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Abstract—An experimental rate constant data array (>50 values) for the reactions of the sulfate radical anion
with the C—H bonds of various organic compounds is analyzed by Denisov’s intersecting parabolas method.
The data array is divided into the following four groups according to the type of the C—H bond attacked and the
br, value: compounds with primary C—H bonds (br, = 13.14 = 0.17), compounds with secondary C—H bonds
remote from the polar groups (br, = 12.64 + 0.34), compounds with secondary o-C—H bonds (br, = 13.28 £
0.24), and compounds with tertiary C—H bonds. It is demonstrated by DFT calculations that the rate constant

of the reaction SO, + RH is determined by nonspecific solvation and by the ion—dipole interaction in the tran-

sition state of the reaction.
DOI: 10.1134/S0023158408020067

Salts of peroxydisulfuric acid, A,S,04 (A = K, Na,
NH,), are widely used as water-soluble initiators of
free-radical chain processes [1]. Free radicals in this
case are provided by the homolytic cleavage of the per-

oxide bond in the peroxydisulfate dianion SZO? :

@ 9
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The SZO§_ dianion can decompose via thermal [2],

photochemical [3], and radiation-induced [4] mecha-
nisms. The resulting sulfate radical anion (SRA) prop-
agates the homolytic reaction chain by reacting with an
organic molecule. The reactions of SRA with organic
compounds of various classes have been investigated in
sufficient detail [5]. The following three basic mecha-
nisms are possible for these reactions:

one-electron oxidation,

addition to a multiple bond,

H,C=CHR + SO, —~ ‘OS(O)ZOCHZ—CHR;
and hydrogen atom abstraction,

RH + SO, —= R" + HSO,

The absolute reactivity of SRA in the last reaction
was studied using the flash photolysis technique and
was characterized by the SRA consumption rate in the
presence of various concentrations of an organic com-
pound. Nearly all of the known rate constants of hydro-
gen atom abstraction from organic molecules by SRA
are presented in [6—18] and in our works [19-21]. The
data array available on the reactivity of SRA provides
insight into the H atom abstraction reactions.

Here, we analyze kinetic data in terms of the inter-
secting parabolas model (IPM), which was suggested
by Denisov [22-24]. This model was successfully used
in kinetic studies of homolytic hydrogen atom abstrac-
tion from a wide variety of organic molecules by free
radicals [25, 26]. The IPM method enables one to quan-
titatively estimate the kinetic effects of various factors
(solvent, multidipole interaction, etc.) by comparing
the IPM parameters of the reaction examined to the
same parameters of a reference reaction in which this
effect is not observed.

The interaction between SRA and an organic mole-
cule takes place in aqueous media. It is, therefore,
expected a priori that the solvent will exert a strong
effect on the reaction rate. However, there are no kinetic
data for the reference (gas-phase) reaction. For this rea-
son, the IPM parameters for the gas-phase reaction are
calculated here using density functional theory. This
approach was validated in recent works [27-30],
including for SRA [31].
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METHODS

Denisov’s intersecting parabolas model considers
hydrogen atom abstraction by a free radical,

RH+X* — R' + XH,

as a result of the intersection of two energy curves,
namely, the parabola describing the potential energy of
the stretching vibrations of the breaking bond in RH
and the parabola describing the potential energy of the
stretching vibrations of the forming bond in the reac-
tion product XH [22-25]. The key IPM equation is

br, = E, — AH)'2 + E.”, (1)

where 2b” is the force constant of the C—H bond being
attacked, b = mv(2W)'2, W is the reduced mass of the
atoms forming the bond, and r, is the H atom transfer
distance in the elementary event. Since b depends only
slightly on the surroundings of the C—H bond being
attacked, the quantity br, can be used to characterize
various abstraction reactions involving free radicals,
including the reactions examined here. The value of 7,
depends on the strength of the breaking bond or, in
other terms, on the heat of the reaction (AH,):

AH, = AD + AZPE, )

where AD is the difference between the dissociation
energies of the breaking and forming bonds and AZPE
is the difference between the zero point energies of
these bonds. In Eq. (1), o is the square root of the ratio
of the force constants of the breaking and forming
bonds and E, is the activation energy related to the
experimentally determinable activation energy E, by
the equation

E.=E, + ZPE — RT)2. (3)

Thus, the following data are necessary for an IPM
analysis of the experimental rate constant data array:

D(C-H) data for the substrates, D(H-0OSOy), the

stretching frequencies v(C-H) and v(O-H), and the
activation energies of the reactions to be examined.

The values of D(C-H) were either taken from [32] or
calculated from the enthalpies of formation of R* and
RH [32, 33]. For compounds for which these data were
lacking, we assumed that the dissociation energy of the
secondary C—H bond remote from the polar group is
394.2 kJ/mol, as in CH;CH,CH,OH. The dissociation
energy of the o-CH, bond in ethers was taken to be
equal to the dissociation energy of the same bond in
diethyl ether (385.0 kJ/mol). The dissociation energy of
the tertiary C—H bond in the o-position with respect to
the oxygen atom in ethers and alcohols was taken to be
equal to D(C—H) for isopropanol (379.1 kJ/mol).

According to [34], the standard enthalpy of forma-
tion of SRA is A;H°(SO; ) =—-737.6 9.6 kJ/mol. Two
enthalpy values are known for the hydrosulfate anion:
AH® = 981 £ 13 [35] and 967 = 11 kJ/mol [36].
Hence, D(H-0OSO5)=461%16 or 447 = 15 kJ/mol. The
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calculation of the H-OSO; bond dissociation energy

by the G2, G3, and G2MP2 composite methods yields
445.8, 440.6, and 448.0 klJ/mol, respectively, corrobo-
rating the value reported in [36]. For this reason, we

used D(H-0OSO5) = 445.8 kJ/mol in further calcula-
tions.

The stretching frequencies of C—H bonds were cal-
culated in the B3LYP/6-31G(d, p) approximation. The
v(O-H) value for the hydrosulfate anion was found by
the B3LYP/6-311+G(d, p) method. The well-known
systematic positive error in the calculated vibration fre-
quencies was corrected by multiplying them by a coef-
ficient of 0.9806 [37]. When there were composite
vibrations, which are mainly typical of secondary and
primary C—H bonds, the lowest frequency of symmetric
C-H vibrations was used in the IPM scheme. We found
that v(O-H) = 3738 cm™!. The v(C-H) value depends
only slightly on the nearest neighbors of the C—H bond
and lies within the rather narrow range of 2900-
3100 cm™.

Activation energies were either taken from experi-
mental data or calculated using the equation

E, = RTIn(AJk,). )

An analysis of preexponential factor data for SO, +

RH — HSO, + R’ reactions involving various

organic compounds [6—18, 20] indicates that the partial
quantity A, is independent of the degree of substitution
of the carbon atom of the C—H bond and of the nearest
neighbors of the bond attacked. The average value of

this quantity derived from 15 measurements, logA, =

9.77 £ 0.36, was used in Eq. (4) to calculate activation
energies from partial rate constants.

Some of the most typical values of the partial rate
constant k, for the reactions of SRA with different types
of C—H bonds are listed in Table 1. For compounds with
nonequivalent C-H bonds, we calculated k, for the
bond indicated in Table 2, using the overall rate con-

stant of the reaction SO, + RH [6-21] and known par-
tial rate constants (Table 1).

Quantum chemical calculations were done using the
Gaussian 98 program (version A.7) [38]. The unrestricted
Kohn—-Sham method in the B3LYP/6-311+G(d, p)
approximation was used in free radical calculations and
in the transition state (TS) location. We demonstrated in
an earlier publication [31] that this level of complexity
is sufficient for high-accuracy calculation of the activa-
tion energy of hydrogen atom abstraction from various
types of C—H bonds by free radicals: with a few excep-
tions, which are noted in [31], the mean absolute error
of E, calculation is as small as 3.3 kJ/mol and the max-
imum deviation is no larger than 10 kJ/mol. Transition
states were sought using the QST2 and QST3 algo-
rithms [39]. Each TS was verified by obtaining one neg-
ative frequency as a solution of the vibrational problem.
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Table 1. Partial rate constants (k,) of hydrogen atom ab-
straction from various C—H bonds by the sulfate radical an-

ion (T =295 K)

KHURSAN et al.

Bond attacked Initial compound kys 1 mol~! 57!
CH;- CH;CH;4 73 % 10°
CH;-O- CH,;0H 3.3x 10°
CH;-C-O- (CH;);COH 9.3 x 10*
CH;-C(0)- CH;C(O)CH,4 1.6 x 10*
CH;-NO, CH;NO, 8.7x 10°
CH;-C(0)0O- CH,C(0)OH 4.7%10°
CH;-CN CH;CN 1.6 x 103
CH;-S(0),— CH,S(0),CH; 5.7 x 107
—CHy—~ CH;CH,CH; 1.8 x 107
—CH,-O- CH;CH,OH 2.1x 107
-CH,-CH,-O- | CH;CH,CH,OH 7.0 x 10°
—CH,-OC(0)- | CH;CH,OC(O)CH; 1.2x 106
—CH,~C(0)- CH;CH,C(O)CH,4 7.8 % 10°
—CH,—Cl1 CICH,CH,CI 4.0x%10°
>CH- (CH;);CH 1.0 x 108
>CH-O- (CH5),CHOH 8.1 x 107
>CH-CH,-O- (CH;),CHCH,OH 8.3 x 107

By scanning the potential energy surface along the
intrinsic reaction coordinate (standard IRC procedure),
it was demonstrated for all cases that the imaginary fre-
quency corresponds to the transfer of a hydrogen atom
from the oxidation substrate to SRA. We examined the
transition states of the reactions of SRA with aliphatic
hydrocarbons, chloromethanes, methanol, acetone,
acetonitrile, nitromethane, and dimethylsulfone.

The activation energies of hydrogen atom transfer
reactions were calculated as the difference between the
standard enthalpy of the TS and the sum of the standard
enthalpies of SRA and the compound attacked. The total
energy of a compound was converted to Hs,g by adding,
to E, 1> the zero point energy (ZPE), the work of the
expansion of 1 mol of the ideal gas (RT), and the thermal
correction energy (Hsos — H ) calculated using equa-
tions of statistical thermodynamics. The solvent effect

on the activation energy was taken into account using
the continuum model CPCM (COSMO) [40].

RESULTS AND DISCUSSION

The kinetic data listed in Tables 1 and 2 indicate that
the reactivity of the C—H bond depends considerably on

the oxidation substrate (RH) structure. Note the follow-
ing interesting points:

(1) In earlier works [17, 19, 20], it was found for
small sets of similar compounds that logk, increases

linearly with an increasing strength of the bond
attacked. However, it follows from the data presented in
Table 1 that the reactivity of the unactivated C—H bond
is approximately equal to the reactivity of the C-H
bonds having an oxy group in the o-position with
respect to the reaction center (as in alcohols and ethers),
although these types of bonds differ markedly in
strength. These observations can be explained by the
dual effect of the neighbor O atom on the reactivity of
the C—H bond: on the one hand, the O atom increases k,
by reducing the D(C-H) value; on the other hand,
owing to its polar properties, the oxygen-containing
substituent exerts the opposite effect, reducing the par-
tial rate constant. The origin of the deactivating effect
of polar groups will be discussed below.

(2) The reactivity of the B-C-H bonds of alcohols
and ethers is somewhat lower than the reactivity of
unactivated C—H bonds and o-C—H bonds. The differ-
ence is the largest for primary C—H bonds and is nearly
zero in compounds with tertiary C—H bonds (Table 1).
Since the B-C—H bonds of alcohols and ethers and the
C-H bonds of hydrocarbons have similar strengths and
since saturated systems show low conductivity with
respect to the inductive effect of the polar group, the
decrease of k, can be attributed to the solvation (hydra-
tion) of the alcohol or ether molecule, an effect unfa-
vorable for the reaction.

(3) The introduction of a highly polar substituent
(—C(0)-, —-C(0)O-, -NO,, —-S(0),—, or —CN) into the
oxidation substrate RH reduces k,,, and this effect can-
not be attributed to the change in D(C-H) alone.

Thus, k, depends both on D(C-H) and on the polar-
ity of the substituent X. The effect of the latter is man-
ifested either directly, through the interaction between
SRA with the electric field of the molecule (ion—dipole
interaction), or indirectly, as the X-dependent differ-
ence between the hydration energies of the oxidation
substrate and the TS. It is difficult to separate and quan-
titatively evaluate these latter effects in the framework
of conventional correlations, and this is the reason why
we used Denisov’s method.

Kinetic analysis of the reaction SO; + RH by the

intersecting parabolas method. Regarding the kinetic
data as a whole, note that the partial rate constant varies
in a wide range of over 5 orders of magnitude. Wide
variation ranges are also observed for the activation
energy (up to 30 kJ/mol) and for the C—H bond strength
in the compounds examined. Table 2 lists calculated
data for organic compounds of different classes, includ-
ing hydrocarbons and molecules containing various
polar groups; that is, the kinetic data array is rather het-
erogeneous. The large difference between the nature of
the C—H bond attacked and the nature of its nearest

KINETICS AND CATALYSIS  Vol. 49 No.2 2008
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Table 2. Kinetic characteristics of the SO ;_ + RH reactions and the key IPM parameters*

RH é;’%f(‘)ré f:) AH, o br, E.q AE;

Primary C—H bond
CH,CH; (5.87) -37.0 0.786 13.05 53.4 222
CH;0H 10.15 18.2 -48.9 0.776 12.97 53.3 -23.1
CH;0D (6.56) -48.9 0.776 12.96 53.2 -232
(CH;);COH (4.97) -30.3 0.787 13.39 56.1 -19.4
(CH;);COCH; (6.91) -60.1 0.779 13.21 55.2 -21.0
CH;C(O)CH;, 6.90 15.0 -57.0 0.790 13.06 53.2 -22.1
CH;CN 6.10 16.0 -60.6 0.795 13.41 55.8 -19.0
CH;NO, 8.1022.0 -34.6 0.803 13.12 53.0 -21.2
HOC(CH;),C(CH;),OH (5.34) -37.1 0.780 13.36 56.3 -19.8
CH;C(O)OC(CHj3)5 (5.22) -35.2 0.793 13.50 56.7 -18.3
CH;S(0),CH; (2.75) -9.2 0.798 13.99 60.5 -14.1
CH;C(O)OH (3.67) -42.6 0.797 14.89 68.6 -6.1
Unactivated secondary C—H bond
CH;CH,CH; (7.25) -50.9 0.783 12.62 50.1 -19.7
CH;CH,CH,OH (6.85) -56.0 0.792 13.25 54.7 -14.5
CH;CH,CH,CH,0OH (7.04) -56.2 0.785 13.03 53.3 -16.4
CH;CH,(CH,);0H (7.39) -56.2 0.786 12.78 51.2 -18.4
cyclo-((CH,),CH(OH)(CH,),-) (7.39) -55.9 0.796 12.89 51.5 -17.3
CH;CH,(CH,),OH (7.18) -56.2 0.786 12.94 52.5 -17.1
cyclo-((CH,);CH(OH)(CH,),-) 9.86 8.3 -56.2 0.785 12.05 45.6 -24.1
CH;CH,(CH,)sOH (7.65) -56.2 0.786 12.58 49.6 -19.9
CH;CH,(CH,);OH (7.54) -56.2 0.786 12.66 50.3 -19.3
(CH;CH,CH,),0 (7.45) -56.4 0.774 12.59 50.4 -20.1
cyclo-(—(CH,)50-) 10.01 11.1 -56.1 0.789 12.49 48.7 -20.6
cyclo-(—(CH,)O0-) 9.657.3 =559 0.796 12.02 44.8 -24.0
cyclo-(-CH,(CH,),C(O)(CH,),-) 9.7311.3 -56.1 0.789 12.51 48.9 -20.4
cyclo-(-CH,CH,C(O)CH,CH,-) 9.5211.6 -56.0 0.793 12.59 494 -19.7
CH;COOCH,(CH,);CHj; (6.94) -56.2 0.786 13.12 53.9 -15.6
AcOCH,CH,CH,0Ac (6.16) -56.0 0.794 13.76 58.8 -10.1
AcOCH,CH,CH,CH,0Ac (6.46) -56.0 0.791 13.52 56.9 -12.2
AcO(CH,),CH,(CH,),0Ac (7.18) -56.1 0.788 12.96 52.6 -16.8
Activated secondary C—H bond
CH;CH,OH 10.18 14.6 -63.6 0.773 13.06 54.2 -16.3
(CH3);CCH,OH (6.96) -63.7 0.771 13.21 55.6 -15.1
(CH;CH,),0 (7.05) -65.8 0.767 13.19 55.7 -15.3
cyclo-(—(CH,);0-) 10.31 13.2 —-65.1 0.796 13.23 543 -14.5
cyclo-(—(CH,),0-) (7.12) -64.9 0.808 13.62 56.7 —-11.1
CICH,CH,0H (6.71) -63.5 0.781 13.51 57.6 -12.4
HOCH,OH 9.03 10.8 -69.2 0.786 12.95 52.6 -17.0
(-CH,CH,0O-),— (6.88) -65.8 0.767 13.31 56.7 -14.3
cyclo-(-(CH,),0(CH,),0-) (6.63) —-65.6 0.777 13.60 58.6 ~-11.7
cyclo-(—(CH,),0(CH,),0-) 9.84 12.7 -65.6 0.777 12.93 53.0 -17.3
CH,Cl, (5.72) -37.6 0.814 13.51 55.4 -12.0
KINETICS AND CATALYSIS  Vol. 49 No. 2 2008
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Table 2. (Contd.)

KHURSAN et al.

RH ;;’%’ﬁ‘)ré fpa) AH, o br, E.q AEs
CH,CICH,CI 9.9521.0 -37.8 0.809 13.21 533 —-14.5
CH;C(O)OCH,CHj,4 (6.08) -57.8 0.797 13.93 60.1 -8.7
AcO(CH,),0Ac (5.54) -57.8 0.798 14.30 63.3 5.4
CH;C(O)CH,CH; (5.89) -69.5 0.793 14.46 65.1 -4.0

Unactivated tertiary C—H bond
(CH;3);CH (8.01) -58.1 0.777 12.27 47.7 -14.1
(CH;),CHCH,OH (7.92) -65.4 0.787 12.78 51.1 -10.0
CH;COOCH,CH(CHj3), (7.38) -65.4 0.787 13.18 54.4 -6.7
Activated tertiary C—H bond
(CH3),CHOH 9.187.2 -71.6 0.770 12.35 48.6 -13.6
(C,H5),CHOH (8.11) =71.7 0.766 12.62 51.0 -11.5
((CH;),CH),0 (8.00) -71.5 0.779 12.85 52.2 -9.5
CHCl, (6.61) —44.8 0.829 13.38 53.5 -4.8

* The experimental activation energy (E,), the heat of the reaction (AH,), the activation energy of the thermally neutral reaction (E, (), and
the overall energy of the polar interaction (AEy) are in kJ/mol. The partial rate constants at 295 K and the preexponential factors are in

Imol™! s™!. The parameter br,, has dimensions of (kJ/mol)” 2,

neighbors dictates that this array should be divided into
more homogeneous groups. It is most natural to divide
the data array into groups according to the kind of C—H
bond for which the partial rate constant of hydrogen
atom abstraction is calculated, so we will distinguish
primary C—H bonds (group 1), secondary C—H bonds
(group 2), and tertiary C—H bonds (group 3).

Group 1. This group of compounds as a whole is
characterized by the highest strength of the breaking
bond and the widest range of partial rate constant val-
ues (from 5.7 x 10> 1 mol™' s7! for CH;S(0O),CHj; to
8.1 x 101 mol! s7! for ((CH;);COCHy;)). Nevertheless,
the parameter br, varies only slightly with the nature of
RH. The presence of a highly polar substituent (-CN,
—OC(O)R', or -S(O),~) in the molecule causes an
increase in br,. For the other compounds, br, is nearly
constant and is 13.14 £0.17 (kJ/mol)'?2.

Group 2. This group includes hydrocarbons, alco-
hols, ethers, esters, cyclic oxygen-containing com-
pounds, and other compounds with various distances
between the secondary C—H bond attacked and the
polar group. A primary analysis of kinetic data has
demonstrated that the parameter br, varies rather
widely in this group. A more detailed analysis shows
that the proximity of the polar group to the reaction
center has an effect on the key IPM parameters. For this
reason, the second group was further divided into a sub-
group of compounds in which the secondary C—H bond
attacked is remote from the polar moiety (unactivated)

and a subgroup of compounds in which this bond is
activated. After this subdivision, it turns out that br, is
nearly invariable within either subgroup. Again, the
exception is the compounds with a highly polar com-
pound. In this case, these are monoatomic and diatomic
esters and methyl ethyl ketone. For the other com-
pounds, it was found that br, = 12.64 + 0.34 (kJ/mol)!/?
for unactivated C-H bonds and br, = 13.28 +
0.24 (kJ/mol)"? for o-C—H bonds.

Group 3. An essentially similar situation is observed
in this group: the tertiary o.-C—H bonds are simulta-
neously activated (D(C-H) is decreased) and deacti-
vated (k, is changed only slightly), and polar substitu-
ents increase the br, value. However these regularities
were established on the basis of a limited number of
examples.

It is clear from the above analysis that br. depends
on a number of factors other than the strength of the
breaking C-H bond. The following factors can be
deduced from general considerations: the effect of the
solvent as a polarized isotropic medium and as a spe-
cific solvating agent capable of forming hydrogen
bonds with SRA, with the polar molecule, and with the

TS; the electrostatic interaction between the SO

anion with polar groups (ion—dipole interaction), which
includes the multidipole interaction for some substrates
(e.g., diatomic esters). In the framework of IPM, the

KINETICS AND CATALYSIS  Vol. 49
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Fig. 1. Transition state of the reaction between the sulfate radical anion and dimethylsulfone: reactant orientations (a) favorable and
(b) unfavorable for ion—dipole interaction energy minimization (see text). The calculation was carried out in the B3LYP/6-311+G(d, p)
approximation. The single imaginary vibration frequency is (a) 17161 and (b) 15961 cm™.

Fig. 2. Formation of an intramolecular hydrogen bond in the transition state of the reaction between the sulfate radical anion and

methanol. Thle calculation was carried out in the B3LYP/6-311+G(d, p) approximation. The single imaginary vibration frequency
is 1119icm™.

KINETICS AND CATALYSIS  Vol. 49 No.2 2008
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Table 3. Calculated gas-phase br, data and the changes of solvation energy for the reaction SO; + RH

RH (broR, o AE (IPM)* Contributions to AE;,(COSMO), kJ/mol

kJ/ 1)1/2 so]v( ) - -

(kJ/mo electrostatic nonelectrostatic overall
C,Hg 15.53 -22.2 -18.3 2.4 -15.9
CH;CH,CH; 14.90 -19.7 -20.2 4.7 -15.5
(CH;);CH 13.97 -14.1 -15.9 5.8 -10.1
CH,Cl, 12.54 7.7 12.3 7.7 20.0
CHCl, 12.35 7.9 20.4 10.9 31.3
(CH;),CO 12.42 5.1 22.9 6.7 29.6
CH5CN 12.65 6.1 31.3 33 34.7
CH;NO, 11.85 9.8 38.5 6.3 448
(CH;),50, 8.97 35.6 47.9 5.1 53.0

* Calculated using Eq. (5) and (br)ry and o data from Table 2.

energy of any effect changing the kinetics of the reac-
tion is calculated as

2 2
_ ( b re ) effect ( b Fe ) no_effect ,

AE >
(1+ao)

&)

that is, this calculation requires kinetic data for systems
in which the effect examined is not observed.

In order to take into account the solvent effect, it is
necessary to have kinetic data for the gas-phase reac-

tion SO, + RH. Because of the lack of these data, we

used the results of quantum chemical simulations in the
B3LYP/6-311+G(d, p) approximation for the transition
states of the reactions of SRA with ethane, propane,
1sobutane, dichloromethane, trichloromethane, metha-
nol, acetone, acetonitrile, nitromethane, and dimethyl-

AE,,,(IPM), kJ/mol
40

[ )
(CH;3),S0,

20 0 20 40 60
AE,;,(COSMO), kJ/mol

Fig. 3. Comparison of the energy effects in two solvation
models for the reactions of the sulfate radical anion with
organic compounds.

sulfone. The TS structure for the reactions of SRA with
dimethylsulfone and methanol are shown in Figs. 1 and
2, respectively.

The effect of the nature of the organic compound on

the structure of the SO, + RH reaction center was dis-

cussed in detail in our earlier work [31]. For this reason,
we will focus only on the reactivity of different C-H
bonds. In the calculation of the activation energies of
the reactions examined, we took into account the zero
point energies of the transition states and reactants and
converted the results to 298 K. This approach enabled
us to calculate the parameter br, for gas-phase reactions
using Eq. (1) and to calculate the energy of solvation of
the reaction center (AE,,,(IPM)) using Eq. (5). The
results of these calculations are presented in Table 3.
The br.values for the aqueous phase were taken from
Table 2. The calculation of AE_,,(IPM) demonstrates
that passing from the gas phase to the aqueous phase
facilitates the interaction of SRA with nonpolar com-
pounds, primarily hydrocarbons; that is, SRA exerts a
kind of solubilizing effect on the TS of the reaction.

Here the following question arises: Which compo-
nent of AE,, (specific or nonspecific) is dominant?
In aqueous solution, which is a strongly associated
medium, the formation of hydrogen bonds with the
reactants and the TS obviously takes place. However,
the problem of simulating these processes is much
complicated. For this reason, we used a simpler
approach consisting in estimating the contribution
from nonspecific solvation to AE,,. The effect of the
nonspecific solvation of the reaction center was stud-
ied in the framework of the polarized continuum
model CPCM (COSMO) [40]. The calculated
AE,,,(COSMO) data are listed in Table 3.

The AE,,, values calculated using the independent
methods IPM and COSMO are satisfactorily correlated
(Fig. 3), suggesting that the major role is played by
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RH AE)f( J—/ rﬁffolvv ljoint-charge model
0, deg r, A u, D E;_4, kJ/mol
C,Hg 0.0 26.6 3.75 1.66 30.5
CH,CH,CH; 0.0 13.1 4.01 1.19 20.9
(CH;);CH 0.0 19.9 3.84 0.83 15.3
CH,(Cl, -19.7 175.1 3.12 0.76 -22.4
CHCl,4 -12.7 149.8 3.30 1.18 -27.0
(CH;),CO -27.1 126.6 3.89 5.24 -59.7
CH;CN -25.2 151.8 3.84 3.47 -59.9
CH;NO, -31.0 156.3 4.09 5.86 -92.7
(CH;),50, -49.7 165.1 4.12 7.58 -125.0

nonspecific solvation due to the electrostatic compo-
nent (Table 3). However, specific solvation cannot be
neglected for compounds. For example, the data calcu-
lated for methanol fall out of the correlation. Unlike the
other reactants, methanol forms a hydrogen bond with
the radical anion in the TS (Fig. 2). It is likely that spe-
cific solvation will also play a great reactivity-regulat-
ing role for the other alcohols in which the o-C-H bond
is attacked.

The values of (br.)gry, derived from kinetic data
indicate that this parameter is affected by at least two
factors, namely, solvation by water molecules and the
polar interaction between SRA and the functional
groups of RH. Neither effect is involved in the calcula-
tion of (br,)yc ,, the IPM parameter for the hydrocarbon
in the gas phase. Therefore, the energy effect AEy cal-
culated using the equation

(brr,— (brhc. o

(1+a)

_ (bre)zRH,l - (bre)zRH,g

(1+a)

AEZ =

n (bre)ZRH,g - (bre)IZ-IC,g

(1+a)

= AEvsolv + AE‘i—d

is equal to the sum of the solvation energy and the ion—
dipole interaction energy. Using the earlier determined
AE,;,(IPM) value (Table 3) and the AEy value pre-
sented in Table 2, it is possible to calculate the ion—
dipole interaction energy AE, ; for the TS of the reac-

tion SO, + RH (Table 4).

In order to verify these results, we estimated the
ion—dipole interaction energy by an independent
method. Provided that the ion—dipole distance is much
longer than the dipole length (the distance between the
No. 2 2008
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negative and positive charge centers), the ion—dipole
interaction energy is

1 gucosH

E._ = —_—
=T 4meg, 2

; (6)

where g is the electric constant, € is the dielectric con-
stant of the medium (taken to be equal to unity in our
calculations), ¢ is the charge of the ion, [ is the dipole
moment, r is the distance between the ion and the
dipole center, and 0 is the angle between the dipole axis
and the straight line r. Using the calculated geometric
parameters of transition states, we determined r and
cos for the compounds examined (Table 4). The ion—
dipole interaction energy was calculated under the sim-
plest assumption that the dipole moment of the RH

Eifd’ kJ/mOl
40

CHs o

—40

-80

| (CH,),S0
—120 (2502

1 1
=20 0
AEs— AE,, kJ/mol

-60 -40

Fig. 4. Correlation between the independent estimates of
the ion—dipole interaction energy in the transition state of
hydrogen atom abstraction from various organic molecules
by the sulfate radical anion.
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molecule can be calculated in the point-charge approx-
imation. Atomic charges were determined by the natu-
ral bond orbital (NBO) analysis of electron distribution
[41] since the Mulliken analysis of electron densities
often yields incorrect results, particularly for aug-
mented basis sets that include diffuse functions [42].
Another reason why the dipole moment was calculated
in the point-charge approximation is that, in the transi-
tion state, the RH molecule is polarized in the field of
the radical anion. As a consequence the dipole moment
of the molecule in the transition state is very different
from that of the isolated molecule.

The calculated E; 4 data are presented in Table 4.
There is a correlation between the two independent
estimates of the ion—dipole interaction energy (Fig. 4).
Taking into account the above assumptions, this corre-
lation should be viewed as quite satisfactory. For the
above-mentioned reasons, the data for methanol are
excluded from the correlation. The E;_; values obtained
from Eq. (7) are overestimated because of the neglect of
€ and the error arising from the computational approxi-
mations. The observed correlation points to the great
role of the ion—dipole interaction in the regulation of
the reactivity of C-H bonds in their reactions with

SOy . This role is particularly clear from the compari-

son between the two transition states of the reaction
between SRA and dimethylsulfone (Fig. 1). The differ-
ence between the mutual orientations of the radical
anion and the dimethylsulfone dipole causes a signifi-
cant difference between the corresponding gas-phase
activation energies: for TS1, 6 = 165.1° and E, =
4.2 kJ/mol; for the less favorable orientation in TS2
(6 = 122.2°), the activation energy has a much larger
value of 36.6 kJ/mol.

In the light of these concepts, it is clear why the br,
value for esters is larger than the average br, value for
their respective groups (Table 2). The mutual orienta-
tion of the ester group dipoles and the radical anion is
unfavorable for the reaction. This reduce the observed
rate constant, thus increasing the br, value. As the dis-
tance between the ester groups in the series of
AcO(CH,),0OAc compounds (n = 2-5) increases, br,
decreases systematically because of the weakening
effect of the ion—dipole interaction.

Thus, using Denisov’s intersecting parabolas
method, we have analyzed a large array of experimental
rate constant data for the reactions of the sulfate radical

anion SO, with the C—H bonds of hydrocarbons; alco-

hols; ketones; ethers; esters; and chlorine-, nitrogen-,
and sulfur-containing organic compounds in water. It
was found by comparing key IPM parameters that br,
depends systematically on the degree of substitution of
the C—H bond attacked. Within certain groups of com-
pounds, br, is constant and it is, therefore, possible to
use this parameter as a measure of the reactivity of C—
H bond types. A polar group adjacent to the secondary
or tertiary C—H bond being attacked increases br,. This

KHURSAN et al.

effect is not observed for primary C—H bonds. The tran-
sition states of the reaction have been located in the
B3LYP/6-311+G(d, p) approximation for ten organic
compounds, and the activation energies of the reaction

SO, + RH have been calculated. Using these data, the

IPM parameters for the gas phase have been determined
and the energy changes upon the hydration of the tran-
sition state and reactants have been estimated. Passing
from the gas phase to an aqueous medium facilitates the
interaction of SRA with nonpolar compounds, particu-
larly hydrocarbons. The solvation energy calculation
by the polarized continuum method has demonstrated
that a significant contribution to the overall solvent
effect is made by the nonspecific solvation of the reac-
tants. The ion—dipole interaction energy in the transi-
tion state has been calculated by independent methods
(IPM and the point-charge model), and it has been dem-
onstrated that this energy is the determining factor in

the TS structure and energy for the reactions of SO
with polar organic compounds.
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