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Abstract

The thermal decomposition kinetics of 2,3-epoxy-2,3-dimethylbutane have been studied
computationally using density functional theory, along with various exchange-correlation
functionals and an extremely large basis set. The calculated energy profiles have been
supplemented with calculations of kinetic rate constants and branching ratios under
atmospheric pressure and in the fall-off regime have been supplied, using transition state
theory (TST) and statistical Rice—Ramsperger—Kassel-Marcus (RRKM) theory. Kinetic rate
constants and branching ratios under atmospheric pressure and in the fall-off regime have
been supplied, using transition state and RRKM theories. By comparison with experiment, all
our calculations indicate that, from a kinetic viewpoint, the most favorable process is thermal
decomposition of 2,3-epoxy-2,3-dimethylbutane into the 2,3-dimethylbut-3-en-2-ol, whereas
under thermodynamic control of the reactions, the most abundant product derived from the
2,3-epoxy-2,3-dimethylbutane species will be the 3,3-dimethylbutan-2-one species. The
regioselectivity of the decomposition decreases with increasing temperatures and decreasing
pressures. In line with rather larger energy barriers, pressures larger than 10° bar are in
general sufficient for ensuring a saturation of the computed unimolecular kinetic rate
constants compared with the high-pressure limit (TST) of the RRKM unimolecular rate
constants. The bonding evolution theory indicated that thermal decomposition of 2,3-epoxy-
2,3-dimethylbutane into the 2,3-dimethylbut-3-en-2-ol takes place along three differentiated
successive structural stability domains after passing the reactant from the associated transition

state.
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Introduction

Pyrolysis of ethylene oxide'” and propylene oxide™ is complicated by the occurrence of
primary and secondary radical reactions in addition to the non-radical processes. It was hoped
that a tetra-substituted ethylene oxide would be less susceptible to radical attack and would
therefore provide clearer evidence as to the mechanism of epoxide decomposition. The
decompositions of ethylene oxide and propylene oxide have been explained in terms of a
mechanism involving the initial fission of the ring to form a biradical intermediate of short
lifetime that can either recyclize or rearrange to give the observed products.* Flowers et al.’
have suggested similar argument for the thermal decomposition of 2,3-epoxy-2,3-

dimethylbuthane (see Scheme 1):
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Scheme 1

Formation of 3,3-dimethylbutan-2-one however is most conveniently explained as arising
via a methyl shift in intermediate A. Fragmentation of either A or B would lead to the
formation of propene and acetone via a transition state involving simultaneous migration of a
hydrogen atom in the dimethylmethylene fragment. They have noted that, it is not possible to
decide whether one or both of the intermediates participate in this reaction as although
formation of B from the epoxide is probably favored over A, this may be more than
compensated for in the rates of decomposition of the two intermediates.” Also, they discussed
that the mechanism for the formation of 2,3-dimethylbut-3-en-2-ol is more difficult to
explain. A 1,4-hydrogen shift to the oxygen in intermediate A would appear the logical route
but for the fact that the measured activation energy is lower than the estimated bond
dissociation energy to give A. They have suggested that an analogous reaction to explain the

formation of acetone and propene, i.e., a 1,4-hydrogen transfer in biradical B to give



isopropenylisopropyl ether which then, via a 1,5-hydrogen transfer, decomposes rapidly to
acetone and propene. This mechanism conveniently explains the formation of methyl vinyl
ether, which cannot decompose via a 1,5-hydrogen shift, in the pyrolysis of propylene oxide.*
Intermediate B structurally offers no route to the alcohol. Also, they have noted that an
alternative is that formation of the alcohol occurs via a concerted reaction from the epoxide.
However the highly strained nature of the bicyclic transition state that would be involved
makes this unsatisfactory also. A further possibility is that, in spite of the negative findings
regarding the importance of surface or radical reactions in the formation of the alcohol, the
Arrhenius parameters measured are not those of an elementary reaction. Finally, they have
concluded that the radical process in ethylene and propylene oxides decompositions, that may
arise as the result of decomposition of the product aldehyde owing to its formation with a

'“* This is to be expected as 3,3-

large energy excess are not important in their study.
dimethylbutan-2-one has a greater number of internal degrees of freedom and the reaction has
a smaller exothermicity.

The kinetics of the gas-phase thermal decomposition of 2,3-epoxy-2,3-dimethylbutane has
been measured or experimentally inferred in the temperature range from 661.5 to 729.1 K,
and at a pressure of 11 Torr indicated that the decomposition processes carried out by
three competing homogeneous, first-order, and non-radical reactions to give either 3,3-

dimethylbutan-2-one (reaction 1), or propene and acetone (reaction 2), and 2,3-dimethylbut-3-

en-2-ol (reaction 3).
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Figure 1. Thermal decomposition of 2,3-epoxy-2,3-dimethylbutane via chemical reaction pathways 1-3

An Arrhenius plot of all the experimental unimolecular rate constants of 2,3-epoxy-2,3-

dimethylbutane is depicted in Figure 2.> As is immediately apparent from this figure, for



all reported series of data, the rate constant of the gas-phase unimolecular decomposition of
2,3-epoxy-2,3-dimethylbutane exhibit positive temperature dependences over the studied
temperature range, which is equivalent to Arrhenius activation energies of (—56.7£1.36),
(=59.2242.4), and (—47.5£2.05) kcal mol™'.> A least-square fit of the experimental rate

constants yields accordingly the following Arrhenius expressions:’
by =105 ®expl (56700+1360)/RT | ; (Reaction 1)

ky =107 exp[ (59220+2400)/RT | ; (Reaction 2)

k, = 101085:09) exp[—(47500i2050) / RT ] ; (Reaction 3)

A first-order plot for epoxide decomposition shows slight curvature, but indicates that the
overall reaction is approximately of the first order at a pressure of 11 Torr. Reaction
mechanisms are discussed in which the initial step is fission of the ring at either a C—C or a
C—O bond to give a short-lived biradical intermediate that may rearrange or decompose to
give the observed products. The ratio of 3,3-dimethylbutan-2-one to propene was constant at

each temperature, therefore the production of each is of the first order.
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Figure 2. Arrhenius plot of the experimental rate constant of the unimolecular thermal decomposition processes

of 2,3-epoxy-2,3-dimethylbutane.’ Legend: (@) Reaction 1; (M) Reaction 2; (A) Reaction 3.

The basic interest of the present study is to understand the activation energies as well as
kinetic rate constants of the molecular mechanism of the thermal decomposition processes of

2,3-epoxy-2,3-dimethylbutane that are displayed in Figure 1. In this purpose, we use shall be



made of transition state theory (TST),*"

in conjunction with the dispersion-corrected
@B97XD'* and the UM06-2x"° exchange-correlation functionals and Dunning’s augmented
correlation consistent polarized valence basis set of triple zeta quality (aug-cc-pVTZ)."°

In addition, kinetic rate constants at the high pressure limit will be supplied by means of
TST, and their fall-off behavior at lower pressures will be studied using statistical

Rice—Ramsperger—Kassel-Marcus (RRKM) theory,W19 for the purpose of unraveling the

detailed experiments by Flowers ef al.” at temperature ranging from 661.5 to 729.1 K.

Computational details

All calculations that are discussed in the present work have been performed using the
Gaussian 09 package of programs.*’ Molecular structures were visualized using GaussView.'
The molecular structures and harmonic vibrational frequencies of all stationary points of
interest were calculated using density functional theory (DFT) along with the ®B97XD and
UMO06-2x exchange-correlation functionals, in conjunction with diffuse functions (aug-cc-
pVTZ basis set). The nature of all identified stationary points has been verified according to
calculations of harmonic vibrational frequencies at the same level of theory as the geometry
optimization. The intrinsic reaction coordinates (IRC) calculation was performed in forward
and backward along the reaction path to identify whether the located transition state structure
connects to the two associated minima, using the Hessian based predictor corrector (HPC)
integrator algorithm.*

In line with the temperatures at which the experiments by Flowers ez al.” were conducted,
unimolecular rate constants and branching ratios have been obtained at temperature ranging
from 661.5 to 729.1 K and at a pressure of 1 bar (high pressure limit) using transition state
theory (TST), and the UMO06-2x/aug-cc-pVTZ has been used to estimates the activation
energies (E, [including zero-point vibrational energy (ZPVE) contributions]). The rationale
behind choosing the UM06-2x exchange-correlation functional is that a recent study by Zhao
and Truhlar'’> has shown that it is the best one for applications involving main-group
thermochemistry, kinetics, noncovalent interactions, and electronic excitation energies to
valence and Rydberg states. M06-2x exchange-correlation functional and its analogs are
dedicated for precisely energetic considerations. However, recently it has been established
that this approach underestimate activation parameters for many addition reactions,” whereas

for elimination processes the same methodology overestimate activation parameters.**



In atmospheric chemistry, the kinetics of unimolecular reactions can be determined using

conventional TST. The rate constants for unimolecular reactions are therefore given by:*>

okyT Qrs(T)
h - O (T)

along with kg, & and R are the Boltzmann’s, Planck’s and ideal gas constants, respectively. In

ko= x(T) exp(—E,/RT) (1)

the above equation, ¢ is the reaction symmetry number, and x(7) denotes the Wigner’s
tunneling factor® that has been considered for evaluating the rate constant of the unimolecular
dissociation step on TST grounds, using the UM06-2x energy profiles. The Wigner tunneling
factor is given by:

1 (hm@) Y
K(T)_1+24(—kBT j @

where Im(v,) is the imaginary vibrational frequency of the relevant transition state.

Since the computed energy differences account for ZPVEs, vibrational partition functions
were computed using the vibrational ground state as energy reference. TST gives an estimate
of the upper-limit for rate constants as a function of the temperature, and is known to give

. S 19,29
reliable estimations of rate constants

in the high pressure limit, especially for cases with
significant barrier heights.

Note that, in practice, standard atmospheric pressures (1 bar) are usually considered to be
large enough for reliably calculating kinetic rate constants by means of TST. The fall-off
behavior of canonical kinetic rate constants from the TST limit (P—o0) towards the low-
pressure limit (P—0) has been also studied using statistical RRKM theory.'”™" The RRKM

microcanonical rate constants k(E) are given by the standard expression:'’

_,_
OV (B)
=B ®)

where p(E) represents the density of states at the reactants, and N'(E) denotes the total
number of states at the transition state with energy less than or equal to E.

In the present work, all supplied TST, and RRKM rate constants are the results of
chemical kinetic calculations that were performed by means of the Kinetic and Statistical
Thermodynamical Package (KiSThelP).*® All these calculations rely upon UMO06-2x/aug-cc-
pVTZ estimations of activation energies and ro-vibrational densities of states. A scaling factor
of 0.971 was imposed on the frequencies calculated at the UM06-2x/aug-cc-pVTZ level in the
RRKM calculations. Lennard—Jones (LJ) collision rate theory was used to evaluate collisional

stabilization rate constants.’’ The strong collision approximation is used assuming that every



collision deactivates with a=/.Z1;.[M] being the effective collision frequency, where /[ is
the collisional efficiency, Zp; represents the LJ collision frequency, and [M] is the total gas
concentration. The collision frequencies (Z.j) were calculated using the LJ parameters: &/kg,
which depends on the energy depth (&) of the LJ potential and o, which represents a
dimensional scale of the molecular radius. The retained LJ potential parameters were 0=3.465
A and e/kg=113.5 K for argon as diluent gas,” and o =5.7 A and gk =447.1 K for the 2,3-
epoxy-2,3-dimethylbutane.*?

Results and discussions
Energetic and thermodynamic parameters

Reaction energies, enthalpies, entropies and Gibb’s free reaction energies for the thermal
decomposition of 2,3-epoxy-2,3-dimethylbutane is supplied in Table 1. In line with
experimental Arrhenius activation energies,” all DFT calculations most clearly show that
decomposition of reactant via pathway 2 in the gas-phase is endothermic process (AH =
2.82-5.11 kcal mol™') whereas for the reaction pathways 1 and 3 are exothermic processes at
the DFT levels of theory [AH ~ (~19.58)—(~17.48), and (—4.62)—(-3.66) kcal mol ™,
respectively]. All unimolecular pathways 1-3 are exoergic processes (AG < 0) at ambient
temperature and pressure. From the energy profiles supplied in Figure 3 and Table 1, it is
clear that among all produced products, the formation of 3,3-dimethylbutan-2-one (via
reaction 1) is the most stable structure and the P1 species will be thermodynamically favored,
since the reaction pathway 1 is exothermic [AH ~ (~19.58)—(—17.48) kcal mol™'] and strongly
exoergic [AG ~ —(~20.03)—(—16.82) kcal mol™].

Table 1. Reaction energies, reaction enthalpies and Gibb’s free reaction energies (in kcal
mol™") for the decomposition of 2,3-epoxy-2,3-dimethylbutane via pathways 1-3 at different
DFT levels of theory. (P =1 atm)

Method wB97XD/aug-cc-pVTZ UMO06-2x/aug-cc-pVTZ
Species AEw  AH%osx  AG°sx AEw  AH°gsx  AG®usx
2,3-epoxy-2,3-dimethylbutane (R) 0.00 0.00 0.00 0.00 0.00 0.00
3,3-dimethylbutan-2-one (P1) -19.58  -19.43  -20.03 -17.48 -17.60  -16.82
Propene + acetone (P2) 1.93 2.82 -10.19 4.32 5.11 -7.28
2,3-dimethylbut-3-en-2-ol (P3) -3.66 -3.82 -3.24 -4.62 -4.89 -3.62




Table 2. Activation energies, enthalpies and Gibb’s free activation energies (in kcal mol™),
and activation entropies (in cal mol™' K™') of transition states relative to the reactant along

chemical pathways 1-3 at different DFT levels of theory. (P=1 atm)

Method @B97XD/aug-cc-pVTZ UMO6-2x/aug-cc-pVTZ literature [5]
Species Ao Ao’ AGwe! Ao A AGmer! AEy" (kcal mol™)
R 0.00 0.00 0.00 0.00 0.00 0.00
TS1 56.82  56.71 57.13 60.48 60.22  61.50 56.70
Imaginary frequency TSI (cm™")  338.73i 360.94i
TS2 53.45 53.28 53.56 66.34 6592  67.52 59.22
Imaginary frequency TS2 (cm™")  192.39i 234.59i
TS3 5726 5690  57.995 59.37 59.04  60.40 47.50
Imaginary frequency TS3 (cm™)  2005.28i 1990.36i

Note that, whatever the employed exchange-correlation functional (UMO06-2x), the energy
barrier (AEok') for the reaction pathway 3 is lower than the barrier for chemical reactions 1
and 2. Similar observations can be made when Gibb’s free activation energies are considered:
in spite of slightly unfavorable entropy effects, the Gibb’s free energy for reaction pathway 3
(60.4 kcal mol™") is lower than the ones for the pathways 1 and 2 (61.5 and 67.5 kcal mol ™',
respectively). This difference in activation energies, and Gibb’s free activation energies for
these unimolecular reaction pathways 1-3 indicates (see Figure 3) that the formation of 2,3-
dimethylbut-3-en-2-ol species (P3) will be kinetically favored over the formation of the other
products (P1 and P2). The activation energies from the UMO06-2x/aug-cc-pVTZ level of
theory in comparison to the other theoretical method (wB97XD) are in good agreement with
the experimental values’ and show that the barrier height of the decomposition of reaction
pathways 1-3 are 60.48, 66.34, and 59.37 kcal mol™, respectively. Energy profile for
decomposition processes 1-3 is depicted in Figure 3.

Whatever this chemical reaction via pathway 3 is kinetically favored over the other
pathways, while the formation of the 3,3-dimethylbutan-2-one species (P1) will clearly

predominate under thermodynamic control, i.e. at chemical equilibrium.
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Figure 3. Potential energy diagram for the reaction pathways 1-3 at the UM06-2x/aug-cc-pVTZ level of theory.

Structural characteristics of stationary points

The optimized geometries of all identified stationary points [reactant (R), transition states

(TS1, TS2, and TS3), and products (P1, P2, and P3)] involved in the chemical pathways 1-3

are supplied at all selected DFT levels in Table 3. The reader is correspondindgly referred to

Figure 4 for detailed atom labelling.

Table 3. Structural parameters for all stationary points which are involved in the chemical
reaction pathways 1-3. (7 =298 K)

wB97XD/aug-cc-pVTZ

UMO06-2x/aug-cc-pVTZ

Parameter

R TS1 TS2 TS3 P1 P2 P3 R TS1 TS2 TS3 P1 P2 P3
7 (0,-C,) 1430  1.324 2440 1967 1.206 - - 1428 1328 3.112 1910 1.206 - -
7 (0,-C3) 1430 2282 1.291 1441 - 1.205  1.422 1.428 2270 1250 1422 - 1.205 1422
7 (C,—Cs) 1476 1478 2911 1.500 1.535 - 1.527 1479 1476 3.134 1491 1.530 - 1.523
7 (C,—Cy) 1511 1591 1375 1410 1513 1324 1.327 1.509 1.587 1387 1.413 1513 1324  1.328
7 (C,—Cs) 1.511  1.548 1.498  1.486 - 1.495 1503 1.510 1.545 1.499 1.489 - 1.495  1.503
7 (C3—Cs) 1.511 1473 1551  1.522 1.533 1510 1.531 1.510 1.473 1506 1.517 1.531 1.510 1.529
7 (C3-Cy) 1.511 1462 1539 1.524 1538 1.510 1.527 1.509 1.463 1.505 1.520 1.536 1.510 1.525
7 (C3—Cs) - 2.383 - - 1.526 - - - 2.385 - - 1.524 - -
7 (C4—Hg) 1.085 - 1.517 1330 - - - 1.085 - 1462 1349 - - -
r(0,—Hy) 2.658 - - 1.421 - - 0.959 2.683 - - 1.397 - - 0.962
r (C,—Hy) 2.171 - 1.180 - - 1.086 - 2.170 - 1.324 - - 1.086 -
/ Hg—C4—C, 1125 - - 73.5 - - - 112.6 - - 71.9 - - -
/ Hg-0,-C; 795 - - 91.2 - - 108.3 77.8 - - 92.1 - - 108.3

Bond lengths are given in angstroms (A), and angles are given in degrees (°).
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Figure 4. Geometries of the reactant, transition states, and products that are involved in the thermal

decomposition processes.

Hammond’s postulate states that the structure of a transition state resembles that of the

species nearest to it in free energy.”> This principle is usually quantified in terms of the

Products
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position of the transition structure along the reaction coordinate, nt, as defined by Agmon

1
=
2—(AG/AG")

The magnitude of nr indicates the degree of similarity between the transition structure and the
product. According to this equation, the position of the transition state along the reaction

coordinate is determined solely by the Gibbs free energy of reaction, AG (a thermodynamic

quantity), and the Gibbs free activation energy, AG' (a kinetic quantity).

Table 4. Analysis of the chemical pathways of interest in terms of nt values.

Method
Pathway wB97TXD  UMO06-2x
R — 3.3-dimethylbutan-2-one 0.4254 0.4398
R — Propene + acetone 0.4688 0.4744
R — 2.3-dimethylbut-3-en-2-o0l 0.4864 0.4855
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In line with the previously obtained energy profiles (Figure 3), and the structural observations
made in the preceding section, the obtained values imply that at all considered levels of
theory, the transition states involved in the formation of the products P1-P3 are more similar

to the reactant (Table 4).

Kinetic parameters

TST and RRKM unimolecular rate constants of the thermal decomposition processes of
2,3-epoxy-2,3-dimethylbutane in the gas-phase calculated along with the UMO06-2x/aug-cc-
pVTZ approach are listed in Table 5 at a pressure of 1 bar and at the considered temperatures,
in line with the original experiments by Flowers et al.” Further RRKM data computed at
lower and higher pressures are provided for the same temperatures in Tables S1a—S1i of the
Supplementary information.

The supplied unimolecular TST and RRKM results obtained along with the UM06-2x
approach indicate that, at a pressure of 1.0 bar, the formation of the product P3 [2,3-
dimethylbut-3-en-2-ol species] will clearly predominate over the formation of the 3,3-
dimethylbutan-2-one (via reaction 1), or propene and acetone (via reaction 2) (see Figure 5).
Note that, in line with a lower activation energy, the kinetically most competitive process
corresponds to the unimolecular formation of the 2,3-dimethylbut-3-en-2-ol species from
the 2,3-epoxy-2,3-dimethylbutane (R—P3). Whatever the considered temperatures, the
unimolecular rate constant for the formation of the 2,3-dimethylbut-3-en-2-ol species (product
P3) is larger than that obtained for the products P1 and P2, which is in line with a reduction
of the activation energy barrier, by 1.11 and 18.82 kcal mol™, respectively on the
corresponding chemical reaction pathways. Indeed, the obtained TST and RRKM results
(Table 5) indicate that rate constant for the R—P3 unimolecular reaction is larger than the rate
constants obtained for the other decomposition pathways.

An Arrhenius plot of the obtained unimolecular rate constants by means of RRKM theory
for pathways 1-3, based on the UMO06-2x energy profiles (see Figure 5) obviously confirms
that the production of the 2,3-dimethylbut-3-en-2-0l (P3) species will therefore clearly
predominate over the formation of the other products at a pressure of 1.0 bar and over the
temperature range 661.5-729.1 K. The same observation holds for pressures ranging from
107" to 10® bars (Tables Sla—S1i in the Supplementary information). As is to be expected,
because of the involved positive energy barriers, these rate constants increase gradually with

increasing temperatures. Thus, thermal decomposition process 1 is thermodynamically

11



favored over the elimination processes 2 and 3, while from a kinetic viewpoint, the reaction

pathway 3 is more favorable channel.

Table 5. Unimolecular rate constants (in s ') for the reported reaction channels obtained by

means of TST and RRKM theories (P=1 bar), according to the computed UMO06-2x/aug-cc-

pVTZ energy barrier.
Reaction pathway TST RRKM
Temperature (K) R—PI1 R—P2 R—P3 R—PI R—P2 R—P3
P (Reaction 1) (Reaction 2) (Reaction 3) (Reaction 1) (Reaction 2) (Reaction 3)
661.5 1.87x107  6.66x1071"  1.35x107° 1.83x107  6.60x1071%  7.83x107
672.2 3.80x107  1.46x107°  2.63x107° 3.73x107  1.44x107  1.55x107°
681.1 6.74x107  2.74x107°  4.53x107° 6.62x107  2.72x107°  2.70x107°
689.1 1.11x10°  4.78x107°  7.30x107¢ 1.10x10°  4.73x107°  4.39x10°°
696.3 1.74x10°  7.79x107°  1.11x107° 17110 7.72x10”°  6.73x10°°
704.2 279107 1.32x107°  1.74x107° 27510 1.30x10°  1.07x107
713.2 4.74x10°  236x10°  2.87x107° 467x107°  234x107°  1.78x107°
721.2 7.51x10°  3.91x107°  4.44x107° 7.39x10°  3.88x107°  2.77x107
729.1 1.17x107°  6.38x10°  6.76x107° 1.15x107°  6.32x10°%  4.25x107°
4 -
==@=-R — PI (this work) —0O—R — P1 (Exp.)
6 - --4-- R — P2 (this work) —0O—R — P2 (Exp.)
==#=-R — P3 (this work) —C— R — P3 (Exp.)
-8 4
-10 A
:_m/ 12 4
N
£ -4 1
-16 A
_]3 .
-20 A
22 ’ . . . - . 2 —
1.35 1.37 1.39 1.41 1.43 1.45 1.47 1.49 1.51

1000/ T (K1)
Figure 5. Arrhenius plot of the obtained RRKM unimolecular rate constants [for R—Pi (i=1-3)] at the
UMO06-2x/aug-cc-pVTZ level of theory. Legend: (@) theoretical rate constant obtained for the R—P1 pathway;
(M) theoretical rate constant obtained for the R—P2 pathway; (#) experimental rate constant obtained for the
R—P3 pathway; (O) experimental rate constant obtained for the R—P1 pathway; (OJ) experimental rate constant

obtained for the R—P2 pathway; (<) experimental rate constant obtained for the R—P3 pathway.
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For the sake of more quantitative insights into the regioselectivity of decomposition of
pathways 1-3, branching ratios at pressure of 1 bar and at the studied temperatures are
reported for the three retained chemical pathways in Table 6. These branching rations have
been calculated by means of TST, and RRKM theories, in conjunction with the UMO06-2x/
aug-cc-pVTZ estimates for unimolecular rate constants. Branching ratios significantly differ
from the RRKM values obtained for the standard pressure (1 bar), specially at high
temperatures, because of the extreme pressure dependence of the unimolecular kinetic rate

constant characterizing pathway 3.

kuni(i)

R(i) = ;
D+ £k, (2)+k,,(3)

ok

i=1-3 (5)

uni uni

At pressures ranging from 107 to 10% bars and over the temperature range 661.5-729.1 K,
further RRKM estimates of these branching ratios are supplied in Tables S2a—S2k of the

Supplementary information.
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Figure 6. Evaluation of branching ratios in function of the temperature for pathways R—Pi (i=1-3) using the

UMO06-2x/aug-cc-pVTZ approach. Legend: (@) data obtained for the R—P1 pathway; () data obtained for the
R—P2 pathway; (A) data obtained for the R—P3 pathway.
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Table 6. Branching ratio for the reported reaction channels obtained by means of TST and
RRKM theories (P =1 bar), based on the computed UMO06-2x energy profiles.

Branching ratio (%)

T (K) TST RRKM
R(1) R(2) R(3) R(1) R(2) R(3)

661.5 12.161 0.043 87.795 18.931 0.068 81.001
672.2 12.618 0.048 87.333 19.382 0.075 80.543
681.1 12.945 0.053 87.003 19.675 0.081 80.244
689.1 13.191 0.057 86.752 20.019 0.086 79.895
696.3 13.543 0.061 86.396 20.242 0.091 79.666
7042 13.810 0.065 86.125 20.426 0.097 79.477
713.2 14.165 0.071 85.765 20.762 0.104 79.134
721.2 14.456 0.075 85.468 21.037 0.110 78.853
729.1 14.742 0.080 85.177 21.271 0.117 78.612

In Figure 7, we display the evolution of RRKM branching ratios for the decomposition
processes via pathways 1-3 as a function of the temperature and pressure, respectively (see
also Table 6 and Tables S3a—S3i of the Supplementary information). In line with the
computed energy profile and kinetic rate constants (RRKM data) indicate that at temperatures
ranging from 661.5 to 729.1 K, the production of the 2,3-dimethylbut-3-en-2-ol species (via
pathway 3) clearly predominates the overall reaction mechanism at all studied temperatures,
and this down to extremely low pressures, larger than 107'? bar. Nevertheless, the
regioselectivity of the reaction decreases with increasing temperatures and decreasing
pressures.

The reader is referred again to Figure 5 for an Arrhenius plot of the obtained RRKM
estimates at a pressure of 1.0 bar for the decomposition processes of the 2,3-epoxy-2,3-
dimethylbutane, according to the UMO06-2x/aug-cc-pVTZ estimates of energy barriers. This
Figure clearly confirms that the production of the 2,3-dimethylbut-3-en-2-ol (P3) dominates
the reaction mechanism under atmospheric pressure and at temperatures ranging from 661.5
to 729.1 K. The same conclusion holds at much higher and lower pressures (10™'>~10* bar)

(Tables S1a—S1i of the Supplementary information).
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Figure 7. Dependence upon the pressure and temperature of the regioselectivities [RSI=R(3)-
[R(1)+R(2)/R(1)*+R(2)+R(3)] of decomposition processes of 2,3-epoxy-2,3-dimethylbutane, according to the
RRKM estimates of unimolecular rate constants [ku,i(1), Auwi(2), kuni(3)] supplied in Tables S3a—S3e (see
Supplementary information), based on UM06-2x/aug-cc-pVTZ energy profiles.

Since the involved energy barriers are large, the formation of the products P1 and P2 is
characterized by significantly lower rate constants at the considered temperatures, compared
with the formation of the product P3: the conversion of the 2,3-epoxy-2,3-dimethylbutane
adducts into the product P3 through thermal decomposition is from a kinetic view point at
least ~3.7 to 4.3 times larger than the conversion of the 2,3-epoxy-2,3-dimethylbutane species
into the products P1 and P2 at the considered temperatures.

Inspection of Figure 8 and Table 5 shows that the RRKM unimolecular rate constants
obtained for the reported chemical reaction pathways increase with increasing temperatures.
Furthermore, upon inspecting the RRKM data displayed in Figure 8, it appears quite clearly
that, in line with rather larger energy barriers, ranging from 59.37 to 66.34 kcal mol ™,
pressures larger than 10°° bar are in general sufficient for ensuring a saturation within 1 %
accuracy of the computed unimolecular kinetic rate constants compared with the high-
pressure limit (TST) of the RRKM unimolecular rate constants. Therefore for pressures lower
than 107° bar, the fall-off expression is necessary for the kinetic modeling.

At a pressure of 1 bar, detailed inspection of Table 5 shows that ratios between the TST and
RRKM estimates for pathway 3 (i.e. R—P3), rate constant decreases from ~1.72 to ~1.59 as
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the temperature increases from 661.5 to 729.1 K. The differences are due to the applied

tunneling effects to the TST rate constants.
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Figure 8. Pressure dependence of the unimolecular rate constants for the R—Pi (i=1-3) reaction steps according

to the UMO06-2x/aug-cc-pVTZ energy profiles.

Bonding evolution theory (BET) study of favorable unimolecular reaction

To get more insight into the nature of bonding along the reaction path 3, the plots of
Electron Localization Function (ELF) are visualized with the aid of the Multiwfn package® to
analyze the areas of charge concentration. The ELF function was originally proposed by
Becke and Edgecombe™ to provide an orbital independent description of the electron
localization. For a system described by single-Slater determinantal wavefunction built from

Hartree-Fock or Kohn-Sham orbitals ¢;, the ELF can be given by the following expression

16



1

ELF=1(r) = 5
1+(D,(r)/D(n))

(6)

occC

whereDg(r):%Z|V¢i|2—é[(|Vpa(r)|2/pa(r))+(|Vpﬂ(r)|2/pﬁ(r))} as a measure of

electron localization has the physical meaning of the excess of local kinetic energy density

2 5 5
due to Pauli’s repulsion and Dtj(r):%(&tz)§ {pa(r)3+pﬂ(r)3} is the Thomas-Fermi

kinetic energy density, which corresponds to a uniform electron gas with spin density equal to
the local value of p(r).”” The ELF takes in every point of space a value on to the range
O0<ELF <1 with the upper limit ELF=1 corresponds to perfect localization, ELF=0.5
corresponds to electron-gas-like pair probability, and the ELF=0 corresponds to perfect
delocalization.”® Color-filled maps of the electron localization function along the IRC of
reaction path 3, in the molecular plane defined by plane of the C,—O—C,, are obtained at the
UMO06-2x/aug-cc-pVTZ level of theory and presented in Figure 9. Color-filled maps clearly
show that core electrons are localized on carbon, oxygen and hydrogen atoms. The BET study
of the reaction path 3 indicates that this reaction along the intrinsic reaction coordinate can be
topologically characterized by three differentiated successive structural stability domains
(SSDs). The first SSD, begins from reactant and ends before Rx=0.31332 amu'*Bohr. At the
start point, the hydrogen atom is attached to the C; atom in which along the reaction
coordinate at Rx=0.10422 amu'? Bohr decreasing of the ELF function is observable. At
Rx=0.31332 amu'’Bohr the covalent C;—H bond is completely broken and ELF function is
less than 0.7. The final phase starts from Rx=0.41791 amu'’Bohr and continues until the

formation of new covalent bond O,—H completes.
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Conclusion

The thermal decomposition processes of 2,3-epoxy-2,3-dimethylbutane have been studied
computationally using density functional theory along with various exchange-correlation
functionals (wB97XD, and UMO06-2x) and an extremely large basis set (aug-cc-pVTZ). Note
that the UMO06-2x functional has been especially designed for accurate studies of chemical
reactions, both from a thermodynamic and kinetic viewpoint,” whereas a main advantage of
the ®B97XD functional is a consistent treatment of dispersion forces. The calculated energy
profiles have been supplemented with calculations of kinetic rate constants and branching
ratios under atmospheric pressure and in the fall-off regime, down to pressure of 107'* bar,
using conventional TST and RRKM theories. The supplied data indicate that, under a kinetic
control of the reaction, the 2,3-dimethylbut-3-en-2-0l species is chemically much more
reactive than the other products. The supplied data indicate that, under a thermodynamical
viewpoint, the most abundant product derived from the decomposition of the 2,3-epoxy-2,3-
dimethylbutane is the 3,3-dimethylbutan-2-one species.

In line with the experimental observations by Flowers et al.,’ the correspondingly obtained
branching ratios indicate that the kinetically most efficient process at temperatures ranging
from 661.5 to 729.1 K corresponds to thermal decomposition of 2,3-epoxy-2,3-
dimethylbutane to the 2,3-dimethylbut-3-en-2-ol species. These branching rations also
indicate that the regioselectivity of the reaction decreases with increasing temperatures and
decreasing pressures. RRKM calculations show in particular that overwhelmingly high
pressures, larger than 10° bar, would be required for restoring the validity of this
approximation for all reaction channels.

The bonding evolution theory analysis of reaction pathway 3 indicates that all topological
changes along the reaction coordinate occur after passing the reactant from transition state
at Rx=0.10422-0.31332 amu'? Bohr by three differentiated successive structural stability

domains.
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Supplementary data (Tables S1-S3, and a video file) associated with this article can be
found, in the online version. Table S1: Unimolecular rate constants for all reaction steps
involved in the reported chemical pathways (results obtained by means of RRKM theory at
different pressures and temperatures, according to the computed UMO06-2x/aug-cc-pVTZ
energy profiles); Table S2: Kinetic rate constants (in s '), and branching ratios in the reported
chemical pathways at ambient temperature and different pressures using the RRKM theory,
according to the computed UMO06-2x/aug-cc-pVTZ energy profiles; Table S3: Dependence
upon the pressure and temperature of the regioselectivities
[RSI=R(3)-[R(1)+R(2)]/R(1)+R(2)+R(3)] of thermal decomposition of 2,3-epoxy-2,3-
dimethylbutane, according to the RRKM estimates of unimolecular rate constants [kyni(1),
kuni(2), kuni(3)] based on UMO06-2x/aug-cc-pVTZ energy profiles; Video file: ELF pattern of
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