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Physical Chemistry

Estimation of dissociation energies of C—H bonds in oxygen-containing
compounds from kinetic data for radical abstraction reactions
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142432 Chernogolovka, Moscow Region, Russian Federation.
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The C—H bond dissociation energies were calculated on the basis of the parabolic model
from the rate constants of free radical reactions for more than 160 oxygen-containing com-
pounds. The enthalpies of formation of free radicals formed from these compounds were
calculated. The method was modified taking into account the influence of functional groups
on the partial rate constant and for the case when the reference reaction in the reaction series
belongs to another class of structurally similar reactions.
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Dissociation energies of the C—H bonds are widely
used in analysis of the reactivity of oxygen-containing
compounds in various reactions. The C—H bond disso-
ciation energies are known for the series of these com-
pounds.!—* The representative set of experimental rate
constants of reactions for radical abstraction reactions in
the liquid phase is available, involving alcohols, ketones,
aldehydes, acids, esters, and ethers.5 Statistical process-
ing and analysis of this set make it possible to extend
substantially the scope of compounds for which the C—H
bond dissociation energy can be estimated.

In this work we determined the C—H bond dissocia-
tion energies for more than 160 oxygen-containing com-
pounds using the method of estimation of the bond disso-
ciation energies from the rate constants of the radical
abstraction reactions based on the empirical parabolic
model of transition state.® The data obtained are in good
accord with the published values. The recommended C—H

bond dissociation energies and enthalpies of radical for-
mation are presented for the compounds considered. The
method was modified to take into account the influence
of functional groups of esters on the reaction rate constant.

The C—H bond dissociation energies in alcohols have
been published elsewhere.”

Methods of estimation of the bond dissociation
energy from rate constants of radical reactions

Basic method of calculation. The main formula for
the empirical parabolic model for the simple reaction
R* + R'H - RH +R’" has the following form®:

bre = (X(Eei _ AHe)O'S + EeiO.S’

where (1) AH, = D; — Dy + 0.5hL(v; — vy) is the enthalpy
of the reaction; v; and v;are the frequencies of stretching
vibrations of the cleaved and formed bonds, respectively;
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h is the Planck constant; L is Avogadro’s number; D; and
D; are the dissociation energies of the cleaved and
formed bonds, respectively; (2) activation energy E,; =
E; + 0.5(hLv; — RT) is measured from the minimum in
the potential curve of the cleaved bond energy to the
minimum of the transition state; R is the universal gas
constant, 7' is the absolute temperature (K); E; is the
experimental activation energy of the radical reaction;
(3) r, is the distance between the peaks of the potential
curves in the coordinates amplitude of stretching vibra-
tions of atoms—potential energy; (4) coefficients b =
n(2u;)/?v; and by = n(2u;)'/?vs describe the dependence
of the potential energy on the amplitude of vibrations of
atoms along the cleaved (i) and formed (f) valence bond;
2b? is the bond force constant; p; and p, are the reduced
weights of atoms for the cleaved and formed bonds, re-
spectively; and (5) o = b/by.

The method of calculation of the bond dissociation
energy is based on the experimental fact4:% that for struc-
turally similar reactions (in the same reaction series) the
kinetic parameter br, ~ const if the enthalpy of the reac-
tions lies within the interval AH,™" < AH,, < AH™X,
When calculations are performed in the reaction series,
the "reference” reaction R* + R'"H - RH + R, whose
all kinetic and thermodynamic parameters are known,
and the reactions R* + R‘'H - RH +R*, whose cleaved
bond dissociation energy D,; is the subject of estimation,
are distinguished.

The algorithm of calculations is the following. After
the characteristics of the class of reactions, viz., br,, Ay,
K> Vi, Up, and vg, were determined, the critical enthalpies
of the class of the following reactions are calculated tak-
ing into account the thermochemical data:

AH MM = —(br,/a)? + 2broa=2(0.5hLv;)03 —
—0.5(1 — a®)hLv;, ()

AHMX = (br,)% — 2br,0(0.5hLve)05 —
—0.5(1 — a®)hLvy. 3)

Then the enthalpies of the reference reaction are esti-
mated

AH,; = D;; — Dy, + 0.5(hLv; — hLvy). (4)

When AH, ™" < AH,, < AH,™, D, is calculated. The
rate constants of two different reactions (1 and /) ob-
tained by the same method are used to enhance the
accuracy of calculation. The pre-exponential factor A4,
per the reacting bond remains unchanged within the same
reaction series. Therefore, the difference in the activa-
tion energies AE; of the reactions involving the R"H and
RH reactants is the following:

AE; = ~RTnlkny/Gkym)], ©

where k; is the rate constant of the ith reaction, k; is the
rate constant of the reference reaction, and »; and n, are

the numbers of the equivalent attacked bonds in the ith
and reference reactions of the same reaction series. For-
mula (1) for the reference and ith reactions gives the
following relation between the difference of the bond
strengths AD; = D; — D;and AE}:

E 03 = br{l — o[l — (1 — a?)AH,/(bre)2193) /(1 — a?),  (6)
E..= E, + AE, @
AD; =2br(E0S — E,\"5)/a? — (a2 — 1)AE,. ®)

In the method proposed, the dissociation energy of
the cleaved bond (D,) is calculated using the formula

D; = AD; + D. 9)

If different radicals with the same atom bearing the
free valence lead the radical attack in the reaction series
(i.e., Dy # const), then the correction is introduced into
formula (9), and the latter takes the form

D; = AD; + D; — Di' + Dy, (10)

where D! is the energy of the formed bond in the refer-
ence reaction, and Dﬁ is the dissociation energy of the
formed bond in the jth reaction of the considered series.

Analysis of the accuracy in determination of AD; of
this method shows?* that the maximum error does not
exceed 2.5—4.0 kJ mol—1.

Modification of the method of calculation for the case
when the reference reaction belongs to another class of
reactions. Sometimes the reference compound R "H from
the given class of reactions is absent from the specific
reaction series but is present in another class, and its
thermochemical parameters are known. Since the ki-
netic parameter br, differs, the calculation formulas
should be modified. Based on Eq. (1) and assumed that
the o parameter is the same for the both classes and
D¢ = const in the series considered, we get the following
formula for calculation of AD;:

AD; = 2bro (EoS — Eo 05 — Abry) /o +
+ Abry(QE,0S — Abry)/a? — (a2 — 1)AE, (11

where br,; is the kinetic parameter of the reference reac-
tion, and Abr, = br, — br;.

In this case, formula (5) for the calculation of AE,;
takes the form

AE,; = —RT1In(A,/A,). (12)

The dissociation energies of the C—H bonds in the
a-position to the double bond in acids were calculated
using formulas (11) and (12) (Table 1).

Taking account of functional groups in calculation of
the dissociation bond energy. For some compounds, in
particular, esters, the reactivities of primary bonds in the
acid residue and secondary bonds in the alcohol residue
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Table 1. Dissociation energies (D;) of the C—H bonds in acids calculated from the kinetic data

Compound R'H D¢ ADp D; —AH(RH)¢ —AH(R")¢ Refs.
kJ mol~!
C{—H}(O)OH Malonic acid 400.1 —7.422  392.68 378.8 204.1 8
CH,{—H}C(O)OH Cyclohexane 408.8 5.277  414.08 432.2 236.1 9
MeCH{—H}C(O)OH Cyclohexane 408.8 —9.920  398.88 447.7 266.8 9
Me,C{—H}C(O)OH Decane 413 —24.188  388.81 — — 10
Cyclohexane 408.8 —20.284  388.52 — — 9
Propionic acid 398.9 —11.263  387.64 — — 11
388.310.6 4 481.2 310.9
MeCH,CH{—H}C(O)OH Decane 413 —15.257 397.74 — — 10
Cyclohexane 408.8  —9.081 399.72 — — 9
398.7 472.8 292.1 9
Me,(CH,{—H})CC(O)OH Decane 413 2,172 415.17 510.4 313.2 10
Me(CH,),CH{—H}C(O)OH Cyclohexane 408.8 —9.362  399.44 489.5 308.1 9
Me(CH,);CH{—H}C(O)OH Decane 413 —15.884  397.12 513.8 334.7 10
Me(CH,)4,CH{—H}C(O)OH Pentanoic acid 399.4  —0.344  399.06 538.2 357.1 12
Me(CH,),CH{—H}C(O)OH Pentanoic acid 399.4 —0.444  398.96 600.1 419.1 12
CH{—H}(OH)C(O)OH Propionic acid 398.9 —1.124  397.78 572.7 392.9 11
MeC{—H}(OH)C(O)OH Propionic acid 398.9 —13.120  385.78 — — 11
—12.606  386.29 468.8 300.8 13
CH{—H}[C(0)OH], Butanoic acid 398.7 1.477  400.1 811.5 629.4 14
HO(O)CCH{—H}CH,C(0)OH Acetic acid 414.1 -16.288  397.83 830.3 650.5 14
[C{—H}(OH)C(O)OH], Propionic acid 398.9 —6.278  392.68 859.1 684.4 13
cyclo-[C{—H}(C(O)OH)(CH,);] Propionic acid 398.9 —7.895  399.01 355.6 174.6 8
cyclo-[C{—H}(C(O)OH)(CH,);s] Cyclohexane 408.8 —20.663  388.17 396.9 226.7 9
CgHsCH{—H}C(O)OH Toluene 375 —8.800  367.0 318.0 169.0 15
CH{—H}CIC(O)OH Propionic acid 398.9 0 398.9 435.1 254.2 11
NCCH{—H}C(O)OH Malonic acid 400.1 —1.748  398.35 — — 8
MeC(O)NHCH{—H}C(O)OH Propionic acid 398.9 3.266  402.17 602.5 418.3 13
MeC(O)NHC{—H}(Me)C(O)OH Propionic acid 398.9 —5.883  393.02 627.6 452.6 13
cyclo-[C(C(O)OH)=CHCH{—H}(CH,),] Isopropyl alcohol 390.5 —30.665 359.84 — — 8
cis-cyclo-|C(C(O)OH)=C(C(O)OH)—

—CH{—H}(CH,);] Isopropyl alcohol 390.5 —20.496  370.00 — — 8

% Bond dissociation energy of the reference reaction.
b Increase in the bond dissociation energy.

¢ The enthalpies of radicals obtained in this work are given by bold.

4 Mean D, value.

are comparable. In such cases, the additivity rule of the
reactivities of groups (presentation of the reaction rate
constant as the sum of the partial rate constants for the
reacting groups) should be used for the calculation of the
bond dissociation energies in the CH,OCOR groups of
esters, which also contain the MeO groups. The reaction
rate constant k for the molecule containing m MeO groups
and m; CH,OCOR groups is presented as the sum

k = 3mk(MeO) + 2m k(CH,OCOR). (13)

In our case, the experimental rate constants for dim-
ethyl oxalate were known,8 and the partial rate constant
for the CH,OCOR group of the corresponding ester were
inserted instead of k; into formula (5).

Results and Discussion

The initial data and results of calculation of the C—H
bond dissociation energies in the oxygen-containing com-
pounds are presented in Tables 1—5. The details of cal-
culation are presented in Table 2, and the results of
calculation are presented in Tables 1 and 3—5. For all
classes of oxygen-containing compounds the kinetic pa-
rameter br, was taken as 17.3 kJ%> mol~% for the reac-
tions R* + RH and 14.5 kJ93 mol~0- for the reactions
H*® + RH.% In the calculation using formulas (11) and
(12) for the reference reaction the kinetic parameter was
used as that for the reaction of the Me" radical with
alcohol, i.e., br, = 15.8 kJ mol=0-.% The pre-exponential
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factors per reacting bond for the reactions of R* + RH
and H* + RH are 1-10%and 1+ 10!! L mol~!s~!, respec-
tively.

The bond dissociation energies in cyclic esters and
some linear ethers (for the radical attack to the second-
ary C—H bond), except for those of 1,4-dioxane and

Table 2. Dissociation energies (D;) of the C—H bonds in ketones calculated from the kinetic data

Compound R'H T/K  ki/k® ny/np D¢ AEZ  ADg D; —AH(R—H) AH(R")/ Refs.
kJ mol~!
MeC(O)CH,{—H} Isooctane 347 0.772 0.17 400 5915 12.486 412.49 — — 16
Cyclohexane 347  0.509 1 408.8 1.948  4.047 412.85 — — 16
Ethanol 403  0.767 0.33 399.8 4.560 10.33 410.13 — — 17
411.8€1.58 -217.1 -23.3
MeC(O)CH{—H}Me Pentan-3-one 296 0.900 2 396.5 —1.447 —-3.909 392.59 —240.6 —66.0 18
MeC(O)C{—H}Me, Diisopropyl 296 0.857 2 387.6 —1.327 —3.764 383.80 —-262.3 -96.5 18
ketone
MeC(O)CH{—H}CH,Me Pentan-3-one 296 0.450 2 396.5 0.259  0.692 397.19 —-259.0 -79.8 18
MeCH{—H}C(O)CH,;Me Cyclooctane 333 0.446 4 401.9 —1.6 —4.06 397.84 — — 19
Cycloheptane 333 0.564 3.5 403.9 —1.885 —4.71 399.19 — — 19
Acetone 333 7.628 1.5 411.8 —6.748 —17.973 393.83 — — 19
396.5£2.88 —258.2 —-79.7
MeCH,CH{—H}— Pentan-3-one 333 0972 1 396.5 0.079  0.185 397.39 — — 20
—C(0O)(CH,);Me 343 1.302 1 —0.752 —1.762 395.44 — — 20
353 2453 1 —2.633 —6.221 390.98 — — 20
394.6+3.38 —-302.1 —125.5
Me(CH,),CH{—H}— Pentan-3-one 333 0.835 1 396.5 0.5 1.163 398.36 — — 20
—C(0O)(CH,);Me 343 1.292 1 —-0.732 —1.713 39549 — — 20
353 1.697 1 —1.554 —-3.653 393.55 — — 20
395.842.45 —343.4 —165.6
MeC(O)CH,C{—H}Me, Acetone 296 0.800 4 411.8 —2.863 —7.818 388.68 —288.7 —118.0 18
Me,C{—H}C(O)CHMe, Acetone 333 7.628 3 411.8 —8.667 —23.342 388.46 — — 19
Pentan-3-one 343 1.58 2 396.5 —3.282 —-7.776 389.42 — — 20
353 2.123 2 —4.243 —10.102 387.10 — — 20
363 2.712 2 —5.104 —12.200 385.00 — — 20
387.5£1.98 —311.3 —141.8
cyclo-[C(O)CH{—H}(CH,);] Pentan-3-one 333 0.300 1 396.5 3.338 7.675 404.88 — — 20
343 0453 1 2.259  5.220 402.42 — — 20
353 1.580 1 1.166  2.707 399.91 — — 20
363 0.969 1 0.094 0.219 397.42 — — 20
401.2£3.28 —194.8 —11.6
cyclo-[C(O)CH{—H}(CH,),] Pentan-3-one 296 1.450 0.5 396.5 —0.914 —-2.460 394.1 —-2259 -—-49.8 18
CH,{—H}C(0)C(O)Me Acetylacetone 319 047 3 399.1 4916 12.539 411.63 —-327.2 —-133.6 8
MeC(O)CH{—H}C(O)Me Cyclooctane 333 0.165 8 401.9 —0.767 —1.93 399.97 — — 19
Acetone 333 2.823 3 411.8 —5.915 —15.68 396.12 — — 19
Cycloheptane 333 0.209 7 4039 —1.052 —-2.61 401.29 — — 19
399.1£2.78 —380.6 —199.5
MeC(O)CH{—H}— Acetylacetone 319 145 1 399.1 —0.986 —2.617 396.48 —606.8 —428.3 8
—C(0)OCH,Me
PhC(O)CH,{—H} Decane 373 1.379 5.33 413 —6.189 —13.055 399.95 — — 10
Pentan-3-one 343  0.171 0.67 396.5 4.216 9.658 406.86 — — 10
363  0.394 0.67 1.944  4.494 401.70 — — 10
402.8+£3.68 —106.5 78.3
PhC(O)CH{—H}Me Decane 373  2.086 8 413  —8.730 —8.598 394.40 —128.4 48.0 10
PhC(O)C{—H}Me, Decane 373 3.862 16 1413 -2.79 —-27.692 385.31 —153.6 13.7 10

(to be continued)
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Table 2 (continued)

Compound R'H T/K kjk® n/np D  AES AD¢ D, —AH(R—H) AH(R')/ Refs.
kJ mol~!

PhC(O)CH{—H}CH,Me Decane 373 2.107 8 413 —-8.76 —18.663 394.33 —149.0 27.3 10

PhC(O)CCH,{—H}Me, Decane 373  0.534 1.78 413 0.158 0.327 413.33 —-167.2 28.1 10

PhC(O)CH,C{—H}Me, Pentan-3-one 353 1.377 2 396.5 —5.009 —16.968 385.23 —-171.8 —4.6 20

PhC(O)CH{—H}(CH,);Me Decane 373 2.131 8 413 —8.795 —18.741 394.26 -272.8 -95.6 10

@ Dissociation bond energy of the reference reaction.

b k; is the reaction rate constant, and k, is the rate constant of the reference reaction.
¢ n, and n; is the number of the attacked bonds in the reference and studied reactants.
4 The difference between the activation energies of the reactions.

¢ AD; is the increase in the bond dissociation energies.

/The enthalpies of molecules and radicals obtained in this work are given by bold.

§ Mean D, value.

Table 3. Dissociation energies (D;) of the C—H bonds in aldehydes calculated from the kinetic data

Compound R'H D? AD? D; —AH(RH)¢ AH(R )¢ Refs.
kJ mol~!
HC{—H}(0O) — — — 377.8 108.6 51.2 4
CH,{—H}CH(O) — — — 394.3 165.8 10.5 21
MeC{—H}(0) — — — 373.8 165.8 —10.0 21
C{—H}(0)C(O)OH Ethanal 373.8 1.520 375.32 389.1 -231.9 8
Me(CH,),C{—H}(O) Ethanal 373.8 —2.565 371.23 207.5 —54.3 15
Me(CH,);C{—H}(0O) Butanal 371.2 0.831 372.03 230.5 -76.5 22
Me,CHC{—H}(O) The same 371.2 —6.659 364.54 215.5 —69.0 22
Me,CHCH,C{—H}(0) » 371.2 —8.590 362.61 238.5 -93.9 22
MeCH,CH(Me)C{—H}(O) » 371.2 —10.38 360.82 229.8 -87.0 22
Me;CC{—H}(0) » 371.2 3.932 375.13 242.7 —85.6 22
(MeCH,),CHC{—H}(0) » 371.2 —4.016 367.18 255.2 —-106.0 22
Me(CH,)3C{—H}(0O) Decane 413 —39.714 373.26 322.9 —176.6 10
CH,(OH)(CHOH);C{—H}(O) Ethanal 373.8 —3.764 370.04 — — 8
CH,(OH)(CHOH)4C{—H}(O) p-Ribose 370.0 1.402 371.4 — — 23
CH,0OH(CHOH),C{—H}(0O) D-Ribose 370.0 —0.160 369.84 — — 23
PhC{—H}(O) — — — 348.0 37.7 92.3 4
PhCH,C{—H}(O) Butanal 371.2 -9.222 361.98 54.4 89.6 22
PhCMe,C{—H}(O) Ethanal 373.8 —10.932 362.87 96.2 48.7 24
3-NO,C¢H4C{—H}(0) Benzaldehyde 348.0 —4.285 343.72 — — 24
4-NO,C¢H4C{—H}(0) The same 348.0 —7.099 340.36 50.2 72.2 24
4-CMe;C4H4C{—H}(0) » 348.0 —10.874 337.13 — — 24
4-CMe;C4H4C{—H}(0) » 348.0 —2.503 345.42 — — 25
4-MeC¢H,4C{—H}(0O) » 348.0 -2.231 345.77 75.3 52.5 25
3-MeC¢H,C{—H}(O) » 348.0 —1.026 346.97 — — 25
4-OMeC¢H,C{—H}(0O) » 348.0 —1.605 346.40 205.0 —76.6 25
3-OMeC4H4C{—H}(0) » 348.0 2.933 350.93 — — 25
4-OC4HsC¢H,4,C{—H}(O) » 348.0 —0.803 347.12 — — 25
4-CIC¢H4C{—H}(0O) » 348.0 4.272 352.27 66.9 67.4 25
3-CIC¢H,C{—H}(0O) » 348.0 5.546 353.55 — — 25
3-BrC¢H,C{—H}(O) » 348.0 5.826 353.83 — — 25

% Bond dissociation energy of the reference reaction.
b Increase in the bond dissociation energy.
¢ The enthalpies of molecules and radicals obtained in this work are given by bold.
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Table 4. Dissociation energies (D;) of the C—H bonds in ethers calculated from the kinetic data

Compound R'H D AD} D; AH(R—H)¢ AH(R")¢ Refs.
kJ mol~!
MeOCH,{—H} Cyclohexane 408.8 4.591 4134 — — 19
Cyclooctane 401.9 9.76  411.7 — — 19
Methanol 411 —-0.49  410.5 — — 19
411.9+1.29 —184.1 9.8
MeCH{—H}OCH,Me Cyclohexane 408.8 —9.52  399.3 — — 13
Cyclopentane 408.4 —8.39 400 — — 13
Cyclopropane 429 -26.7 402.3 — — 13
Ethane 422 —19.7 402.3 — — 13
Ethanol 399.75 0.635 400.4 — — 13
Isopropyl alcohol 390.5 11.7 402.2 — — 26
2,3-Dimethylbutane 396.4 —0.75  395.6 — — 27
2,4-Dimethylbutane 400 -3.6 396.4 — — 27
2,5-Dimethylhexane 400 —-0.16  399.8 — — 27
Methanol 411 —14.3 396.7 — — 27
Nonane 413 —13.5 399.5 — — 27
399.5+2.44 —251.5 -70.0
Me,CHOC{—H}Me, 2,3-Dimethylbutane 396.4 -6 390.4 — — 27
Isopropyl alcohol 390.5 0.446 390.9 — — 27
Methanol 411 -20.9 390.1 — — 27
2,3-Dimethylbutane 396.4 —-5.32 391.1 — — 28
Ethanol 399.8  —=9.75 390 — — 28
390.8+0.94 —318.8 —146.0
Me(CH,);0CH{—H}(CH,),Me 1-Decanol 395.6 —3.464 392.14 — — 10
1-Nonanol 395.8 —3.578 392.22 — — 10
392.24 —-334.7 -160.5
CH{—H}(OCH;,Me), Tetrahydrofuran 391.6 —1.467 390.13 — -200.3 29
CH{—H}[O(CH;),Me], Tetrahydrofuran 391.6 —0.374 391.23 — — 29
Diethoxymethane 391.2 1.088 392.29 — — 30
391.84 —413.7  -239.9
CH{—H}[O(CH,);Me], Tetrahydrofuran 391.6 —1.944 389.66 — — 29
Diethoxymethane 391.2 —-0.475 390.73 — — 30
390.24 —454.9 -282.7
MeC{—H}(OMe), Tetrahydrofuran 391.6  —2.241 389.36 — — 30
Diethoxymethane 391.2 —6.184 385.02 — — 30
387.24 —389.5 —220.3
Me;COCMe,CH,{—H} Dibutyl ether 392.2 9.872  402.07 —-364.0 -179.9 31
cyclo-[O(CH,);CH{—H}] 2,3-Dimethylbutane 396.4 —4.72  391.7 — — 27
Isopropyl alcohol 390.5 1.714  392.2 — — 27
Methanol 411 —19.6 391.4 — — 27
2,3-Dimethylbutane 396.4 —498 3914 — — 28
Isopropyl alcohol 390.5 0.902 391.4 — — 32
391.6+0.49 —184.1 -10.5
cyclo-[OC{—H}Me(CH,);] Isopropyl alcohol 390.5 -6.4 384.14 —220.1 —54.0 33
cyclo-|O(CH,),0CH{—H}CH,] Cyclohexane 408.8 —1.07  407.7 — — 27
Methanol 411 —=5.79  405.2 — — 27
Cyclohexane 408.8 —0.89 407.9 — — 16
Methanol 411 —6.72 4043 — — 13
2,3-Dimethylbutane 396.4 7.358 403.8 — — 28
2,4-Dimethylpentane 308 404.5 — — 28
Methanol 411 —6.27  404.7 — — 28
405.4+0.74 -315.3 —127.9

(to be continued)
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Table 4 (continued)

Compound R'H D AD? D; AH(R—H)¢ AH(R") Refs.
kJ mol~!

cyclo-[OC{—H}(Me)(CH,),CH(Me)] Tetrahydrofuran 391.6 —4.085 387.52 — — 31
eyclo-[O(CH,),CH{—H}] The same 391.6  10.109 401.71 — — 31
cyclo-[OCH{—H}O(CH,),] » 391.6 1.924 3935 — — 30
cyclo-[OCH{—H}O(CH,);] Diethoxymethane 3912 —0.548 390.85 — — 30
The same 391.2 0.435 391.64 — — 30

391.24 — —
cyclo-[OCH{—H}OCMe,(CH,),] » 391.2 3.649 394.85 — - 30
1,5-Dioxyspiro[5.5]undecane » 391.2 5.022  396.22 — — 30
cyclo-[O(CH,),C{—H}(Me)OCH(Me)] » 3912 —18.19  373.01 — — 30
eyclo-{OC{—H}[(CH,),Me]O(CH,);} » 3912 —13.48  3771.72 — — 30
eyclo-[O(CH,),0C{—H}(Me)] » 391.2 —12.327 378.87 — — 30
Dipropoxymethane 390.2 —14.843 375.34 — — 34
2-Methyl-1,3-dioxolane  378.9 0.000 378.9 — — 35

377.14 — —
cyclo-[OC{—H}(CHMe,)OCH,CMe,CH,]| Dipropoxymethane 390.2  -8.219 381.98 — — 34
cyclo-[OC{—H}(CHMe,)O(CH,),] The same 390.2 —12.039 378.16 — — 34
eyelo-[OC{—H}((CH,);Me)OCH,CMe,CHj,| » 390.2 —24.47  365.73 — — 34
cyclo-[OC{—H}(Me)O(CH,),] » 390.2 —30.61  359.59 — - 34
cyclo-[OC{—H}(Me)CH,] 2-Methyl-1,3-dioxolane 378.9 —2.875 376.03 — — 35
cyclo-[OC(CH,Me)(Me)OCH{—H}CH,] The same 378.9 2.836 381.74 — — 35
cyclo-[OCMe,CH{—H}C(0)(CH,),] » 378.9  10.714 389.61 — — 35
3-CIC¢H,CH{—H}OMe Ethylbenzene 3641  —3.31  360.8 — — 36
The same 364.1 —3.08 361.0 — — 37

360.9 4 — —
(3-CIC4H,),C{—H}OMe » 364.1 —11.7 352.4 — — 38
4-CIC4H,CH{—H}OMe » 364.1 —4.69  359.4 — — 36
» 364.1 —4.5 359.6 — — 37

359.54 — —
4-CIC¢H,C{—H}(OMe), » 364.1 —9.76  354.3 — — 38
4-BrC¢H,CH{—H}OMe Ethylbenzene 3641 —6.22 3579 — — 37
4-BrC¢H,C{—H}(OMe), The same 364.1  —9.76  354.3 — — 38
(4-BrC¢H,),C{—H}OMe » 364.1 —14 350.1 — — 38
C¢H,C{—H}(OMe), » 364.1 —10.2 353.9 — — 38
4-CH{—H}OMeC¢H,OMe » 364.1  —9.64 354.5 — — 37
4-CH{—H}(OMe),C¢H,OMe » 364.1 —10.9 353.2 — — 38
4-CH{—H}OMeC¢H,(CH,);Me » 364.1 —6.42 357.7 — — 36
4-CMe;C¢H,C{—H}(OMe), » 364.1 —11 353.1 — — 38
(4-OMeC¢H,CH{—H}),0 » 364.1 —14.1 350.0 — — 38
(4-OMeC¢H,),C{—H}OMe » 364.1 —21.3 342.8 — — 38
4-C(0)OMeC¢H,C{—H}(OMe), » 364.1 —8.9 355.2 — — 38
[4-C(0)OMeC¢H,],C{—H}OMe » 364.1 —10.6 353.5 — — 38
4-CH{—H}OMeC¢H Me » 364.1 —6.85 357.2 — — 36
» 364.1 —6.62 357.5 — — 37

357.34 — —
(4-MeCgH,),C{—H}OMe » 364.1 —17.5 346.6 — — 38
(4-CMe;C¢H,),C{—H}OMe » 364.1 —16.5 347.6 — — 38

(to be continued)
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Table 4 (continued)

Compound R'H D AD} D; AH(R—H)¢ AH(R")¢ Refs.
kJ mol~!
PhOCH,{—H} Ethylbenzene 364.1 20.95  385.0 —67.8 99.2 19
PhCH{—H}OMe The same 364.1 —5.06 359.0 —75.3 65.7 37
PhCH{—H}OCH,Ph » 364.1 —5.06 359.0 19.5 160.5 37
Ph,C{—H}OMe » 364.1 -9.97 354.1 — — 37
cyclo-[OC{—H}(SCH,;Me)(CH;)4] Dipropoxymethane 390.2 —24.674 365.53 — — 34
cyclo-[OC{—H}(S(CH,);Me)(CH,)4] The same 390.2 —25.792 364.41 — — 34
cyclo-[OC{—H}S(CH>),] » 390.2  —9.266 380.93 — — 34
cyclo-[OC{—H}(Me)S(CH,),] » 390.2 —12.359 377.84 — — 34
cyclo-[OC{—H}(CH,Me)S(CH,),] » 390.2 —12.359 377.84 — — 34
cyclo-|OC{—H}(CH(Me),)S(CH,),] » 390.2 —12.201 378.0 — — 34
cyclo-|[OCMe,SCH{—H}CH,] » 390.2 4.514 394.71 — — 34
% Bond dissociation energy of the reference reaction.
b Increase in the bond dissociation energy.
¢ The enthalpies of molecules and radicals obtained in this work are given by bold.
4 Mean value.
Table 5. Dissociation energies (D;) of the C—H bonds in esters calculated from the kinetic data
Compound R'H D¢ AD? D; —AH(R—H)¢ —AH(R")¢ Refs.
kJ mol~!
MeC(O)OCH,{—H} 404.0 410.0 224.0 4
MeCH,CH{—H}C(0O)OMe Decane 413 —18.068 394.93 451.9 275.0 8
Me(CH,),CH{—H}C(0O)OMe The same 413 —18.141 394.86 471.5 294.6 8
Me(CH,);CH{—H}C(O)OMe » 413 —18.539 394.46 493.7 317.2 8
Me(CH,);C(0O)OCH{—H}Me » 413 —20.715 392.29 507.1 332.8 8
Me(CH,);C(0)OCH{—H}CH,Me » 413 —20.888 392.12 527.7 353.6 8
Me(CH,);C(0)OC{—H}Me, » 413 —25.084 387.92 544.8 374.9 8
Me;CC(O)OC(CH,{—H})Me, » 413 2.010 415.01 546.2 349.2 8
Me(CH,);C(O)OCH{—H}(CH,)cMe » 413 —21.137 391.86 630.9 457.0 8
MeOC(O)CH{—H}C(0O)OMe » 413 —21.339 391.66 737.9 564.2 8
MeOC(0O)C(0O)OCH,{—H} » 413 -9.050 403.95 677.8 491.8 8
MeOC(O)CH,CH{—H}C(0)OMe » 413 —8.234 404.77 780.2 593.6 8
MeOC(0O)(CH,),CH{—H}C(0O)OMe » 413 —19.901 393.10 801.1 626.0 8
MeOC(0O)(CH,),CH{—H}C(0O)OMe » 413 —19.807 393.19 842.3 667.1 8
MeOC(0)(CH,)¢CH{—H}C(O)OMe » 413 —20.443 392.56 883.6 709.0 8
MeCH,0C(0)C(O)OCH{—H}Me » 413 —16.782 396.22 740.6 562.4 8
Me,CHOC(0)C(0)OC{—H}Me, » 413 —16.760 396.24 833.7 665.0 8
Me,COC(0)(CH,),C(0)OC{—H}Me, » 413 —17.498 395.50 629.7 451.7 8
Me,CHOC(0O)(CH,);C(0O)OC{—H}Me, » 413 —21.262 391.74 649.9 476.2 8
Me,CHOC(0O)(CH,);C(O)OC{—H}Me, » 413 —21.784 391.22 691.1 517.9 8
Me,CHOC(0O)(CH,)3C(O)OC{—H}Me, » 413 —21.926 391.07 753.0 579.9 8
Me,COC(O)CH,CH{—H}C(O)OH » 413 —19.863 393.14 740.5 565.4 8
Me,COC(0)(CH,),CH{—H}C(O)OH » 413 —-21.912 391.03 761.1 588.1 8
Me,COC(0)(CH,);CH{—H}C(O)OH » 413 —21.527 391.47 781.8 608.3 8
Me,COC(0O)(CH,)4,CH{—H}C(O)OH » 413 —21.719 391.28 802.7 629.4 8
Me,COC(0O)(CH,),CH{—H}C(O)OH » 413 —21.719 391.28 921.7 748.4 8
PhC(O)OCH,{—H} Cyclohexane  408.8 9.56 418.4 288.7 88.3 16
PhSi(CH,{—H})Me, Pentane 413 —2.948 410.06 — — 19

% Bond dissociation energy of the reference reaction.

b Increase in the bond dissociation energy.

¢ The enthalpies of molecules and radicals obtained in this work are given by bold.
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tetrahydrofuran, were estimated from the kinetic data
for the abstraction reactions RO, + RH.

It has previously3® been shown that the polar effect
AE, in the reactions of RO," with cyclic esters is insig-
nificant and equals ~—3 kJ mol~!. This allows one to
correct the kinetic parameter for reactions of this type
using the formula

AE, = {br2 — blro(RH)12}/(1 + a2), (14)

where o = 0.814, br.(RH) = 13.62 kJ%3 mol=>, and
AE, = =3 kJ mol~1.6

Thus, the br, value for cyclic esters in the ab-
straction reactions RO, + RH can be accepted as
13.44 kJO-5 mol=05, and the pre-exponential factor per
reacting bond can be taken as 1+ 108 L mol~!s~!.

The bond dissociation energies for alkane molecules
in the reference reactions® and enthalpies of formation
of the molecules#4! have previously been published.
The enthalpies of formation of the corresponding radi-
cals were estimated using the formula

AH(R—H) + D(R-H) = AH(R") + 218 kJ mol~!  (15)

according to the thermochemical equation RH =
R* + H°, where AH(H") = 218 kJ mol~!.

When the a-C—H bond is cleaved in the molecule of
an oxygen-containing compound, the radical formed is
stabilized due to the interaction of the unpaired electron
with the p-electrons of the O atom. The D(C—H) values
obtained in this work make it possible to estimate the
energy of the RC*HX (X = OH, OR, COOR, OC(O)R,
C(O)Ph) radical that formed as the difference in the
C—H bond dissociation energies in RMe (D(C—H) =
422 kJ mol~') and XMe, RCH,Me (D(C—H) =
413 kJ mol~') and RCH,X, R,CHMe (D(C—H) =
400 kJ mol~!) and R,CHX, etc.

It follows from the results of calculation (Table 6)
that the energy of radical stabilization by the oxygen-
containing group is within 7 to 20 kJ mol~!. This is much

Table 6. Decrease in the C—H bond strength (AD) due to the
introduction of the X group into the hydrocarbon molecule

X AD/kJ mol~!
MeX RCH,X R,CHX

RCHX, CH,X,

OH 11.0 16.0£1.6 9.910.6 — —

OR 10.1£1.2 13.5+2.4 9.2+£0.9 12.843.121.3%1.0
HOOC— 7.9 14.3+0.8 11.7£0.6 14.0 12.9
RC(0)0O—18.0 20.8£0.1 8.7£0.3 — —
ROOC— 7.0 18.2+0.2 — — 21.3
R(O)C— 10.2+1.5 17.4+1.0 13.3+2.6 — 13.9£2.7
Ph(O)C— 19.2 18.6 14.7 — —

Ph 47.0 47.9 45.3 49.0 55.2

lower than the stabilization caused by the Ph ring in the
o-position (see Table 6).

The maximum stabilization of the radical by the same
group was found for the RCH,X fragment. The groups
can be arranged in the following series by the stabilizing
ability (see Table 6): RC(0)O > C(O)OR > C(O)R >
> OH > COOH > OR.

Thus, the calculations allowed us to extend consider-
ably the range of oxygen-containing compounds, whose
fundamental characteristic of the molecule, viz., bond
dissociation energy, is presently known, and to refine its
values for almost all compounds with the known C—H
bond dissociation energies. The use of the kinetic data
provides the consistent scale of D(C—H) values for a
wide range of oxygen-containing compounds. The bond
dissociation energies for several ketones, aldehydes, ac-
ids, and cyclic ethers were estimated for the first time.

References

1. W. Tsang, in Energetics of Free Radicals, Eds. A. Greenberg
and J. Liebman, Blackie Academic and Professional, New
York, 1996, 22.

2. E. T. Denisov and T. G. Denisova, Handbook of Antioxi-
dants, CRC Press, Boca Raton—New York, 2000, 289 pp.

3.S. G. Lias, J. F. Liebman, R. D. Levin, S. A. Kafafi, and
E. Stein, NIST Standard Reference Database 19A. Positive
Ion Energetics, Ver. 2.02, NIST Standard Reference Data,
Gaithersburg, MD, 1994.

4.V. E. Tumanov and E. T. Denisov, Zh. Fiz. Khim., 1996,
69, 1572 [Russ. J. Phys. Chem., 1995, 69 (Engl. Transl.)].
5.E. T. Denisov, V. E. Tumanov, T. G. Denisova, T. I.

Drozdova, and T. S. Pokidova, Realizatsiva Banka
kineticheskikh konstant radikal ‘nykh zhidkofaznykh reaktsii
na IBM PC [IBM PC Realization of the Bank of Kinetic
Constants of Radical Liquid Phase Reactions], Preprint, In-
stitute of Chemical Physics, RAS, Chernogolovka, 1992,

58 pp. (in Russian).

6. E. T. Denisov, Usp. Khim., 1997, 66, 953 [ Russ. Chem. Rev.,
1997, 66, 859 (Engl. Transl.)].

7.E. A. Kromkin and V. E. Tumanov, Bashkir. Khim. Zh.
[Bashkirian Chem. J.], 2001, 8, 32 (in Russian).

8. R. A. Witter and P. Neta, J. Org. Chem., 1973, 38, 484.

9. 0. Dobis, I. Nemes, and R. Kerepes, Acta Chim. Acad. Sci.
Hung., 1968, 55, 215.

10. N. L. Budeiko, Ph. D. (Chem.) Thesis, Institute of General
and Inorganic Chemistry, Academy of Sciences of
Belorussian SSR, Minsk, 1978, 148 pp. (in Russian).

11. B. C. Gilbert, R. O. C. Norman, G. Placucci, and R. C.
Sealy, J. Chem. Soc., Perkin Trans. 2, 1975, 9, 885.

12. V. E. Agabekov, Doct. Sci. (Chem.) Thesis, Institute of
Chemical Physics (Branch), Academy of Sciences of USSR,
Chernogolovka, 1980, 260 pp. (in Russian).

13. P. Neta, R. W. Fessenden, and R. H. Schuler, J. Phys.
Chem., 1971, 75, 1654.

14. P. Neta, G. R. Holdren, and R. H. Schuler, J. Phys. Chem.,
1971, 75, 449.



1650

Russ.Chem.Bull., Int.Ed., Vol. 51, No. 9, September, 2002

Tumanov et al.

15.

16.

17

18.
19.

20.

21.

22.

23.

24.

25
26

27.

28.

29.

Comprehensive Chemical Kinetics, Elsevier, 1976, 14A,
594 pp.
D. F. DeTar and D. V. Wells, J. Am. Chem. Soc., 1960,
8, 5839.

. V. E. Tumanov and E. T. Denisov, Neftekhimiya, 2001, 41,

108 [Petrol. Chem., 2001, 41, 93 (Engl. Transl.)].

T. J. Hardwick, J. Phys. Chem., 1962, 66, 117.

R. F. Bridger and G. A. J. Russell, J. Am. Chem. Soc., 1963,
85, 3754.

I. V. Berezin, V. L. Ivanov, M. F. Kazanskaya, and N. N.
Ugarova, Zh. Fiz. Khim., 1965, 39, 3011 [J. Phys. Chem.
USSR, 1965, 39 (Engl. Transl.)].

R. Atkinson, D. L. Baulch, R. A. Cox, R.F. Hampson, Jr.,
J. A. Kerr, M. J. Rossi, and J. Troe, J. Phys. Chem. Ref.
Data., 1997, 26, 1009.

J. K. Kochi and R. V. Subramanian, J. Am. Chem. Soc.,
1965, 87, 4855.

G. V. Buxton, C. L. Greenstock, W. P. Helman, and A. B.
Ross, J. Phys. Chem. Ref. Data, 1988, 17, 513.

M. V. Bazilevskii and N. 1. Piskun, Zh. Fiz. Khim.,
1965, 39, 951 [J. Phys. Chem. USSR, 1965, 39 (Engl.
Transl.)].
. K. H. Lee, Tetrahedron, 1968, 24, 4793.
.R. Koster and K.-D. Asmus, Z. Naturforsch., B, 1971,
26, 1104.

W. A. Pryor and M. G. Griffith, J. Am. Chem. Soc., 1971,

93, 1408.

W. A. Pryor and J. P. Stanley, J. Am. Chem. Soc., 1971,
93, 1412.

D. A. Rakhmankulov, R. A. Karakhanov, S. S. Zlotskii,
U. B. Imashev, E. A. Kantor, and A. M. Syrkin, in [ltogi
nauki i tekhniki, Ser. Tekhnologiya organicheskikh veshchestv
[Advances in Science and Technology. Ser. Technology of

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.
40.

41.

Organic Substances], VINITI, Moscow, 1983, 7, 94 (in
Russian).

D. A. Rakhmankulov, R. A. Karakhanov, S. S. Zlotskii,
E. A. Kantor, U. B. Imashev, and A. M. Syrkin, in Ifogi
nauki i tekhniki, Ser. Tekhnologiya organicheskikh veshchestv
[Advances in Science and Technology. Ser. Technology of
Organic Substances], VINITI, Moscow, 1979, 5, 288 pp. (in
Russian).

J. A. Howard and K. U. Ingold, Can. J. Chem., 1969,
47, 3809.

J. C. Scaiano and L. C. Stewart, J. Am. Chem. Soc., 1983,
105, 3609.

K. Munger and H. Fisher, Int. J. Chem. Kinet., 1985, 17, 809.
V. V. Zorin, N. A. Batyarbaev, S. S. Zlotskii, and D. L.
Rakhmankulov, Khim. Fiz., 1983, 2, 1231 [Chem. Phys. Re-
ports, 1983, 2 (Engl. Transl.)].

M. V. Musalyan, V. A. Mardoyan, and L. A. Tavardyan,
Arm. Khim. Zh. [Armenian Chem. J.], 1990, 43, 495 (in
Russian).

R. L. Huang and K. H. Lee, J. Chem. Soc., 1964, 8, 5963.
R. L. Huang and K. H. Lee, J. Chem. Soc., C, 1966, 10, 932.
E. P. Chang, R. L. Huang, and K. H. Lee, J. Chem. Soc. B,
1969, 7, 878.

T. G. Denisova and E. T. Denisov, Kinet. Katal., 1994, 35,
338 [Kinet. Catal., 1994, 35, 305 (Engl. Transl.)].

E. S. Domalski and E. D. Hearing, J. Phys. Chem. Ref.
Data, 1993, 22, 805.

W. G. Mallard, F. Westley, J. T. Herron, and R. F.
Hampson, NIST Chemical Kinetics Database, Ver. 6.0, NIST
Standard Reference Data, Gaithersburg, MD, 1994.

Received April 19, 2001;
in revised form February 14, 2002




