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Thermodynamic Properties and Kinetic Parameters for Cyclic Ether Formation from
Hydroperoxyalkyl Radicals

I. Introduction

Recently a new type of engine called homogeneous charge
compression ignition (HCCI) has been in the spotlight, due to
its low NOy and particular matter (PM) emissions and high 0,
efficiency! These advantages come from lean and premixed
combustion at relatively low temperatures. However, it has the
drawback of high hydrocarbon and carbon monoxide emissions, ' '
and it is difficult to control the ignition timing and heat release
rate during combustion. To overcome these problems, it is
necessary to have an improved understanding of the oxidation
chemistry ¢ of air/fuel mixtures at cool-flame temperatures.

Moderate temperature (56@000 K) oxidation of hydrocar-
bon fuels is largely governed by the kinetics of chemically
activated alkylperoxy intermediates (RY) which isomerize to
hydroperoxyalkyl radicals*QOOH) in competition with dis-
sociation to form alkyl radicals or alkenes. It is believed that a
portion of theeQOOH reacts with @to form three new radicals
and that this is the main chain-branching reaction that controls
the oxidation raté-1° However, the many reaction pathways
and their corresponding rate parameters for the formation and
disappearance ofQOOH (Figure 1) are not well established.
Even the thermochemical parameters of some of these inter-
mediates are doubtful. Thus here the decompositicQGfOH
to form cyclic ethers is examined theoretically.

Experimentally, the vapor-phase oxidation of—C;s hy-
drocarbon¥ yields 1125 wt % heterocyclic oxygenates as
products. Frorm-hexane, this cyclic ether fraction contained
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Rates and thermochemistry for the cyclization of various hydroperoxyalkyl rad@&®H with up to six
carbons to form cyclic ethers plus OH are computed using complete-basis-set (CBS) and density-functional
theory (DFT) methods. Effects of mono- and dialkyl substitutioto the OOH group ang to the radical

center were also studied. Many quantum chemical methods have difficulty accurately predicting peroxide
energetics and particular problems with the transition state calculations. The popular B3LYP method
underestimates many barrier heights as well asOObond strengths by up to 8 kcal/mol. The related
BH&HLYP method appears to give more accurate barrier heights predictions than B3LYP, but its
thermochemistry is inaccurate and it overestimates the heats of reaction by up to 5 kcal/mol. For the transition
states, there are subtle problems even with high-level CBS methods. But from the many calculations, a consistent
picture emerges and is compared with the limited existing experimental data. Improved hydrogen-bond
increment (HBI) values fof-hydroperoxyalkyl radicals and ring strain corrections (RSC) for cyclic ethers
with 3-, 4-, and 5-membered rings are derived. Generalized rate estimation rules for the decomposition of
alkyl-substitutedQOOH to form cyclic ethers are presented based on the observed-Hvalasyi correlation
between the computed barrier height and the reaction exothermicity. Issues that must be resolved before
these results can be usefully applied in ignition and partial oxidation models are outlined.
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Figure 1. RO, reaction pathways important in low-temperature

59% oxolanes (five-membered rings, also known as THF), 35% gyidation.
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contained 68% oxolanes, 26% oxetanes, and 6% oxiranes. The Besides the challenging experimental studies, several quantum

moderate-temperature (58600 K) oxidation of primary refer-
ence fuelsi-heptane and isooctane (2,2,4-trimethylpentane) with
air in a jet-stirred-flow reacté#12 at pressures as high as 40

chemical investigations at various levels have been done on the
ethyl + 0,,21:40-43 propyl + O,,*4*5n-butyl + O,,*¢ secbutyl
+ O,,% tert-butyl + 0,,8 and isobutyl+ O,*8 systems. The

bar yielded, respectively, 10 and 60 mol % cyclic ethers together work of Chen and Bozzefff at CBS-q//MP2(fu)/6-31G* is very

with aldehydes and olefins. The 2-methyl-5-ethyloxolane and

important for estimating the thermochemical properties-of

2,2,4,4-tetramethyloxolane were the most abundant cyclic ethersQOOH, ROOH, and R@species. The important works on the
from n-heptane and isooctane, respectively. Experiments of rate parameters for cyclic ether formation are those of (i) Chan

Minetti et all*'> with a rapid compression machine using

et al*® at the BH&HLYP/6-311G** level, which explores

n-heptane and isooctane also indicate significant production of different possible oxetanes and oxiranes formation frepentyl
oxygen heterocycles ranging from oxiranes to pyrans. The latter + O, through isomeric pentylhydroperoxyl radicals, and (ii)
work also revealed that oxolanes are the major heterocyclesDeSain et af® at the QCISD(T)/6-31G(d)// B3LYP/6-31G+

formed in cool flames, especially with isooctane fuel. It therefore

A(MP2)(6-311+G (2df,2pd)) level on then-butyl + O,

appears that the reactions forming cyclic ethers are a majorsystem. The results from these two studies differ significantly,

channel for*QOOH loss, competing with the critical chain
branching channeQOOH +0,.

Although most of the recently developed kinetic moel&is!®

for n-heptane and isooctane oxidation include this reaction, more
accurate rate parameters for cyclic ether formation (as well as

for other*QOOH elementary reactions) are needed to improve

the accuracy of combustion models. Currently employed rate "' "
tprimary reference fuels.

parameters are highly uncertain and rarely take into accoun
the nature of the radical center or the ring size of the cyclic
ethers. (Curran’s mechanisthhowever, does account for the
loss in entropy with increase in ring size.) Furthermore, existing
models do not account for chemical activation effects, which
are certainly importart?

There are no direct measurements of the elementary*step
QOOH — cyclic ether+ OH; the reported parameters in the

literature for oxetane and oxirane formation rates are deduced

rather indirectly. Importantly, most of the earlier works have
been done before the discovery of the directHlmination
channel from R@?2! Benson estimated = 101> s ! andE;
~14 kcal/mol for oxirane® formation fromS-*QOOH based

on data on the approximately thermoneutral cyclization of
3-iodopropyl radical. Hi€ rate estimate for oxetanes formation
from y-*QOOH isA = 10! s~ andE, = 63 kJ/mol 15 kcal/
mol). Fisl#* suggested = 101 s71, E, = 58 kJ/mol 14 kcal/
mol) for oxiranes formation based on consideration of strain
energies in cycloalkanes. Baldwin etZalfrom their study of
addition of HQ to ethylene and propene between 400 and 500
°C deduced the Arrhenius parametBgs= 69 + 5 kJ/mol (16.5

+ 1.2 kcal/mol) and log¥/s™!) = 12.0 £ 0.5 for oxiranes
formation and determined how th& factors and activation
energies change upon methyl substitution. PRajso deduced
the rate parameters log6™1) = 11.2+ 0.3 andE, = 69.5+

5 kJ/mol (16.6+ 1.2 kcal/mol) for cyclization ofQOOH to
give an oxetane and OH from studies of the addition of
neopentane to slowly reacting mixtures of-HD, between 380
and 500°C. Liquid-phase measurements were reported by
Bloodworth et af”28at 298 K for the formation of oxiranes by
y-scission from secondag+tert-butylperoxyalkyl radicals and
by Mill 2° for the decomposition of (C¥LC*CH,C(CHs),OOH

to form 2,2,4,4-tetramethyloxetane. Bloodworth e?’a® ob-
served a rate enhancement of approximately 20-fold with
progressive introduction of each methyl group at the carbon
atom bearing the peroxy groups. Recently, DeSain ét-&.
made a series of measurements of,H@mation in reactions

of ethyl, propyl, butyl, and cyclopentyl radicals withh ®aiser
and co-worker®-3° have measured alkene yields as a function

e.g. the predicted barrier heights for ring closure of a secondary
radical center leading to alkyloxetane differ 9 kcal/mol46.49
Also, Chan et at3treated the torsional modes as small amplitude
vibrations, resulting in significant overestimation of #véactor

in the rate parameters. Both studies considered only the
formation of unsubstituted oxolane; very little is known about

the reactions that form substituted oxolanes in large yield from

We recently obtained good results with the CBS-Q method
for the thermochemical parameters of RO®Hnd other
molecular familie%=5% including hydrocarbons with—-OH,
—OR, —OC(O)R, —COOH, —CHO, —COR, and—C(O)OR
substituents. Our kinetic parameters for hydrogen abstraction
from ROOH, computed using CBS-Q, are in reasonable
agreemenit with the sparsely available experimental data.

Herein, we investigate the formation of unsubstituted and
substituted oxolanes at various levels of theory, viz., CBS-Q,
CBS-QB3, QCISD/6-31G(), BH&HLYP/ 6-311G**, and
B3LYP/(6-311G(3d2f,2df,2p))//B3LYP/6-31G(d), (i) to assess
the relative performance of MO- and DFT-based methods in
describing the geometry as well as the barrier height of the
reaction and (ii) to make an appropriate choice of the method
for characterizing hydroperoxyalkyl@OOH) radicals and their
reactions. We reinvestigate the barrier heights for the formation
of oxetanes and oxiranes, performing calculations at CBS-QB3
and BH&HLYP to derive a confidence level on the computa-
tionally inexpensive BH&HLYP procedure. We also study the
effects of (i) ring size, (ii) variation of radical center from
primary (I°) to secondary (2 to tertiary (3), and (iii) mono-
and dialkyl substituents. to OOH group ang’ to the radical
center.

Il. Theoretical Methodology

Standard ab initio molecular orbital theory and density
functional theory calculations were carried out using the
GAUSSIAN 98 suité® of programs. Calculations on reactant
radicals and open shell transition states were done within the
unrestricted formalism. High-level MO calculations were done
using the complete basis set methods CBS-Q and CBS-QB3 of
Petersson et &5 CBS-Q and CBS-QB3 are known for
accurately predicting the thermochemistry of stable molecules.
These methods aim to estimate the energy of a species at the
QCISD(T) or CCSD(T) level with an infinite basis set. In this
protocol, higher order correlation [MP4SDQ, QCISD(T) (or)
CCSD(T)] energies are derived using a relatively small basis
set, viz., CBSB4 and 6-31G(d), respectively, and the total

of temperature and pressure for the reactions of ethyl and propylenergy is extrapolated to the infinite-basis-set limit using pair

radicals with Q allowing them to draw inferences about the
relative importance of R&*QOOH decompositions to oxiranes
and to alkenes.

natural-orbital energies at the MP2 (MP2/CBSB3) correlation
level and an additive correction to the QCISD(T) or CCSD(T)
electron correlation level. In addition, these compound methods
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include a correction for spin contamination in open-shell species, The rate constant of the unimolecular reaction at any given
spin—orbit corrections for atoms, and empirical bond additivity temperature was calculated using the well-known transition state
corrections to achieve improved agreement with experimental theory (TST) expressiok(T) = aksT/h Q/Q” exp(—Ey/RT),
data. However, in some molecules with triple bonds the bond where a is the reaction path degenerad;s are the total
additivity correction is not reliablé? Note that unlike Pople’s molecular partition functions, andyis the zero point energy
basis sets, the CBSB4 and CBSB3 basis sets use differentcorrected barrier heighk(T) was then fitted to the Arrhenius
polarization sets for different atoms. They can be representedexpressiork(T) = A exp(—EJ/RT) to obtain the rate parameters
in Pople’s notation as 6-31G(d(f),d,p) and 6-31+G(3d2f,- A and E.

2df,2p), respectively. Basis set 6-8G(d(f),d,p) indicates a d

function on both the first and second rows, an f on selected Ill. Results and Discussion

second rovx_/ gtoms, dra p function on hydrogen. . The reactions families considered in the present work are the
In the original CBS-Q procedure, thermal corrections were ¢ w00 of

derived using the HF/6-31G(dfrequencies and moments of
inertia. In the present work, problems were encountered while
the open-shell transition states were optimized at the HF level.
Consequently, thermal corrections in our CBS-Q results were
made using the scaled (0.9427) frequencies obtained at the MP2
6-31G(d) level. As recommended by Scott and Rad¥rthe
frequencies obtained at B3LYP/6-31G(d) and B3LYP/ CBSB7
levels are scaled by factors of 0.9613 and 0.99, respectively.

The total partition functionQ:, of all species was calculated

(i) five-membered cyclic ethers (oxolanes/THFs),

(ii) four-membered cyclic ethers (oxetanes), and

(iii) three-membered cyclic ethers (oxiranes)
/ from 1°, 2°, and 3 hydroperoxyalkyl radicalSCRR (CHy)n-
OOH (R, R = H or CHs; n = 1-3). The results of our
investigation on reaction family i are given in the next section
followed by families ii and iii. Besides varying the radical center
from 1° to 2° to 3°, we also investigated the effect of one and
two methyl substituents on the carbon containing the OOH

within 'Fhe framgwork of the rigid. rotor harmqnic oscillator group, namely:CHx(CH,),CRROOH (R, R= H or Me), and
approximation with corrections for internal rotation. The scaled on the carbon adjacent to the primary radical center, namely

narmonic vbrational reduencies and the moments of IS .CH,CRR(CH)200H (R, R = H, Me), on the barrier height.
}Neref use Ot calculate d r? rc: a |ongt_an AV|: tra lona Ipart'. lon Although such an insertion would obviously affect the reaction
unctions, entropies, and neat capacities. All torsional MoUONS ¢ vy 416y in part due to the increased strain in the resulting ring,

about the single bonds between polyvalent atoms were treateqtS effect on barrier height cannot be easily guessed
as hindered internal rotations. The hindrance potential for the Results of earlier investigations on oxirane and. oxetane

internal rotation was obtained by optimizing the 3N-7 internal formation by Pritchard and co-worke#&Chen and Bozzell

fl?;:glrgi;[ﬁzi rilxcft?opr: f_(l)_rh;[ahg (:i'g?j;?iloig%L%révzggecgf{ggt&rgisand DeSain et #f are analyzed and combined with our results
) P to arrive at generic rate estimation rules for these reaction

6-31G(d) level for the CBS-Q method and at the B3LYP/6- famili . o
. amilies. The lack of experimental data on the kinetics of these
31G(d) level for the CBS-QB3 method. The dihedral angle was elementary reactions prohibits a direct validation of the com-

varied from O to 36C in 30° increments. The potential energy : . - :
. . ) : puted barrier heights. Consequently, indirect evidence for the

zgggg; Tus ogitr?(lne? \\/Ivvi?k? :]1e<n gtt(;(:]éo ?ozzléﬂ?é ffmin accuracy of the chosen levels of treatment is presented through
he hind (rj“ M " —f - 1hep iated with thi thermochemistry comparison. For the effective use of this
e ool st et a1 g MUESgalon y e modelng ommuniy, e compied et
in detaiL in our earlier publications. parametersA and Eg), new hydro_gen-bond increment (HBI)

i . values for-hydroperoxyalkyl radicals, and ring strain correc-

The enthalpies of formation of molecules at 298.15 K were {jqns (RSC) for the cyclic ethers.

obtained from the calculated atomization energy0eK and Formation of Oxolanes from 8-Hydroperoxybutyl Radical.
experimental heats of formation of constituent atosi{®d) Tables 1 and 2 give the barrier heightsGaK (Eo), reaction
using the commonly adopted procediie the literature. The -, jinate geometry, and magnitude of the imaginary frequency
enthalpies of formation thus obtained are further improved by 5 16 transition state together with other characteristics for the
incorporating the spirorbit and bond additivity corrections s g ctant radicals and transition structures involved in 5-mem-
recommended by Petersson efal. bered ring formation. The most surprising observation is the
The stabilities of severgi-hydroperoxyethyl radicals were  consistent 56 kcal/mol difference between barrier height
determined using isodesmic reactions with the corresponding predictions at the CBS-Q (MO) and B3LYP/CBSB3//B3LYP/
alkyl radicals: 6-31G(d) (DFT) levels. Although it is known in the literature
that B3LYP underestimates the barrier heights in reactions
CH,CH,—H + "*CH,CH,00H— CH,CH,"+ CH,CH,00H involving H migration, the underestimation is not usually so
large. Earlier we reportéfla difference of~2 kcal/mol in the
CH,CH,CHj, + *CH(CH;)CH,O00H— computed barrier height at these two levels for hydrogen
. abstraction by H@from alkanes.
CH,CH(CHy) + CH,CH,CH,O00H The magnitude of the imaginary frequency at the MP2 level
(CH3);CH + *C(CH;),CH,00H— is consistently around 1550 cth while at the B3LYP level it
i is ~660 cnTl. Moreover, the MP2 frequency increases when
(CHy);C'+ (CH,),CHCH,O0H the radical is varied from °Lto 2° to 3, while the B3LYP
frequency decreases by about the same amount along the series,
The hydrogen-bond increment (HBI) values for the primary, suggesting a significantly different contribution of the internal
secondary, and tertiag§-hydroperoxyalkyl radicals were ob-  coordinates to the reaction coordinate.
tained as the difference in the calculated thermochemical A closer examination revealed that the observed discrepancies
properties of the parent hydroperoxide and the correspondingcould be due to the differences in the computed TS geometries
radical. & reaction coordinates. The reaction here is exothermic and
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TABLE 1: Oxolane (THF) Formation Barrier Height E, (in kcal/mol), Reaction Enthalpy AHg at 0 K (in kcal/mol), Reactive
Moiety Geometry (bond length in A), Imaginary Frequency (; in cm™1) at the Transition State, and the Low-Frequency ¢ in
cm~1) Torsional Vibrations Treated as Hindered Rotations in the Reactant and the Transition State

transition state reactant
method Eo AHgr O-0 C-0 Vi OO vuir 0 VHIR K]
*CH,CH,CH,CH,O0H — Oxolane+ OH
B3LYP® 11.1 —34.1 1.664 2.137 678 92 0.790 78,95, 124, 147, 199 0.754
CBS-@ 17.0[16.1] 1564 1931 1541 125 1.035 82,104, 150,58,173 0.763
HLd 14.0
CBS-QB3 14.6 —35.6 1.666 2.166 667 62 0.791 77,91, 116,145,173 0.754
QCIsD»? 15.6 1.690 2.111 1.261 0.763
BH&HLYP' 16.3 —40.5 1.670 2.160 834 117 0.916

B3LYP/CBSB3//IMP2/6-31G()  16.2

a2The number in square brackets corresponds to CBS-Q barrier height with B3LYP/CBSB7 ZPE coriBfiefers to spin contamination at
the level of geometry optimizatio CBS-Q//MP2/6-31G(J. ¢ B3LYP/CBSB3//B3LYP/6-31G(d)! QCISD(T)/6-31G*//B3LYP/6-31G%AMP2(6-
311++G(2df,2pd)), DeSain et &f. ¢ QCISD/6-31G(8)//QCISD/6-31G(8). F BH&HLYP/6-311G**, Chan et al?

TABLE 2: 2-Methyl- and 2,2-Dimethyloxolane Formation Barrier Heights Eq and Reaction EnthalpiesAHg at 0 K (both in
kcal/mol), Reactive Moiety Geometries (bond length in A), Imaginary Frequenciesi{ in cm~1) at Transition States, and the
Low-Frequency (vyr in cm~1) Torsional Vibrations Treated as Hindered Rotations in the Reactants and Transition State’s

transition states

VHIR reactants
method Eo AHr Oo-0 C-O Vi (e]e) CH; (®0 VHIR =0
CH3*CHCH,CH,CH,OOH — 2-Methyloxolanet+ OH
B3LYP° 9.8 —344 1664 2173 637 110 145 0.786 46, 71,99, 110, 125, 196 0.754
CBS-Q 15.5[14.7] 1.558 1.938 1565 130 180 1.026 52,774,118, 139, 162, 173 0.763
CBS-QB3 10.8{12.8 —37.4 1663 2.208 624 82 110 0.786 44,69, 98, 105, 119, 177 0.754
BH&HLYP4 15.5 —41.7 1.660 2.179 850 96 140 0.899 44,71, 114,120, 149, 190 0.756
(CH3),C*CH,CH,CH,OOH — 2,2-Dimethyloxolanet OH
B3LYP° 8.2 —34.0 1665 2.202 615 89 147,150 0.784 43,58, 84,119, 127, 140, 202 0.754
CBS-@ 13.1[12.4] 1.555 1.946 1581 127 192,193 1.021 51, 63, 118, 143, 156, 159, 172 0.763
CBS-QB3 8.4{10.9 —38.5 1.664 2.238 596 45 143,147 0.782  37,55,98, 121, 123, 136, 183 0.754
BH&HLYP4 14.0 —42.0 1.654 2.191 859 99 142, 149 0.887 44,60, 108, 129, 134, 146, 192 0.756

aThe CBS-Q numbers in square brackets correspond to CBS-Q barrier heights with BALYP/CBSB7 ZPE corrections. The CBS-QB3 numbers
in braces come from correcting the erroneously compita&(Emp) by+2.5 kcal/mol (see the text)Frefers to spin contamination at the level
of geometry optimization? CBS-Q//MP2/6-31G(d. ¢ B3LYP/CBSB3//B3LYP/6-31G(d)! BH&HLYP/6-311G**. ¢ CBS-QB3 extrapolation term
is unreliable for these cases (see the text).

the exothermicity increases froni fo 2° to 3°; in accordance G2 (MP2(fu) optimization) for radicals. The geometry obtained

with Hammond'’s postulate, the transition state geometry is close at this higher level MO theory is close to that obtained using

to that of the reactant, though in a cyclic geometry, and with B3LYP. Consequently, we conclude that the B3LYP geometry
the radical bearing C approximately collinear with the-O is more reliable than the MP2. However, the computed barrier
bond. However, at the DFT level, the-<® bond dissociation height (15.59 kcal/mol) at QCISD/6-31G)ds energetically

is more advancedd{O—O) from reactant to TS is 0.212 A],  close to that of the CBS-Q predictions, suggesting a probable

while at the MP2 level the €0 bond formation is more  ynderestimation of the barrier height at the B3LYP level.
advanced (the €O bond lengths in the BSLYP and MP2 Brinck et al®® found that the well-established-@4 bond

tranS|t!on states dlffe.r by.0.236 A). The eigenvectors COITe-  1icociation energy (BDE) in 4D, is underestimated by 7.5
sponding to the negative eigenvalue of the force constant matrix and 5.5 kcallmol, respectively, at the B3LYP/6435(d,p) and
show the reaction coordinate to be primarily the asymmetric .  resp Y 2(d.p
C+-O--0 stretch in both cases, as expected. However, the B3LYP/6-311-(2df,2p) levels. One of 4 has earlier demon-
contribution of the forming €0 ,and breaking ©0 bonds, strated similar underestimation of hydroperoxide i BDEs
differs between the two levels of theory. using other DFT functionals. Here we computed the@BDESs
in various ROOH using B3LYP/CBSB3//B3LYP/6-31G(d),

BH&HLYP/6-31G**, CBS-Q, and CBS-QB3 (Table 3). Al-

optimized geometries and no comparison exists with MP2 though the expgrimental heats of for_mation of ROOH are not
geometries. As known in the literature, increasing the size of Precisely established, tzgg accepted literature vétusssed on
the basis set at the B3LYP level does not have any significant G2 calculations forAH*** are as follows: CHOOH, —31.8
effect on the optimized geometry. The common consensus iskcal/mol; (CH;),CHOOH, —49.0 kcal/mol; and (CE)sCOCOH,
that the geometries, though not the magnitude of the barrier —58.4 kcal/mol. Combination of these values together with the
heights, obtained at the B3LYP level are often more reliable €xperimental\iH>*®value$®for methoxy, isopropoxy, anirt-
than at MP2. To resolve the differences in geometry, we butoxy radicals yields ©O BDEs in close agreement with the
reoptimized the transition state leading to oxolane at the QCISD/ CBS-Q and CBS-QB3 methods. However, attention must be
6-31G(d) level. We assume here that the geometry obtained at paid to the orientation of the odd electron in the unsymmetrical
this level could be taken as a standard. Such an assumption isalkoxy radicals such as ethoxy and isopropoxy. Different levels
justifiable, due to the fact that the G2-RADmethod with of treatment (CBS-Q, B3LYP) results in different most favored
QCISD/6-31G(d) optimization is known to perform better than conformations. It must be noted that optimizations at single

Earlier investigations on formation of oxolanes and oxetanes
from *QOOH have employed B3LY® or BH&HLYP4%-
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TABLE 3: Calculated Peroxy O—0O Bond Dissociation
Entalphies (BDE 298 K in kcal/mol) in Hydroperoxides at
B3LYP/CBSB3//B3LYP/6-31G(d), BH&HLYP/6-311G**,
CBS-Q, and CBS-QB3 Levels Compared with Literature

Derived Values (see text) lit

species B3LYP BH&HLYP BH&HLYPP CBS-Q CBS-QB3value

CHsOOH 37.6 27.4 47.6 455 45.6 45.2
EtOOH 38.3 28.5 48.4 46.1 46.3 45.1
i-PrOOH'  38.1 28.2 49.1 46.5 46.6 45.8
t-BUOOH 38.0 28.3 50.7 46.4 46.8 46.1

a Calculated directly using BH&HLYP/6-311G** energiesCal-
culated using ROOH, RQand*OH heats of formation derived by
means of isodesmic reactions (see the téxthe lowest energy
conformer of ethoxy at the BH&HLYP and CBS-Q levels is the one
where the odd electron is trans to {h€—C bond and there is a local
C2 axis of rotation. At the B3LYP level it is the one where the odd
electron is gauche to th®C—C bond.d The lowest energy conformer
of isopropoxy at the BH&HLYP and CBS-Q levels is the one where
the odd electron is trans to tlieC—H bond and there is a local C2
axis of rotation. At the B3LYP level it is the one where the odd electron
is gauche to thgg C—H bond.

configuration levels do not account for the “nondynamic
correlation” inherent in these radicals.

B3LYP and BH&HLYP O-0O BDEs are underestimated by
8 and 18 kcal/mol, respectively (Table 3), when calculated
directly using the B3LYP/CBSB3//B3LYP/6-31G(d) and
BH&HLYP/6-311G** energies. These large errors in the BDEs
indicate the poor description of bonds at the B3LYP and
BH&HLYP levels, which need to be improved by using
isodesmic reactions. Calculating heats of formation of ROOH,
RO, and*OH using the following isodesmic reactions,

*OH + CH4OCH, — CH,OH + "OCH,
CH,0" + HOH— CH,0H + *OH
CH,00H + CH,CH,0H — CH,CH,00H + CH,OH
CH,CH,0O" + HOH — CH,CH,OH + ‘OH
CH,CH,00H + CH,OH — CH,O0H + CH,CH,0OH
(CH,),CHO' + HOH — (CH,),CHOH + *OH

(CH,),CHOOH+ CH,CH,0OH —
CH,00H + (CH,),CHCH,OH

(CHy)sCO" + HOH — (CH,),COH + "OH

(CH,),COOH+ C,H, — CH,00H + (CH,),C

Wijaya et al.

tion at the DFT level coupled with an energy calculation using
one of the compound methods such as CBS-QB3 or 63¥.
the present work we restrict ourselves to the CBS-QB3 method.

However, CBS-QB3 is a computationally expensive method,
feasible only for systems consisting of hardly 10 or fewer heavy
atoms. It is therefore worthwhile to identify an alternative and
relatively inexpensive method for systematic characterization
of reactions important in low-temperature oxidation. The
literature show&-68 that the BH&HLYP functional often
performs better than B3LYP in predicting transition state
properties, and BH&HLYP often gives more accurate barrier
heights than B3LYP, though less accurate bond energies and
energies of reactioff BH&HLYP was used extensively in
previous work on this systefd. In the present work, we
reexamine its predictive ability in describing the thermodynamic
and kinetic parameters of the title reaction.

As can be seen from Table 1, the BH&HLYP barrier height
is in good agreement with those of QCISD/6-31%&hd CBS-
QB3, despite the fact that it does not give accurate thermo-
chemistry. In estimating the heats of reaction for cyclization to
form oxolane, CBS-QB3 gives values that are in good agreement
with empirical estimates, while BH&HLYP results are overes-
timated by about 5 kcal/mol. Consequently, although BH&HLYP
gives a good estimate for the barrier to the forward direction,
the reverse reaction barrier is overestimated~ykcal/mol.
B3LYP, however, happens to predict the heats of cyclization
reaction quite well (Tables 1 and 2). The consequence of this
is that both forward and reverse barrier heights for B3LYP are
too low.

A part of the 2.5 kcal/mol difference in CBS-Q and CBS-
QB3 barrier heights (Table 1) for oxolane formation stems from
the zero point energy corrections. Use of MP2/6-31)=¢daled
frequencies results in positive (viz., 0.85, 0.5 kcal/mol) ZPE
corrections, in contrast to the general understanding that ZPE
drops in a dissociative transition state. The CBS-Q barrier height
with scaled (0.99) B3LYP/CBSB7 ZPE corrections is in better
agreement with CBS-QB3 predictions (Table 1). The surpris-
ingly close agreement between the CBS-Q and B3LYP/CBSB3//
MP2/6-31G(d) barriers is probably just fortuitous.

The salient observations from the above comparison of MO-
and DFT-based methods for oxolanes formation are as follows:

(1) B3LYP/6-31G(d) describes the TS geometry better than
MP2, if one assumes the geometry obtained at the QCISD/6-
31G(d) level as the standard.

(2) The barrier height obtained from all of the methods except
B3LYP//B3LYP is in agreement that 14 E, < 16.5 kcal/
mol.

(3) B3LYP not only underestimates the barrier height but
also the experimentally known BDEs in alkylhydroperoxides.

(4) On the basis of the performance for oxolanes formation,
BH&HLYP could be a method of choice in regard to the
computational cost, particularly for geometry optimizations and
frequency calculations. However, caution must be exercised

gives values that are in good agreement with experimental heatswhile using BH&HLYP, since it does not accurately compute

of formation (Supporting Information, Table A). The resulting
BH&HLYP BDEs now are in better agreement with the
literature derived results (Table 3).

the heats of reaction.

Formation of Oxolanes from Secondary and Tertiary
Radicals: Barrier Height Trends. The formation of substituted

It is clear that in the absence of isodesmic corrections, direct oxolanes from secondary and tertiary radicals has not been
DFT BDEs can be seriously inaccurate. Presumably this error investigated previously at high levels of MO theory. Our
also effects TS calculations that involve bond breaking, such calculations showed the following:

as the title reaction. However, as disccused above, DFT

(1) Using the CBS-Q and B3LYP methods (Table 2), we

geometries appear to be accurate. Therefore, a meaningful andound the barrier height consistently decreases-iy5 kcal/

consistent method for describing chemical reactions from
hydroperoxyalkyl radicals should involve a geometry optimiza-

mol from I° to 2° and from 2 to 3°. This decrease is consistent
with the change in the heat of reactions.
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TABLE 4: Oxetane and Oxirane Formation Reaction EnthalpiesAHgr at 0 K (in kcal/mol), Reactive Moiety Geometry (bond
length in A), the Imaginary Frequencies ¢; in cm~1) at Transition States, and the Magnitude of Low-Frequency ¢xr in cm™1)
Torsional Vibrations Treated as Hindered Rotations in the Reactants and Transition States

transition states

VHIR reactants
reactants method AHRr 0-0 C-O ” 00 CHs 0 VHIR 0
Oxetane Formation
*CH,CH,CH,O0OH CBS-QB3 —-16.4 1.692 2.004 784 140 N/A 0.794 47,111,125, 195 0.754
BH&HLYP®P —-20.8 1.703 2.024 874 98 N/A 0.935 110, 113, 147, 202 0.755
CHz*CHCH,CH,OOH CBS-QB3 —19.3 1.694 2.046 723 96 136 0.790 41, 83,99, 117,190 0.754
BH&HLYPP —23.7 1.692 2.052 875 104 137 0.916 36,97,106, 126, 199 0.756
(CH3)»CCH,CH,O0OH CBS-QB3 —21.2 1690 2.076 680 104 138,148 0.785 40,86,94,112,119,179 0.754

BH&HLYP®P —25:0 1.679 2.064 889 104 142,155 0.897 41,91,103,117,130,191 0.756
Oxirane Formation

*CH,CH,OOH CBS-QB3 —16.0 1.756 1921 738 125 N/A 0.816 118, 163, 221 0.754
BH&HLYP® —18.7 1.772 1.983 655 14 N/A 1.011 136,171, 222 0.755

CHzCHCH,O0H CBS-QB3 —175 1.759 1.947 688 133 108 0.810 62,89, 164, 201 0.754
BH&HLYP® —20.3 1.752 1.997 682 86 93 0.980 67,87, 168, 220 0.756

(CH3)2"CCH,OOH CBS-QB3 —18.7 1.759 1972 641 118 82,88 0.803 38, 82, 105, 139, 205 0.754
BH&HLYPP —-21.2 1.739 2.010 702 42 86,105 0.954 47,99, 118, 151, 222 0.756

a [F[refers to spin contamination at the level of geometry optimizati@H&HLYP/6-311G**.

(2) Our BH&HLYP barrier heights for oxolane and 2-me- (4) Baldwin et ak® and Bensof? estimated nearly the same
thyloxolane formation are slightly different (within 0.5 kcal/ activation energy for both oxetane and oxirane formation. In
mol) than those of Chan et #l1n contrast to their calculations,  contrast to their estimates, at both CBS-QB3 and BH&HLYP
which yielded approximately the same barrier (16 kcal/mol) for levels, theE, for oxetane formation is significantly higher than
both the unsubstituted and substituted case, our barrier heightghat for oxirane.
showed a 1.2 kcal/mol decrease from oxolane to 2-methylox-  (5) At both these levels, for a given particular ring size, the

olane formation. We did calculations on several additional barrier height for ring closure decreases from primary to
systems and found the same trend in going frénto12° to 3° secondary to tertiary radical and the decrease is by about the
in BH&HLYP as in CBS-Q and B3LYP (Tables 1 and 2). In. same magnitude. In this regard, the barrier heights calculated
all cases, the BH&HLYP barrier is consistently close to that by DeSain et al. for CHCH'CH,CH,OOH — 2-methyloxetane
from CBS-Q. (30.3 kcal/mol) and by Chen and Bozz#llfor (CH3),C*CH,-

(3) At the CBS-QB3 level, however, the decrease in barrier QOH — 2,2-dimethyloxirane (19.3 kcal/ mol) seem doubtful.
height on going from 1to 2 is much larger than with the other gy |y accordance with the liquid-phase experimental results

methods:~4.4 kcal/mol. Analysis of the relative barri_er height ¢ Bioodworth et al28 progressive substitution of methyl groups
at each component level of the CBS-QB3 method, (viz., CCSD- 4 the carbon bonded to the peroxy oxygen results in a

(T)/6-31+G(d), MP4SDQ/CBSB4, and MP2/CBSB3) yielded gy stematic decrease in the barrier height (15.53.7— 11.4
a Ct?InSISter']tth ?Pllffecr:e;é:e (t)f or1||y;1.6 kcal/dmol, sug?ﬁstmgt. kcal/mol) for oxirane formation.
o the Source of the problem n some C35.0B3 calculations o /) OPMIZed geometries at both the BILYPICBSBY and
below). BH&HLYP/6-311G** levels exhibit the same trend:
Formation of Oxetanes and Oxiranes.The optimized cleaving G-O bond length decreases and the forming@
geometrical parameters of the TS's for formation of oxiranes PONd length increases from 3- to 4- to 5-membered TS, and in
and oxetanes and the magnitude of the low-frequency vibrations®Ve'Y ¢ase, the length of the forming-O bond increases from
in the reactants are tabulated in Table 4 together with heats of 1" 0 2710 3.
reaction. Comparisons of barrier heights with literature values ~ (8) The reactions leading to oxolanes (5-membered rings) are
are presented in Table 5. The following observations can be more exothermic compared to oxetanes (4-membered rings),
made from Tables 4 and 5: which in turn are slightly more exothermic compared to oxiranes
(1) Formation of oxetanes and oxiranes is consistently more (3-membered rings).
exothermic by, respectively;>~4.5 and ~2.5 kcal/mol for Source of the Problem in Some CBS-QB3 Calculations.
BH&HLYP compared to CBS-QB3. Again, CBS-QB3 heats of Having seen a relatively good agreement between CBS-QB3
reaction are in good agreement with empirical estimates. and BH&HLYP for the barrier heights of the reactions forming
(2) At the CBS-QB3 level, the reactions forming oxetanes oxetanes and oxiranes, which contrasts sharply with our results
have the highest activation barrier and the reactions forming on reactions that form substituted oxolanes (Table 2), we rean-
oxolanes have the lowest activation barriers, for a given nature alyzed the various quantities that contribute to the CBS-QB3
of the radical center. The reactions forming oxiranes have barrier height: AAE(MP2), AAE(MP34), AAE(CCSD(T)),
intermediate barriers: oxetanesoxiranes> oxolanes. This AAE(CBS), AAE(Int), and AAE(Emp) (Supporting Infor-
behavior does not parallel the increasing strain at the transitionmation, Table B) for all the reactiondA stands for the dif-
state with decreasing ring size. ference between the reactant and the corresponding transition
(3) At the BH&HLYP/6-311G** level, the barrier heights  state and is therefore its contribution to the barrier height. We
for oxiranes and oxolanes exhibit a different trend: oxetanes observed an overstabilization ANE(Emp), viz., extrapolation
> oxolanes > oxiranes. However, the magnitude of the of infinite order pair energies, by 2.29 kcal/mol for formation
calculated barrier height is in good agreement (withir0.5 of substituted oxolanes from GBH*(CH,)sO0H, (CH;).C*
kcal/mol) with CBS-QB3 estimates for oxirane formation and (CH,)sOO0H, andCH,C(CH;s),(CH,),OO0H radicals (Supporting
differs systematically by about 2 kcal/mol for oxetane formation. Information, Table B). In all other systems, the contribution of
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TABLE 5: Barrier Heights (in kcal/mol) for Oxolane, Oxetane, and Oxirane Formation from the Corresponding
Hydroperoxyalkyl Radicals Together with Literature Datah

|Oxoiane (THF) Formation (Present work)
Sub1 | Sub2 | Sub4 |CBS-0B3| pN%s| BALYP" |  cBS-Q
14.6
- o - (14.0°) 16.7 10.3 17.0
methyl - - 12.8° 15.5 8.7 15.5
dimethyl - b 10.9° 14.0 7.5 131
- methyl - 14.2 16.5 10.2
-~ |dimethyl - 13.6° 15.4 9.0
- - methyl 15.0 17.4 11.0 16.6
- - dimethyl 14.7 16.7 10.2
|Oxetane Formation (Present Work together with Literature Data)
BH& d P
Sub1 | Sub2 Sub3 |CBS-QB3 HLYP® Chan DeSain
= = - 215 | 236 | 238 23.4'
maethyl - - 19.0 21.3 30.3
ethyl - - 215
2 dimethyl - - 16.5 19.6 196
3 - methyl - 225 207
- dimethyl - 19.5 21.0 201
- - methyl 225 222
- - dimethyl 21.3
|Oxirane Formation {Present Work together with Literature Data)
Sub1 [ Sub2 | Chen® |CBS-GB3|,hs, | Chan® DeSain®
- - 161 | 156 | 155
methyl | - 15.3 14.3 15.1'
ethyl - 14.3
1 prapyl - 138
dimethyl | - 19.3 12.3 12.9 12.3
ethyl
methyl - e
2
- methyl 14.5 13.7 15.3'
= ethyl 14.4
methyl | methyl 127
—~ |dimethyl] 15.58 12.8 1.4 11.8

aB3LYP/CBSB7.» BH&HLYP/6-311G**. ¢ Corrected by 2.5 kcal/mol; see the tekBH&HLYP, Chan et al® ¢ QCISD(T)/6-31G*//B3LYP/
6-31G*+ AMP2(6-31H-+G(2df,2pd), De Sain et &. F QCISD(T)/6-311G**//B3LYP/6-31G*AMP2(6-31H-+G(3df,2pd), DeSain et 40.9 CBS-
g//IMP2(full)/6-31G*, Chen and Bozzeltf. "“Sub 1" indicates substitution at carbon 1, “Sub 2" indicates substitution at carbon 2, and “Sub 3"
indicates substition at carbon 3.

the AAE(Emp) to the barrier height is close to zero. The ne
extrapolation procedure seems to have run into problems, and
AAE(Emp) is not reliable in the cases cited.

It has previously been notetthat AE(Emp) is quite sensitive
to errors in the population localization method employed.
Presumably, this motivated the switch from the method of Pipek
and MezeyP (CBSExtrap=POP) used by default for CBS-Q to
the minimum population localization method of Montgomery
et al’* (Gaussian keyword MINPOP) as the default in the newer
CBS-QB3. In the cited cases, we suspect that the CBS-QB3 FH ﬁ
AE(Emp) is computed erroneously, despite using the MINPOP Na
algorithm. It appears that the empirical correction in the CBS
methods needs reexamination. CorrectingAd=(Emp) in the 5.0
cited cases by-2.5 kcal/mol results in better agreement between 230 = _ 18,0 110-0
CBS-QB3 and BH&HLYP (and CBS-Q) levels. However, a NSNS
consistent difference of-2 kcal/mol still prevails in the Figure 2. Evans-Polanyi plot of CBS-QB3 4, W) and BH&HLYP/

. . - 6-311G** (A, O) barrier heights (in kcal/mol) vs CBS-QB3 heats of
magnitude of the barrier heights computed at the CBS-QB3 and o 4ctions (in keal/mol) leading to oxirana,(A) and oxetanel, 0)

BH&Hl_-YP levels (Tab|e_5): ?nd we b6|ie\(e this gFVes a fair  rings. BH&HLYP heats of reactions are not used because of their 5
indication of the uncertainty in the theoretical barrier heights. kcal/mol overestimation. For those BH&HLYP data points where CBS-

Effect of Mono- and Dialkyl Substitution away from the QB3 heats of reactions are not available, Xhaxis values are estimated
Radical Center on Cyclic Ether Formation Barrier Heights. using group additivity.
Figure 2 shows the variation of barrier heights with heats of case of oxiranes, increased alkyl substitutmrio OOH (or
reaction for substituted oxetanes and oxiranes formation. In theequivalentlys to the radical center) lowers the barrier height

o CBS-QB3
”f Ea=1.0AH +38.2
=

L
o
=1

N
=
=
N

dimethil - { fo radical center
CBS-QB3
Ea=1.3 AH + 37.0

-

ol

o
o

A methyl - e to OOH

Barrier heights (kcal/mol)

Y
A dimathyl - a to OOH
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TABLE 6: Effect of Alkyl Substitution on 5-Membered Cyclic Ether Formation Barrier Heights Ey (in kcal/mol), Reaction
Enthalpies AHg at 0 K (in kcal/mol), Reactive Moiety Geometries (bond length in A), Imaginary Frequenciesy in cm™2) at
Transition States, and the Low-Frequency ¢y in cm™2) Torsional Vibrations Treated as Hindered Rotations in the Reactant
and Transition Structures?

transition state parameters

VHIR reactant parameters
method Eo AHR (e]6] (ef0] Vi (e]e] CHg [0 VHIR &0
*CH,CH,CH,CH(CH;)OOH — 2-Methyloxolane
CBS-Q 16.6 1.562 1.930 1547 172 235 1.032 75, 89, 141, 149, 213, 261 0.763
CBS-QB3 15.0 35.8 1.665 2.170 653 117 237 0.789 72,104,109, 117, 211, 256 0.754
BH&HLYP 17.4 41.1 1.668 2.164 832 141 234 0.914 77,109, 113, 128, 216, 261 0.755
*CH,CH,CH,C(CHjs),O0H— 2,2-Dimethyloxolane
CBS-QB3 14.7 36.9 1.667 2.169 650 164 220, 226 0.789 65, 92, 106, 126, 209, 239, 254  0.754
BH&HLYP 16.7 43.1 1.675 2.164 818 153 233, 262 0.923 63, 95, 116, 147, 233, 252,275  0.755
*CH,CH(CH;)CH,CH,OOH— 3-Methyloxolane
CBS-QB3 14.2 36.3 1.663 2.166 662 87 214 0.789 74,78, 125, 154, 183, 242 0.754
BH&HLYP 16.5 42.0 1.667 2.157 839 116 245 0.912 78, 83, 145, 159, 194, 252 0.755

*CH,C(CH;),CH,CH,O0OH— 3,3-Dimethyloxolane
CBS-QB3 11.2{13.6 374 1658 2157 661 90 246,263 0.788 69, 71,130,151, 182,243,273  0.754
BH&HLYP 154 43.1 1661 2.144 851 117 259,274 0.905 74,76,151, 157,196, 253,285  0.755

aThe CBS-QB3 number in braces comes from correcting the erroneously comptEEmMp) by +2.5 kcal/mol (see the text)Flrefers to
spin contamination at the level of geometry optimizatib@BS-QB3 extrapolation term unreliable for this case, see text.

consistently by 2 kcal/mol. In the oxetane case, mono- and their strong dependence on the magnitude of the low-frequency
dimethyl substitutionsx to OOH andp to the radical center  vibrations and hindrance potentials.
lower the barrier heights consistently by 1 kcal/mol (see also  For*CRRCH,OOH radicals, Benson has not reported a value
Table 5). for the { C/H,/O/C’} group. The alkyl radical HBI values are
On the other hand, in oxolane case, substitution of one or not appropriate for estimation of thishydroperoxyalkyl radical
two methyl groupsx to the OOH group ang to the primary thermochemistry, since we calculate thatfeOOH group
radical center does not have much influence on the barrier heightincreases the bond strength of primary and secondatid C
(Table 6). bonds:
We can see that, for both oxirane and oxetat&/0AHgr ~
1. Such a high slope is unexpected, since usually exothermicCH.CH,—H + ‘CH.CH.OOH—
reactions have Evand?olanyi slopes<0.5. It is possible that e . 2
this correlation reflects some other physical phenomena. The CH,CH, "+ CH,CH,00H (AHg = —2.25 keal/mol)
implication of this EvansPolanyi slope of nearly 1 is that the .
barrier for the reverse reaction OHcyclic ether— *QOOH is CHZCH,CH; + "CH(CH,)CH,00H
insensitive to alkyl substitutions, even if they change the CH,CH’(CH,) + CH,CH,CH,O0H (AH; = —
thermochemistry. Unfortunately, there is no known experimental 1.39 kcal/mol)
result that could confirm this prediction.
Thermochemical Values for Hydroperoxyalkyl Radicals (CHy)5CH + "C(CH,) ,CH,O00H —
(*QOOH) and Cyclic Ethers. Thermochemical parameters for . —
alkylhydroperoxy radicals calculated with CBS-QB3 and CBS-Q (CHy),C + (CHY),CHCH,00H (AH; = 0.24 keal/imol)
are given in Tables 7 and 8 together with THERM predictions .
using group additivity (GA) and hydrogen-bond increment ~ We therefore arrived at new CJCOOH, CCJCOOH, and
(HBI).”2 It should be stated that the available HBI values are C2CJCOOH HBIs using our CBS-QB3 thermochemical proper-
probably no more accurate than the present calculations, as theyies of CHCH200H, CHCH>CH,OO0H, and (CH),CHCH,-
come either from very rough estimates or nearly the same level OOH, respectively (Table 8).
of theory as employed in this work. Often they are derived from  For a few of the cyclic ethers, experimental thermochemical
a very narrow test set or even from calculations on a single data are available and they are in excellent agreement with our
species. Thermodynamic parameters of the parent hydroperox-calculated values (Tables 9 and 10). Group addivity predictions,
ides ROOH also are not well defined experimentally, adding however, show considerable deviations, especially in the case
uncertainty in the GA predictions. Consequently, the present of oxolane and oxetane. This immediately makes one suspect
comparison could only help us to evaluate them. the ring strain correction (RSC) values used in the GA estimate.
The radical center i"CRR(CH,),O0H (n = 2,3) speciesis  The ring corrections used in the S&P progrérare the ones
far away from the OOH group and so it is acceptable to use the reported recently by Cohénhand are often taken as equal to
HBIs for alkyl radicals (we used Bozzelli's HBI value fof 3  those of the corresponding cycloalkanes.
bonds, though the correct value for this group is the subject of We improved the ring strain correction values based on
long-standing debat®. For these cases, we also did estimations thermochemical properties obtained from CBS-QB3 calcula-
using Benson’s GA values for free radicals. tions. While theSandCy(T) correction factors for the unknown
The GA predictions are generally in good agreement with groups were taken as the averages of the differences between
our calculated results for the unsubstituted and monomethyl the ab initio calculations and the known constituent group
substituted radicals. The observed discrepancies in entropy (upvalues, additional non-next neighbor corrections were incorpo-
to ~2 cal/mol K) and low temperature heat capacities arise from rated for the enthalpy term. The unsubstituted oxolane, oxetane,
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TABLE 7: Thermochemical Properties of o-Hydroperoxyalkyl Radicals (*QOOH) That Form 5-Membered Ring Cyclic Ethers?

o)
method AH?%8 98 300 400 500 600 800 1000 1500
*CH,CH,CH,CH,OOH
CBS-QB3 —0.10 97.16 29.98 36.64 42.48 47.33 54.77 60.21 68.64
CBS-Q —0.38 96.94 30.79 37.68 43.60 48.46 55.83 61.17 69.35
THERMP —0.86 96.65 30.52 37.26 43.06 48.02 55.58 61.45
S&P° —0.40 97.00 30.50 36.80 42.80 47.40 54.90 59.80
CHz'CHCH,CH,CH,OOH
CBS-QB3 —8.20 106.73 34.66 42.52 49.65 55.71 65.12 72.02 82.66
CBS-Q —9.18 106.95 35.81 43.80 50.97 57.00 66.30 73.08 83.44
THERM;S —8.44 107.10 35.29 43.24 50.12 56.38 66.06 73.08
THERM;RCCJC® —8.44 107.79 35.25 42.80 49.73 55.87 65.46 72.89
S&P° —8.00 107.30 35.70 43.30 50.50 56.10 65.40 71.80
(CH3),CCH,CH,CH,00H
CBS-QB3 —17.00 115.54 38.54 47.90 56.49 63.82 75.26 83.66 96.55
CBS-Q —18.16 114.68 40.64 49.76 58.21 65.41 76.65 84.88 97.43
THERMP —17.56 113.26 41.24 49.98 57.99 65.11 76.32 84.99
S&P° —16.50 114.60 41.50 50.80 59.00 65.90 77.00 84.60
*CH,CH,CH,CH(CHs;)OOH
CBS-QB3 —9.57 103.84 37.54 45.28 52.10 57.80 66.60 73.05 83.13
CBS-Q —9.03 104.82 38.31 46.14 52.97 58.65 67.40 73.80 83.71
THERMP —10.16 105.46 36.52 44.89 52.26 58.11 67.30 74.29
'CHchQCHzc(Cl‘b)QOOH
CBS-QB3 —18.70 108.56 42.62 52.69 61.03 67.83 78.14 85.67 97.45
THERMP —18.96 109.75 42.24 52.28 60.81 67.87 78.71 86.90
*CH,CH(CH;)CH,CH,OOH
CBS-QB3 —6.07 105.82 36.90 44.56 51.41 57.16 66.08 72.64 82.90
THERMP —7.23 104.77 35.75 44.15 51.38 57.51 66.84 73.93
“CH,C(CHy),CH,CH,00H
CBS-QB3 —13.45 110.77 43.28 52.39 60.37 67.04 77.39 85.07 97.13
THERMP —14.23 108.59 41.77 52.12 60.97 68.37 79.32 87.41

2 Heats of formation in kcal/mot® andC,(T) in cal/mol K.  Using Bozzelli'§? HBI (hydrogen-bond increment) values. Correction for gauche
interactions has been added properly. RCCJC and S are slightly different HBI groups appropriate for secondary alkyF @alicalated using

NIST “Structures and Properties” progrdfn.

TABLE 8: Thermochemical properties of y- and f-Hydroperoxyalkyl Radicals (*\QOOH) Involved in Oxetane and Oxirane
Formation Reactions and Values for the HBI Groups CJCOOH, CCJCOOH, and C2CJCOOH

Co(T)
Species method AH?%8 98 300 400 500 600 800 1000 1500
“CHy(CHy,),O0H CBS-QB3 532  88.04 2489 2995 3438 3807 4372  47.87 5436
THERMP 407 8723 2502 3031 34.81 3867 4451 4911
S&P° 530  87.60 2500 29.90 34.60 38.00 43.80  47.50
CHsCH'(CH),00H  CBS-QB3 —2.70 9823 2954 3584 4159 4647 5409 59.70  68.39
THERM; & -351 9768 2979 3629 41.87 47.03 5499  60.74
THERM; RCCJ&  —3.51 9837 2975 3585  41.48 4652 5439  60.55
S&P° -3.00 97.90 3020 3630 42.30 46.80 54.30  59.50
(CH2):C'(CH),00H  CBS-QB3 —-11.80 10599 3355 4129 4847 54.63 6430 7140  82.34
THERMP ~12.63 103.84 3574  43.03 49.74 5576 6525  72.65
S&P° —-11.60 10520  36.00 4390 50.80 56.50  65.90  72.30
“CH,CH,O0H CBS-QB3 11.10  79.04  19.69 2329  26.39 2894  32.83 3568  40.18
CHsCH,O0H CBS-QB3 ~40.06 7469  19.94 2405 2773 3085 3569  39.27  44.87
CJCOOH CBS-QB3 103.26 354 -025 -076 -134 -191 —287 -360 —4.69
CJCOOH THERM 102.87 273 —066 -128 -186 -235 —3.14 —3.72
CHsCH'CH,O0H CBS-QB3 2.66 8957 2439 2922 3361 37.34 4317 4747 5417
CHs(CHy),00H CBS-QB3 -4521 8478 2504 3061 3561 39.84 4644 5131  58.90
CCJCOOH CBS-QB3 99.98 479 -065 —1.40 -2.00 -250 -327 —3.84 —4.73
(CH3),C"CH,00H CBS-QB3 —-6.81  96.80 2829 3458 4042 4545 5334 59.16  68.13
(CH3),CHCH,OOH  CBS-QB3 -51.91  90.87 31.84 3874  44.86 50.03 58.08  64.04  73.36
C,CICOOH CBS-QB3 97.20 731 -354 —416 —4.44 —458 —474 —488 —523
C,CIJCOOH THERM 96.44 459 -049 —212 -322 —3.88 -453 —4.87 —531

2 Heats of formation in kcal/mol?° andCy(T) in cal/mol K. Recommended HBIs are in boklJsing Bozzelli'$? HBI (hydrogen-bond increment)

values. Correction for gauche interactions has been added properly. RCCJC and S are slightly different HBI groups appropriate for secondary alkyl

radicals.¢ Calculated using NIST “Structures and Properties” progfam.

and oxirane provide the base RSC. 2-Methyl and all dimethyl- group a to the ether linkage stabilizes it byl kcal/mol in
substituted oxolanes, oxetanes, and oxiranes require additionamethyloxirane, 2-methyloxetane, and 2-methyloxolane, while
stabilizing corrections. However, these corrections seem to bea dialkyl substitution in any vertex of the ring (as in 2,2-
nearly the same, irrespective of the size of the ring. An alkyl dimethyloxirane, 2,2-dimethyloxetane, 2,2-dimethyloxolane, and
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TABLE 9: Thermochemical Properties of Oxolanes (THFs}

J. Phys. Chem. A, Vol. 107, No. 24, 200817

Co(T)
Species method AH?%8 8 300 400 500 600 800 1000 1500
oxolane NIST —44.03 72.11 18.45 25.59 32.13 37.64 46.07 52.08 60.97
CBS-QB3 —44.58 71.09 19.31 26.29 32.72 38.14 46.48 52.46 61.45
GA (w/o RSC) —49.26 45.74 24.38 31.30 36.80 41.36 48.76 53.94
2-Me-oxolane CBS-QB3 —54.58 80.86 25.43 33.84 41.45 47.86 57.73 64.87 75.71
GA (w/o RSC) —58.56 55.92 30.38 38.93 46.00 51.45 60.48 66.78
3-Me-oxolane CBS-QB3 —-51.82 79.20 25.38 33.67 41.24 47.65 57.57 64.77 75.67
GA (w/o RSC) —56.43 53.86 29.61 38.19 4512 50.85 60.02 66.42
2,2-diMe-oxolane CBS-QB3 —64.61 84.56 31.80 41.87 50.73 58.09 69.37 77.56 90.08
GA (w/o RSC) —68.16 60.21 36.10 46.32 54.55 61.21 71.89 79.39
3,3-diMe-oxolane CBS-QB3 —60.38 84.98 31.63 41.52 50.33 57.71 69.08 77.36 90.00
GA (w/o RSC) —64.23 59.05 35.63 46.16 54.71 61.71 72.50 79.90
Derived Ring Strain Corrections (RSC)
oxolane RSC 4.68 25.35 —5.07 —-5.01 —4.08 —-3.22 —2.28 —-1.48
2-Me-oxolane RSC 3.98 24,94 —4.95 —5.09 —4.55 —3.59 —2.75 -1.91
3-Me-oxolane RSC 4.61 25.34 —4.23 —-4.52 —3.88 —-3.2 —2.45 —1.65
2,2-di-Me-oxolane RSC 3.55 2435 —-4.3 —4.45 —3.82 —-3.12 —2.52 —1.83
3,3-diMe-oxolane RSC 3.85 25.93 —4.0 —4.64 —4.38 —-4.0 —3.42 —2.54
av RSC 25.18 —4.51 —4.74 —4.14 —3.43 —2.68 —1.88

aRing strain corrections are derived by taking the difference between the ab initio result and the sum of constitutent group values from Benson.
Heats of formation in kcal/ mol&°8 and Cy(T) in cal/mol K.

TABLE 10: Thermochemical Properties of Oxetanes and Oxiranes

Co(T)
Species method AH?%8 98 300 400 500 600 800 1000 1500
Oxetanes
oxetane NIST —-19.25 64.87 14.80 20.07 24.91 28.99 35.24 39.70 46.35
CBS-QB3 —-19.65 65.08 15.10 20.28 25.10 29.16 35.39 39.86 46.59
GA (w/o RSC) —44.33 36.32 18.88 24.35 28.55 32.01 37.69 41.60
2-Me-oxetane CBS-QB3 —-30.67 74.56 21.18 27.86 33.89 38.94 46.70 52.32 60.86
GA (w/o RSC) —53.63 46.50 24.88 31.98 37.75 42.10 49.41 54.44
3-Me-oxetane CBS-QB3 —-27.21 73.96 21.05 27.60 33.58 38.65 46.48 52.16 60.80
GA (w/o RSC) -51.50 44.44 24.11 31.24 36.87 41.50 48.95 54.08
2,2-diMe-oxetane CBS-QB3 —41.70 79.98 27.67 35.84 43.02 48.99 58.16 64.85 75.15
GA (w/o RSC) —63.23 50.79 30.60 39.37 46.30 51.86 60.82 67.05
Derived Ring Strain Corrections (RSC)
oxetane RSC 24.68 28.76 —3.78 —-4.07 —-3.45 —2.85 —-2.30 —-1.74
2-Me-oxetane RSC 23.55 28.06 —3.70 —4.12 —3.86 —3.16 —2.71 —2.12
3-Me-oxetane RSC 24.29 29.52 —-3.06 —3.64 —3.29 —2.85 —2.47 —1.92
2,2-diMe-oxetane RSC 21.53 29.19 —2.93 —3.53 —3.28 —2.87 —2.66 —2.20
av RSC 28.88 —3.37 -3.84 -3.47 —-2.93 —-2.54 —2.00
Oxiranes
oxirane NIST —12.58 58.08 11.30 14.74 17.90 20.55 24.57 27.46 31.82
CBS-QB3 —-13.20 57.98 11.39 14.80 17.93 20.55 24.52 27.38 31.74
GA (w/o RSC) —-39.40 26.90 13.38 17.40 20.30 22.66 26.62 29.26
Me-oxirane NIST —22.63 68.69 17.43 22.23 26.53 30.15 35.77 39.88 46.14
CBS-QB3 —23.32 68.50 17.33 22.05 26.31 29.90 35.48 39.57 45.88
GA (w/o RSC) —48.70 37.08 19.38 25.03 29.50 32.75 38.34 42.10
diMe-oxirane CBS-QB3 —33.89 74.30 23.65 29.69 35.02 39.53 46.61 51.86 60.06
GA (w/o RSC) —58.30 41.37 25.10 32.42 38.05 42.51 49.75 54.71
Derived Ring Strain Corrections (RSC)
oxirane RSC 26.20 31.08 —-1.99 —2.6 —2.37 —-2.11 -2.1 —1.88
1-Me-oxirane RSC 25.38 31.42 —-2.05 —2.98 —-3.19 —2.85 —2.86 —2.53
1,1-diMe-oxirane RSC 24.41 32.93 —-1.45 —2.73 —3.03 —2.98 —-3.14 —2.85
av RSC 31.81 —1.83 —2.77 —2.86 —2.65 —2.70 —2.42

aRing strain corrections are derived by taking the difference between the ab initio result and the sum of constitutent group values from Benson.

Heats of formation in kcal/mol&° and Cy(T) in cal/mol K.

3,3-dimethyloxolane) stabilizes it by2 kcal/mol. The extra
stabilization with dialkyl substitution can be ascribed to
compression of the internal angle of the ring, which leads to
expansion of the external angle and thereby a relief of steric
strain between the alkyl groups.

Determination of Kinetic Parameters. Rate constants(T)
were calculated by standard transition state theory (TST)
methods. Thesk(T) were then fitted to the Arrhenius expres-
sionsk(T) = A exp(—E4RT) to obtain the activation energies
Eaand frequency facto&. The computed TSK(T) values give
nearly linear Arrhenius plots; the fittddT) never differs from
the TST k(T) by more than 4%. Table 11 lists the fitted

Arrhenius parameteré and E, of the oxirane, oxetane, and
oxolane formation reactions from primary, secondary, and
tertiary hydroperoxyalkyl radicals together with literature
estimates.

Barrier heightss, for reactions forming oxetanes or oxiranes
from QOOH with any kind of alkyl substitutions can be
computed from the EvarsPolanyi relationships presented in
Figure 2. For reactions forming oxolanes (THFs), since the
barrier heighte; only depends on the nature of radical center,
and does not vary with alkyl substituents at positions other than
o to the radical centerz; values can be taken directly from
Table 11.
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TABLE 11: Computed Rate Parameters @ and E,) for Cyclic Ether Formation from *QOOH Radicals, from Fitting Ab Initio

k(T) Together with Literature Estimates?

Method log@&/s™Y)  Ea(kcal/mol) method log¥/s™ 1)  Ea(kcal/mol)
*CH,CH,OOH — oxirane *CH(CH,),OOH— oxetane
CBS-QB3 12.60 17.0 CBS-QB3 11.65 219
BH&HLYP 12.67 16.7 BH&HLYP 11.89 24.2
BH&HLYP (Chan et al.) 14.0 16.5 BH&HLYP (Chan et al.) 13.1 24.4 (20.8)
Baldwin et al. 12.45 1712 1.2 Benson 11.0 15.06
Benson 11.5 14.0 Ranzi 11.3 15.0
Ranzi 11.3 15.0 Curran 10.87 15.25
Curran 11.78 22.0
CH;CH'CH,OOH — 2-Me-oxirane CHCH*(CH),O0OH — 2-Me-oxetane
CBS-QB3 12.14 15.9 CBS-QB3 11.31 19.5
BH&HLYP 12.21 15.2 BH&HLYP 11.51 22.0
BH&HLYP (Chan et al.) 13.6 15.0 BH&HLYP (Chan et al.) 12.7 22.1
Baldwin et al. 12.15 14.89 1.2
Ranzi 11.3 15.0 Ranzi 11.3 15.0
Curran 11.78 22.0 Curran 10.87 15.25
(CHj3),C*CH,O0H— 2,2-diMe-oxirane (Ch)2C(CH),O0H— 2,2-diMe-oxetane
CBS-QB3 12.49 13.4 CBS-QB3 11.52 17.4
BH&HLYP 12.57 14.2 BH&HLYP 11.52 20.6
BH&HLYP (Chan et al.) 13.9 14.5 BH&HLYP (Chan et al.) 12.5 204
Ranzi 11.3 15.0 Ranzi 11.3 15.0
Curran 11.78 22.0 Curran 10.87 15.25
*CH,(CH,)sO0OH— oxolane (CH)2C(CH2);00H— 2,2-diMe-oxolane
CBS-QB3 10.71 14.8 CBS-QB3 10.41 11.5
BH&HLYP 10.86 17.0 BH&HLYP 10.53 14.7
BH&HLYP (Chan et al.) 12.0 16.4
Ranzi 11.3 9.5
Curran 9.97 7.0
CH;CH*(CH,)sO00H — 2-Me-oxolane
CBS-QB3 10.56 13.0
BH&HLYP 10.47 15.7

aRecommended values are in bold. Uncertainties in recommended value® &eal/mol in E..

Barrier heights computed at CBS-QB3 and BH&HLYP differ
by ~2 kcal/mol; thus, here we estimate? kcal/mol uncertain-
ties in theE, values. The difference in the optimized geometry
of the transition state between BH&HLYP and B3LYP does
not cause any significant difference in the rotational contribution
to theA factor. The major source of uncertainty in théactors
arises from the low frequency vibration of the transition state.
Experimentally’®77 the ring puckering vibration of oxetane is
found to absorb at 53 cm, while the harmonic vibrational
frequency obtained for the fully optimized geometry at B3LYP/
CBSB7 corresponds to 89 crh One can expect comparable
errors @36 cntl) in the ring-puckering frequency of the
transition state. This corresponds to uncertaintiest0f2 in
the log@) values. In oxolane case, the ring-puckering vibrations
obtained in present work at B3LYP/CBSB7 (261 and 581%m
are in good agreement with experimé&n(®286 and 591 cm);
thus, we can expect even less uncertainty.

It must be stressed that in computing thefactors, all

by reducing the preexponential factor by a multiple of 8 for
every additional frozen rotor.

Although we have derived the general rate estimation rules
for the cyclic ether formation from various hydroperoxyalkyl
radicals, there are several issues still to be addressed. The cool
flame chemistry, as shown schematically in Figure 1, involves
significant competition between a variety of pathways, and at
high temperature and low pressure this competition will occur
under some nonthermal chemically activated energy distribution.
Quantitative evaluation of the yield and distribution of cyclic
ethers, and more importantly of the chain branching rate (via
*QOOH+ Oy), requires accurate estimates of all the competing
rates. Unfortunately, the literature rate estimates for most of
these competitive pathways do not agree well even to an order
of magnitude. For example, the reported rates for intramolecular
hydrogen migration between oxygen and carbon centers (RO
— QOOH) vary by up to 3 orders of magnituée’® We are
currently reexamining§ these competitive pathways in order to

torsional motions about the single bonds between the non-compute reliablé(T,P) for all the channels shown in Figure 1.
hydrogen atoms are treated as hindered rotations in the reactant Comparison with Experimentally Derived Rate Estimates.
while at the TS the constrained torsions of the cyclic structure Qur calculated upper limit rate constant (1:3)sat 298 K for

are treated as harmonic oscillators (the free methyls an@®B

oxirane formation is consistent with Baldwin’s estimafiof0.8

are treated as hindered rOtationS). This is a significant improve- S_l) derived from gas_phase experimentsl The solution phase
ment compared to the rate estimates presented by Charf&t al., rate constant from Bloodworthat 298 K for oxirane formation
wherein all torsional modes were treated as small amplitude from tert-butylperoxyalky! radicals is on the order of>4 10?

vibrations. Consequently, thevalues of Chan et &f are more
than an order of magnitude higher than ours.

The A factor for oxirane formation (logvs™! =12.60) is a
factor of ~9 higher than that for oxetane (lo§s™! =11.65),
which in turn is a factor of~9 higher than for oxolanes (log
A/s™1 = 10.71). This is consistent with the loss in entropy as

s1. Although rate constants for a particular reaction in the gas
phase and in the liquid phase differ frequently by many orders
of magnitude owing to solvent effects, M&}das shown that
unimolecular reactions usually have similar rate constants in
both gas and liquid phase. So we do not attribute this
discrepancy to solvent effects. The difference observed here is

one extra rotor is getting frozen with progressive increase of largely due to the difference in the-@ bond strength when

ring size. Curran’s mechanigfraccounts for this entropy loss

the leaving group is varied from OH teBuO. The G-O bond
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strength in HO, (49.3 kcal/mol) is stronger than in REGDH oxolanes but affects the barrier for formation of oxetanes and
(Table 3), which in turn is stronger than in R@CH;z; (CH3;0— oxiranes, because of release of alkyl strain in the cyclic TS.
OCH; = 39.2 kcal/mol, CHCH,O—OCH; = 39.8 kcal/mol,

(CH3).,CHO—0OCH; = 41.1 kcal/mol, (CH);CO-OCH; = 41.1 Acknowledgment. This work was partially supported

kcal/ mol at the CBS-Q level). So, the reaction studied by by the National Computational Science Alliance under Grants
Bloodworth in solution is expected to be about 6 kcal/mol more CTS010006N and CTS020009N and utilized the Origin 2000
exothermic than the simpler hydroperoxyethyl reaction studied High-Performance Computing and UniTree Mass Storage
by Baldwin; at room temperature this could easily explain the systems. We are grateful for financial support from the NSF
3 orders of magnitude difference in rates. CAREER program, Alstom Power, Dow Chemical, and the U.S
Our A factor for oxetanes formation from tertiary hydroper- Department of Energy through grant DE-FG02-98ER14914 and
oxyalkyl radicals (logA/s~1 =11.52) is in excellent agreement DE-RP-4-01AI67057. We thank Dr. Hans-Heinrich Carstensen,
with Mill's 29 liquid-phase measurement of 2,2,4,4-tetramethy- Colorado School of Mines, for providing O-O BDEs at the CBS-
loxetane formation (logVs 1 =11.5). Baldwin'® estimate for ~ QB3 level for comparison.
the barrier height of formation of 3,3-dimethyloxetane from
primary hydroperoxyalky! radical is lower than the CBS-QB3 ~ Supporting Information Available: The isodesmic reac-
prediction E,= 16.6 and 19.5 kcal/mol, respectively). However, tions, literature heat of formation values, and BH&HLYP/6-
at the temperature range of their study (3800 °C) ourk(T) 311G** entalphies (298 K) used in calculating heats of
is only lower by a factor of 3 than Baldwin's measurement. ~ formation of *OH, RO and ROOH are given in Table A.
Comparison with Previous Theoretical Work. The present  Individual component energies, vizE(SCF), AE(MP2),
barrier-height calculations are largely consistent with those of AE(MP34), AE(CCSD), AE(CBS), AE(Int), AE(Emp), and
DeSain et af® and of Chan et a9 except that we disagree AE(ZPE) (in hartrees) of the absolute CBS-QB3 energies of
with DeSain et af® about the effects of alkyl substituents on  the reactants and transition states are given in Table B. The
the barrier to oxetane formation. OMifactors, which carefully ~ difference in the component energies between the reactant and
include the effects of the hindered rotors in the reac@QEOH, the corresponding transition states, vixAE(components) are
are significantly lower than those from Chan et*alOur given in kca!/ mol. The BSLYP/CBSB_?-optlm!zed Cartesian
calculations suggest that the changeAifactor with ring size coordinates _(|_n A) and unscal_ed harmo_nlc wbrauon_al frequen_mes
is modeled correctly in Curran’s isooctane mechari&though of the transition structures involved in the reactions forming
their A-factors are all about a factor of 6 smaller than ours.  0Xolanes, oxetanes, and oxiranes are tabulated in Tables C and

Our thermochemistry is in good agreement with that of Chen D réspectively. The BH&HLYP/6-311G**-optimized Cartesian
and Bozzell*8 and here we add several new HBI groups and coordinates (in A) and unscaled harmonic vibrational frequencies

ring-strain corrections. Our finding that the BH&HLYP method ©f the transition structures involved in reactions forming
used by Chan et 4P systematically overpredicts the exother- 0xétanes and oxiranes from methyl substituiedo( OOH and

micity of the cyclic ether formation provides a caution about / t0 radical center) QOOH are given in Tables E and F. Th.is
their computations, though it appears that their forward reaction material is available free of charge via the Internet at http://
barriers are quite good. pubs.acs.org.
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