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Abstract—The parabolic model of radical abstraction reactionsis used to analyze experimental data on mono-
molecular hydrogen-atom transfer in the reactions

R C'H(CH,),CH,R' —> RCH,(CH,),C'HR! (n=2,3,4),
RCH(O")(CH,),CH,R! —> RCH(OH)(CH,),C HR?,
RCH(OO")(CH,),CH,R! —= RCH(OOH)(CH,),C HR! (n=1,2).

The activation energies and rate constants that specify each class of these reactions are cal culated. Alkyl radical
isomerization is characterized by the following activation energies of athermally neutral reaction depending on
the cycle size in the transition state (n is the number of atoms in a cycle): E, ( (kJ/mol) = 46.6 (n = 6), 59.4
(n=5),and 57.1 (n= 7). Alkoxy radicals isomerize with E, , (kJ/mol) = 53.4 (n = 6), whereas peroxy radicals
isomerize with E , (kJ/mol) =53.2 (n = 6) and Eg ( (kJmol) = 54.8 (n=7). The Eg , value varies with changes
in the cycle size and the strain energy in cycloparaffin CH,, in the same manner. The activation energies E,
for the intra- and intermolecular H-atom abstractions are compared. It is found that E,  (isomerization) <

Ee o (R™ +R'H) for alkyl radicalsand that E, , (isomerization) = E, o (RO" (RO,) + R'H) for alkoxy and per-

oxy radicals.

INTRODUCTION

Alkyl radical isomerization accompanied by free-
valence transfer from one carbon atom to another
occursin the chain cracking and radiolysis of hydrocar-
bons[1], radical polymerization and oligomerization of
monomers [2], and the thermal and thermooxidative
destruction of polymers [3, 4]. These reactions affect
both the rate of the overall process and the composition
of the resulting products. Peroxy radical isomerization
during hydrocarbon oxidation results in the formation
of bifunctional products (dihydroperoxides, diatomic
alcohols, etc.) even at early oxidation stages [5-8].
These reactions are very important in the oxidation of
carbochain polymers [4, 8]. The available data on the
rates of such reactions are rather scarce. Therefore, the
aim of this work was to analyze these data using the
parabolic model of a radical abstraction reaction, to
obtain parameters describing such reactions, and to cal-
culate the activation energies and the rate constants for
these reactions involving radicals of different structure.
We also analyzed the competition between the intra-
and intermolecular hydrogen-atom abstractions that

occur in parallel in the relevant systems (hydrocarbons
and polymers).

CALCULATION OF KINETIC PARAMETERS

Within the framework of the parabolic model, free-
radical reactions

R C'H(CH,);CH,R! —» RCH,(CH,);C'HR!,
RCH(O"(CH,),CH,R' — RCH(OH)(CH,),C HR',

RCH(OO")CH,CH,R! —= RCH(OOH)CH,C HR!

are considered to be a result of the intersection of the
potential curves, which describe the stretching vibra-
tions of the breaking (i) and forming (f) bonds in the
coordinates of the potential energy vs. the bond stretch-
ing vibration amplitude [9, 10]. The stretching vibra-
tion of abond is considered harmonic. In terms of this
model, isomerization is described by the following
parameters: the enthalpy AH,, the activation energy E,,
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the b, and b, coefficients (252 is the force constant of a
bond), and the sum of the amplitudes of the reacting
bond vibrations r, in the transition state (the distance
between the peaks of two parabolas). The reaction
enthal py AH, includes the difference between the zero-
point energies of the reacting bonds:

AH, = D;—D; + 0.5hN, (v, — V), (1)
where D; and D; are the dissociation energies of the
breaking and forming bonds, respectively; v, and v, are
the frequencies of the stretching vibrations of these
bonds; and /# and N, are the Planck and Avogadro con-
stants, respectively. The activation energy E. aso
includes the zero-point vibration energy of a breaking
bond:

E. = E+0.5(hN,v; —RT), )
where E is the activation energy, and 0.54N,V; is the
zero-point vibration energy of abreaking bond. Radical
reactions of the same class are characterized by the
same preexponential factor per attacked C-H bond
[10]. Therefore, the activation energy E was calculated
from the reaction rate constant k by the equation:

E = —RTIn(k/nAcy), (3)
where n; is the number of C—H bonds that are equally
reactive (n; = 1, 2, 3), and Ay is the preexponential
factor per one C—H bond. Within the framework of the
parabolic model, each radical reaction class is charac-
terized by the parametersa = b,/b; and br (b = b;). The
br, parameter is calculated for each individual reaction
by the following equation [10]:

br, = a,/E.—AH, + ,/E.. (4)

Along with the a and br, parameters, each radical reac-
tion classis characterized by the activation energy of a
thermally neutral reaction E, , and the position of the

transition state r;, on ther, distance at E, = Ee o
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br.
oo = ®
rolre = a(l+a)™ (6)

Table 1 lists these parameters (a, b;, 0.5hAN,v;, and
ry /re) for the reaction class under consideration.

ALKYL RADICAL ISOMERIZATION

The kinetic parameters for alkyl radical isomerization
have been determined for severa reactions [11-21]. To
calculate the br, parameter (Table 2), one should know
the enthalpy AH, and activation energy of a reaction
along with the physical characteristics of the bonds
(Table 1). For alkyl radical isomerization involving the
cleavage of one C—H bond and the formation of the
other CH bond, we havev, = v; and AH, = AH = D, - D.
The dissociation energiesfor aliphatic C—H bondswere
taken from [6], whereas those for chlorine-containing
compounds D ; were estimated as follows. The D
values for chlorinated methane are 415.9 kJ/mol
for CH,Cl1 and 406.7 kJ/mol in CH,Cl, [22], whereas,
for methane, D = 440 kJmol [6]. Therefore, the
introduction of one and two chlorine atoms causes a
decrease (AD) in the D_; value of 24.1 and 33.3 kImoal,
respectively. Using these increments and Dy =
422 kJ/mol for the CH; group [6], we obtain D¢y =
397.9 kdImoal for RCH,Cl and D ; = 388.7 k¥mal for
RCH,Cl,. These D_y values were used to calculate the
AH parameters for the isomerization of chlorine-con-
taining alkyl radicals (Table 2). The activation energy E
was calculated by Eq. (3), and the preexponential factor
for the reaction per attacked C—H bond A- ;4 (1.0 x
10°*913 s71) was calculated by averaging experimental
values (Table 2). Table 2 summarizes the calculated br,
parameters. Alkyl radical isomerization occurs via a
cyclic transition state and is characterized by different
br, values and the activation energy of athermally neu-
tral reaction E, , depending on the cycle size (Table 3).
The six-membered transition state is preferable. Alkyl

Table 1. Physical parameters of bond transformation in radical isomerization

Reacton @ | Gamort | Coma | Ciomet | M| e
R—R 1.000 3.743 174 174 0 0.50
CeH, CH,R —» CgHsC'HR | 0.945 3.743 17.4 18.4 -1.0 0.49
RO — R" 0.796 3.743 174 21.7 -4.3 0.56
RO, — R 0.814 3.743 17.4 21.2 38 0.45
R —» RO, 1.228 4.600 21.2 17.4 3.8 055
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radical isomerization occurring via the formation of asix-
membered activated complex is specified by br,= 13.66 +
0.68 (kJmoal)!” and the activation energy of a thermally
neutra reaction E; , = 46.6 + 4.8 kImoal. In the case of the
five (br, = 15.41 (k¥mol)'”?) and seven-membered (br, =
15.11 (kJmol)!'?) transition states, the E, , value is
higher and equal to 59.4 and 57.1 kJ/mol, respectively.

Let us compare the kinetic parameters for intermo-
lecular H-atom abstraction [10] in radical reactions and
intramolecular H-atom transfer via the six-membered
activated complex.

S
Reaction 2 S |rex 101, m
L] = £
52 | AR
R —»RY 13.66 | 46.6 3.65
R'+RIH—»RH+RY | 1730 | 748 4.62

The above comparison suggests that hydrogen-atom
abstraction inside the radical is characterized by a
dightly lower activation energy AE, , = 74.8 — 46.6 =
28.2 kJ/mol and, hence, by alower r, parameter (Ar, =
9.7 x 1072 m, that is, by amore compact location of the
reacting atomsin the reaction center. This can be dueto
adifference in the transition state configuration. In the
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bimolecular abstraction reaction, the atoms of the reac-
tion center C---H---C are on a straight line. The most
advantageous transition state for isomerization takes
the form of a six-membered cycle:

~c-H
RC.H(CH2)3CH2R1 - R/ JRJ'

— RCH,(CH,);C HR'.

This cyclic transition state also explains the lower
value of A ;; = 10° s~'. Monomolecular decomposition
involving the cleavage of one bond is characterized by
A =10"-10" s7!. Why is the monomolecular isomer-
ization characterized by such alow preexponential fac-
tor? Thereasonisinthe cyclic transition state of radical
isomerization: by becoming cyclic the radical loses
entropy AS* during isomerization. This decrease in the
entropy can be estimated by comparing the entropy
of n-hexane (S° = 388 Jmol~! degree!) and cyclohex-
ane (S° = 298 Jmol~! degree™!) [23]. We see that AS =
S%(n-hexane) — S%(cyclohexane) = 90 J mol~' degree.
Within the framework of the transition state theory, this
decrease in the entropy corresponds to the factor

&"S/R —2x 105, Therefore, one should expect

Table 2. Thermodynamic and kinetic parameters for alkyl radical isomerization*

Radica R D;, k¥mol | Ds, k¥mol |AH,, kImol| E, kJmol |br, (kdmol)¥?|Cycle** rRe%fé‘le
C Cly(CH,)5(C-H)HCI 397.9 388.7 9.2 43.8 14.83 6 [[11, 12]
C Cl,(CH,)3(C—H)HCH,4 413.0 388.7 24.3 39.9 13.08 6 [11]
C' Cly(CH,)5(C—H)HCH,CH,4 4145 388.7 25.8 39.0 12.80 6 [11]
C'Cl,(CH,),Si(CH,CHa),(C—H)HCH; 413.0 388.7 243 44.8 13.82 6 |[13,14]
C'H,(CH,)3(C—H)HC(O)OCH, 398.8 422.0 232 25.1 14.42 6 [15]
(CH)(O)CH,CH(CMe;)CH,C H, 385.6 422.0 -36.4 125 13.38 6 [16]
CH(O)(C—H)HCH,CH~(CMey)CH,C' H,| 397.8 422.0 —24.2 171 13.31 6 [16]
C'H,(CH,)4(C—H)HC(O)OCH, 398.8 422.0 232 30.2 15.11 7 [15]
C H,(CH,),(C-H)HC(O)OCH,4 398.8 422.0 -23.2 324 1541 5 [15]
2-[Me,C(C—H)H,]-4,6-(MeyC),CeH>, 422.0 474.0 -52.0 19.0 14.72 5 |[17-19]
2-[Ad-H]-4,6-Ad,CsH., *** 408.8 474.0 -65.0 18.0 15.23 5 |17, 19]

Notes: * Experimental activation energies (E); the br, parameter is calculated by Eq. (4) for T = 350 K; and the bonds being attacked are

denoted as (C—H).
** A cycleisanumber of atomsin the cyclic transition state.
**% Ad—adamantyl.
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Table 3. Physical and kinetic parameters for radical isomerization*

623

Radical bre, (KIMONY2 | Eqo,kdmol  |rgx 10, m| Ay, st | Feoldmol)™,
R'— > R'" (six-membered transition state)
RC H(CH,)4(C—H)HY 13.66 46.6 3.65 10° 748
RC H(CH,)(C-H)HPh 14.16 50.1 3.78 108 79.2
RC H(CHy)5(C—H)HCH=CH, 14.96 56.0 4.00 108 86.5
R —» R (five-membered transition state)
RC H(CH,),(C-H)HY 15.41 50.4 412 10° 748
RC H(CH,),(C-H)HPh 15.91 633 4.25 108 79.2
RC H(CH,),(C-H)HCH=CH, 16.71 69.8 4.46 108 86.5
Ph’ C(CHa),CH,-H 14.98 50.3 4.00 10° 753
R —» R'" (seven-membered transition state)
RC H(CH,)(C-H)HY 15.11 57.1 4.04 10° 748
RC H(CH,),(C-H)HPh 15.61 60.1 417 108 79.2
RC H(CH,),(C-H)HCH=CH, 16.41 67.3 4.38 108 86.5
RO — R (six-membered transition state)
Me,C(O')(CH,),(C-H)HR 13.13 53.4 351 | 2x10° 53.2
Me,C(O')(CH,),(C—H)HPh 1353 56.8 361 | 2x108 56.5
Me,C(O')(CH,),(C—H)HCH=CH, 14.17 62.2 379 | 2x108 62.0
RO, — R (six-membered transition state)
RCH(OO )R(C-H)HR 13.23 532 353 | 2x10° 56.3
RCH(OO )R(C-H)HPh 14.38 62.8 384 | 2x108 62.3
RCH(OO )R(C-H)HCH=CH, 14.82 66.7 396 | 2x108 70.2
RO, — R" (seven-membered transition state)
RCH(OO )RCH,(C-H)HR 13.43 54.8 359 | 2x10° 56.3
RCH(OO )RCH,(C-H)HPh 1458 64.6 390 | 2x108 62.3
RCH(OO )RCH,(C—H)HCH=CH, 15.02 68.6 401 | 2x108 70.2
R" — = RO, (six-membered transition state)
RCH(OO-H)RC HR 16.25 53.2 353 | 2x108 56.3
RCH(OO—H)RC. HPh 17.67 62.9 3.84 2x 108 62.3
RCH(OO-H)RC HCH=CH, 1821 66.8 396 | 2x108 70.2
R" — = RO, (seven-membered transition state)
RCH(OO-H)RCH,C HR 1650 54.8 359 | 2x108 56.3
RCH(OO-H)RCH,C HPh 17.91 64.6 389 | 2x108 62.3
RCH(OO-H)RCH,C HCH=CH, 1845 68.6 401 | 2x108 70.2

Notes: * The brg parameters and activation energies for athermally neutral reaction E, o are calculated by Egs. (4) and (5) for T =350 K.
** Eg o(bimoal.) is the activation energy for intermolecular H-atom abstraction.
KINETICS AND CATALYSIS Vol. 42
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A =10°-10'"s~! for radical isomerization in agreement
with the empirical value A- = 10° s~! (see Table 3).

Using the kinetic parameters for alkyl radical
isomerization, one can calculate similar parameters for
radical isomerization involving the cleavage of the
C—-H bonds agdjacent to either the phenyl ring resulting
in benzyl radical formation or the double bond result-
ing in alyl radical formation:

R C'H(CH,);CH,Ph —> RCH,(CH,);C HPh,
R C'H(CH,);CH,CH=CHR

—» RCH,(CH,); C'HCH=CHR.

The reaction center of the transition state in these reac-
tions (more precisely, its three electrons involved in
rearrangement) interacts with the adjacent teelectrons
of either the double bond or the aromatic ring. This
results in the formation of a stronger C:--H:--C bond in
the transition state and an increase in both triplet repul-
sion and the br, parameter [10]. Then, the phenyl ring
adjacent to the Attacked C-H bond in H-atom abstrac-
tion by the akyl radical favors an increase in the br,
parameter by Abr, = 0.5 (kJ/mol)'/2, whereas the vinyl
group enhancesit by Abr,=1.30 (kJ/mol)'/2[10]. Using
these increments, we obtained the parameters listed in
Table 3 for the isomerization of these structures. We
assume that the preexponential factor (A ) for these
two reactionsisan order of magnitude lower (108 rather
than 10° s!) because of the inability of the vinyl and
phenyl groups to rotate in the transition state and
because of entropy loss. The activation energy and rate
constants for the isomerization of various alkyl radicals
were calculated using the a, br,, and A-_; parameters
(Tables 1 and 3). The activation energy E was evaluated
using Eq. (2), whereas the E, energy was calculated by
Eq. (7) using the AH, value [10]:

br,
1-a

JE. =

2
2[1—0( 1-1=¢ AHE}. (7)

(bre)?

Relevant calculation results are presented in Table 4.
The activation energy for these reactions changes with
the enthalpy from 7.5 to 30.7 kJ/mol, whereas the rate
constant £(350 K) rangesfrom 5.2 x 10*t0 7.7 x 107 s7'.
The activation energy for bimolecular H-atom abstrac-
tion by alkyl radicalsis higher than that for isomeriza-
tion (Table 4): E(R" + R'H) — E (isomerization) =
28.0 £ 0.6 kJmol.

ALKOXY RADICAL ISOMERIZATION

Alkoxy radicals are very active [10] and rapidly
enter the reaction:

RO +R'H —~ROH + R".

DENISOVA, DENISOV

Moreover, akoxy radicals with sufficiently long alkyl
substituents isomerize into alkyl radicals, for example
[24]:

R(CH,);Me,CO" —» RC H(CH,),Me,COH.

Therefore, the chain chlorination of hydrocarbons with
alkyl hypochlorite results in the formation of chlorine-
containing alcohols because of amore rapid bimolecu-
lar reaction compared to isomerization [24]:

R C 'H(CH,),Me,COH+ R'OCl

—» RCHCI(CH,),Me,COH + R'O’.

The available data on the competition of
R C’'H(CH,),Me,COH isomerization (k) [24] and

R'RZR3CO’ decomposition (k,) [25] were used to esti-
mate the k values and to calculate the br, parameter for

RO’ isomerization. Table 5 presentstheinitial dataand
the calculation results. The average br, valueis 13.13 +
0.18 (kJmol)'/2, which is close to the br, parameter for

RO’ + R'H bimolecular reactions [10]. Therefore, the

RO’ + R'H bimolecular reactionsand RO isomeriza-
tion accompanied by H-atom abstraction and are char-
acterized by the same kinetic parameters (a, b, and r)
that describe the activation energy. The activation

energy for the thermally neutral isomerization of RO’
radicalsis E, = 53.4 = 1.5 kJmol. In the above cases

(Tables3and 5), RO" isomerization occurs viathe for-
mation of a six-membered activated complex:

o H
R(CH2)3M62CO. —_— >‘\/\|<R

—— R C-H(CH2)2M62COH.
Using the br, parameter, one can calculate the activa

tion energy for any RO" isomerization accompanied by
H-atom abstraction from the 8-C-H bond according to
Eq. (7) [10]. Table 1 lists parameters necessary for such
calculation. The AH, valueswere calculated using Eq. (1),
and the E activation energy was calculated using Eq. (2)
for T = 350 K. The dissociation energies for the C—H
bonds were taken from [6], and we assumed that
Dgo_y =437.2 kdmol for the forming acohol group
[25]. The rate constant was calculated by Eq. (3) using
the same value of A- j = 2.0 x 10° s7!, as for peroxy
radical isomerization (see below). Table 6 presents the

RO’ structures and the calculation results for the £ and
k parameters. For the reactions under consideration, the
activation energy ranges from 4.7 to 29.3 kJmol,
whereas the rate constant k(350 K) varies from

2.5%105t04.0 x 108 s™!. The k/k(RO" + R!'H) ratio is

KINETICS AND CATALYSIS Vol. 42 No.5 2001
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Table4. Enthalpies AH,, activation energies E, and rate constants k for alkyl radical isomerization calculated by Egs. (1),

(2), and (7)*
Radica R D;, k¥mol | Dy, kdmol | AH,, k¥mol | E, k¥mol |k (350K), s | E( Fli'J;fmFéllH):

C Hy(CH,)5(C-H)HMe 412.0 4220 10.0 25.9 2.7 x 108 54.0
MeC H(CH,)5(C-H)HMe 412.0 412.0 0 30.7 5.2 x 104 58.9
MeC H(CH,)s(C-H)Me, 400.0 4120 ~12.0 24.9 1.9 x 108 53.0
MeC H(CH,),NH(C-H)HMe 378.6 412.0 334 15.6 9.6 x 10 432
MeC H(CH,),NMe(C-H)HMe 367.1 412.0 —44.9 11.0 4.6 x 107 38.2
Me,C (CH,),NH(C-H)Me, 357.0 400.0 —43.0 11.7 1.8 x 107 39.0
Me,C (CH,),NMe(C-H)Me, 3455 400.0 —54.5 75 7.7 x 107 34.2
MeC H(CH,)4(C—H)HOH 397.4 4120 ~14.6 23.7 5.7 x 10° 51.8
MeC H(CH,)5(C-H)MeOH 3915 412.0 -20.5 21.1 7.2 x 10 49.0
MeC H(CH,),C(0)(C—H)H, 410.0 4120 2.0 29.8 1.1x 108 57.9
MeC H(CH,),C(0)(C-H)HMe 397.8 412.0 -14.2 23.9 5.4 x 10° 52.0
MeC H(CH,),C(0)(C-H)Me, 392.7 4120 -19.3 216 6.0 x 10° 49.6
MeC H(CH,)s(C-H)(0) 385.6 4120 —26.4 185 1.7 x 108 463
MeC H(CH,)5(C-H)HPh 368.7 412.0 —433 14.9 1.2 x 106 43.1
Me,C (CH,)s(C—H)MePh 354.7 400.0 453 14.1 7.8 % 10° 423
Me,C (CH,)(C—H)HCH=CH, 349.8 400.0 -50.2 17.8 45 x 108 473
Me,C (CH,)5(C—H)MeCH=CH, 3396 400.0 —60.4 139 8.4 x 10° 43.0

* Thea, A, and br, values are presented in Tables 1 and 3. The A and br, parametersfor E( R +RH) aretaken from [10]. The bonds being

attacked are denoted as (C—H).

determined by the ratio of the preexponential factors
and equals 2.0 x 10°/1.0 x 10° = 2 mol/l, that is, the
rates of these reactions areidentical at [R'H] =2 mol/l.
The activation energies for the bimolecular reaction of

H-atom abstraction by the alkoxy radica and RO’

isomerization are virtually the same (E — E(RO™ +
R'H) = 0.2 kJ/mol, see Table 6).

PEROXY RADICAL ISOMERIZATION
Experimental data on peroxy radical isomerization

RCH(OO’)(CH,),CH,R!

KINETICS AND CATALYSIS Vol. 42 No.5 2001

— RCH(OOH)(CH,),C'HR',

wheren =1o0r 2, aesummarizedin Table 7 [26-39]. The
reaction enthalpy AH was calculated using the D ; and
D¢y valuesfrom [6]. The activation energy for isomer-
ization E was calculated by Eq. (3) using the standard
preexponential factor A ;=2.0 x 10°* 012 5-1 obtained
by averaging the experimental A values for the reac-
tions studied. The AH,, E,, and br, values were
evduated by Egs. (1), (2), and (4) using parameters from
Table 1. Table 7 lists the calculated br, parameters. Per-
oxy radical isomerization involving the formation of a
six-membered activated complex is energetically more
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Table5. Initial data and calculated kinetic parameters for alkoxy radical isomerization [24, 25]*

Radica RO ki, (273 K) kpl(cz)l?’ K} "%73 K1 E, kaimol |E,, k¥imol |AH,, k¥/mol | bre, (k¥mol)¥2
(C—H)H,(CH,),Me,CO 0.29 357 1.03 30.1 464 | -195 13.27
(C-H)H,MeCHCH,Me,CO' | 0,67 357 241 20.8 461 | -195 13.24
Me(C—H)H(CH,),Me&,CO 6.15 2.20 135 234 397 | -85 12.87

* The activation energies (E) are experimentally determined. The br parameter is calculated by Eq. (4) for T = 350 K. The bonds being
attacked are denoted as (C—H)

Table 6. Enthalpies AH,, activation energies E, and rate constants k for alkoxy radical isomerization calculated by Egs. (1),
(2), and (7), respectively*

Radical RO D, k¥mol | AHg, kd¥mol | E kImol | k(350K),s? E(RE\;/;OFI”H)'
Me,C(O')(CH,),(C—H)H, 422.0 -195 29.3 25x10° 29.1
Me,C(O')(CH,),(C-H)HMe 412.0 295 25.4 6.4 x 10° 25.2
Me,C(O')(CH,),(C-H)Me, 400.0 —415 21.1 1.4 x 108 20.8
Me,C(O')CH,NH(C-H)HMe 378.6 -62.9 14.0 3.3x 107 13.7
Me,C(O )CH,NMe(C—H)HMe 367.1 —74.4 10.5 1.1 x 108 10.3
Me,C(O')CH,NH(C-H)Me, 357.0 —845 7.7 1.4 x 108 75
Me,C(O )CH,NMe(C-H)Me, 3455 -96.0 4.7 4.0 x 108 45
Me,C(O')(CH,),(C-H)HOH 397.4 —44.1 20.1 3.9 x 10° 19.9
Me,C(O )(CH,),(C-H)MeOH 391.5 -50.0 18.1 3.9 x 10° 17.9
Me,C(O )CH,C(0)(C-H)H, 410.0 -315 24.7 1.2 x 108 245
Me,C(O')CH,C(O)(C-H)HMe 397.8 —437 20.3 3.8 x 10° 20.1
Me,C(O')CH,C(0)(C-H)Me, 392.7 —48.8 185 3.4 x10° 18.3
Me,C(O )(CH,),(C—H)(O) 385.6 -55.9 16.2 7.7 x 10° 15.9
Me,C(O')(CH,),(C-H)HPh 368.7 —72.8 14.0 3.3x 10° 13.7
Me,C(O')(CH,),(C-H)MePh 354.7 —86.8 9.9 6.6 x 10° 9.7
Me,C(O')(CH,),(C-H)HCH=CH, 349.8 —91.7 134 4.0 x 10° 13.2
Me,C(O')(CH,),(C-H)MeCH=CH, 339.6 -101.9 10.6 5.2 x 10° 10.4

* Doy = 437.2k¥mol. Thea, A, and br,, values are presented in Tables 1 and 3. The A and br, parametersfor the RO’ + RH bimolecular
reaction were presented in [10]. The bonds being attacked are denoted as (C—H).
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Table 7. Thermodynamic and kinetic parameters for peroxy radical isomerization*

Radical RO, E, k¥mol | D;, k¥mol | Ds, k¥mol |AH,, k¥mol |br ., (k¥mol)Y?/Cycle** rRe(;"]f;
PhCH(O, )O(C-H)HPh 44.2 366.9 365.5 24 14.18 6 [26-29]
Me,C(0, )CH,(C-H)Me, 57.4 400.0 358.6 37.6 13.43 6 [29]
Me,C(0, )O(C-H)Me, 55.2 390.8 358.6 28.4 13.75 6 [[26,30]
MeCH(O, )CH,(C-H)HMe 68.9 413.0 365.5 437 14.43 6 [31]
MeCH(O, )CH,(C-H)H(CH,);Me 58.8 415.7 365.5 46.4 12.97 6 [32]
Me(C—H)HCH,CH(O, )(CH,);;Me 62.2 413.0 365.5 43.7 13.62 6 [33]
MeCH(O, )CH,(C—H)(O,H)(CH,);;Me 48.3 3915 365.5 222 13.29 6 [33]
Me,CHCH,C(O, )(Me)(CH,)(C-H)Me, 54.5 400.0 358.6 37.6 13.05 6 [34]
Me,C(0O, )C(O)(C-H)Me, 59.0 392.7 358.6 30.3 14.09 6 [35]
(Mg(CH,)sC(O)OCH,)3CCH,OC(0)- 56.8 413.0 365.5 43.7 12.92 6 [36]
CH,CH(O, )CH,(C-H)HCH,Me
(Mg(CH,)sC(O)OCH,)3CCH,0C(0)— 56.9 422.0 365.5 52.7 12.18 6 [36]
(CH,)3CH(0O, )CH,(C-H)H,
Ph(C—H)(O,H)OCH(O, )Ph 477 366.9 365.5 24 14.59 6 |[28,37]
(Mg(CH,)sC(O)OCH,)3CCH,OC(0)- 56.8 415.7 365.5 46.4 12.71 6 [36]
(CH,),(C-H)CH,CH(0,)Me
(Mg(CH,)sC(O)OCH,)3CCH,0C(0)— 41.9 3915 365.5 222 12.46 6 [36]
CH,CH(O, )CH,(C-H)(O,H)CH,Me
MeCH(O, )(CH,),(C-H)H(CH,),(Me 63.1 415.7 365.5 46.4 13.53 7 33,39
MeCH,C(0)OCH,Me,C— 52.5 398.8 365.5 29.5 13.35 7 [39]
CH(0O, )OC(O)(C-H)HMe
(MeCH,C(O)OCH,);C— 53.5 398.8 365.5 29.5 13.47 7 [39]
CH(0,)OC(O)(C-H)HMe
MeCH,CH(O, )(CH,),(C-H)H(CH,);Me | 62.3 415.7 365.5 46.4 13.44 7 [33]
Me(C—H)H(CH,),CH(O, )(CH,);(Me 62.3 413.0 365.5 43.7 13.63 7 [33]
MeCH(O, )(CH,),(C-H)(O,H)(CH,);oMe|  52.7 3915 365.5 222 13.82 7 [33]
(MeCH,C(O)OCH,),(MeCH,)— 53.4 398.8 365.5 29.5 13.45 7 [39]
CCH(0,)OC(0)(C-H)HMe
(Me&(CH,)5C(O)OCH,)3;CCH,0C(0)— 46.2 3915 365.5 22.2 13.02 7 [36]
CH,CH(O, )(CH,),(C-H)(O,H)Me
(Mg(CH,)sC(O)OCH,)3CCH,OC(0)- 47.0 3915 365.5 22.2 13.12 7 [36]
CH,(C—H)(O-H)(CH,)5(C-H)(O, )Me

Notes: * The activation energies (E) are experimentally determined. The br parameter is calculated by Eq. (4) for T = 350 K. The bonds

being attacked are denoted as (C-H).

** A cycleisanumber of atomsin the cyclic transition state.

KINETICS AND CATALYSIS Vol. 42

No. 5

2001



628

DENISOVA, DENISOV

Table 8. Enthalpies AH,, activation energies E, and rate constants k for peroxy radical isomerization calculated by Egs. (1),

(2), and (7), respectively*

Radica RO, ;. kdfmol [Dy, k¥/mol|AH,, k¥mol|AE,,, k¥imol | E, k¥imol | < 35%K); E(R%/r;j“)’
CH,(0O')CMe,CH,H 4220 | 3655 | 527 0 64.3 15 67.2
MeCH(OO )CH,(C-H)HMe | 4120 | 3655 | 427 0 587 7.0 616
Me,C(O0 )CH,(C-H)Me, 4000 | 3586 | 376 0 55.9 9.2 58.9
MeCH(OO )NH(C-H)HMe 3786 | 3655 9.3 0 416 | 25x10° 447
MeCH(OO )NMe(C-H)HMe | 3671 | 3655 | -2.2 0 363 | 15x 104 394
Me,C(OO )NH(C-H)Me, 3570 | 3586 | -54 0 349 | 12x10% 38.0
Me,C(O0 )NMe(C-H)Me, 455 | 3586 | -169 0 300 | 6.6x10° 331
CH(OH)(OO' )CH,(C-H)HOH | 397.4 | 3716 | 220 22 455 | 6.4x 107 486
MeC(OH)(OO )CH,— 3015 | 3716 | 161 22 426 | 87x10 457
(C—H)MeOH
CH,(00')C(0)(C-H)H 4100 | 3655 | 407 | -154 422 | 31x10° 45.1
MeCH(OO)C(O)(C-H)HMe | 397.8 | 3655 | 285 | -154 357 | 19x 10 387
Me,C(00')C(0)(C-H)Me, 3027 | 3586 | 303 | -157 363 | 7.7x10° 303
C(0)(00')CH,(C-H)(O) 3856 | 4061 | —243 88 183 | 38x10° 213
PhCH(OO )CH,(C—H)HPh 364.1 365.5 -5.2 0 44.6 8.7 x 10t 44.1
PhC(OO )CH,(C-H)MePh 3547 | 3586 | -7.7 0 435 | 63x 10! 43.0
CH,=CHCH(OO' )CH,— 3498 | 3655 | -195 0 424 | 19x10? 459
(C-H)HCH=CH,

CH,=CHC(OO )MeCH— 3396 | 3586 | —228 0 412 | 15x10? 445
(C—H)MeCH=CH,

* Thea, A, and brg values are presented in Tables 1 and 3. The A and br parameters for E( RO'2 + RIH) were presented in [10]. The bonds

being attacked are denoted as (C—H).

favorable: the br, parameter is 13.23 + 0.48 (kJmol)!”2
and the activation energy of athermally neutral reaction
Ee 05 53.2 £ 3.9 kJ/mol. For the seven-membered tran-
sition state, the E, ( value (54.8 + 1.9 kJ/mol) isslightly
higher and the br, parameter is 13.43 + 0.23 (kJmol)'2.

The isomerization of RCH(OO")CH,(C-H)HPh peroxy
radicas is characterized by br, = 14.38 + 0.20 (kJmol)'”

(Tables 3 and 7). The calculated br, parameter for the
six-membered transition state (13.23 (kJmol)'?2) is
close to the br, value (13.62 (kJmol)'/?) for monomo-
lecular H-atom abstraction from the aiphatic C—H
bond by the peroxy radical [6]. Therefore, the kinetic

parameters for isomerization RO, are close to those for
bimolecular H-atom abstraction by the peroxy radical.

KINETICS AND CATALYSIS Vol. 42 No.5 2001
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This allows the estimation of the kinetic parameters for
peroxy radical isomerization

RCH(OO")(CH,),CH=CH,

—» RCH(OOH)CH, C'HCH=CH,.

To estimate the br, parameter for this isomerization
reaction, one can use data for the corresponding

bimolecular RO, + RCH,CH=CH, reaction [6]. Rel-
evant results of calculation are presented in Table 8.
The br, parameter for the isomerization of

RCH(OO)CH,CH,Ph and RCH(OO )CH,CH,CH=CH,
radicals are higher than 13.23 (kJmol)'/?, whereas the
Ay value is lower for the same reason as for the
isomerization of similar alkyl radicals (see above). The

E and k values for the isomerization of various RO,
radicals were calculated from the a, br,, and A param-
eters (Tables 1 and 3). The E, value was evaluated by
Eq. (7) [10]. The AH, and E values were calculated by
Egs. (1) and (2), respectively. The C-H and O-H bond
dissociation energies were taken from [6]. When calcu-
lating the E parameter for the isomerization of radicals
with polar oxygen-containing groups (alcohals,
ketones, and a dehydes), we took into account the con-
tribution of the polar effect to the activation energy
AE, ,, and added this increment, which had been deter-
mined earlier when analyzing the RO, + RH reactions
involving these compounds [40-42] (see Table 8).
Table 8 showsthat the activation energy for peroxy rad-
ical isomerization ranges from 18.3 to 64.3 kJmol,
whereas the rate constant & (350 K) varies from 1.5 to
3.8 x 1057,

To determine how the competition between intra-
and intermolecular hydrogen transfers changes on
switching from the C—H to OO-H bond, we cal cul ated

the E and k (350 K) values for RO, + R'H reactions
using the corresponding a, br,, and A parameters (Ac_j; =
1.0 x 108 | mol~! s7) [10] and the AH valuesfor isomer-

ization. Relevant calculated results (E (RO, + R'H) are
presented in Table 8. The activation energy for bimo-

lecular H-atom abstraction by peroxy radicas E(RO, +
R'H) is slightly higher than that for isomerization E

(Table 8): E(RO, + R'H) — E = 2.7 + 1.2 kJmol. The
k/k(RO, + R'H) ratio ranges from 54 to 58 mol/I for the
RCH(OO")Y(C-H)HR radical and takes values of 16.6
and 6668 for the RCH(OO)Y(C-H)HPh and

RCH(OO)Y(C-H)HCH=CH, radicals, respectively.
The effect of the cycle sizein the transition state on the
E and k parameters for RO, isomerization was consid-
ered earlier ks < kg = k; > kg [5].
KINETICS AND CATALYSIS Vol. 42
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Using the parametersfor RO, — R'" isomeriza-
tion (see Table 1), one can calculate the E and k values
for reverse isomerization:

RC(OOH)CH,C'R —= RC(OO")CH,CHR.
Relevant parameters are presented in Table 3.

CONCLUSION

In this work, the parabolic model of a bimolecular
reaction wasfirst used to analyze and to describe mono-
molecular radical isomerization involving intramol ecu-
lar hydrogen-atom abstraction. The possibility of such
a description was demonstrated. Our parameters can be
used to estimate the activation energies and the rate
constants for such reactions (see Tables 3, 4, 6, and 8).
The six-membered activated complex isthe most favor-
able for the isomerization of akyl, alkoxy, and peroxy
radicals, as follows from the parameters describing the
activation energy:

- __H_ _H H_ _H H_ _H
~C . o) o) )
R R R | R
o)
R™ OH

Obviousdly, this configuration is the best for radica
isomerization involving hydrogen-atom abstraction.
The effect of the cycle sizein the transition state on the
activation energy of abstraction can be estimated for
intramolecular H-atom abstraction in alkyl and peroxy

radicals. For RO, reactions, we used the estimates
from [5] along with our own results. Below are the acti-
vation energy E, , and the cycle strain energy E(cycle
strain) (kJmol) [43]:

Cyclesize: 5 6 7 8
AE, (R —=R') | 128| © 10.5 -
AE, (RO, —=R')[>139| 0O 16 | >89
E (cyclestrain) [43] 26.4 0 26.8 41.4

Comparison of the AE, , values with the cycle strain
energy in cyclohexane C,H,, suggests their similarity,
except for the case of the seven-membered cyclein per-
oxy radical isomerization. An interesting conclusion
follows from comparing the activation energies for
intra- and intermolecular H-atom abstraction. It is
known that the bimolecular abstraction reaction always
implies the linear atom arrangement in the reaction
center of the transition state. It is this linear atom con-
figuration that ensures the minimal activation barrier
for the hydrogen atom. In the case of intramolecular
abstraction, only anonlinear reaction center ispossible.
Taking into account that it is less energetically favor-
able, one can expect that E,, (isomerization) > E,
(radical + molecule) for the reactions of all radicals

(R’, RO’, and RO;). Below are the E,, values for
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intra- and intermolecular H-atom transfer in R*, RO,

and RO, reactions (the E, , values for intermolecular
H-atom transfer are taken from [10]). The E, , values
are expressed in kJ/mal.

Reaction center:

C...H..C 0...H...C0O-0...H...C

Ee o (isomerization, 46.6 534 53.2
six-membered cycle):
E o (bimolecular 74.8 53.2 56.3

abstraction):

The E ( values for H-atom abstraction by RO™ and
RO, radicals are close, whereas, in the case of alkyl

radicals, E, , (isomerization) < E,, (R* + R'H). It is
interesting to elucidate the reasons for this unique spe-
cific feature of the six-membered reaction center in H-
atom abstraction.
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