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ABSTRACT

We use Gaussian-4 theory to investigate the reaction mechanism for the conversion of a 2-
methylstyrene-based Criegee intermediate into o-toluic acid and 2-methylphenylformate. o-Toluic
acid can be formed via a a-hydroxyalkyl-hydroperoxide intermediate with an activation energy of
AG*05 = 82.9 kJ mol™ for the rate-determining-step (RDS). The RDS for the formation of 2-
methylphenylformate has an activation energy of AG*9 = 61.9 kJ mol . Formation of the o-toluic
acid product is more exergonic by 67.4 k] mol . Consistent with recent experimental results, our
high-level calculations show that o-toluic acid is the thermodynamic product and 2-

methylphenylformate is the kinetic product.
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Introduction

Ozonolysis of unsaturated hydrocarbons is a dominant oxidation pathway in the
troposphere leading to the formation of Criegee intermediates (Cls). CIs play a major role in the
chemistry of the troposphere by producing secondary organic aerosols (SOAs)' which impact both
air pollution and climate.” **** Recently, Chiappini et al.’ used Fourier-transform infrared
spectroscopy and gas chromatography-mass spectroscopy to investigate the ozonolysis of two
atmospherically relevant anthropogenic aromatic alkenes: 2-methylstyrene and indene.*”* They
found that in the case of 2-methylstyrene, ozone adds mainly on the exocyclic double bond yielding
a 2-methylstyrene-based CI. The CI is then converted to o-toluic acid as a major product (140 +
50 pg m™*) and 2-methylphenylformate as a minor product (1.5 + 0.4 ug m). They suggested that
this intramolecular conversion may proceed via a hypothetical dioxirane intermediate as shown in

Figure 1.
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Figure 1. Formation of 2-methylphenylformate from a 2-methylstyrene-based Criegee

intermediate via a hypothetical dioxirane intermediate proposed in ref. 5.

In the present work we use the high-level Gaussian-4 (G4) thermochemical protocol”' to

explore in detail the mechanisms for the intramolecular conversions of this 2-methylstyrene-based



CI into o-toluic acid (thermodynamic product) and 2-methylphenylformate (kinetic product). We
find that o-toluic acid can be formed via two competing reaction pathways involving a
hydroperoxide intermediate. Both channels involve a water molecule either as a catalyst or a
reagent. Formation of the 2-methylphenylformate product proceeds via the hypothetical dioxirane
intermediate proposed in ref. 5. We show here that both channels are accessible at room
temperature, however, formation of 2-methylphenylformate is kinetically favored and formation

of o-toluic acid is thermodynamically favored.

Computational details

High-level ab initio and density functional theory calculations were carried out using the
Gaussian 09 program suite.'' The Gaussian-4 (G4) theory is used for calculating Gibbs free
potential energy surfaces for the conversion of the 2-methylstyrene-based CI to o-toluic acid and
2-methylphenylformate. G4 theory approximates the CCSD(T)/CBS energy (coupled cluster
energy with single, double, and quasiperturbative triple excitations at the complete basis-set
limit).'>"* The computational protocol of G4 theory has been specified and rationalized in detail in
refs. 9 and 10. It has been found to produce thermochemical and kinetic properties (such as reaction
energies, bond dissociation energies, enthalpies of formation, and reaction barrier heights) with
mean absolute deviations (MADs) from highly accurate experimental/theoretical data below the
threshold of chemical accuracy (i.e., with MADs below 1 kcal mol ').!%!#!316:1718:1920 [mportantly,
G4 theory has also been recently found to provide good performance for reaction energies and
barrier heights for ring-closing reactions involving atmospherically important Criegee
intermediates.”’ We also note that the T diagnostics**** for the CIs (and associated TSs and

reaction intermediates) considered in the present work range between 0.01-0.03 (Table S1 of the



Supporting Information). These values indicate that these systems exhibit mild-to-moderate
multireference character and that the CCSD(T)/CBS level of theory should be adequate for treating
the CIs considered in the present work.

The geometries and harmonic vibrational frequencies were obtained at the B3LYP/6-
31G(2df,p) level of theory as prescribed in the G4 protocol.”*****” Zero-point vibrational energy
(ZPVE), thermal enthalpy (H29s—Ho), and entropy (S) corrections were obtained from these
frequencies within the rigid rotor-harmonic oscillator approximation. The main text reports Gibbs
free energy (AGnss) reaction profiles, whilst reaction profiles on the electronic (AE:), enthalpic at
0 K (AH)), and enthalpic at 298 K (AHs) potential energy surfaces are provided as Supporting
information (Table S2). The equilibrium structures were verified to have all real harmonic
frequencies, and the transition structures to have only one imaginary frequency. The connectivities
of the transition structures were confirmed by performing intrinsic reaction coordinate (IRC)

calculations.?®?’

Results and Discussion

Figure 2 shows the Gibbs free potential energy surfaces (PESs) at 298 K for the conversion
of the CI to o-toluic acid (pathways A and B) and 2-methylphenylformate (pathway C). The
structures of the reactants, reaction intermediates, transition structures, and products located along
the reaction profiles are shown in Figure 3. It is well established that Criegee intermediates have a
singlet ground state, with the lowest lying triplet state typically located over 100 kJ mol ' above
the ground state. For example, the singlet-triplet gap in the prototypical Criegee intermediate
(H2COO) was calculated to be 128.4 (at the CCSD(T)/cc-pVTZ level of theory)*® and 126.8 (using

the CBS-QB3*' composite method)’* kJ mol . Before proceeding to a detailed discussion of these



reaction pathways, it is of interest to see by how much the presence of an aromatic substituent in
the 2-methylstyrene-based Criegee intermediate affects the singlet-triplet gap. At the G4 level we
obtain a singlet-triplet gap of 116.9 kJ mol™" for this system on the Gibbs free potential energy
surface at 298 K. This energy gap is well above the Gibbs free barrier heights for the rate-
determining steps in pathway A (82.9), water-catalyzed pathway B (95.0), and pathway C (61.9

kJ mol ") (vide infra) and therefore the triplet PES is not further considered in this work.
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Figure 2. Gibbs-free energy surfaces at 298 K (G4 theory, kJ mol™") for the intramolecular
conversion of the 2-methylstyrene-based CI to o-toluic acid (o-TA) (pathways A and B) and 2-
methylphenylformate (MPF) (pathway C). ‘Note that the Gibbs free energy barrier for TS1s is

reduced from 126.0 to 95.0 k] mol ' upon catalysis by a single water molecule (see text).
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Figure 3. Optimized structures of the Criegee intermediate (CI) reactant, reaction intermediates,

transition structures (TSs), and o-toluic acid (0-TA) and 2-methylphenylformate (MPF) products
located along the reaction profiles for the intramolecular conversion of the 2-methylstyrene-based
CI to o-toluic acid (pathways A and B) and 2-methylphenylformate (pathway C). Gibbs free
energies (in kJ mol ™) relative to CI and H20 (pathway A) and relative to CI (pathways B and C)
are given in parenthesis (see also Figure 2 for a schematic representation of the PESs). Atomic
color scheme: H, white; C, gray; O, red. "Note that the Gibbs free energy barrier for TS1s is reduced

from 126.0 to 95.0 kJ mol ™' upon catalysis by a single water molecule (see text).



Formation of o-toluic acid via a-hydroxyalkyl-hydroperoxide intermediate (pathway A). We
begin by examining the formation of o-toluic acid via the commonly invoked a-hydroxyalkyl-
hydroperoxide intermediate.*******-***" This reaction pathway involves a water molecule and
proceeds via formation of a Clee*H.0 complex (Figure 3). The formation of this complex is
exothermic by 27.3 kJ mol ™' on the enthalpic PES (AHas, G4 theory). However, due to entropic
effects, it is endergonic by 9.8 kJ mol ™' on the Gibbs free energy surface (AGass, Figure 2). This
complexation is followed by addition of the water molecule to the CI leading to the formation of
a stable a-hydroxy hydroperoxide intermediate (INT1a, Figures 2 and 3). This step is associated
with a low reaction barrier height of AG*9 = 54.0 kJ mol'. The a-hydroxy hydroperoxide
intermediate lies 106.6 kJ mol' below the energy of the free reactants and is the most stable
reaction intermediate considered in the present work.

Next, the hydroxyl of the hydroperoxide group can abstract the hydrogen from the alpha
carbon leading to the formation of o-toluic acid and regeneration of a water molecule. The reaction
barrier height for this step is relatively large (AG*29s = 82.9 kJ mol ', Figure 2) since the TS involves
a four-membered ring formed between the carbon, hydrogen, and two hydroperoxide oxygens
(TS24, Figure 3). Inspection of the bond angles in TS24 relative to those in INT 14 reveals that the

four-membered ring in the TS is strained. For example, £ COO = 89.7° (TS24) and 105.7° (INT14)
and ZOCH = 95.2° (TS24) and 107.0° (INT1a). We note that since this reaction pathway already

involves one water molecule, due to entropic effects inclusion of a second water molecule does
not reduce the free energy barrier height and results in AG*9s = 86.4 kJ mol .

Finally, we note that, similar to the initial CIeeH>0O complex, formation of the hydrogen
bond in the resulting o-toluic acides*H20 complex is exothermic by 33.5 kJ mol™' on the enthalpic

PES (AHxs, G4 theory), but endergonic by 6.7 kJ mol ' on the Gibbs free energy surface (AGass,



Figure 2). Thus, in the gas-phase this complex will not form and the overall reaction energy for
the formation of free o-toluic acid is AG*9s = —464.5 kJ mol ' (Figure 2) providing a strong

thermodynamic drive for this reaction pathway.

Formation of o-toluic acid via vinyl hydroperoxide intermediate (pathway B). Let us turn our
attention to the alternative route for the formation of o-toluic acid via a different hydroperoxide
intermediate. This reaction pathway proceeds via a intramolecular 1,3-proton transfer to form the
well-known hydroperoxide intermediate.*******! This step is the rate-determining step (RDS) for
this pathway with AG*9s = 126.0 kJ mol'. The large reaction barrier height may be attributed to
the strain energy in the four-membered-ring TS for the proton transfer (TS:s, Figure 3). Inspection
of the bond angles in TS1s relative to those in the reactant CI reveals that the four-membered ring

in the TS is highly strained. For example, £ COO = 100.5° (TS1s) and 117.8° (CI) and ZOCH =

80.2° (TS18) and 115.2° (CI). It has been previously found that a single water catalyst can stabilize
similar cyclic proton-transfer TSs by converting a strained four-membered ring TS into a less

§.40:42:43.4445.4647 T the present case, a single water catalyst reduces the

strained six membered-ring T
reaction barrier height from 126.0 to 95.0 kJ mol ™ relative to the free reactants. The resulting
hydroperoxide intermediate (INT1s) lies 45.3 kJ mol' above the energy of the CI (Figure 2). In
this unstable intermediate the O—O bond length is 1.505 A and the peroxy hydrogen is syn to the
toluene group. INTis can rearrange to a more stable intermediate (INT28) in which the peroxy
hydrogen is anti to the toluene group with a much longer O+++O bond distance of 1.928 A. We

note that in INT2s both the Ph—COOH and PhC=0OOH bonds are shorter than in INT1s, which could

partly explain the greater stability of this intermediate. Namely, the Ph—COOH bond length is



1.472 (INTis) and 1.433 (INT28) A; and the PhC=OOH bond length is 1.266 (INTis) and 1.168
(INT2s) A.

Finally, an additional intramolecular rearrangement, in which the loosely bound hydroxyl
oxygen attacks the carbonyl carbon, leads to the formation of o-toluic acid (o-TA, Figures 2 and

3), which lies 464.5 kJ mol ' below the CI reactant. The transition structure for this rearrangement

(TS:28, Figures 2 and 3) lies 58.2 kJ mol ' below the CI reactant.

Formation of 2-methylphenylformate via a dioxirane intermediate (pathway C). The
formation of the minor product 2-methylphenylformate from the 2-methylstyrene-based CI could
proceed via the 3-(o-tolyl)dioxirane intermediate proposed in ref. 5 (INT1c), see also discussion
in refs. 33 and 48. This intramolecular reaction pathway (pathway C, Figures 2 and 3) proceeds
via a ring-closing reaction to give 3-(o-tolyl)dioxirane which lies 85.3 kJ mol" below the CI
(INT1c). This step is the RDS for this pathway with AG*29s = 61.9 kJ mol ™' (TS1c). The dioxirane
intermediate can undergo an intramolecular rearrangement in which one of the oxygens is inserted
into the adjacent C—Ph bond to form the minor 2-methylphenylformate product which lies 397.1
kJ mol ™" below the CI reactant. This transition structure lies 18.3 kJ mol™" below the CI reactant

(TS20).

Conclusions

In summary, we use the G4 procedure to investigate the intramolecular conversion of a 2-
methylstyrene-based CI to o-toluic acid and 2-methylphenylformate. We find that there are two
reaction pathways for the formation of o-toluic acid — both proceed via hydroperoxide

intermediates. Pathway A involves an addition of water to the CI to form oa-hydroxyalkyl-



hydroperoxide followed by intramolecular hydrogen abstraction and regeneration of the water
molecule. The second step is the RDS with AG*9s = 82.9 kJ mol'. Pathway B starts with an
intramolecular 1,3-proton transfer to form a hydroperoxide intermediate. This step is the RDS with
AG*05 = 126.0 kI mol ', however, a water catalyst reduces the barrier to AG*9 = 95.0 kJ mol .
Thus, overall pathway A is kinetically favorable by 12.1 kJ mol ' over pathway B and is accessible
at room temperature.

The pathway for the formation of 2-methylphenylformate (pathway C) proceeds via a
dioxirane intermediate, the formation of which constitutes the RDS for the entire pathway with
AG*05 = 61.9 kJ mol ™. Thus, this is the kinetically favorable pathway, however, it leads to the
thermodynamically less stable product in accord with the Bell-Evans—Polanyi principle. These
results are consistent with recent experimental results which show that o-toluic acid is the major

product of the entire process.’

Supplementary data

T diagnostics for the Cls and associated transition structures and reaction intermediate considered
in the present work (Table S1); reaction profiles on the electronic (AEe), enthalpic at 0 K (AHb),
and enthalpic at 298 K (AHzs) potential energy surfaces (Table S2); and Cartesian coordinates for

all the species considered in the present work (Table S3).
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