formation is still the most important exit (1.232 A) and rather long £-C, bond (1.448 A) are consistent
channel. with a G-centered radical.

Figure 6 shows the variation with pressure of the pseudo- The diradical can undergo two rearrangements to form closed-
steady-state yields for each of the categories of products. Inshell structures. Reaction 21 involves ring closure (V&l9
general, the yields of the rearrangement products all decreasdo form the 1,2-epoxy-3-butanon2l). The reaction barrier is
with pressure, as expected. However, the decrease in hydro-only 1.9 kcal/mol, and the reaction energy-g6.7 kcal/mol.
peroxide formation is far steeper than the decrease in eitherAs expected for an strongly exothermic reaction, the transition
dioxole or dioxirane formation. Most of the decrease in structure is early: the ©C; distance is only 0.15 A shorter in
hydroperoxide yield, and most of the corresponding increase TS19than in18, while the same distance is 1.01 A shorter in
in stabilized carbonyl oxide yield, is due to the chemistry of 21 than in18. The other possible rearrangement, reaction 22,

0 200 400 600 800
Pressure (Torr)

SCHEME 17
e
Y B--oB Y B oB
o — [21]
a0 a0 ©
" B TS19 21
P v % v B 00/ 44keal -44.2 Kkeal
o o — o o| — \[ol/\g \ - B
o~ "0 >0 o B U OB
B B t oB| _. Z
16 TS17 18 D a\(fjl/\of [22]
0.0 keal 20.7 keal 2.5 keal a0 o |
TS20 22

6.1 kcal -67.9 kcal



10722 J. Phys. Chem. A, Vol. 109, No. 47, 2005 Kuwata et al.

evidence presented here and precedence in experimental solu-
tion-phase studies, we propose that spe2ieand22 are both
significant products of isoprene ozonolysis and should be
detectable in both smog chamber studies and in the troposphere.

SCHEME 18
Ph Ph o
z Ph
Y}<(302Me_> WCOZMe [23]
0-0 0
(o D
Ph CO,Me Ph CO,Me
YT YT 4
0-0 O O
E F

(2) Vinyl Hydroperoxides. It is well established that under
atmospheric conditions, vinyl hydroperoxidesta—c will
decompose promptly and quantitatively to form vinoxy and
hydroxyl radicals (e.g., reaction 25).

| |
k]/ — Ln/ + «OH [25)

(0N OH o)
14a 23a

Vinoxy radical23awill react with G, to form ano.-oxoperoxy
radical. This species will likely thermalize before undergoing
any intramolecular hydrogen shiftsand then undergo typical
bimolecular reaction¥9110

Previous computational studies of isoprene ozonol§&#s4
have assumed that the methyl vinyl carbonyl oxidesre the
only sources ofOH. If we assume the branching ratios predicted
by Zhang and Zharig for the cycloaddition of @to isoprene,
is a 1,2-hydrogen shift (vidS20) to form 3-oxobutanalZ?2). then we can estimate the overdDH yield predicted by our
The reaction barrier is 3.6 kcal/mol, and the reaction energy is simulations. As discussed in section 1lIB, Zhang and Zhang's
—70.4 kcal/mol. Again, as expected, the transition structure is branching ratio for the 1,2-primary ozonidd) (is 0.59. The
rather early: the k—C; distance is only 0.34 A shorter 520 total yield of 7 from 4 is 0.72 (Table 2). The total yield df4
than in18, while the same distance is 1.04 A shorteithan from 7 is 0.32 (Table 5, case 1). The promm@H vyield is
in 18, therefore (0.59)(0.72)(0.32F 0.14. This is significantly lower

To estimate the yields of epoxide and dicarbonyl from methyl than all recent experimental measurement©bf yield 821.24.2528
vinyl carbonyl oxide, we performed a set of master equation although slightly higher than the promH yield predicted
simulations (case 6) that included all the reactions in case 1 (ashy Zhang and co-workefs:'*However, as noted in section IIIE,
discussed in section IIIE), plus the reactions in Scheme 17. Thus,our master equation simulations may have underestimated the
in case 6, dioxold6is treated as a well, not as an exit channel. chemical activation of7. Higher activation would lead to a
The key results from these simulations are as follows: (1) The higher yield of14 (at the expense of thermaliz&)l and hence
yield of each hydroperoxide exit channel, dioxirane exit channel, a predicted promptOH vyield in better agreement with experi-
and stabilized carbonyl oxide is identical to that computed for ment.
case 1 (see Table 5). This demonstrates that dioxole formation There are at least two other possitiiH sources in isoprene
is irreversible. (2) Within the precision of our simulations, no ozonolysis. One is the 1,4-hydrogen shift within thermalized
dioxole is collisionally stabilized at pressures up to 1 atm. (3) 7a and7b. Transition state theory calculations by Zhang and
The 1-atm yield of epoxid@1 is 0.25, and the 1-atm yield of  co-workerd* predict that with respect to unimolecular reactions,
dicarbonyl22is 0.17. thermalized7a and 7b will exclusively form vinyl hydro-

It is noteworthy that there is experimental evidence for the peroxides, which in turn decompose to giv®@H. More-
formation of these dioxole derivatives. Scarpati and co- over, Kroll et al®% have provided both experimental and
workers!®4105 in the same study in which they obtained computational evidence that a significant fraction of tGe
spectroscopic evidence for the dioxdle(Scheme 15), also  measured in smog chamber experiments will come from the
qguantified dioxole rearrangement products (Scheme 18). With thermal reaction obkyrralkyl carbonyl oxides. Including the
both phenyl and acetyl groups at the 3-position, the major putative contribution from thermalizeda and 7b (yields in
product detected was epoxidi (reaction 23). With only an Table 5) increases our predict€aH yield to (0.59)(0.72)(0.32
acetyl group at the 3-position, the major product detected was+ 0.14 + 0.01) = 0.20, which does agree (within the
the 1,3-dicarbonyfF (reaction 24). Given both the computational uncertainties) with most recent measureméht&:28Zhang and

21 22

Figure 7. Optimized geometries for the structures in Scheme 17. Bond
lengths (in angstroms) obtained at the B3LYP/6-311G(2d,d,p) level.



Methyl Vinyl Carbonyl Oxides

co-workerd31 predict a prompt+ thermalized*OH vyield of
0.25, which is in closer agreement to experiment.

If we were to assume that CBS-QB3 underestimates hydrogen-

shift barriers in carbonyl oxides (Table 5, case 4), then we would
predict a promptOH yield of (0.59)(0.72)(0.24% 0.10 and a
total *OH yield of (0.59)(0.72)(0.24+ 0.19 + 0.02) = 0.19.
Again, the total predictedOH yield would fall within the
uncertainties of most recent measurements.

However, given the rather long lifetime of thermalized methyl
vinyl carbonyl oxides with respect to unimolecular reactieri$

J. Phys. Chem. A, Vol. 109, No. 47, 20080723

on the chemistry of the methyl vinyl carbonyl oxide. The vinyl
group (@) lowers the barrier to rotation about the=@ bond

and (b) allows the carbonyl oxide to cyclize to a dioxole. Our
calculations predict that these two effects work together to make
dioxole formation the most important reaction pathway for the
methyl vinyl carbonyl oxide. The rearrangement products of
the dioxole, 1,2-epoxy-3-butanone and 3-oxobutanal, should be
major products of isoprene ozonolysis. Calculations in progress
in our laboratory seek to quantify the yields of the analogous
products from the ozonolysis of the 3,4-double bond of isoprene.

s)} it is possible that in the troposphere, these species may More generally, our simulations of both primary ozonide

preferentially undergo bimolecular reactions with species such
as B0 2011113 Recent experimental and computational stud-
ies’0.57 suggest that ther-hydroxy hydroperoxides formed in
the HO reaction cannot subsequently decompose to afktl
under atmospheric conditions.

A second possibleOH source is formaldehyde oxide
Donahue and co-workér&*114have presented evidence that a
significant fraction of8 isomerizes promptly, first to the
dioxirane and then to formic acid (HCOOH). The large
exothermicity of HCOOH formation, in turn, drives the acid’s
prompt decomposition to HCGnd*OH. The decomposition
of the “hot” acid may account for the 0.16H yield® in ethene
ozonolysis (at 1 atm). Zhang and co-workérgredicted that
the total yield of8 from isoprene ozonolysis is 0.33. If tf&e
formed from isoprene behaved similarly to #déormed from
ethene, then we would expegtto contribute 0.05 to the total
*OH vyield, improving the agreement between theory and
experiment. However, in isoprene ozonolysis the majority of
the energy released upon primary ozonide formation and
cycloreversion will partition into the larger co-generated MVK
(9) or methacroleinq) (Scheme 1). It is therefore not clear if

cycloreversion and carbonyl oxide isomerization demonstrate
the importance of treating all energetically accessible reaction
pathways in master equation simulations. This has implications
for modeling the chemistry of cycloalkene-derived carbonyl
oxides. Since these species do not fragment upon cycloreversion,
they retain all the energy released by primary ozonide formation
and can undergo unimolecular reactions not accessible to
thermalized or only moderately chemically activated intermedi-
ates?®

The calculations reported here, combined with Zhang and
co-workers’ treatment of isoprene ozonolysis kinetfes allow
us to estimate methyl vinyl ketone am@H yields consistent
with the majority of experimental measurements. Nevertheless,
additional theoretical and experimental studies are still needed
to characterize the ability of isoprene-derived formaldehyde
oxide and thermalized carbonyl oxides to affo@H.
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that would have been formed at low pressure instead results in  Supporting Information Available: Cartesian coordinates

thermalized7a. Our simulations therefore predict no pressure
dependence irOH vyield on the longer time scale probed by
scavenger experimentsthermalized7a also forms*OH.

(3) Dioxiranes. A variety of products may come from the
isomerization and decomposition of the chemically activated
dioxiranes 15a and 15b. Experimental studies of isoprene
ozonolysidt115 and computational studies on smaller di-
oxiraned%-116strongly suggest that some fraction 15 frag-
ments into propene and GQ@ia a diradical intermediate like
24b (reaction 26).

= Y
5

15b 24b

Fan and Zhan§” have recently suggested tHzib (or 24b)
may also lose or donate atomic oxygen to form MVK.

%_»/\+COZ

[26]

IV. Conclusions

We have used quantum chemistry and RRKM/master equa-
tion calculations to characterize the effect of the vinyl group

of all labeled minima and transition structures presented in this
paper. This material is available free of charge via the Internet
at http://pubs.acs.org.
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