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A parabolic model of the transition state is used for the analysis of experimental data 
(rate constants and activation energies) for reactions of addition of alkyl and phenyl radicals 
to multiple bonds of unsaturated compounds. The parameters describing the activation 
energy as a function of the enthalpy of the reactions were calculated from the experimental  
data. The activation energy depends also on the strength of the forming C--C bond,  the 
presence of ~-bonds in the r near the attacked C=C bond, and the presence of  
polar groups in the monomer and radical. The empirical dependence of the activation energy 
of a thermoneutral addition reaction Er on the dissociation energy D e of the forming C- -C  
bond was obtained: Ee0 = (5.95+0.06). 10-4De 2 kJ mot - l ,  indicating the important role of 
triplet repulsion in the formation of the transition state of radical addition. The contr ibut ion 
of the polar interaction to the activation energy of addition of polar radicals to polar 
monomers was calculated. 
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Reac t ions  o f  addi t ion  of  alkyl radicals to unsa tura ted  
c o m p o u n d s  are widely used in m o d e m  technologies  o f  
manufac tu re  and  modi f ica t ion  of  polymer materials  and  
in fine chemica l  synthesis.  They  occur  under  the  ac t ion  o f  
l ight and  radia t ion on  organic  compounds .  The  problem 
of  the reactivity o f  radicals and  monomers  in addi t ion  re- 
ac t ions  has  repeatedly been  discussed previously. 1-7  The  
i m p o r t a n t  role o f  the reac t ion  entha lpy  and polar  in te rac-  
t ion  in these  processes was established. However,  these 
two factors  do not  explain the variability observed for the 
reactivity o f  reactants  in processes or: radical addi t ion.  ~ 

The  parabolic  model  of  the  t ransi t ion state is an  
eff icient  tool  for analysis of  the reactivity of  c o m p o u n d s  in 
radical  react ions.  8 As appl ied to react ions of  radical ab-  
s t rac t ion ,  this  model  made it possible to de t e rmine  10 
factors affect ing the  ac t iva t ion  energy. 9 It has been  proved 
previously to tha t  the  parabol ic  model  can be used for the  
analysis o f  addi t ion  react ions.  In this work, the model  was 
used for the  analysis o f  the reactivity o f  reactants  in the 
addi t ion  of  c a r b o n - c e n t e r e d  radicals to double  Cm C  and 
triple C-~C bonds  o f  unsa tura ted  compounds .  

Calculation procedure 

In the radical addition reaction 

R" + CH2=CHX - - ~  RCH2C'HX 

the double C=C bond is broken to form a new ~-C--C bond. 
The parabolic model of the transition state considers this 
reaction as the result of intersection of two potential curves, 10 

one of which describes the vibration of  the double C=C bond 
(vibration frequency vi), and the o ther  curve describes the 
vibration of the forming C--R bond (vibration frequency vj). 
The vibrations are considered as harmonic,  so that their 
potential energies are the following: U i = bi2ri 2 arid Uf = 
bj2r~, where r i and rf are the amplitudes of vibrations of the 
corresponding bonds, and 2b, .2 and 2bf 2 are their force con- 
stants. In terms of the parabolic model,  the addition reaction is 
characterized by the following parameters. 

1. Enthalpy (AH e) that is related to the enthalpy of the 
reaction (AH) by the correlation 9 

aH~ = a H  + 0.ShZ(v~ - v r), ( t )  

where h is Planck's constant, and L is Avogadro's number. 
2. Activation energy (Ee) related to the Arrhenius activa- 

tion energy (E = Rlln(nA/k), where A is the pre-exponential 
factor, n is the number of reactive C atoms, k is the reaction 
rate constant, R is the universal gas constant, and T is the 
absolute temperature), by the correlat ion 9 

E e = E + 0.ShLv i - 0.SRT. (2) 

3. Coefficients b and a (b = b i = rcvr(21zt) t/2, where v i 
and ~t, are the vibration frequency and  the reduced mass of the 
C=C bond, respectively, and cc = bi/bf)- 

4. Distance (re) separating the minima of  two intersecting 
parabolas. 

These parameters are related by the  following correlationg: 

bre = ~(G - aHO u2 + G '/L (3) 

The br e parameter characterizes the activation energy of the 
thermoneutral reaction Ee0 for the group of reactions with r e = 
const and b = b i = constl~ 

E~ = (bre)2(l + ct) -2. (4) 

Translated from Iu~estiya Akaderaii Nauk. Seriya Khimicheskaya, No. 3, pp. 445--450, March, 1999. 
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For tile calculation of the activation energy E from the value 
of the reaction rate constant k, we used the value of the ore- 
exponential factor A s = 1.2 �9 108 L tool -I s -t for the reaction of 
the radical in the gas phase with one CH2= or RCH = group (the 
average value for the series of measurements of the rate constant 
of the reaction of the methyl radical with olefins tt) and Aii q = 
5" 10 s L mol -I s -I for the reactions in the liquid phase 
(All > A~ because of a higher frequency of collisions of particles 

q _ _  

in the liquidi2). The Aliq/Ag ratio was calculated as the average 
value of the ratio of rate constants for the reactions of the methyl 
radical with ethylene in the liquid and gas phases. For the 
calculation of the br e parameter from Eqs. (I)--(3), we u~d the 
following values of coefficients characterizing the reactions of 
alkyt radicals with C=C and CaC bonds. 10 

Bond 0t 0.ShLv 0.5hL(v i - v I) 

kJ mol - I  

C=C 1.202 9.9 1.7 
C-=C 1.542 12.7 4.5 

The AH(R ' )  values used for the calculation of the enthalpy of 
the addition reaction (in the gas phase) were taken from Ref. 13, 

and AH(CH2=CXY) were taken from the data base. 14 For 
several polyatomic radicals RCH2C'XY , the enthalpy of forma- 
tion was calculated from d,H(RCH2CHXY ) by the equation 

AH(RCH2C'XY ) = AH(RCH2CHXY ) + 

+ D(C--H) - AH(H') ,  (5) 

where D(C--H) is the dissociation energy of the C--H bond in 
the CHXY group (published datalS). 

The results of the calculation of the br e parameters of the 
reactions of methyl, alkyl, and phenyl radicals with olefins are 
presented in Tables 1 and 2. 

Results and Discussion 

Triplet repulsion in the transition state 
of the addition reaction 

The  data in Table I show that all react ions of  addi-  
t ion o f  methyl radicals to olefins are charac te r ized  by 
ahnos t  the same br~ paramete r  with the average value 

Table 1, Dissociation energies of the C--H bond (D(C--H)/kJ mol-I), enthalpies (AHe/kJ mol-I). 
activation energies (Ed'k.I tool-l), and parameters bre,/(kJ tool-t) |/2 of the addition of methyl 
radicals to olefins in the liquid phase 

Olefin D(C--H) - ~ H  e Er bre Reference 

CH2=CH2 * 422.0 98.5 40.2 20.50 I 1 
CH2=CH 2 422.0 98.5 37.9 20.19 16, 17 
CH2=CHMe" 412.0 96.1 37.0 19.95 I 1 
CH2=CHMe 412.0 96.1 36.8 19.93 6 
CH2=CHEt 413.0 96.6 36.0 19.84 6 
CH2=CMe 2 400.0 98.3 35.7 19.88 6 
t rans-MeCH=CHMe 413.0 95.6 44.3 20.87 16, 18--20 
c i s -MeCH=CHMe 413.0 99.0 42.0 20.75 16, 18--20 
cyclo-C5H 8 405.4 99.8 42.9 20.91 18 
cyclo-C 8 H 14 402.0 87.3 42.4 20.20 18 
CH2=CHC1 410.9 104.3 33.6 19.91 6 
CH2=CCIMe 401.9 94.3 32.2 19.19 6 
CH2=CCI2 401.7 117.3 27.6 19.72 6 
CH2=CHF 410.0 100.3 32.2 19.51 21 
CH2=CHOAc 399.5 104.8 35.3 20.[7 6 
CH2=CHOEt 396.5 96.5 34.5 t9.63 6 
CH2=C(Me)OMe 378.2 109.0 34.9 20.33 6 
CH2=C(Me)OAc 392.3- 117.0 34.9 20.72 6 
CH2=CHCOOMe 398.8 102.0 26.6 19.53 6 
CH2=C(Me)COOMe 389.0 128.3. 25.7 19.99 6 
t rans-MeCH=CHCOOH 398.8 127.6 25.3 19.89 22 
c is -MeCH=CHCOOH 398.8 131.8 22.3 19.64 22 
CH2=CHCH2OAc 399.5 102.3 34.9 I,9.99 20 
CH2=CHOC(O)CH2Ph 399.5 104.8 29.8 1,9.40 20 
CH2=CHCN 388.4 129.7 25.1 19.97 18, 23 
CH2=C(Me)CN 384.5 127.0 25.0 19.82 18, 23, 6 
CH2=CHCH=CH2 349.4 145.2 26.4 20.88 24 
MeCH=CHCH=CHMe 345.4 136.7 31.1 21.15 24 
CH2=C(Me)C(Me)=CH2 339.3 149.2 26.1 21.03 24 
cyclo-[(CH=CH)2CH2] 312.0 158.9 32.1 22.27 18 
cyclo-[(CH=CH)2CH~_CH2] 305.4 165.8 29.5 22.23 18 
CH2=CHPh 364.1 143.0 26.9 20.82 6 
CH~=CMePh 354.7 139.0 26.9 20.67 6 
I-tC~CH 464.0 104.4 40.5 24.93 16 
MeC-=CH 454.0 105.2 41.9 25.18 16 
Pr"C-=C H 454.0 104.2 - 41.3 25.03 16 
MeC=-CMe 454.0 94.0 48.6 25.39 t6 

" In the gas pt~ase. 
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Table 2. Enthatpy (AHe/kJ tool-t), activation energy 
(Ee/kJ tool-I), and parameters brc/(kJ mol-I) 1/2 of the addi- 
tion of phenyl and alkyl radicals to olefins in the liquid phase 

Reaction -AH~ Ee br~ Refer- 
e n c e  

Et" + CH2=CH2 ~ 91.4 40.7 20.20 11 
Et" + CH2=CHOAc 97.9 34.6 19.68 25 
Me2C" H + CH2--CH2 a 89.7 40.6 20.09 11 
Bu u" + CH2=CH2 a 91.4 41.6 20.31 II 
Me3C + CH2=CH2 a 78.5 43.6 19.89 I 1 
Me3C + CH2=CH 2 78.5 42.5 19_74 26 
Me3C' + CH2=CMe2 78.3 42.1 t9.68 26 
Me2C'H + CH2=CHOAc 84.8 37.7 19.45 26 
Me3C" + CH2=CHPh 121.3 29.1 20.14 26 
Me3C + CH2=CHSiMe 3 80.3 35.7 18.92 26 
Ph' + CH2=CHMe 154.2 26.6 21.32 27 
Ph" + CH2=CHEt 146.9 26.1 20.92 28 
Ph' + c/s-MeCH=CHMe 151.6 30.0 21.68 28 
Ph" + t rans -MeCH=CHMe 147.4 29.8 21.46 28 
Ph" + CH2=CHPr" 146.9 25.8 20.87 28 
Ph" + CH2=CHCH2Ph 174.1 18.5 20.98 28 
Ph" + CH2=CMe 2 149.9 22.9 20.59 27 
P h  + CH2=CCI2 168.9 19.3 20.89 27 
Ph" + CH2=CHPh 195.7 18.9 21.96 27 
Ph" + CH2=CHOAc 156.4 24.4 21.I0 27 
Ph" + CH2=CHCI 155.9 23.6 20.96 27 
P h  + CH2=CHCH2Pr n 146.9 24.8 20.73 27 
Ph" + CH2=C(Me)COOMe a 179.9 18.5 21.23 27 
Ph' + CH2=CHCOOH 169.7 18.9 20.86 27 
Ph" + CH2=C(Me)COOMe b 179.9 19.8 21.43 27 
Ph" + CH2=CHCH=CH2 209.0 19.6 22.60 27 
Ph" + CH2=CHPh 154.3 24.5 25.57 27 

a In the gas phase. 
The results of different measurements. 

equal to 20.01_+0.43 (kJ tool-l)  t/2. The activation en- 
ergy of  the thermoneutral addition reaction (see Eq. (4)) 
Ee0 = 82.6+3.6 kJ mol -I corresponds to this param- 
eter. The addition of other alkyl radicals ( E t ' ,  Me2C" H, 
and Me3C' )  and the phenyl radical to the C = C  bond of 
an olefin is characterized for each radical by a different 
br e parameter (see Table 2). What is the reason for this 
difference? 

The strong effect of  the triplet repulsion on the E 
value was established in the analysis of activation' ener- 
gies of  reactions of radical abstraction. ~,9 The effect 
appears in the fact that for reactions of the X" + HY 
type, the stronger the X--Y bond along which the 
hydrogen atom is transferred, the higher the value of  the 
br e parameter.* In the addition of R" to CH2=CXY, the 
labile three-electron R . . . C "  H2...C'X'Y bond is formed 
in the transition state, and since three electrons cannot 
be localized on one a-orbital of the C - - C  bond, both 
bonding and antibonding orbitals of the C - - C  bond 
participate in the rearrangement of the orbitals. There- 
fore, this effect and the influence of  the strength of  the 
R- -C  bond on the value of  the activation energy should 
be expected for addition reactions. This phenomenon 

has previously been observed for the addition of  atoms at 
the double C=C bond. z9 For the R + CH2=CXY 
reactions, the brr and Ee0 parameters (see Eq. (4)) were 
compared to the De value of the forming R - - C H  2 bond. 

R' De b,'.:. E.~ 
/kJ tool -1 /(kJ moi-l)U 2 /kJ mol -t 

Ph" 436 22.60 105.3 
Me" 378 20.O1 82.6 
Me2C" H 372 19.49 78.3 
Me3C" 360 18.20 68.3 

A distinct correlation between the br e and D e values of  the 
C - - C  bond is observed: the stronger the forming bond, 
the higher br c and E~0. A similar conclusion follows from 
comparison of the parameters of the reactions of  addition 
of the methyl radical to CH2=CXY and HC-=CY (see 
Table l). For the addition of Me" to acetylenes, the aver- 
age br c value is 25.23+0.17 (kJ mol-t) t /2.  The parameters 
for these two classes of reactions are compared below. 

Compound D e br  e Eeo 
/kJ mol -i /(kJ mol-i) 1/2 /kJ mol -i 

CH2=CXY 378 20.01 82.6 
HC~CY 434 25.23 97.7 

The dependence of the r e value on the strength of  the 
forming bond D e is linear (Fig. 1) and is expressed by 
the empirical equation 

r e �9 1013/m = (0.97+0.04) �9 (De/kJ tool-t). (6) 

It is very close to a similar dependence established for 
the addition of atoms (H, D, Cl, and Br) to the double 

re" 101)/m 

4 

3 
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Fig. 1. Dependences of the parameter r c -- b-l(I + ct)Ee01/2 
on the strength of the forming bond (De) for the addition of 
phenyl and alkyl radicals R" to olefins and acetylenes (/) and 
for the addition of atoms to olefins (2). 29 
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"l'able 3. Effect of a-n-bonds (~E,) on the activation energy of 
radical addition 

Olefin br e a Ee 0 b AE~ b 

CH2=CXY 20.01 82.6 0 
CH2=CHCH=CH 2 20.88 89.9 7.3 
MeCH=CHCH--CHMe 21.15 92.2 9_6 
CH2=CMeCMe=CH2 21.03 91.2 8.6 
cyelo-[(CH=CH)2CH2] 22_27 102.3 19.7 
cyclo-[(CH=CH)2(CH2)2} 22.23 101.9 19_3 

tn (kJ tool-t) 1/:2. 
b In kJ tool -I .  

bond: r e" 1013/m = 1.03 " [D(C~X)/kJ  mol - l l ,  z9 The 
data obtained should be considered as the empirical 
proof  of  the important  role of  the nonbonding orbital of  
the forming bond (so-called triplet repulsion) in the 
formation of  the activation barrier of  radical addition 
reactions. 

The n-bonds adjacent to the attacked C=C bond 
have a substantial effect on the activation energy and the 
br e parameter  (as well as E~).. This is illustrated by the 
data (see Table 1) on the addition of the methyl radical 
to olefins and dienes with conjugated C = C  bonds 
(Table 3, for the method of calculation of  ~E, ,  see 
Ref. 9). 

The difference in the E~0 values of  the reactions of  
(he radicals with the double bond of an olefin, which has 
an ad jacen t  n - C - - O  bond,  and with the double  
CH2=CXY bond can be considered as the contribution 
of  conjugation of  two n-bonds (AE~) to the triplet repul- 
sion in the transition state. For iinear diolefins, it is 
equal ,  on the average,  to 8.5_+0.9 kJ tool - I .  For  
cyclopenta-  and cyclohexai:tienes, this contribution is 
substantially higher and equal to 19.5+0.2 kJ tool - l .  

Similar regularities are also observed in the case of  
the addition of  R to styrene and its analogs (see 
Table !). The br~ and Ee0 values for the reactions of  the 
methyl radical addition to a-phenylethylenes CH2=CX'Y 
are presented below. 

X, Y br~ Ee0 ,xE, 

/(kJ tool-I) 1/2 kJ tool -I 
H, R 20.01 82.6 0 
H, Ph 20.82 90.0 7.4 
Me, Ph 20.07 88.7 6.1 
Ph, Ph 21.33 94.4 11.8 

it is seen that one phenyl substituent in the a-posi t ion 
to the attacked C = C  bond increases the Ee0 value by 
6.7_+0.6 kJ tool - t ,  whereas two Ph groups increase it by 
12 kJ moV t. The linear dependence of  the r e value on 
the strength of the forming C- -C  bond obtained above 
for the addition reaction (see Eq. (6)) makes it possible 
to estimate the degree of  strengthening of  the forming 
C - - C  bond in the transition state due to the interaction 
of electrons of this bond with neighborflag rt-electrons: 
ADJkJ  tool -~ = Abre/(5.37" 10-2). 

Olefin AE, :~D~ 

kJ tool- t 
CH2=CHCH=CHR 8.5 18.8 
CH2=CHPh 6.7 14.9 
CH2=CPh 2 11.8 24.6 

Thus, the results obtained prove unequivocally the 
important rote of  the triplet repulsion in radical addition 
reactions. The parameters calculated in this work and 
the correlations derived make it possible to estimate the 
activation energies of  addition of  various alkyl radicals 
to unsaturated compounds with C = C  and C---C bonds. 

Polar interaction in addition reactions 

The polar interaction appears in the transition state 
when an alkyl radical with a polar group reacts with a 
polar monomer. This effect was revealed in the studies 
on radical polymerization. 3,4 The parabolic modeJ al- 
lows one to estimate the contribution of  this interaction 
(AEu) to the activation energy by the comparison of the 
br e parameters for the addition reactions of the nonpolar  
(methyl) and polar (Rr,") radicals using the equation 9 

6E~, = [(brr 2 - (bre)2M~](I + a) -2. (7) 

The results of the calculations of  the AE~, values for 
the reactions of  addition of hydroxyisopropyl,  cyano- 
isopropyl, and tert-butoxyoxymethyl radicals to a series 
of polar monomers are presented in Table 4. It is seen 
that the polar interaction decreases the activation energy 
of  the addition in the reactions of  the Me:(OH)C" and 
Me2(CN)C" radicals, but increases it in tile reactions of  
the ButOC(O)C H 2 radical. The AE~ values vary from 
- 2 3  kJ tool - t  for the reaction of  Me2(OH)C" with 
CH2=CHCN to +19.5 kJ tool - t  for the reaction of 
Bu~OC(O)C ' H 2 with CH2=CMeOAc.  Thus, the polar 
interaction can contribute substantially to the activation 
energy of  addition. 

The polar interaction between the attacking radical 
and the monomer also takes place in the reaction of  
chain propagation during radical polymerization.  3,4 The 
initial data (rate constants from Ref. 4) and the calcu- 
lated AE~ values (see Eq. (7)) for the chain propagation 
during polymerization of  several monomers are pre- 
sented in Table 5. It is seen that for the monomers 
presented in Table 5, the effect of  polar interaction is 
low, and the ~xE~ values fall in the range of  the measure- 
ment error (+2 kJ tool - l ) .  

Comparison. o f  parameters characterizing reactions 
of addition and abstraction of alkyl radicals 

ha terms of the parabolic model, the same param- 
eters (AHe, b, r e and ct) characterize reactions of  abstrac- 
tion and addition of radicals. This makes it possible to 
compare correctly two classes of  the radical reactions 
indicated. Let us compare two individual reactions of  
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Table 4. Contribution of the polar interaction (aEv) to the activation energy of addition of  
polar alkyl radicals to polar monomers (calculated from Eqs. (I)--(3) and (7) according to 
Refs. 6, 30--32) 

X, Y Me ", Me2(OH)C" Me2(CN)C" ButOCOC" H 2 

br~ ~ br~ ~ as b br e ~ ~E~ b br~ ~ ~E~ n 

H, OEt 19.63 19.87 -1.9 19.01 -4.9 21.20 13.2 
Me, OMe 20.33 19.54 -6.5 19.17 -9.4 21.50 10.1 
Me, OAc 20.33 18.27 -16.4 19.81 -4.3 22.54 19.5 
H, OAc 20.17 18.27 -15.1 18.78 -11.2 22.17 17.5 
Me, CI 19.19 18.12 -8.2 18.62 -4.4 20.51 10.8 
CI, CI 19.72 18.42 -10.2 19.24 -3.8 21.31 13.4 
H, COOMe 19.53 16.85 -20.1 19.35 -1.4 21.09 13.1 
H, CN 19.97 16.92 -23.2 19.86 -0.9 21.58 13.8 
Me. COOMe 19.99 19.57 -3.4 
H, CHO 18.67 18.94 2.1 
Me, CN 19.82 19.27 -4.4 

a In (kJ mol-t)  I/2. 
b In kJ tool -I .  

Table 5. Contribution of the polar interaction (AE~) to the 
activation energy of radical addition 

Compound AHe " Ee a AE, a k ( 3 0 0  K) b br e e 

CH2=CMeCOOMe 76.5 44.4 -1.1 290 19.88 
CH2=CHCOOMe 87.3 41.5 -0.6 950 20.08 
CH2=CHOAc 86.2 42.0 -0.7 770 20.09 

a In kJ tool -I.  
b In L tool -I s - | .  

In (kJ tool-I) 1/2. 

the methyl  radical, namely  the abstraction of  the H 
atom from the e thane  molecule  and its addit ion to 
ethylene.  

Reactant AHe E e E (300 K) A k (300 K) 
kJ tool -I L mo1-1 s -I 

Ethane -18.0 65.5 49.3 6- 109 15.6 
Ethylene -98.5 37.9 32.9 1.109 1.87" 103 

It is seen that  the addit ion of  the H atom to ethylene 
is a strongly exothermic  reaction. Therefore ,  it occurs 
with a lower act ivat ion energy and more rapidly than the 
abstract ion o f  the H atom from the e thane molecule .  

The  compar i son  of  the parameters  of  these two 
c lasses  o f  r eac t i ons  ( b / m  - l  (kJ m o l - I )  t/2, r J m ,  
E0/kJ mol  -I = Eeo/kJ mol -~ - 0.5hLv) is presented 
below. 

Reaction ct b. t0 II r e �9 10 II Eeo E 0 r=/re 

Abstraction 1.00 3.743 4.595 74.0 56.6 0.500 
Addition 1.20 5.389 3.713 82.6 72.7 0.454 

It follows from the compar ison of  the a values and the 
posit ion of  the transit ion state r ~ at the segment  r e 
( r~/G)  that the transit ion state at AH e = 0 in the ab- 

straction reaction is exactly in the  middle  o f  the r e 
segment ,  whereas in the addi t ion  react ion,  it is shifted 
toward the C----C bond. This  resul ts  f rom the fact that in 
the abstraction reaction the parabolas  o f  the breaking 
and forming C - - H  bonds are symmet r i ca l  because they 
are character ized by the same force  constant ,  whereas in 
addit ion reactions, the breaking ( C = C )  and forming 
( C - - C )  bonds are character ized by  different  force con-  
stants. It is seen from the c o m p a r i s o n  of  the r~ values 
that in the addition reaction,  the t rans i t ion  state is more 
compac t  than that in the abs t rac t ion  react ion.  The  force 
constants  of  the C - - H  and C = C  bonds  (coeff icients  b) 
differ significantly (see above);  however ,  the Ee0 and br e 
values are sufficiently close. This  is expla ined  by the fact 
that for the reactions compared ,  t h e  b and r e values in 
the br e product compensa te  each o the r .  

The  dependence  of  the  ac t iva t ion  energy on the 
reaction enthalpy is an impor tant  character is t ic  o f  each 
class o f  reactions. This d e p e n d e n c e  can be charac ter ized  
by the derivative dEJd(AH~)  at A/ /e  = 0. Transforming  
Eq. (3) for the case o f  low AH" e va lues ,  we can write 9 

Ee I/2 = bG(l + c~) - t  + r (8) 

from which after different iat ion a t  AH~ ~ 0 we obtain 
d E e / d ( A H  ~) = a ( l  + a)  - t .  The  ~ and dEd'd(AHe) val- 
ues for the classes of  the reac t ions  cons idered  are pre- 
sented below. 

Reaction a dEe/d(Atte) 

Abstraction 1.00 0.50 
Addition 1.20 0.54 

These data indicate that the add i t i on  react ion is more 
"sensitive" to a change in the e n t h a l p y  than  the react ion 
of  hydrogen atom abstraction f r o m  the C - - H  bond. 

As the AH e value diminishes,  the  act ivat ion energy 
decreases and E = 0 . 5 R T a t  AH e < AH~.mi n (see Ref. 8). 
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The threshold value AHr n depends on bre, ct, and 
0.5hLv as followsS: 

AHe.,ni, , = -(br,./c02 + 2brea-2(O.ShLv)l/2 + 
+ 0.5(1 - a2)hLv. (9) 

For the addition reaction, ~He,mi n ~-- - 1 9 4 . 4  kJ tool -I. 
This  value differs substantially from AHe,rnin = 

- I  53.1 kJ tool -1 for the abstraction reaction. 
As shown above, the presence of  rr-electrons near the 

reaction center increases the E e value of  the additiol~ 
reaction. A similar effect is also observed for abstraction 
reactions. ~ The magnitudes of these effects in the ab- 
straction and addition reactions are close, which is seen 
from the comparison of the AE,. values. 

Reaction AEx(Ar) AE~(C=C) 

kJ tool -I 

Abstraction 7.8 14.7 
Addition 8.5 19.5 

In both addition and abstraction reactions, the triplet 
repulsion affects strongly the activation barrier and the 
interaction of  polar groups of the radical and monomer. 
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