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Hydrogen abstraction from 2-propanol by hydroxyl radical was investigatedabithitio quantum chemical
methods at the level of MP2/6-31G*, with scaling of correlation energy. Both the geometries and the energetics
of reactants, products, and transition state structures change significantly when electron correlation is included
in the optimization process. An exhaustive search produced 16 transition state structures for the abstraction
of the three distinct hydrogens in 2-propanol. Abstraction of dhleydrogen has two distinct transition
structures with very low barriers. The calculated rate constant feabi$traction is close to that predicted by
collision theory. Abstraction of thg-hydrogen has 11 different transition structures that can be classified
into three groups on the basis of the presence or absence of hydrogen bonding between the OH radical and
the hydroxy group of 2-propanol. The calculated rate constants for the individual pathways show that the
non-hydrogen-bonded pathways contribute most of the flux for this process. There are three nearly degenerate
transition structures in the abstraction of the hydroxyl hydrogen. The calculated rate constants for the combined
(H« + Ho) and Hs-abstractions, respectively, are in good agreement with available experimental data. The
kinetic isotope effect (KIE) for Babstraction agrees very well with experimental data. The calculated KIE

for (H, + H,) abstraction shows a stronger temperature dependence than the experimental KIE. However,
the weak temperature dependence supports the notion ghalbstraction may be collision controlled.

Introduction experimental dat&. 2-Propanol is one of the simplest alcohols
that contains the three types of hydrogens, andxtfgdrogen

in it is attached to a tertiary carbon, like that in deoxyribose.
Thus, 2-propanol can serve as a simplified model to study
"Y-abstraction in deoxyribose.

In this study we have investigated all the possible reactions
of hydrogen abstraction from 2-propanol by hydroxyl radical
(*OH). These include three different processes determined
primarily by the nature of the abstracted hydrogen and the
products:

Hydrogen abstraction from organic molecules by hydroxyl
radical is an important reaction that takes place in many
chemical processes. A wealth of experimental data has bee
accumulated on the rate constants for this type of reaéimm
a number of theoretical studies on the interactions of OH radical
with various compounds have been publisfed. In addition
to its general importance, hydrogen abstraction by OH radical
is also one of the major initial steps in the process of radiation
damage of DNA. Strand breaks may lead to a wide range of
biological consequences including mutation and cell d&ath. . .
The \?ery reactivg hydroxyl radica? produced by deposition of (CHy),CHOH + "OH = (CH,),C’'OH + H;0
ionizing radiation in water interacts with the bases or the sugar (H,-abstraction) (1a)
moieties of DNA. However, the step that leads directly to a .

DNA strand break is a hydrogen abstraction from deoxyribose. (CH3),CHOH + *OH — CH;CHOHCH, + H,O

The sugar-centered radical produced in this process leads to a (Hg-abstraction) (1b)
strand break by g-cleavage of a phosphate bond neighboring
the radical. (CH,),CHOH + "OH — (CH,),CHO" + H,0O

The process of H-abstraction by OH radical is a relatively (H,-abstraction) (1c)

simple atom transfer reaction in which the bond to the H atom

is broken a,md a new bond to the OH is formed. According to  ap exhaustive search of all possible transition states for the
Hammond's postulat¥, the rates for H-abstraction should  hree reactions yielded 16 pathways in total. The rate constants
inversely correlate with the strength of the bond that is broken o egch pathway, obtained from a treatment within the zero-
in the course of the reaction. The hydrogens in deoxyribo8e  ¢yryvature approximation of transition state theory including
can be classified into three categories on the basis of their bondynneling, yielded rate constants for each reaction channel as

strength. Thel-hydrogens, which are attached to carbons with 5, average of all the relevant pathways. A comparison with
electronegative atoms on them, have the weakest bond strengtheyperimental results can provide a critical evaluation of the
the f-hydrogens, which are one bond removed from the heoretical approach described in the present work.
heteroatoms, have a stronger bond; the strongest bonds are of Early experimental measurements of the rate constant of
the oxy-hydrogens, which are bound to oxygens. In a previous yy_apstraction in 2-propanol over a limited temperature range
study, the rates of hydrogen abstraction from methanol and 5,¢ availabl&(see also a review by Atkinsé#). More
ethanol by OH radical were calculated and found to agree with recently, the Kinetics of H-abstraction from 2-propanol was
- . —  measured over a wider temperature raffg&hrough the use
i d;;?g\mt g‘%dgéi%g Department of Chemistry, Wesleyan University, of jsotopic substitution the authors were able to determine the
* E-mail: osman@inka.mssm.edu. branchir!g ratio between the abstra_ction pfdthd the combined.
€ Abstract published ilAdvance ACS Abstractdanuary 1, 1997. abstraction of (| + Ho) as a function of temperature. Their
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results clearly indicate a weak negative temperature dependence y= — g (4)
of the combined rate constank,d + kon) and a positive
temperature dependence of the rate constant for the abstractiomand 1 is the range parameter amdhe reaction coordinate.

of Hg. Also, the rate constant of the abstraction gfgtows a The transmission probability(E), obtained by solving the
much larger kinetic isotope effect with a stronger temperature Schroedinger equation with the above Eckart potential function,
dependence than the combined rate constant fr {HH,) is integrated to produce the rate constant that includes tunneling.

abstraction. The results presented in this work provide an

opportunity to understand the molecular basis for the difference 1 s o _EkT
in the abstraction of the various hydrogens in complex mol- Keunr(T) :ﬁq—ﬁ) e «(E) dE )
lor AroH
ecules.
Methods The tunneling cor_rection is defined as the ratio between
kunr(T) and the classical rate consta«(T).

Structures and Energies. All ab initio quantum mechanical The treatment of the complexity of the system of pathways,
calculations were performed with GAUSSIAN 92. The which lead from a mixture of reactants through a multiplicity
geometries of reactants, products and transition states wereof transition state structures to a distribution of products, can
initially optimized with restricted or unrestricted Hartreleock be simplified by the assumption that once a specific pathway

methods, depending on the multiplicity of the electronic state has started, it will proceed to completion, independent of other
of each species. The resulting geometries obtained with thepathways. In other words, there is no mixing or crossover
6-31G basis set were used for successive optimization at thebetween different pathways. This assumption allows us to
HF/6-31G* and MP2/6-31G* levels. Inclusion of electron decouple the reaction paths from each other and simplify the
correlation significantly influenced structure optimization, and analysis. On the basis of this assumption, the total rate constant
only structures optimized at the MP2/6-31G* level gave for the abstraction of a specific hydrogen is the average of the
satisfactory results. Therefore, only results from calculations rate constants for the individual process weighted by the
at this level are presented here. The optimized structure of eachBoltzmann factors of the initial states. The total rate constant,
transition state has only one negative eigenvalue in its force which measures the rate of OH disappearance, is obtained by
constant matrix. Because the transition structures contain softsumming up the rate constants calculated for all pathways.
degrees of freedom, the tight convergence criterion in the Kinetic Isotope Effect. The kinetic isotope effect (KIE) with
GAUSSIAN program (i.e. convergence was accepted for hydrogen substituted for deuterium is calculated as the ratio of
maximum force 0.000 015 hartree/bohr or hartree/rad, and the rate constant for the isotope-substituted species over that
maximum displacement 0.000 060 bohr or rad) was applied to for the unsubstituted one. The former is calculated in the same
ensure better results in vibrational frequency analysis. Vibra- way as described above, but with frequencies computed with
tional frequencies were calculated for each optimized structure isotope substitution on the same geometry as unsubstituted
at the same level of optimization. All orbitals for each species structures.
were included in the MP2 calculations.

The method of Gordon and Truhfaras applied to scale the ~ Results and Discussions
energies of all reactants, products, and transition states so that 2-Propanol. Four distinct structures of 2-propanol with

the bond dissociation energies of breaking 2-propanol into its giationary energies were found by the optimization at the level

radicals and H atom fit the experimental values. of MP2/6-31G* (see the Supporting Information for the
Rate Constants. The rate constant for each pathway was .ompjete Jist of the geometric parameters of the optimized

calculated using the transition state theory with the quantum q,cqres). They differ from each other in the orientation of
correction of the zero-curvature ground state approximation to yne v droxyl group with respect fo the,H In two minimum

i 8 : :
tunneling (Z_CG)? . . ) energy conformers, the OH groupgaucheandanti to H, (see
The classical rate constak{T) in transition state theory is  gcpeme 1 Cis in front of O), while in two maximum energy

conformers, which form the barriers between the energy minima,

k(T) = EL exd — i ) the OH group issynandanticlinal (ac) to H,. The different
h Ao Arow kT orientations of the OH group result in small changes in the other
structural parameters of the isomers as well. The bond lengths
wherek, is the Boltzmann constant, is temperatureh is the of the two minimum energy isomers are very similar to each

Planck constantyf is the forward potential energy barrier, and other, and they agree well with previously optimized structefes.
g's are the molecular partition functions for transition state  The relative energies of all four conformers are listed in Table
complex (TS) or the reactant species (OH or ROH). Each of 1. Theanti conformer is less stable by 0.15 kcal/mol than the
the molecular partition functions is assumed to be the product gauche conformer at the MP2/6-31G* optimization level
of electronic, translational, vibrational, and rotational partition (corrected for ZPE), which is close to the experimental estimate
functions of the corresponding species. of the energy difference in the range 0-0249 kcal/mol in
The rate constant that includes quantum tunneling at the favor of thegaucheconformer?®2* Previous studies calculated
zeroth-order approximation to the vibrational adiabatic potential
energy surface model with zero-curvature can be calculated bySCHEME 1

approximating the potential energy curve with an unsymmetrical Hy
Eckart potential function: C C C C
B B B B
__ &y by
V=—+——70——-—— 3)
1=y @a-y? Ho
Mo Hy

fitted through the zero-point-corrected energies of the reactants, .
transition states, and products, where anti gauche
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TABLE 1: Relative Energies of 2-Propanol Conformers and
Isopropanolyl Radicals

2-Propanol Conformers with Stationary Energy

anti ac gauche syn
AEwpA 0.00 1.54 —0.16 1.48
AZPB 0.00 —0.35 0.01 —0.40
2-Propanol Radicals
B-radical$
anti, +gauche —gauche —gauche oxy-

o-radical —gauche +gauche —gauche +gauche radical

AEwps® 0 9.08 8.92 10.00 10.17  9.72
AZPE 0 -0.83 -0.74 —-1.08 —-1.28 0.40

aThe energies of 2-propanol conformers are relative to those of the
anti conformer, which ar&yp, = —193.706 293 hartrees; ZRPE69.68
kcal/mol °The first label defines the torsion,8C,H,; the second
label defines the torsional angle between th&€££O plane and the
direction of the unpaired electron calculated as half the sum of the
torsional angles pCs C,O of the remaining Kl on this carbon (see
Scheme 2)¢ The energies of radical conformers are relative to the
o-radical, whose energies abgip, = —193.059 868 hartree&zpe =
61.019 kcal/mol.

the energy and structure of 2-propanol anditsadical?2-25-27
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Bond Dissociation Energy and Scaling of Correlation
Energy. The bond dissociation energies fog4iHg-, and H-
abstractions, calculated from the energies in Tables 1 are 93.1,
102.7, and 102.8 kcal/mol, respectively. The experimental
enthalpies at 298.15 K are 91.1, 102.4, and 104.8 kcal/mol,
respectivelyt%28-30  To compare them with the calculated
values, we convert the experimental quantities to values at 0 K
and then subtract the zero-point vibrational energiedhe
resultant values are 98.4, 110.9, and 112.3 kcal/mol, clearly
showing that the MP2 values are underestimating the bond
energies because they recover only a portion of electron
correlation energy. It has been shdW®3? that the full
correlation energy can be approximated by a linear scaling:

(6)

The scaling factoF is dependent on the nature of the particular
bond that changes in the chemical process, but is assumed to
be independent of the overall geometry of the molecules
involved. Thus, the scaling factor can be used to adjust the
energies of the transition state structures.

The scaling factors for & Hg, and H, bond breaking are
0.75, 0.68, and 0.76, respectively. In the following calculation
of transition state energy barriers, all the MP2 energy values

Ecorr = Ene T (Eypz — Exp)/F

corr

The results presented here are in good agreement with previousire scaled with the above scaling factors and are denoted as

calculations, although none of the previous works attempted
such high levels of optimization or energy calculations.

The energy difference between tlmti and the gauche

the MP-SAC2 energies.
Transition States. An exhaustive search produced a total
of 16 transition state structures shown in Figure$ ltogether

conformers is small. The rotational energy barriers that separatewith some key geometric parameters. The energies relative to
these nearly degenerate states are also not high. The energihe corresponding reactant state, as well as the imaginary
barriers at the dihedral angle of the hydroxyl group relative to frequency and the dipole moment for each of these structures,

Hq equal to 0 ¢y and 120 éc) are 1.19 and 1.08 kcal/mol
(corrected for ZPE), respectively, relative to the energy of the
anti isomer.

Isopropyl Radicals. Six distinctive 2-propanol radicals were
identified as stable products of the H-abstraction reaction. One
each fora- and oxy-radicals and four fgi-radical. The only
conformer of thea-radical found is that where the hydroxyl
group isgaucheto the unpaired electron; tremti conformer is
not stable, possibly because the unpaired electron staggere

between the oxygen lone pairs increases too much the electron

electron repulsion. By symmetry, only one oxy-radical is
possible. Four stablg-radical conformers have been found
after systematic search of the®IC,H., dihedral angle confor-
mation with the position of th¢-hydrogen being abstracted.
These could be classified asnti, —gauchg, (+gauche
+gauche, (—gauche —gauche, and (-gauche +gauché. The
first label refers to the FOC,H,, dihedral angle, demonstrated
in the first row of Scheme 2 (Cis in front of O). The second
label indicates the orientation of the unpaired electron gn C
relative to O, calculated as half the sum of the torsional angles
of the remaining I4 on this carbon. This is illustrated in the
second row of Scheme 2 (Gs in front of C;).

The energies of the isopropyl radicals are shown relative to
the a-radical in Table 1. The3-radicals are 89 kcal/mol

are shown in Table 2. Complete information on geometries of
these structures can be found in the Supporting Information.

To compare the effects of computational methods (HF vs
MP2) and the effects of basis sets (6-31G vs 6-31G*) in
obtaining the optimized structure, all reactants, products, and
transition state structures involved in thg-Bbstraction have
been optimized at four different levels. The forward energy
barrier for H,-abstraction is negative at the level of MP2/6-
1G* calculation if the structures are optimized at the HF/6-
1G* level. This can be avoided when electron correlation is
included (MP2) during optimization, indicating that election
correlation is important in obtaining qualitatively correct energy
barriers. Therefore, all subsequent discussions focus on results
of MP2/6-31G* level calculations.

(1) Ho-Abstraction. There are three possible transition state
structures for the abstraction of theehydrogen in 2-propanol
distinguished by the dihedral angle of®IC,H,: —gauche
+gauche andanti. However, the twogauchestructures are
symmetric, reducing the number of unique transition state
structures for this process to two. The transition state structures
are shown in Figure 1, with the structural and energetic
information as well as imaginary frequencies and dipole
moments in Table 2.

Two major changes occur upon the approach of OH radical
to form a transition state for fabstraction. One is the

less stable and the oxy-radical is about 10 kcal/mol less stableelongation of the gH, bond, and the other is the associated

than thea-radical. The four separaferadicals can be divided
into two groups of two each, with the first group more stable
by approximately 0.7 kcal/mol than the other. Apparently, the
proximity of the oxy-hydrogen to the unpaired electron on the
p-carbon differentiates the two groups. In bagintf, —gauché
and (+gauche +gauch@, which are the more stable, the i$

shortening of the surrounding bonds, e.gOCand GCg. The
shortening is small and approximately 0-01L02 A, but the
elongation of the gH, bond is a sensitive measure for the
formation of the transition state along the reaction coordinate.
For example, GH, in gauchds elongated by 0.086 A, whereas
in anti it is elongated by 0.105 A. This suggest an earlier

closer to the unpaired electron, whereas in the other two isomerstransition state for thgaucheisomer and is in clear agreement
the unpaired electron is nearly staggered between the lone pairsith the longer distance of approach of the OH radical, which

on the oxygen.

is 2.507 A as compared to 2.474 A in thetiisomer (see Figure
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SCHEME 2
HD
Cy Cp Cp Cp
0 0
H,
He He
anti -gauche
OH, OH,
HBI

Hg(a)
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First label

Second label

Figure 1. Structures of the two transition states fog-bBbstraction: H(a), anti; H«(—), —gauche

1). The later occurrence of the transition state is also consistent We have identified 11 distinct Habstraction transition states,

with Hammond’s postulate that the barrier for H-abstraction in
theanti isomer is 1.23 kcal/mol higher than that of thauche
isomer (Table 2). Some of the local properties of the barrier

which can be classified into three groups. The structures are
shown in Figures 2, 3, and 4, and their properties are listed in
Table 2. The first group (Figure 2) includes four transition

around a transition state along the reaction coordinate arestate structures in which the hydrogen of the OH radicalisd

reflected in the imaginary frequency shown in Table 2. The
imaginary frequency of thgauchetransition state is smaller
by nearly 350 cm! than theanti, indicating that the barrier is
wider and thus reducing the effect of tunneling on the rate
constant (see below).

(2) Hg-Abstraction. The number of possible transition state
structures in the abstraction oflihcreases drastically compared
to that of H,-abstraction. One reason for the increased
complexity is the elimination of the intrinsic symmetry of H
which is positioned in the plane that reflects one half of the
molecule into the other. Thus, while the tgaucheconforma-
tions in the transition states ofHabstraction are degenerate
with respect to this plane, the transition states fgtalstraction

H-bonded to the oxygen of the hydroxyl group of 2-propanol,
O. The second group (Figure 3) includes three structures in
which the hydrogen of the hydroxyl group of 2-propano}, H
makes an H-bond with the oxygen of the OH radical, Ohe
third group (Figure 4) includes four structures in which the OH
radical abstracts angthat isanti to the hydroxyl group of the
2-propanol; thus no hydrogen bond can be formed. Because
the scaling factors for the correlation energy calculated above
were obtained from bond dissociation energies, the hydrogen
bond energy contribution was excluded from the energy scaling
for the first two groups of l#abstraction. We noted that the
MP2 barriers with the hydrogen bond are lower by about 3.4
kcal/mol. This amount of energy is taken out before scaling
and added back to the energy. Namely, eq 6 for scaling is

no longer have this property, leading to three possible transition modified as

states due to the isomers of the hydroxyl group. Another reason B
i iy i i it Ewpz — (Eue + AE,_pond

for the increased complexity is that in each of the transition Eeor  (Ene + AE_pond + (7)

states due to isomerism of the hydroxyl group the orientation F

of Hg can take three possible positions. Finally, the possibility The resultant barriers are similar for all pathways and are higher

of forming two different types of hydrogen bonds between the than those for E-abstraction.

hydroxyl group and the OH radical contributes an additional  Similar to the H-abstraction, the major structural changes

level of complexity. in the course of Fabstraction relative to 2-propanol are
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Figure 2. Structures of the four transition states foy-&bstraction with hydrogen bonding betweenand O: Hy(at), (anti, +gauchg; Hg(— +),
(—gauche +gauchg; Hs(— —), (—gauche —gauch@; Hg(+ —), (+gauche —gauchg.

Hﬁ(+++) 1.206 A

HB (++-) 1.207 A

Figure 3. Structures of the three transition states fgi-abstraction with hydrogen bonding betweep &hd Q: Hg(a—), (anti, —gauchg;
Hg(+ + —), (+gauche +gauche —gauch¢; Hz(+ + +), (+gauche +gauche +gauchg.

localized around the bond between the abstracted hydroggn, H increase in GHza is on the average 0.14% 0.002 A and the
and the carbon next to it,,C The increase in the gEig, bond average distance of approach of the OH radical jas.445
length and the distance of approach of ©© Cs report about + 0.006 A. The average scaled energy barrier for this group is
the position of the transition state along the reaction coordinate.2.81 4+ 0.45 kcal/mol (Table 2). In the second group (Figure
Within each group there are subtle structural differences, which 3), the average increase i, is 0.114+ 0.002 A and the
appear to originate from other factors than the position of the average distance of approach is 2.4810.001 A. The
transition state along the reaction coordinate. We therefore corresponding average energy barrier for this group is 313
averaged the fHga and the QCg distances and related themto  0.39 kcal/mol (Table 2). In the third group (Figure 4), the
the averaged barrier height. In the first group (Figure 2), the average increase ing8sa is 0.121 A, which lies between the
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Figure 4. Structures of the four transition states fog-&bstraction without hydrogen bonding:(da), @nti, anti); Hs(+a), (+gauche anti);
Hg(—a—), (—gauche anti, —gauchg; Hg(—at), (—gauche anti, +gauchg.

Hy(a)

TH,0,00, = 1166 °

- )
T 0,00, 177+

Thy050c,= 1145

Ho(+4) T 0y0C Hy 077

Ho( ')

Figure 5. Structures of the three transition states fordthstraction: Ka), anti; H,(—), —gauche H,(+), +gauche

increases observed in the two previous groups. On the othertwo groups. However, Hammond’s postulate does not hold in
hand, the average approach distance is 2:484006 A, which these cases, possibly because the reaction coordinates are not
is the longest among the three groups. Judging only on the comparable.

basis of the @Cg approach, the transition state in the third group ~ The analysis of the ZPE difference between the transition
occurs at the earliest point along the reaction coordinate. Thestates and reactants shows that the first two groups have average
average barrier, however, is 3.680.07 kcal/mol (Table 2). It ZPEs around-0.9 kcal/mol, whereas the average ZPE in the
appears that the third group has a higher barrier because of thehird group is twice as much+1.8 kcal/mol). This originates
absence of the intramolecular hydrogen bond present in the otheffrom the restriction of two torsional degrees of freedom,
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TABLE 2: Energy Barriers, Imaginary Frequencies and Dipole Moments of Transition States

structuré AEwmp-sac?d AZPP Vim (cM™Y) u (D)
H.-abstraction
anti 1.35 -1.91 1936.83 2.3638
gauche 0.12 -1.26 1583.05 0.5490
H;-abstraction
O—H; H-bond
anti, +gauche 3.15 —1.03 2312.77i 2.9368
—gauche +gauche 3.25 -1.07 2282.51i 3.2951
—gauche —gauche 2.37 —0.95 2269.37i 3.1413
+gauche —gauche 2.47 —0.90 2301.80i 2.7033
0O,—H, H-bond
anti, —gauche 2.80 —0.78 1955.90i 2.1520
+gauche +gauche —gauche 3.03 —0.80 1969.90i 2.1622
+gauche +gauche +gauche 3.56 —0.88 1949.51 3.0220
no H-bond
anti, anti 3.62 -1.77 2085.59i 0.8587
+gaucheanti 3.65 =177 2107.42i 1.3916
—gaucheanti, —gauche 3.77 —-1.84 2068.68i 1.9123
—gaucheanti, +gauche 3.66 -1.82 2083.09i 1.6062
Ho-abstraction
anti 1.93 -0.70 2853.02i 1.4457
—gauche 1.68 —0.75 2859.04i 1.4016
+gauche 1.92 -0.78 2778.24i 1.4550

a1n all structures, the first label defines the torsiogQ€,H,; in Hg-abstraction, the second label defines the torsiy€CkC,O, where Hais the
B-hydrogen being abstracted, and the third label defines the torsiOfHzCs. ° All energies are relative to those of corresponding reactants.

TABLE 3: Rate Constants and Quantum Tunneling at 300 K

transition channel R, classical rate constant tunneling ZCG rate constaht
state P2 (103 cm® molecule* s™) correction (103 cm® molecule* s™)

Ho (a) (@), & 1.68x 10*! 16.8

Ha () =), (=) 3.26x 10 32.6

HB (at) (a), (@) 4.50x% 1072 5.63 0.254

HB (— +) =), =+ 4.05x 102 5.85 0.237

HB (— ) (=), (~-) 9.63x 1072 3.22 0.310

HB (+ —) +), (++) 7.42x 1072 3.69 0.274

HB (a-) (a), (@) 4.89% 1072 4.40 0.215

HB (++ —) (+), (++) 3.84x 1072 5.04 0.193

HB (+ + +) (), (+ 4 1.76x 1072 6.28 0.111

Hp (aa) (a), (&) 2.56x 10t 3.70 0.949

HB (+a) ), (++) 2.07x 107 3.79 0.784

HB (—a-) =), (=) 2.30x 107t 3.86 0.886

HB (—at) (=), (=) 2.22x 1071 3.68 0.816

Ho (a) (a), (0) 3.2 10 2.48 0.799

Ho (-) (-), (0 3.21x 10! 3.12 1.00

Ho (+) (), (0 3.49x 107! 3.00 1.05

2R and P are the reactant and product channel corresponding to the transitiohGlassical rate constant calculated with e§ Rate constant
k(T) at T = 300 K is calculated using the ZPE-corrected MP-SAC2 barrier with quantum tunneling.

H,OC,H, and HCsC,O, which in 2-propanol had low frequen-  which includes quantum tunneling (eq 5). The values of the
cies that contributed significantly to lowering of the ZPE but rate constants for each pathway at 300 K are listed in Table 3.
are not present in the transition state. In the third group, where For comparison, the classical rate constant (eq 2) and the
such a restriction is not present, these degrees of freedom arejuantum tunneling correction at the same temperature are also
similar in the reactants and the transition state and thus do notprovided. The values in Table 3 are based on the ZPE-corrected
increase the ZPE difference. barriers calculated at the MP-SAC2/6-31G* level with frequen-
(3) Ho-Abstraction. The three distinct transition state struc- cies at the MP2/6-31G* level. The 16 pathways can be divided
tures of H-abstraction are shown in Figure 5, and their structural into four distinct categories based on their structural character-
parameters, energetic information, and imaginary frequenciesistics. The H-abstraction, with the lowest energy barriers, gives
and dipole moments are listed in Table 2. The structures arethe highest classical rate constant. The next group consists of
very similar to each other, differing primarily in the orientation the Hs-abstractions with hydrogen bonding in the transition state;

of the OH group, which also defines the position of tt in this group the classical rate constants are about 3 orders of
radical. The barriers of the three transition state pathways aremagnitude smaller than those in the first category. The third
also very similar to each other. category, H-abstraction without hydrogen bonding in the

In summary, the classical barriers are divided into three transition state, and the fourth category of#bstraction have
groups at the MP-SAC2 level. Jhbstraction has the lowest essentially the same rate constants, which are about 1 order of
barriers around 1 kcal/mol. dhbstraction’s barriers are nearly magnitude larger than the second group.

2 kcal/mol. H-abstraction has average barriers around 3 kcal/  The dominant factor that determines the classical rate constant
mol. is the barrier height including the ZPE correction, as illustrated

Rate Constants. The rate constants as a function of above in the division of the rate constants for the 16 pathways
temperature are calculated at the ZCG level of approximation, into three groups, each with a characteristic order of magnitude



Hydrogen Abstraction from 2-Propanol by OH Radical J. Phys. Chem. A, Vol. 101, No. 5, 199933

determined by barrier height. Thgauchepathway in H- Rate constants for H-abstractions of isopropanol
abstraction has a very low barrier of 0.12 kcal/mol, which is 10" S -
within the thermal energy range. It is conceivable that the = A
reaction proceeding along this pathway is nearly collision §
controlled. In fact, the extremely weak temperature dependence-.:
of the experimental kinetic isotope effect fogtdbstraction (see =
below) is also consistent with the collisional mechanism. The & g«
collision-controlled reaction rate constant can be calculated by g :
multiplying the collision rate constark. of two spherical o [ —=— k(Ha+Ho) o]
reactants with the fractions of accessible surfaces of the reactive § L --0--Explk(Ha+Ho)]
centers in each reactafqt : I I‘Eﬁ?ﬁmbn
SN N B B BT B RS B R
K= T>-propandforkeol (®) "o 1 1|.5 zl) 2|.5 :I; 3‘.5 ;, 4‘.5 5
with33 1000/T
Figure 6. Calculated rate constant for {H Hy) and H-abstractions
Keol = (ndABZ)(ska/gw)l’Z 9) with quantum tunneling and ZPE correction comparing with the

experimental rate constants.

wheredag is the collision diametey; = 13.25 au is the reduced  significantly. For example, the imaginary frequencies gf H
massk; is the Boltzmann constant, afids temperature. Here (= +) and H; (— —) are 2283 and 2269 cm, respectively
we have assumed that the collision-controlled reaction rate (Table 2), but their tunneling corrections are 5.85 and 3.22
constant is proportional to the fraction of accessible surface of (Table 3). This is because their barrier heights are 2.2 and 1.4
each reactive center (such ag id Hy-abstraction) within the kcal/mol after ZPE correction (Table 2).
accessible surface of the entire molecule (2-propanol). ker H The average rate constant for each hydrogen abstraction
abstraction by OH radical;—propanoi= 0.11, andon = 0.55. If reaction channel (e.g., thehbstraction) is the sum of the rate
we takedag =~ 4.0 A on the basis of molecular diameters derived constants for all pathways in that channel weighted by the
from measurement of gas viscostfythe collision-controlled Boltzmann factor of their corresponding reactants. @aeche
rate constant at 300 K is 2:4 10711 cm? s molecule’?, which pathway contributes about four-fifths in theddbstraction rate
is about 5 times the experimental value. On the other hand, if constant. The four pabstraction pathways without hydrogen
we usedag ~ 2.5 A, the separation of £and OH in the bonding in the transition state contribute about 70% to the H
transition state, then the collision-controlled rate constant will abstraction rate constant. In Figure 6, the rate constants for
be 8.2x 10-*2cm?®s ! molecule’?, only twice the experimental  the combined (@ + Ho) abstraction channel and thegH
value. abstraction channel are plotted as a function of temperature and
Two pathways with a similar potential energy barrier can have are compared with recommended experimental values of Dunlop
different classical rate constants because of the product of theirand Tully® The calculated rate constants are in close agreement
partition functions. The major differences between partition with the experiment results. The predictions for both, (H
functions of different pathways originate from the transition state H,) abstraction and Jabstraction at 300 K differ from
soft vibrational modes with frequencies below the thermal experiment by a factor less than 2. In addition, the calculated
motion frequency, which at 300 K is about 210 Tm (Ha + Ho) abstraction rate constant exhibits the same reverse
Therefore, the number and values of the frequencies below thattemperature dependence as observed experimentally in the low-
threshold will be a major factor in determining the partition temperature range of < 350 K. This indicates that the
function at 300 K. For example, each pathway of the H dominant reaction has a very low barrier and is entering the
abstraction without hydrogen bonding in the transition state has collision-controlled regime. pabstraction shows a more
three soft modes, while that of thetdbstractions with hydrogen  regular temperature dependence. Both calculated rate constants
bonding in the transition state has only two. Thus, although are a little lower than those of the experimental values. There
these two categories have about the same range of barrierare several approximations introduced in the calculation that
heights, the partition functions of the former are aboub3imes may account for the discrepancy. The zero-curvature ap-
larger than the latter. This brings the classical rate constantsproximation applied in this work may underestimate the rate
for the Hs-abstraction without hydrogen bonding in the transition constant. The assumption that all the pathways proceed
state into the same range as those of t@bkstraction, which independently also leads to underestimation because the con-
has a barrier about 0.7 kcal/mol lower, but has only two soft tributions from crossing different pathways are neglected. In
vibrational modes for each transition state structure. view of the close agreement with the experimental results, these
Although the classical rate constants are spread over 3 ordersaassumptions, which greatly reduce the computations, appear to
of magnitude, the inclusion of tunneling brings the rate constants be justified.
for all pathways to within 2 orders of magnitude. This illustrates  Kinetic Isotope Effect. The KIE for the combined channel
the significance of the tunneling contribution, which depends of (H, + Ho) abstraction and for jHabstraction are displayed
on, among others, the imaginary frequenmgyat the transition in Figure 7a,b. The KIE for prabstraction is in very good
state. For example, thesit— +) pathway, with the same barrier ~ agreement with experiment in both the numerical value and the
as b (+ + —), of about 2.2 kcal/mol after ZPE correction (see temperature dependence. The theoretically calculated KIE for
Table 2), has a larger tunneling correction of 5.85 compared to (H, + H,) abstraction has a higher slope than the experimental
5.04 for H; (+ + —) (see Table 3). This is because thg H one. This may indicate that the potential energy surface near
(— +) pathway has a higher imaginary frequency, or narrower the very low barrier is highly anharmonic and would require a
barrier, than i (+ + —). The tunneling correction also depends more rigorous evaluation of the vibrational properties. Alter-
on barrier height in a complicated manner. Therefore, two natively, this may suggest that transition state theory is breaking
pathways having similar imaginary frequencies may have quite down as the reaction proceeds in this very low barrier region,
different tunneling corrections if their barrier heights differ where the reaction is nearly collision controlled.
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Figure 7. (a) Kinetic isotope effect of (H+ H,) abstraction. (b)
Kinetic isotope effect of lFabstraction.

Implications for Large Systems and Systems in Solution.
Our long-range goal is to investigate H-abstraction from

Luo et al.

work represents a different orientation of the OH radical. The
possible situation for ptabstraction with an intramolecular
hydrogen bonding are shown in Scheme 3. There are four ways
to form a hydrogen bond between Hf the OH radical and O

of 2-propanol in the transition structure; these are shown in the
top two lines of Scheme 3. Whether the abstraction is gf H
(—gaucheto O) or Hs2 (+gaucheto O), Hy can form a hydrogen
bond with O only in two different orientations of the @H
—gauche and +gauche for Hgj-abstraction andanti and
—gauchefor Hgy-abstraction. There are only two ways to form
a hydrogen bond between, f 2-propanol and the OH radical.
One possibility is in H;-abstraction £gaucheto O), which
positions H in an anti orientation. The other is in -
abstraction {-gaucheto O), which positions klin a +gauche
orientation. Thus, there are 12 possibilities of abstractipg H
with an intramolecular hydrogen bond and six possibilities
without a hydrogen bond.

The rate constant of Habstraction, for example, can now
be estimated in the following way. The difference between the
two states of the reactantggucheand anti conformers of
2-propanol) is sufficiently small and can be neglected to yield
an equal population. To obtain an upper bound estimate of the
rate constant, we select the highest rate constant from the
category, which is of the pathwaygHaa), and multiply it by
the multiplicity of pathways, which is 11. In a similar way we
obtain the lower bound estimate by selecting the lowest rate
constant in the category, which is of the pathway(Ht + +),
multiplying it by 11. The range of this estimation is (122
10.44) x 10718 cm® molecule* st at 300 K. This illustrates
that the rate constant can be estimated within an order of
magnitude with such an approximate method.

The reaction dynamics of H-abstraction in aqueous solution
could be influenced by several other factors. One important
aspect is the stabilization of the transition state by the highly
polar aqueous environment, which should be directly propor-
tional to the dipole moment in the transition state. For example,

deoxyribose. From the present study, it is clear that the numberthe dipole moment of thanti form of H,-abstraction is 2.36 D
of transition states will increase rapidly as the system increasesCOmpared o0 0.55 D for thgaucheform. This should enhance

in size. Consequently, the determination of every transition

state, which depends on the intricate details of the molecular
structure and the local properties of the potential energy surface

will become prohibitive. It is therefore pertinent to be able to

estimate the rate constant from as few quantum calculations o
transition states as possible. Our results show that within each

category of H-abstraction the contributions of the various

pathways to the rate constant are very close to each other

Therefore, if we restrict ourselves to calculate one transition

state structure and energy for each category, the rate constan
for a specific category can be estimated by the product of the

multiplicity of the pathways in the specific category and the
rate constant of one pathway in that category. The multiplicity
for each of the categories in the H-abstraction of 2-propanol
can be easily determined if we ignore the different possible
orientations in the attackingOH group. For example, the
multiplicities for H,-abstraction and Habstraction are both 3,
corresponding to the three orientations of the ,Od the
2-propanol &nti, +gauche and—gauchg. The situation with
the Hs-abstraction is more involved because of the lower

the abstraction in thanti form compared to that in thgauche
form and bring the two rate constants closer to each other. In
such a situation the selection of only one representative transition

'state structure for pabstraction is very adequate. Another
flikely change, which would contribute significantly to the

simplification of the H-abstraction channels, comes from the
possible destabilization of the hydrogen-bonded transition state
structures compared to those without the hydrogen bond. In
this case the analysis of the various possibilities may lead to a

oalescence of different pathways, lending greater relevance to

e analysis presented above. We are now in the process of
evaluating the effect of solvation on the potential energy surfaces
of H-abstraction.

Conclusions

We have presented in this paper a detailed analysis of
hydrogen abstraction from 2-propanol19H radical. The level
of quantum mechanical calculation used in geometry optimiza-
tion has significant effects on the energy profiles. Inclusion of
electron correlation during structure optimization can produce

symmetry of the transition state structures. We can analyze a qualitative change in the characteristics of the energy barriers

the abstraction from one of theg@nd subsequently multiply

and a substantial quantitative change in the imaginary frequen-

the resulting number of channels by 2 because of the presenceies.

of the equivalent processes on the othgr Gimilarly to the
Ho- and H-abstraction, the multiplicity of the abstraction of
H; without an intramolecular hydrogen bonding in the transition
state is 3. The fourth transition state structure identified in our

As our study demonstrates, the number of transition state
structures increases rapidly with the increase in the size of the
molecular system. However, they can be grouped according
to the type of hydrogen abstracted and whether or not a hydrogen
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SCHEME 3
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bond is formed in the transition state. Within each group, the dihedral angles (8 pages). Ordering information is given on
differences in the energies of the transition states and the rateany current masthead page.
constant corresponding to each pathway are small. Such a
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