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Abstrect— The activstion energies for the abstraction of a hydrogen atom from each of severs
hydrocarbons has been calculated using the AMI molecular orbital method. The calculated barrier
for the abstraction from methane is 155 kcal./mole, in good agreement with experiment. Caiculsted
barriers for other abstractions are reasonably good. They are much improved whea the calculated
intringic barrier is used together with the experimental heats of reaction in a modified formulation
of Marcus theory.

Hydrogen abstractions by free radicals are important processes for many aspects of organic
and polymer chemistry. Previous sttempts to model these reactions using molecular orbital methods
have not led to satisfactory ruulu.1 Small basis set ab initio catculations cannot adequately
describe the differences between the reactants and products. Small basis sets are insufficient due to
the arbitrary nature of their description of the differing number of bonding intecactions in the
transition state as compared to the reactants. Hf the basis set is augmented to better describe the
partial bonding in the transition state, one needs to also use the additional basis functions in the
calkculation of the resctants. When the basis is not complete, the arbitrariness in placing these
functions near the (separated) reactants leads to a parailel arbitrariness in the energy of the
reactants and, consequently, the activation energy. This problem has been discussed previousty.] The
second problem is due to the electron correlation error. The extent of electron correlation will vary
with the extent of bonding between the species. For example, Hartree—Fock calculations give very
poor descriptions of the energetics for bond cleavage. Extended configuration interaction or MCSCF
calculations are generally necessary for reasonably accurate ab initio calculations. The passage from
the transition state to reactant or product in a hydrogen abstraction reaction is very much like 2
bond cleavage as one of the (partially) bonding interactions is eliminated.

Previous attempts at using semiempirical methods to describe hydrogen abstraction reaction
have not met with much success. The reasons for the failure lie in the methodology. In particular,
the MNDO method overestimates the repulsive interactions involving hydrogens, which, presumably,
is the major reason for its gross overestimation of the activation energy for hydrogea abstraction
reactions. The advent of the AM1 mothod.2 which was conceived with a specific goal of correcting
these repulsion errors, and which is reported to give reasonable descriptions of hydrogen bonding,
has encouraged us to reinvestigate hydrogen abstraction reactions.

METHODS
This work was performed using the AM1 approximation to molecular orbital theory.
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than the (less expensive) UHF procedure. The reaction path for each abstraction resction

was
obtained using the distance between the methyl radical and the hydrogen 10 be abstracted as the
resction coordinste. Al geometrical parameters were optimized for each stepped valwe of the
reaction coordinate. After 2 good aspproximation to the traasition state was Obtained by this
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procedure, the transition states were directly and completely optimized. The only exception to the
above was the study of abstraction from toluene, where the aromatic ring was kept planar,

RESULTS

The results of the calculations are presentad in tables 1-4. The activation energy for the
abstraction from CH, is calculated to be 155 kcal./mole. This value is sufficiently close to the
axperimentally measured wvalues that it is worthwhile to consider the various experimental
determinations of this reaction in the gas phase. Most experimental determinations have used
isotopicaily labeled maethane and/or methyl radical. The various experimental and cakulated
enthaipies of activation for different combinations of protisted and dewtersted methyl radicals and
methane are collected in table 1. These values were calculsted by correcting the activation energies
by the appropriste differences in ero point energy calculated from vibrational analyses using the
AM1 enthalpy surfaces. As can be seen from table 1, the calculated activation energies are very
close to the experimental valves. The cakulsted effect of perdeuteration on the methyl radical is to
lower the activation energy by about 0.5 ical./mole, while the effect of perdeutersting the maethane
is calculated to raise the activation sathalpy by 2.2 kcal./mole. One shouid note that the
comparison is with experimeatsl enthalpies of activatios, which wers (necessarily) derived from
rates measured over a range of temperatures. The effect of tumneling upon the overall rate will
appear in the presxponential factor. Rather, it can be treated as 2 modification of the transmission
coefficent, «x, in transition state thoofy.‘ Tuaneling should have no effect upon the enthaipies ©

mhuudf«mamdwmm&hmbmmnmmwwbyml
(mupa anm the fact that experimeatal efrors up to 2.0 keal./mole are common, it is clesr
that the hests of formation of most unconjugated alkyl radicais sre somewhat underestimated by
ANIL. While, these errors tend to cancel for abstractions by methyl radicsl from afkanes, this
artifact results in incorrect estimates of the activation energies for seversl reactions, especially the
abstractions from toluene and propens.

Table 1
Reaction Activation Energy
cakc. axper.
CHy + CHy —=> CHy + CHj 155 149

CH3 + CD4 —=> CH3D + CD4 177

CD; + CHy ——> CDgH + CH4 15.0 141,143
CD3 + CDg ~—> CDy + CDy 172 18.4

all energies are in kcal./mole

Table 2

Substrate Heat of  AM} and

reaction ke calc
CH‘ 00 155 155
CHg —45 145 166
CaHg (9ec) -1 139 18.1
CaHgp (tert) -134 136 106
CHy=CHCHg -40 147 166
phCHy -34 16.6 182
cyc—CaHg 45 17.2 149
cyc—CyHy -15 155 - 159

all energies are in kcal./mole

Amuz&wd&a%d“immﬁdmmnmmwuunhctu\at
the heats of reaction sre in error is to apply a mod*ﬁauoadllmstboofy (equation 1) which
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has besn thoroughly dincusesd by Murdoch® and applied with seccess 1o other studies®10 The
intringic basrrier can be caiculated for esch reaction studied by substituting the approprists vaives
for the caicuiated activation energies aad heats of resction in equation 1.  the marcus
relationship works and all of the reactions occur through analogows reaction paths, thea the
intrinsic barriers calkcuieted should ol be similar. These are preseated in table 2. The intrinsic
barriers are reasomably similar for most of the reactions where the abstraction is from a carbon.

AHY = AH' + 8Hpeaction + (AHreaction)2/(164HY) )

Another useful application of Marcus theory is to recaiculate the activation energies using the
intrinsic barrier and the experimental heats of reaction. This allows the modeling procedure to
overcome the errors due to the incorrect description of the heats of formation of the radicals and
consequent eorronecus heats of reaction. Table 3 compares the activation enthalpies cakulated using
three different sets of experimental radical heats of formation (those used by Dewar, Golden, and
Griller) with the experimental valuu.“ The activation parameters are in reasonably good agreement
with the experimental values when calculated in this manmer. The agresment would be improved i
one were to add 05 kcal./mole to the experimental values to correct for the fact that the
asbstractions were measured using C03’, rather than CH3'. This #lustrates the utility of using
Marcus theory in conjunction with MO caiculation to model important reaction series.

Table 3
Enthalpy of activation

Substrate calc. Method A Method B Method C  exper.
CH, 15.5 155 15.5 15.5 149
C3Hg 145 124 120 135 122 D
CqHg (2°) 139 109 105 116 103 0
CqHyo (39) 136 101 86 10.7 820
CHy=CHCH4 147 15 64 79 110
phCH3 16.6 81 84 830D
cyc—C3Hg 172 16.1 129 D
cyc—CyHy 155 115 101 D

Calculation of Enthalpies of activation using the intrinsic barrier calculsted for CH, +
CHy' and hests of reaction calculated as described below.

All energies are in kcal./mole

Method A uses radical heats of formation from McMillen and Golden, reference 6.

Method B uses heats of formation from Dewar and Thieli2

Method C uses radical Heats of formation from Griller et al. reference 5.

D (in exper) means abstraction by CD3, all values from refereace 11.

Complete optimization of the reaction paths and transition states may
be extremely costly for many reaction processes. f one can establish that the Marcus equation
works properly within a reasonable sampling of reactions that presumably follow similar reaction
paths, then one can use the intrinsic barrier extracted from these calculations together with simple
thermochemical data for the additional reactions in question to caiculste their activation
parameters. The thermochemical data may be obtained in whatever manner is most appropriate or
available, either experimentally or theoretically.

Table 4 shows the C—H distances and bond orders for the bonds being formed and brolesa. The
C—H-C angle was 180° in all cases. As epected, the optimized transition states have boad lengths
and bond orders characteristic of structures that incressingly resembie the products as the
reactions become more endothermic. in this table the calculated (rather thaa wxperimental) heats o
teaction are used for comparison with the calculated transition states.

Marcus theory can be used in another masmer to interpret the reaction paths. The calculated
intrinsic barriers increass ia 2 reguiar maaner as the abstracted hydrogea is changed from that in
methane to 1¢, 2* and 3* H’'s (ses tadle 2). This can be talen as an indication that the imtrinsic
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barrier increases with increasing steric crowding in the tramsition state. Kreewoy has also observed
modifications - of the iatrinsic barriers of stom—transfer reactions with structural changes i the
rupuu.is This behavior ssems comsistent with aa intrinsic barrier that corresponds to 3 traasition
state of almost constant geometry except for the added methyl groups. ln such 2 case, one would
expect 3 small increase in repuision (in the transition state) for each methyl group added. R is not
completely clewr whether this is the only cause of the increase in intrinsic barrier. Another
possibility is that some of the oversstimation of the repuisions between H's and other atoms that
was corrected for in the modification of the MNDO formalism that distinguishes the two mathods
remains in AML. A last complication that need to be considered for the abstraction reactions
involved in this study is the possibility of tunnelling. Kinetic isotope effect studies on hydrogen
abstraction reactions suggest that tunnelling exerts a significant effect on the rates of these
reactions. However, tunneling should affect the preexponeatisl factor in the rate squation, not the
barrier.

Tabdle 4
Properties of Transition States
Radicat R-H R-H Me—H Me—H Heat
(R) distanca  bond distance bonad of
order order reaction
CH3 12 048 19 048 00
C1H5 1.7 0.52 1.34 045 -45
uc-C3H7 1.2% 0.53 137 043 -91
t—C Hg 125 0.54 1.3 (1X}} -134
aliyl 127 0.51 133 0.46 -40
benzyl 1.27 047 1.35 0.49 ~-34
cye—C3Hg 1.30 043 128 0.53 45
cyc—CeHy 1.27 048 131 048 -{5

(dis ances in Angstroms)

in conclusion, AM1 cakulations give reasonably accurate descriptions of the reaction processes
involved in hydrogen abstraction. The intrinsic errors in the relative heats of formation of the
various radicals can be adequately corrected for using modified Marcus theory. This methodology
should be extremely useful for modelling abstraction reactions involving large molecules including
chain transfer processes in polymers.
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