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The importance of polar effects in the addition of methyl radical 
to alkenes has been emphasised for many years.2'3 Both older 
experimental studies3 and more recent theoretical studies4'5 have 
led to the conclusion that the methyl radical is nucleophilic in 
character. Evidence for this nucleophilic character has largely 
rested on the observation that electron-withdrawing groups on 
the alkene substrate enhance the rate of methyl addition. 
Consequently, the methyl radical has been utilized in theoretical 
studies as a model for a nucleophilic radical.4 

We report here results of a theoretical study of methyl radical 
addition to a series of substituted alkenes, studied with use of 
quantitative ab initio molecular calculations7 together with 
application of the curve-crossing model.8'9 We reach the surprising 
conclusion that polar contributions to the reactivity of the methyl 
radical toward alkenes are generally insignificant, and reaction 
exothermicity is the dominant influencing factor. 

High-level ab initio calculations7 were carried out using the 
GAUSSIAN 92 series of programs10 for the reactants, products, 
and transition structures for the series of reactions 

CH3* + CH2=CHX — CH3CH2CHX" (1) 

with X = H, CH3, NH2, OH, F, SiH3, Cl, CN, CHO, and NO2. 
Reaction barriers and enthalpies were obtained at the QCISD-
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(T)/6-311G**//HF/6-31G*+ZPVElevel11byusinganadditivity 
approximation.12 The extent of charge transfer between the 
radical and the alkene was calculated by using the Bader approach 
and the PROAIM program.13 Adiabatic ionization energies (/) 
and electron affinities (A) for the methyl radical and the set of 
alkenes CH2=CHX were obtained at the G2(MP2) level of 
theory.14 Comparative experimental results are taken largely 
from the compendium of Lias et al.15 A summary of the results 
is presented in Table I. Full details will be reported elsewhere.16 

The possible influence of reaction enthalpy on the reactivity 
of methyl radical with alkenes may be explored by plotting the 
reaction barrier against exothermicity (Figure 1). An excellent 
correlation is observed (R2 = 0.973) with a slope of 0.41, consistent 
with the results of a previous study.6b The excellent correlation 
suggests that reaction thermodynamics is the factor that 
dominates the rate of methyl radical addition to alkenes. 

If polar effects are important in determining reactivity, then 
these are expected to be governed by the relative magnitudes of 
/rad - âIk (representing charge transfer from the radical to the 
alkene, denoted D+A") and /alk - Atai (denoted D-A+).17 We 
observe (Table I) that in most cases, including the unsubstituted 
case, the energy of the charge-transfer state D+A- is higher than 
that of the charge-transfer state D-A+. This is consistent with 
an assessment based on calculated charges in the transition states, 
also included in Table I. Thus, for X = F, H, OH, CH3, SiH3, 
and NH2, methyl radical is predicted to be an electron acceptor 
and for X = Cl there is no charge transfer, while only for X = 
CHO, NO2, and CN does methyl act as a weak donor. Both the 
I-A analysis for separated reactants and the charge analysis in 
the transition state therefore suggest that methyl radical does 
not display general nucleophilic behavior. 

What, then, is the significance of the experimental observation 
that electron-withdrawing substituents in the alkene generally 
lead to lower reaction barriers? The answer is that ir-electron-
accepting groups such as CHO, NO2, and CN tend to increase 
reaction exothermicity, in part because the product radical CH3-
CH2CHX* formed from the addition of methyl to the alkene is 
stabilized by such a-substituents, as found also in a study of the 
reactions of cyanopropyl radical with alkenes.2= Thus, it-electron-
accepting groups enhance reactivity because these groups tend 
to increase reaction exothermicity and not because of induced 
polar character in the transition state. 

The above conclusions are reinforced by a curve-crossing 
analysis. According to the curve-crossing model,8,5 the wave 
function that describes the ground-state reaction surface for 
radical addition to an alkene may be built up from the electronic 
configurations, DA, D3A*, D+A", and D-A+, whose energies are 
plotted in Figure 2. The initial energy of D3A* is estimated to 
be in the range 340-440 kJ moH (3.5-4.5 eV).18 Adiabatic 
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Table I. Calculated Barriers, Enthalpies, Charge Transfers (CT), Ionization Energies (/), Electron Affinities (A), and Energies of 
Charge-Transfer States (D+A", D-A+) Related to Methyl Addition Reactions to CH2=CHX 

X 

F 
H 
OH 
CH3 

NH2 

SiH3 

Cl 
CHO 
NO2 

CN 

barrier" 

35.7 
35.2* 
34.7 
33.3 
31.7 
29.8 
28.5 
24.1 
22.0 
20.4 

enthalpy" 

-93.0 
-92.3* 
-92.1 
-92.4 
-99.5 

-101.1 
-105.0 
-119.6 
-120.4 
-127.7 

CT» 

-0.012 
-0.017 
-0.029 
-0.024 
-0.039 
-0.009 

0.000 
0.006 
0.030 
0.012 

P 

Gl(UVlY'' 

10.37 
10.58 
9.26 
9.82 
8.18 

10.15 
9.98 

10.21 
11.87 
10.98 

expt^ 

10.36 
10.51 
9.14 
9.73 

(8.20) 
10.1 
9.99 

10.10 

10.91 

A' 

G2(MP2)*e 

-1.62 
-1.86 
-1.75 
-1.82 
-1.92 
-0.92 

0.03 
0.79 

-0.23 

expt/ 

-1.91 
-1.74 

-1.95 

-1.28 

-0.21 

D+A-* 

11.39 
11.63 
11.52 
11.59 
11.69 
10.69 
11.05' 
9.74 
8.98 

10.00 

D-A+ / 

10.33 
10.54 
9.22 
9.78 
8.14 

10.13 
9.94 

10.17 
11.83 
10.94 

" QCISD(T)/6-311G**+ZPVE values,12 in kJ mob1. * Amount of charge transfer (CT)13 from the methyl radical to the alkene in the transition 
structure (HF/6-31G*). A positive value indicates electron transfer from the radical to the alkene.c Ionization energies (/) and electron affinities (A) 
of alkenes, in eV. <'G2(MP2) (experimental in parentheses) values for CH3* are 9.77 (9.84) (/) and 0.04 (0.08) (A) eV. 'Adiabatic values. / From 
ref 15. / values are adiabatic, and A values are vertical. * Charge-transfer energies of separated reactants, calculated from theoretical / and A values 
for CH3* and CH2=CHX. * Experimental values (corrected to 0 K) are 38.2 (barrier) and -94.7 (enthalpy) kJ mol"1 (from ref 15).' Calculated with 
use of experimental electron affinity for chloroethylene. 
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Figure 1. Plot of barrier height against reaction enthalpy for the addition 
of the methyl radical to alkenes (CH2=CHX, X = H, CH3, NH2, OH, 
F, SiH3, Cl, CN, CHO, and NO2) (QCISD(T)/6-31 IG** + ZPVE, kJ 
mol-1) (see text). 

ionization energies and electron affinities, listed in Table 1, place 
the initial energies of D+A- and D-A+ high and in the range 
770-115OkJmOl-1 (8-12eV). Vertical values for /and A would 
increase these values further. However, due to the electrostatic 
attraction between positive and negative moieties, the energies 
of the charge-transfer configurations drop sharply as the reactants 
approach one another. Nonetheless, in the case of methyl radical 
plus ethylene, the lower energy D-A+ configuration is still 
substantially higher in energy than the crossing point of DA and 
D3A*, probably by approximately 2-3 eV. This large energy 
separation appears to preclude significant mixing of either D+A-

(19) Flicker, W. M.; Mosher, O. A.; Kupperman, A. Chem. Phys. Lett. 
1975, 36, 56. 

CH3 + CHo=CHo CH3CH2Co2 

Reaction Coordinate 
Figure 2. Curve-crossing diagram showing the mixing of DA, D3A*, 
D+A-, and D-A+ configurations in the schematic generation of the ground-
state reaction surface (bold line) for the addition of the methyl radical 
to ethylene. 

or D-A+ into the ground-state wave function, consistent with the 
charge analysis. 

In summary, we find that polar contributions to the transition 
states are small and that reaction exothermicity is the main factor 
that dominates reactivity. We find no evidence for the prevalent 
view that the methyl radical is generally nucleophilic toward 
alkenes. 
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