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The B3LYP functional was evaluated as a method to calculate reaction barriers and strredotirity
relationships for intramolecular hydrogen transfer reactions involving peroxy radicals. Nine different basis
sets as well as five other MO/DFT and hybrid methods were used in comparing three reactions to available
experimental data. It was shown that B3LYP/6-313(d,p) offers a good compromise between speed and
accuracy for studies in which thermodynamic and kinetic data of many reactions are required. Sixteen reactions
were studied to develop structureeactivity relationships to correlate the activation energy with the heat of
reaction. As long as no structural heterogeneities were present in the transition state ring, a simpte Evans
Polanyirelationship was shown to capture the activation energy as a function of heat of reaction for reactions
in the 1,5-hydrogen shift family. For peroxy radicals undergoing self-abstraction of a hydrogen atom in the
1,5-position, the activation energy was calculate&acal mol?) = 6.3+ AH, (kcal mol?). For reactions

with a carbonyl group embedded in the ring of the transition state, the activation energy of peroxy radicals
undergoing self-abstraction was correlatedeaékcal molt) = 18.1+ 0.74*AH, (kcal molY). The impact

of the size of the transition state ring on the activation energy and pre-exponential factor was also probed,
and it was shown that these effects can be described using simple nonlinear and linear fits, respectively.

1. Introduction reactions are driven by the growth of peroxy radicals RO
o . ) which are formed from the very fast addition of molecular
The low-temperature oxidation of hydrocarbons is of interest oxygen to primary radical species. Subsequent isomerization
to rese_arc_hers ina number of diff_ere_nt fie!ds. Examples i_nclude of ROy species leads to hydroperoxyalkyl radica®QOH)
the oxidative degradation of lubricating difsand combustion  hat are able to directly yield molecular products or introduce
of fuels in novel engine$ Despite decades of detailed experi- i nctional moieties along the hydrocarbon backbone. Wijaya
mental and theoretical investigations, a number of fundamental ot 513 have recently performed a thorough investigation of the
questions remain unanswered about elementary step reactiolaie of *‘QOOH in the low-temperature regime. Herein we
networks that can describe the low-temperature condensed-phasg,yestigate the isomerization reactions that lead to the formation
oxidation of large hydrocarbons. One main obstacle in answering o *QOOH.
these questions i_s the accurate resolution_ of the kinetic |yiramolecular hydrogen transfer reactions of Repecies
parameters of the important elementary reactions. are difficult to study experimentally, and kinetic parameters must
The fundamental reaction pathways in condensed-phaseoften be inferred from data rather than directly measured.
oxidation are basically well established and have been reviewedDenisova and Denisd¥tabulated a number of the experimen-
extensively including recent comprehensive reviews by Emanuel tally available rate constants for unimolecular hydrogen shifts
and G& and Denisov and DenisovaHowever, successful  of peroxy radicals. In their review of condensed-phase oxidation,
generation of a large-scale complex reaction network requires Mill and Hendry!2 give accepted experimental values for the
kinetic data for hundreds or thousands of reactions, and in the pre-exponential factor of intramolecular abstraction by peroxy
case of condensed-phase oxidation, published data can beadicals of logA (1/s) equal to 12.5, 11.5, and 11.0 for ring
contradictory or lacking altogether. Therefore, the use of kinetic sizes (transition state) of 5, 6, and 7, respectively. Van Sickle
correlations, or structurereactivity relationships, has become and co-workers studied the 1,5-hydrogen shift (six-membered
widespread in the modeling community as a means of estimatingring formed) of 2-peroxy pentarié.They reported a unimo-
rate coefficients of reactions in large-scale mechanisms. In thelecular rate constant of 0.87sat 373 K. The 1,5-hydrogen

case of bimolecular atom-transfer reactions, the Blowbtasel shift of 2-peroxy-2,4-dimethylpentane was reported by Mill and
correlation has been shown to be particularly effective in Montorsi® to have a rate constant of 18sat 373 K. Mill and
estimating the activation ener§yhe Blowers-Masel correla- Hendry'3 derived a rate constant of 8%sat 373 K from the
tion is an improvement upon the classic Evaf®lanyi data of Rusf for the 1,6-hydrogen shift of 2-peroxy-2,5-

correlation? which has been shown to work well for a number dimethylhexane. Given the experimentally accepted rate con-
of different elementary reaction types in free radical chenfst®.  stants and pre-exponential factors, it is possible to derive
One reaction class that is of particular interest in the early activation energies of 19.7, 17.5, and 17.2 kcal Thébr these
phase of oxidation is intramolecular hydrogen tran&fdhese three reactions, respectively.
There have been few attempts to theoretically characterize
*Corresponding  author phone:  (847) 491-5351; Email: the intramolecular hydrogen shift reactions of peroxy radicals.
broadbelt@northwestern.edu. Denisova and Denisé¥ estimated activation energies by
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applying an analogue of the Marcus equation. Their method O+ H

requires a priori knowledge of both the dissociation energies » .
as well as the frequencies of bonds being broken and formed

in the reaction. To accurately apply this method to a wide range .

of systems, a rigorous quantum mechanical treatment would

H
be necessary in order to obtain these unknown quantities. An - > S
alternative approach is to use transition state theory (TST) to

obtain rate constants applicable in the condensed phase as well, M >
as in the high-pressure limit. \//\/I\
Quantum mechanical studies of this reaction class are limited
to the works by Chan and co-workétsand Merle and
co-workerst” Chan et al. studied the self-abstraction by peroxy W —_— m
radicals for a small series of aliphatic hydrocarbons using the
BHandHLYP functional with a 6-311G(d,p) basis set. It was
recently demonstratédhat BHandHLYP has the potential to
be a predictive tool for studying kinetics of some peroxy radical W E— W
reactions, but not without including corrections for internal
rotation and errors associated with the peroxy ligand. Merle et
al. studied the unimolecular isomerization of thpropylperoxy 6 E—
radical using B3LYP/6-3+G(d,p) and CBS-QBS3.
The purpose of the present work is to study the intramolecular o
hydrogen transfer of several peroxy radicals using quantum 7 % B
mechanical calculations. The effect of substituents and transition
state (TS) ring size will be used to elucidate kinetic correlations
suitable for calculating rate constants in the high-pressure limit.
In the past several years, the B3LYP functional has been used 8 W - = Y]\/
extensively in similar kinetic studies. Balderas and co-workers H
have recently provided an extensive evaluation of many quantum

mechanical methods for several addition reactirsowever,
a broader consensus as to which basis set is appropriate for W —>W
various systems is still lacking. To help guide selection of an o M OOH

appropriate method, we studied the three reactions for which

experimental data is available as noted above using the B3LYP o

functional with seven different basis sets as well as BHandH- 10 Ho [ — 3 CH;COCH; + OH
LYP/6-311G(d,p), MP2/6-31£G(d,p), G3(MP2), G3//B3LYP, \r

and CBS-QB3 methods. The BHandHLYP/6-311G(d,p) func-

tional and basis set were selected for comparison with previously S, OOH
obtained results using this level of thedrt These reactions —_— .
are pictured as reactions—38 in Figure 1. A larger set of 11 H

reactions (reactions 411 in Figure 1) was studied at the
B3LYP/6-31HG(d,p) level of theory to develop kinetic cor-  Figure 1. Intramolecular hydrogen abstraction reactions involving

relations for estimating rate constants or developing reaction PEroxy radicals studied using quantum chemistry. For brevity, each
mechanisms. reaction is given a numerical identification.

type basis sets as well correlation consistent basis sets of
Dunning. Within the Pople formalism split-valence double and
All molecular orbital (MO) and density functional theory triple-g basis sets optionally including d, f, and p-type polariza-
(DFT) calculations were completed using the Gaussialf 03 tion functions on first or second row atoms as well as an optional
software package. At each level of theory and basis set, thesingle set of diffuse functions on first-row atoms were used.
geometries of all reactants and products were optimized to The different basis sets examined were: 6-31G(d), 6-31G(d,p),
minimum energy structures using the Berny algorifimransi- 6-311G(d,p), 6-311G(d,p), 6-31#G(df), and 6-31FG(3df,-
tion states were identified as first-order saddle points on the 2p). For further comparison, restricted open-shell wave functions
potential energy surface. After locating a TS of a particular ring were used in two of the B3LYP cases; unless noted all
size, other similar transition states were located efficiently and calculations are done with unrestricted, open-shell wave func-
successfully using the quadratic synchronous transit (®T3) tions. A single calculation using a correlation consistent basis
method. All transition states were first validated by verification set was carried out employing polarized valence triple-
that only one large amplitude imaginary frequency was presentfunctions augmented with diffuse functions (B3LYP/cc-
in the proposed TS. The true reactant and product(s) corre-pVTZ+d). Additionally, for comparison with results obtained
sponding to each TS were obtained by using intrinsic reaction previously31! the Becké? half and half functional, BHandH-
coordinate following?? LYP, was used with a single basis set, 6-311G(d,p). Structures
Transition states were determined using a number of different optimized using MP2/6-3G(d,p) allowed further compari-
MO and DFT prescriptions. In response to its immense sons to be made. The results were additionally benchmarked
popularity in the literature, we screened BecK&'shree using high-level extrapolation methods. Two composite methods
parameter hybrid functional, B3LYP, most extensively. Seven that have been shown to provide accurate results in radical
different basis sets were employed including Pople Gaussian-chemistry2* CBS-QB3® and G3//B3LYP2® were used. Calcula-

2. Computational and Theoretical Details
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tions were also performed using G3(MP2n order to probe bonds, angles, and dihedrals were analyzed using the internal
the effect of a high-level correction using MP2 optimized mode analysis provided by Gaussian 03. In large molecules,
geometries. Accepted B3LYP scaling factors of 0.9806 for zero- there is often substantial mixing of vibrational modes resulting
point energies and 0.9614 for other calculations, e.g., partition in a number of low frequencies corresponding to multiple
functions, were usetf.Scott and Radom optimized these scaling different internal rotations. Potential problems arising from this
factors specifically for the 6-31G(d) basis set, but given the mixing of vibrational modes have recently been outlig&@ur
absence of scale factors for other basis sets, it has becomeresent approach is to use the internal mode analysis to identify
commonplace to scale results using these values for B3LYP, a single low-frequency vibration for each internal rotation in a
regardless of the basis $é€° Finally, solvation effects were  given molecule. Thus, the HO partition function for a molecule
studied using a polarizable continuum model (PCMIhe with n dihedral angles was corrected by (i) removing the
solvent cavity was established using radii obtained from the contribution of n low-frequency vibrational modes and (i)
universal force fielé! with hydrogen atoms explicitly defined.  including the contribution ofi internal rotations.
Full geometry optimization and energy calculations were  Once the partition functions for each reactant and transition
performed withn-heptane as the solvent using B3LYP/6-31G- state were corrected for internal rotation, the rate constant as a
(d). function of temperature was calculated using the standard
Using the optimized geometry and frequencies obtained from expression,
a Hessian calculation, the total microcanonical partition function
can be calculated for each molecule within the rigid-rotor k,T Q*(T)
harmonic oscillator (HO) assumption. The formulas for elec- Krgr= rpd*K(T)Wr— exp(—Ey/RT) (2
tronic, translational, rotational and vibrational partition functions Q(M
are well establishe#. However, the HO approximation incor-
rectly treats low-frequency rotations as harmonic oscillators. If Whererpd is the reaction path degeneracy, determined by the
left uncorrected, this can induce substantial error in calculated Number of identical hydrogen atoms a particular radical can self-
kinetic and thermodynamic data. Internal rotations whose barrier abstractQ* andQ" are the total partition functions for the TS
to rotation is much less than kT are characterized as free rotorsand reactant, respectively, afd is the reaction barrier, i.e.,
and corrected easifi. In the temperature range of interest to the zero-point corrected difference between the ground-state
the current study (3061000 K), the barrier to rotation for all ~ €lectronic energies of the TS and the reactant. The qua(Tijy
dihedrals is on the order of kT, therefore requiring that internal is the correction for quantum tunneling. To quantify the effect
rotations be treated as hindered rotors. Our approach in treating®f quantum tunneling on the reactions of interest here, we
internal rotation was similar in principle to previously reported calculated various approximations to the transmission coefficient
method€234First, the hindrance potential energy surface (PES) including the Wignet° correction, the Eckart approximatioh,
for each rotation about polyvalent single bonds was obtained the zero-curvature approximation (ZC¥),and the small
by scanning the dihedral angle in3@crements. The dihedral ~ curvature tunneling (SC¥) approximation. Calculation of the
angle was fixed and the rest of the structure was allowed to Eckart, SCT, and ZCT corrections was performed using the
relax with the geometry optimized using the B3LYP/6-31G(d) software package “Virtual Kinetic Laboratory” of Zhang and
level of theory. Although rigid scans are more computationally Truong?? Once the temperature-dependent partition functions
efficient, significant errors were encountered due to the branch- Were known, rate constants as a function of temperature were
ing of the molecules under consideration. In particular, the calculated, and the Arrhenius parameteendE, were obtained
peroxy radical and hydroperoxide moieties gave nonphysica| from a Straight-line fit of Ink vs 1/T. Unless otherwise Stated,
PES results when the superstructure was kept rigid. Exampleswe used a temperature range of 3A®00 K for regression of
of this are provided in the Supporting Information. To preserve A andEa. To calculate the enthalpy of reaction, all thermody-
the structure of the reactive center during relaxed PES scans ofi@mic parameters were obtained from ensemble energy averages
transition states, all coordinates that constituted the ring of eachlECuUsing standard formulés.
transition state were frozen, while all other coordinates except ~Thermochemistry of Peroxide SpeciesAlthough the B3LYP
the dihedral angle being scanned were optimized. Once the PESunctional has been repeatedly shown to give accurate results
for each rotation was obtained, the one-dimensional $ahger for the heat of reaction and heat of formation, especially when
equation was solved in order to obtain the energy levels for compared to other methods of similar computational cost, it has
each rotation. This step was performed using the Fourier gr|d been documented that B3LYP systematically gives errors in the
Hamiltonian (FGH) method developed by Marston and co- bond dissociation energy of the-@ and O-H bonds in
workers3536To obtain the correct energy levels, the numerical hydroperoxide moietie3?*? The standard approach is to use
algorithm for the FGH method was implemented using published isodesmic reactions to obtain a corrected heat of formétion.
source codé’ The energy levels from this calculation were used Although this correction for reactants and products is straight-
to calculate the partition function for each internal rotation as forward, an analogous treatment for the TS is not obvious.
a function of temperature: Therefore, the heats of reaction reported are the difference in
the quantum chemical enthalpies between the reactant and
1 € product species, which offered a method that was consistent
Q= —Zgi exp —— Q) with the manner in which the activation energy was calculated
0.5 KT, for the structure/reactivity relationships that were developed.
Treatment of Rotational Isomers. It was observed that in
whereo; is the internal symmetry number of the rotating top some cases the IRC-derived reactants were not the minimum
andg; is the degeneracy of thi¢h energy levelg;.?° energy structures. Subsequent rotation of theédbond in the
In making the correction to the HO partition function, the peroxy radical or rotation about the backbone of the molecule
vibrational modes corresponding to internal rotation must be could yield a reactant lower in energy typically by no more
identified and their contribution to the HO partition function than 1 kcal mott. While these were relatively subtle differences,
removed*38For each vibration, the contributions from various it was still important to account for them in the evaluation of
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methods and development of the structure/reactivity relation- using B3LYP/6-31G(d). As shown in Table 1, the PCM model
ships. For reactants in which a lower energy structure was found,does not result in any appreciable change in the calculated

the following modified rate constant was used: kinetic properties or enthalpy of reaction. This agreement
between gas-phase TST calculations and condensed-phase
Kapparent= K;‘;‘('I')* Krs(T) 3) kinetic data has also been observed for other reaction clésses.

However, it is important to note the rate of hydrogen abstraction
whereK is the equilibrium constant between two rotational In the condensed phase has also been shown to be a strong

isomers: function of the polarity of the solvert.
These results add to the growing database of activation
Kot = g~ AGP(D/RT 4 energies predicted by B3LYP, which collectively suggests that
eq— € 4)

B3LYP does not exclusively under- or overestimate reaction

Thus, the activation energy and pre-exponential factor were barriers. Furthermore, it is not generally possible a priori to state
regressed from a fit of Iiggparent versus 1T. A full derivation in which direction B3LYP will err. For example, Wijaya and

of this relationship is provided in the Supporting Information. CO-worker report an underestimation by B3LYP of the barrier
height for different cyclization reactions while Henry and

3. Results and Discussion Radont® report that B3LYP always overpredicts the barrier for

Effect of Basis Set on Results Obtained from the B3LYP the cyclization of but-3-enyl-radical. The heats of reaction are

Functional. Results for the comparison of 16 different methods not available from experiment, but two observations can be
and the 3 different reactions studied in detail (reaction8 in drawn based on the results provided. First, results from very

. - . i e . small basis sets deviate strongly from the CBS and G3 methods,
Eﬁﬁ;et;[))l‘zrﬁ;{sé%?_f(g?:ll:ullé&hniﬂr:trfﬁrsgg'\?v?t;]nisg%g:ﬁft:on with errors as large as 4 kcal mél Moving to very large basis
larger basis sets. The one non-Pop le basis set used Wasgii)s/te ets improves the agreement with the CBS and G3 results, with

9 : . P o : ome B3LYP heats of reaction higher than the CBS-QB3 values
as the last of these 11 for clarity. The bottom five lines in each 1 . .
. ; : ~ by only 1 kcal mof?. Finally, it is worthwhile to note that the
section of Table 1 contain results for these reactions with

different MO, DFT, and hybrid methods. The results show that barriers calculated using BSLYP/.6-3ﬂ3(3df.,2p) difer from
. . - those calculated using single point calculations from the same
the choice of the basis set has a strong impact on both the

reaction barrier and the heat of reaction. As expected, increasingzg‘)ethﬁgi:Utﬂ\ive'thsr%z?lrgsetmbeassizptslzt'ZFGd_;l%rEg))B ?I(;:(P/eG(;fnlect;r-
the size of the basis set generally improves the agreement® 9 9 y

between the B3LYP results and experimental data or results °Pim'zation and the largest basis set (6-3G(3df,2p)) for

from the high-level compound methods. With one exception in single pc_)int_ _calculations gives a_ctivation energies that may
which the calculated activation energy was equal to the deviate significantly from the experimental, CBS, and G3 results.

experimental value, all of the B3LYP methods overestimate the  ItiS nextinteresting to compare the five higher level methods
experimental activation energies. This corresponds to an un-in the bottom of each section of Table 1 with each other. E?amers
derprediction of the reaction rate coefficient. One possible calculated at the MP2 and G3(MP2) levels of theory are in very
explanation for this could be the type of calculation used to POOr agreement with the experimental data for all three reactions.
estimate the contribution of quantum tunneling, but our results TO test if the cause of this discrepancy was from the optimized
show that the type of tunneling correction used did not change 9eometries or from the single point/hybrid energies, we
the calculated activation energies significantly. We calculated calculated the G3//B3LYP energy of the reactant and TS of the
the Eckart, ZCT, and SCT transmission coefficients for reactions MP2/6-311G(d,p) optimized structures for reaction 2. The
1 and 2 using the B3LYP/6-31G(d) and B3LYP/6-3G(d,p) calculated activation energy was nearly identical to the full G3//
basis sets. The Wigner correction was a good approximation BSLYP activation energy, thus indicating that the energies
of the SCT transmission coefficient (within a factor of 2 or less calculated using MP2 are poor. The BHandHLYP/6-311G(d,p)
at the temperature range of interest (373 K)). Accordingly, we method also substantially overpredicts the activation barrier
calculated all kinetic data in Table 1 using the Wigner correction. compared to the CBS-QB3 method. Despite their poor predic-
Furthermore, the transmission coefficient had a maximum value tions of the barrier height, BHandHLYP/6-311G(d,p), MP2/6-
of 3.7 at 300 K for the reactions we studied, which is much 311+G(d,p), and G3(MP2) still give pre-exponential values that
lower than that observed for intermolecular hydrogen transfer are in good agreement with the value obtained from CBS-QB3,
reactions of small molecules studied by Truong and co-wotkers and the heats of reaction are in reasonable agreement with the
and Gonzalez-Lafont and co-workéisThe small contribution B3LYP values using large basis sets. In comparing the two
of tunneling is consistent with the adiabatic ground state hybrid methods, the results reveal that in the case of the first
potential clearly showing aery late transition state. The and second reactions, CBS-QB3 gives results that are much
potential is nearly flat as the reaction goes from the transition closer to the experimentally reported values, whereas the
state to the product hydroperoxide radical (forward direction experimental values for the third reaction more closely match
as depicted in Figure 1). Because tunneling is not observed tothe G3B3 results. However, each activation energy was obtained
have a strong impact in these reactions, it is not surprising thatfrom a single source without any repeatability reported.
for each reaction in Table 1, a plot of knversus 1T gave a Therefore, the comparison set is too limited to draw any
perfect straight-line fit, thereby validating our method of definitive conclusion about the superiority of either of these
obtaining the Arrhenius parameteksand E,. methods. Additionally, in all cases, the calculated rate coef-
Because we are seeking kinetic correlations for use in ficients krst(373K)) from the CBS-QB3 method give the best
condensed-phase hydrocarbon oxidation chemistry, we testecagreement to the available experimental data. For calculating
the sensitivity of the calculated data to the presence of a nonpolarrate coefficients, the G3//B3LYP method performs noticeably
solvent, i.e., a typical oxidation substrate of interest. We used better than pure B3LYP methods for reaction three, but at a
the PCM model to simulate a solvent cavitywheptane and comparable (or lower) level of accuracy for reactions 1 and 2.
reoptimized the reactants, TS, and products for reactiet 1  For example, in the data set for reaction 1, B3LYP/cc-p\WtiZ
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TABLE 1: Comparison of Basis Set and Method for Three Intramolecular Hydrogen Abstraction (Reactions +3 in Figure 1)

reactants transition state

method Eo® AHxn® Ef logAe  krst(373 KY Vir9 M vir9 vl =M

reaction 1 C(CHz)2(0O2")CH2CH(CHg)2 — C(CHg)2(O2H)CH,C+(CHs)2
6-31G(d 19.8 17.8 21.1 10.8 2.Z310% 47,75,110,181,207,229,242 0.753 193,201,205,229626 0.756
6-3lG(d; 194 17.2 20.6 10.7 4.26107?
RO 6-31G(d) 20.0 17.7 21.2 108 238102 47,75,111,181,207,229,242 194,201,205,2251695
6-31G(d,p) 18.0 155 19.2 10.8 3.5410' 48,76,111,180,209,219,243 0.753 195,200,206,224.610 0.756
6-311G(d,p) 17.7 143 19.0 10.7 3.6910% 47,76,111,178,202,215,243 0.754 194,197,206,221653 0.756
6-311+G(d,p) 17.7 137 18.7 10.6 4.3910°% 48,75,103,178,208,228,242 0.754 193,200,205,2271654 0.756
RO 6-311-G(d,p) 17.8 13.6 18.8 10.6 3.8810°' 48,75,104,178,208,228,242 194,200,205,2271713
6-311+G(df) 20.2 16.7 21.3 10.7 1.66102 55,77,99,178,213,220,245 0.754 194,203,206,228694 0.757
6-311+G(3df,2p) 17.4 134 18,5 10.7 7.2410' 47,72,101,177,208,228,242 0.755 192,199,204,224675 0.757
6-311+G(3df,2p)" 16.6 13.4 19.1 10.8 4.0510% 47,75,110,181,207,229,242 0.753 193,201,205,229626 0.753
cc-pVTZ+d 17.4 13.6 18,5 10.7 7.2410°% 44,74,106,178,204,227,240 0.754 194,196,204,224.666 0.756
MP2/6-311-G(d,pp 341 17.7 35.7 106 4.7910' 60,66,93,180,221,232,259 0.763 208,215,228,252033 0.794
BHandHLYP/6-311G(d,p) 23.4 14.7 24.7 10.7 1%80* 51,76,119,187,217,234,256 0.757 206,210,219,242133 0.765
G3(MP2) 43.7 13.7 44.8 109 4.4510°16 48,71,124,193,241,252,267 0.761 262,302,315,33@777 0.797
G3\B3LYP 179 129 19.2 10.8 3.5410' 47,75,110,181,207,229,242 0.753 193,201,205,229626 0.756
CBS-QB3 16.3 123 175 106  2.22 44,79,111,178,200,219,244 0.754 185,202,215;2883 0.756
experimental 175 115 18

reaction 2 CHC(O»*)H(CH2)2CH3z — CH3C(OH)HCH,C-HCH3
6-31G(d) 240 19.6 23.1 109 2.3110°% 71,79,108,169,206 0.753 193,210 —1628 0.757
6-31G(d¥ 235 19.1 225 108 4.1810°
RO 6-31G(d) 249 20.2 239 108 6.2410* 78,86,107,176,241 187,208 —-1711
6-31G(d,p) 22.7 179 21.7 10.8 1.21102  73,84,106,176,234 0.753 189,206 —1637 0.756
6-311G(d,p) 225 16.8 215 10.8 159102 77,82,104,176,232 0.753 189,197 —1682 0.756
6-311+G(d,p) 22.3 16.3 21.3 10.8 2.0810% 71,79,108,176,230 0.754 190,203 —1690 0.757
RO 6-31H-G(d,p) 225 16.0 215 10.8 159102 71,81,108,176,230 191,203 —1753
6-311+G(df) 251 19.2 241 108 4.7610“4 68,78,104,176,231 0.754 191,206 —1726 0.757
6-311+G(3df,2p) 22.1 158 21.1 10.8 2.23102 72,80,109,176,227 0.755 187,202 —1716 0.757
6-311+G(3df,2p) 20.6 19.7 109 22% 10! 71,79,108,169,206 0.753 193,210 —1628 0.757
cc-pVTZ+d 21.3 153 20.4 108 7.02102% 39,76,106,167,200 0.754 188,201 —1703 0.757
MP2/6-31H1-G(d,p)’ 40.6 19.3 39.4 10.7 4101018 67,73,109,175,242 0.763 213,215 —2098 0.796
BHandHLYP/6-311G(d,p) 27.6 16.0 26.3 10.8 2x480°5 54,80,112,171,214 0.756 202,211 —2190 0.765
G3(MP2) 40.9 15.3 389 9.9 1.281071% 73,87,117,179,237 0.761 124,163 —2979 0.800
G3\\B3LYP 217 147 20.8 109 5.16102 71,79,108,169,206 0.753 193,210 —1628 0.757
CBS-QB3 20.2 144 19.3 109 3.9010' 47,77,107,167,202 0.754 189,197 —1682 0.756
experimental 19.7 115 8x10%?

reaction 3 C(CHg)z(Oz’)(CHz)zCH(CHg)z - C(CH3)2(02H)(CH2)2C:'(CH3)2
6-31G(d) 20.0 16.6 199 94 5.4810°% 49,79,99,139,198,207,230,230  0.753 197,204,219,230628 0.757
6-31G(d¥ 19.7 16.2 19.6 94 8.22 10°3
RO 6-31G(d) 20.3 16.4 201 94 4.19 10°%  49,79,99,140,198,207,230,231 198,204,220,2311758
6-31G(d,p) 18.3 143 18.0 94 7.32102 50,80,100,141,197,209,230,231 0.753 199,205,219,231654 0.756
6-311G(d,p) 179 131 17.7 9.3 8.48102 50,81,100,143,193,207,225,229 0.754 197,206,216,232695 0.757
6-311+G(d,p) 17.8 131 18.0 9.3 5.66102 49,76,95,138,198,209,226,228 0.754 196,207,218,232702 0.757
RO 6-31H-G(d,p) 179 1238 18.1 9.3 4.94 102  49,76,95,138,199,208,226,229 196,207,218,2321773
6-3114-G(df) 20.2 16.0 204 93 2.22 10® 51,72,96,140,201,211,227,232  0.754 196,207,220,232740 0.757
6-311+G(3df,2p) 17.7 128 18.0 9.3 5.661072 46,72,92,133,198,206,226,228 0.755 194,205,216,231730 0.757
6-311+G(3df,2py" 16.7 193 94 1.2% 1072  49,79,99,139,198,207,230,230 0.753 197,204,219,230675 0.757
cc-pVTZ+d 17.8 129 18.0 9.3 5.66 102 46,75,95,137,196,206,226,227  0.754 195,204,215,231721 0.757
MP2/6-31H1-G(d,p)’ 342 184 349 93 7.0% 1072 60,86,108,143,203,223,228,242 0.763 213,223,227,238164 0.794
BHandHLYP 234 137 23.0 9.2 5.2810° 50,85,106,149,206,218,233,241 0.757 210,220,223,239214 0.765
G3(MP2) 47.0 12.0 447 7.5 2.03107%° 43,79,103,153,217,239,246,257 0.761 83,95,198,254-2875 0.797
G3\B3LYP 179 10.6 16.7 9.4 414101  49,79,99,139,198,207,230,230  0.753 197,204,219,230675 0.757
CBS-QB3 16.5 10.6 159 9.3 9.6210°1 50,81,100,144,194,208,226,229 0.754 197,206,216,232695 0.757
experimental 172 11 8

aUnless alternate MO or hybrid method is given, the B3LYP functional is used and only the basis set is pfoRigction barrier (in kcal/
mol). ¢ Heat of reaction (in kcal/mol) at 298 K Arrhenius activation energy (in kcal/moBPre-exponential factor (in 1/s)Rate coefficient (in
1/s) at 373 K8 Frequencies (in cri, unscaled) which were identified as hindered rotéiExpectation value of the total spin for the reactants and
the transition state$lmaginary vibrational mode (in cm) of the transition staté.Lower energy rotational isomer of IRC-derived reactant or
product was found, and eq 3 was used to calculate the pre-exponential factor and activation energy for the forward (@ectiwtry optimization
and energy calculation performed using UB3LYP/6-31G(d) and a PCM model using the propenriéemtiine to describe the solvent cavity.
I Calculation performed with restricted-open shell wavefunctiéfGeometry optimization performed at UB3LYP/6-31G(d) with single point and
frequency calculation at given basis se#MP2 scaling factors of 0.9670 (ZPE) and 0.9434 (fundamental frequencies) were used according to the
recommendation of Scott and Radén.

gives a rate coefficient of 7.24& 107! (1/s), whereas the  G3//B3LYP for the reactants of reactions 2 and 3 in Figure 1.
prediction of G3//B3LYP is 3.54 1071 (1/s). Both calculations ~ The largest basis sets that most closely approximate the hybrid
are far from the single experimental value of 18 (1/s), but the methods cost slightly more than the CBS-QB3 calculation,
cc-pVTZ+d value is a factor of 2 closer. whereas G3//B3LYP is noticeably more expensive than the other
Given the variability of the results from all of the different methods. The high computational cost of G3//B3LYP is due
methods and basis sets, it is instructive to compare their almost entirely to the single point calculation using the MP4/
computational cost. Figure 2 gives the relative computational 6-31G(2df,p) level of theory. On the basis of the relatively good
cost for B3LYP using the 6-31G(d), 6-31G(d,p), 6-31#G- performance of the B3LYP/6-3#1G(d,p) calculations on all
(3df,2p), and cc-pVTZd basis sets, as well as CBS-QB3 and three reactions and its modest computational cost, we selected
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pre-exponential factor to decrease with increasing ring size. The
proportional decrease in the pre-exponential factor with increas-
ing ring size is clearly seen in the plot of the pre-exponential
400 - . factor as a function of ring size in Figure 3. Although the
correlation is empirical, it can be explained based on changes
in internal rotations, and the straight line behavior of the pre-
exponential factor as a function of ring size may offer a simple
template for the development of structueactivity relation-
ships for systems in which intramolecular hydrogen transfer
plays an important role.

200 - — A Simple Structure—Reactivity Relationship to Describe

1,5- Intramolecular Hydrogen Transfer. For reactions in the
1,5-hydrogen shift family, structural changes were introduced
via substitution of various groups and atoms along the backbone
i % i to create diversity in thermodynamic and kinetic parameters of

Relative CPU Time

the reaction as delineated by reactiors2land 4-9 in Figure

1. Starting with a very small substrate (reaction 6), we
systematically introduced additional substitutions both near the
hydrogen undergoing abstraction as well as the peroxy radical
moiety. This approach ensured that a broad range of heats of

==

6-31G(d) 6-311+G(d.p) 6-311+G(3df,2p) cc-pVTZ+d CBS-QB3 G3//B3LYP

Figure 2. Comparison of computational cost for the B3LYP functional
with several basis sets and two hybrid methods. Two reactants are

compared: CHC(O,)HCH- (white bars) and C(Ch(O2)(CHz).CH- reaction was explored, thus creating a more general structure
(CHg), (striped bars). All times are relative to the B3LYP/6-31G(d) reactivity relationship. It is interesting to note that even though
calculation of CHC(O,")HC3H>. almost all degrees of substitution were explored, there were no

forward reactions with a heat of reaction less than 8.5 kcal
this basis set to study other substituent and structural effects inmol~1. In addition, we investigated the effect of introducing
this reaction family. Our performance criterion was based on structural changes to the TS ring by adding a carbonyl linkage
the ability of a given method to accurately calculate the tg reactions 6, 2, and 5 to create carbonyl-containing reactants
activation energy. This is based on an approach for estimatingin reactions 79, respectively. Thermodynamic and kinetic data
reaction rate coefficients that is often applied to large reaction for 16 reactions (forward and reverse pairs) considered are
mechanisms that consist of thousands of reactions in which asymmarized in Table 3, and the heats of reaction and activation
representative frequency factor is assumed for all reactions iNenergy data in Table 3 are plotted in Figure 4. Also included in
a given reaction family and the activation energy for individual Tap1e 3 are data for reaction 8 calculated using CBS-QB3.
reactions is calculated using structtreactivity relationships For the forward reactions. the first five reactions listed in
based on thermodynamic propertfe8:**Although CBS-QB3 dTabIe 3 fall on an EvansPoIz:{nyY correlation, i.e.Ey = E; +

would be the best choice based on agreement of the calculate
9 0AHn. The parameters regressed from these dateEare

rate coefficients with experimental data, a full exploration of 3 keal mot® anda = 1. Th dqt ¢ Hicient
substrate size and substituent effects is not feasible using sucl’?' Kcal mol ~anda. = 1. The regressed transter coetlicien
indicates that this reaction family is more sensitive to the

an expensive hybrid method due to the large number of reactions, ; .
proposed for study in Figure 1 as well as the poor scaling of |nfl_uen_ce of substltuents than |_ntermolecular hydr_o_gen transfer,
hybrid methods. Therefore, we selected B3LYP/6-8GLd,p) whlch is often apprommgted with a.transfer coefflqlent of ©.8.

as a good compromise between cost and accuracy for calculatin” this case, the approximated activation energy is the heat of
activation energies. Combining the calculated activation energies'€action added to the intrinsic reaction barrier. The best fit for
with a representative frequency factor based on experimentalthe activation energy of the reverse reactions as a function of
data would yield values of rate coefficients in very good heat of reaction is a straight line with a slope equal to zero and
agreement with experiment. an intercept equal to the intrinsic reaction barrier for the forward

Effect of Ring Size.To probe the effect on the rate coefficient r?a(_:]:[.iogsb of 6.3 keal rr]noIL. I'l'his inthilpic ¢ConSiStefnCy is
for this class of reactions of the relative position from which Clarified by examining the relationshig, = AH* + nRTfrom

the hydrogen was abstracted, we varied the ring size of the ransition state theory, where is the molecularity of the
transition state from four to seven. The four-membered ring reaction. When manipulated algebr_alcally_, this equat_lon r(_aveals
corresponds to a 1,3-hydrogen shift and the seven-membereo_that for forward and reverse reaction pairs of r_eactlons in the
ring results from a 1,6-hydrogen shift. The degree of substitution Intramolecular hydrogen transfer reaction family, the sum of
of the carbon atoms attached to the reacting hydrogen and tothe transfer coefficients is equal to 1, anq the intrinsic barneys
the OO moiety was the same for all four reactions so that rate are equal, as observed here. In the practice of creating detailed
constants could be compared fairly. The four reactions examinedkinetic models, overall thermodynamic consistency would be
are reactions 1, 3, 10, and 11 in Figure 1. The activation energiesenforced by using only one of the two Evarfolanyirelation-

and pre-exponential factors are summarized in Table 2. The ships to calculate the rate coefficient in one direction while the
relationship between ring size and activation energy is a other would be calculated based on a known equilibrium
decreasing, nonlinear function as seen in Figure 3. The decreasgonstant. However, the two distinct Evarolanyrelationships

in the activation energy is particularly marked beyond a ring are clearly enthalpically consistent within the approximation of
size of six as the ring strain becomes minimized. As the ring Ea = AH* + nRT, and thus, each relationship may be used
size of the TS is increased, an additional internal rotation is independently to estimate the activation energy depending on
lost or frozen within the TS ring structure. Thus, the partition the specific type of reaction of interest. A transfer coefficient
function for the reactant increases more than the partition of one is also known to correspond to a very late transition
function for the TS as the ring size is increased, causing the state that is consistent with the IRCs calculated.
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TABLE 2: Comparison of Activation Energy and Pre-Exponential
from 4 to 72

J. Phys. Chem. A, Vol. 110, No. 37, 20080869

Factor as the Ring Size of the Transition State Is Varied

reaction TS ring size EL log A (1/s)
CH3;CH(O;)CH3z — CH;COCH; + HO* © 4 41.6 12.6
(CH3)2C(O5")CH(CHa)z — (CH3)2C(O:H)C+(CHs)2 5 28.0 115
C(CHs)2(O2")CH,CH(CHg), — C(CHg)2(O-H)CH,C+(CHs)2 6 18.7 10.6
C(CHy)2(02?)(CH2)2.CH(CHs)2 — C(CHs)2(O2H)(CH,)2C+(CHs)- 7 18.0 9.3

aGeometry optimization and energy calculations were performed using B3LYP/6G(tlp).° Quantity in kcal mot™. ¢ The 1,3-hydrogen
shift creates the unstabi€EOOH containing radical, which directly yields tifescission products shown in the table.
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Figure 3. Variation of Arrhenius activation energy and pre-exponential
factor with transition state ring size. A regression line is given to show
the variation of each parameter as the ring size is increased.

Blowers and Masélhave proposed a modified form of the
Marcus equation to estimate the activation energy of hydrogen

transfer reactions for endo- and exothermic reactions using a

single formulation as shown in eq 5.

0 for AH,J4E, < —1
E,={ E,(1+ AH,J4E)? for —1 < AH,JAE, <1 (5)
AH,, for AH,, J4E, > 1

Their proposed relationship is second order in the heat of

transfer reactions. We varids} to fit our data to the Blowers
Masel relationship, but the fit was very poor due to the inability
of the Blowers-Masel relationship to asymptotically approach
a nonzero value for strongly exothermic reactions. A modified
Blowers—Masel relationship in which a constant was added to
the equation for each regime in eq 5 fit the data well with a
value of E, = 3.7 kcal mot! and a constant factor of 6.2 kcal
mol~t. This suggests that the intrinsic barrier for strongly
exothermic reactions approaches a value of 6.2 kcal~ol
instead of zero for this class of reactions. However, because of
the lack of data in the endo- to exothermic transition region, it
is not possible to estimate whether the Blowers-Masel relation-
ship is superior to the simple EvanBolanyirelationship.
Reactions 79 are also plotted in Figure 4 and clearly fall
on a different correlation than the corresponding reactants
without carbonyl groups. The calculation for reaction 8 was
repeated using CBS-QB3 to verify that higher-level methods
also capture this difference. The data in Table 3 show that
B3LYP/6-31H-G(d,p) and CBS-QB3 are in very good agree-
ment. Linear regression shows that the data for reactants
containing a carbonyl linkage in the TS ring have a different
Evans-Polanyirelationship. The intrinsic barrieE,, is 18.1
kcal mol* and the endothermic/exothermic transfer coefficients,
o, are 0.74 and 0.26, respectively. Although these transfer
coefficients are much more similar to typical hydrogen transfer
values, the intrinsic barrier is much larger than typical hydrogen
transfer values of 710 kcal molL. One possible explanation
for this is increased ring strain due to the carbonyl linkage. Also,
in the product structure, the carbonyl group offers significant
stabilization to the radical center on the adjacent carbon atom,
resulting in a heat of reaction that is much lower than the alkyl
counterpart. We also explored the effect of tunneling on this
reaction class given the distinct structdreactivity relationship
and the markedly different heats of reaction compared to the
analogous reactions without the intervening carbonyl group. For
all three reactions, we calculated the SCT, ZCT and Eckart
transmission coefficients as a function of temperature. The
Eckart model was observed to significantly overestimate the
SCT values in the low temperature region. Conversely, the ZCT
and Wigner transmission values were noticeably lower than the
SCT values. Using eq 2 with the transmission coefficient based
on the SCT method, we recalculated the activation energies
using rate constants over a small temperature range-(G00
K). The SCT/TST activation energies were lower than the
corresponding Wigner/TST activation energies with the devia-
tion between the two methodsE{'9™ — E3°7) ranging
between 1.6 and 2.8 kcal mot; however, the same form of
structure-reactivity relationship was observed, wiy and o
values of 15.6 kcal mof! and 0.83/0.17.

4., Conclusions

The B3LYP functional was evaluated as a method to calculate

reaction and nicely captures the curved transition region betweenreaction barriers and structuresactivity relationships for

exothermic and endothermic reactions in bimolecular hydrogen

intramolecular hydrogen transfer reactions involving peroxy
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TABLE 3: Data Used in Development of Structure—Reactivity Relationship for 1,5-Hydrogen Shift Family?

forward reaction reverse reaction

number reaction AHpn P EL log A (1/s) E& log A (1/s)
1 C(CH)2(O2")CH,CH(CHs)2 — C(CHg)2(O2H)CH2C+(CHg), © 13.7 18.7 10.6 5.1 9.7
2 CHsC(O,")H(CHy)2CHs — CHsC(O,H)HCH,C-HCHj 16.3 21.3 10.8 5.8 10.7
4 (CHs)2CHCH,C(O2")(CH3)CH,CH(CHs), — 8.6 16.8 11.3 6.1 11.1

(CHz)2C-CH,C(OH)(CH3)CH,CH(CH)2

5 (CHs)CH(Ox)CH,CH(CHs)2 — (CH3)CH(O:H)CH,C+(CHs), © 14.9 21.6 10.6 8.0 10.9
6 (CHs)CH(Ox)CH,CHs — (CHs) CH(O:H)CH,C-Hy* 19.6 26.2 11.2 7.1 11.6
7 (CHs)CH(O»)COCH; — (CH3)CH(O.H)COC-H, 11.6 26.3 11.1 15.3 12.5
8 (CHCH(O)HCOCH,CH;z; — (CH3CH(O,H)HCOCHCHs 4.0 21.3 11.6 17.6 12.0
8 (CH:CH(O»)HCOCH,CH; — (CHsCH(OH)HCOCH-CHj %¢ 2.7 20.8 11.7 17.8 11.0
9 (CHs)CH(O#)COCH(CH;)2 — (CHs)CH(O:H)COGC (CHs)2 15 19.1 10.4 17.4 10.1

aWhen applicable, lower energy rotational isomers were used, according to eq 3. Unless noted, all calculations were performed using B3LYP/
6-3114-G(d,p) P Quantity in kcal mot?. ¢ Lower energy rotational isomer of IRC-derived reactant was found and eq 3 was used to calculate the
pre-exponential factor and activation energy for the forward reactivalue not used in regression of structure/reactivity relationstffeaction
thermodynamics and kinetics calculated using CBS-QB3.

30 . . . . . . shift family. A pre-exponential factor of lod (s™%) = 10.9
E, =18.1 +0.74%AH_ andE; = 6.3 + AHyn, WhereE, and AH,y, are in kcal mot?,
R ¢ are recommended if there are no carbonyl groups in the
’ ’ transition state ring structure. Rate coefficients for reverse
/ reactions in this family can be approximated using a pre-
/,9 Yo exponential factor of 10.8 (lo4 (s™1)) and an activation energy
E, =181+026*AH =~ & 0 of 6.3 kcal mot. If a carbonyl group within the ring structure
/,9/6’ o/ was present, an Evan®olanyi relationshipE, = 18.1 +
L/ 0.74AHxn (a0 = 0.26 for exothermic reactions) was shown to
By =63+aH capture the data well. The vast difference in the parameters of
y the two distinct correlations demonstrates that different strueture
! reactivity relationships are warranted. On the basis of the results
P / obtained, B3LYP/6-311G(d,p) is an attractive choice for
9__' ______ _A. ________ ‘ obtaining insights into structurereactivity relationships.
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