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Abstract—Kinetics, activation parameters, and the kinetic isotope effect (KIE) of hydrogen have been deter-
mined for the first rate-limiting step of the reactions of benzene, monoalkylbenzenes, dimethylbenzenes, and
trimethylbenzenes in HVO; —sulfuric acid (54-70 wt % H,SO,) solutions. The effects of solution acidity on the

rate constants (k) and KIE have been studied. The reactions begin with electron transfer from the arene to VO;r
and end with oxidative coupling:

VO, . o
PhCH; —> PhCH;  ~» PhCH} s PhCH,C4H,CHS;,.

logk is a linear function of the ionization potential of the arene (/). A three-parameter correlation is for the
first time established between the activation energy (E), the logarithm of the preexponential factor (logA ), and
Ipng: logA =0.15E—0.0581 4 +49.1 (E and 1, are expressed in kJ/mol). The reactions of arenes with VO; ,

+ .
NO, , and Co** are intercompared.
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Our laboratory has carried out extensive studies of
hydrocarbon activation with oxidizers, metal com-
plexes, electrophilic reagents, and free radicals in aque-
ous and sulfuric acid media [1-3]. In particular, we
have determined the rate at which hydrocarbons enter
into the reaction (the first, rate-limiting, or activation
step) from hydrocarbon consumption data measured in
the solution or in the solution—overlying gas system.
Conventional kinetic methods, which are based on
reactant consumption or product accumulation mea-
surements, may lead to large errors in rate constants
and in relationships between substrate reactivity and
substrate structure and between substrate reactivity and
the composition of the medium [1-4]. Hydrocarbons
are poorly soluble in aqueous media and are distributed
between the solution and the gas phase because of their
high volatility. For this reason, special experimental
methods were developed for determining the reaction
rate. These are the syringe reactor method, which
allows kinetics to be studied in the absence of a gas
phase, and the kinetic distributive method, which
enables the researcher to measure the true (liquid-
phase) rate constant along with determining the solu-
tion—gas distribution coefficient for the substrate [1].
Use of these methods in combination with data avail-

able on intermediate and ultimate products provides
deeper insight into reaction mechanisms.

This approach has made it possible to divide the
reactions of benzene, methylbenzene, dimethylben-
zene, and polymethylbenzenes (ArH) with electrophilic
and oxidizing reagents (E*) into groups according to
the nature of the rate-limiting step [2, 5, 6]. Group 1
reactions begin with electron transfer; group II reac-
tions, with the formation of a 6-complex. Although the

+
H
existence of {Ar<E } charge-transfer complexes and

+
H
of the ¢-complex {Ar<E} as transition states or

intermediates is universally accepted [7-11], it was
only in our works [5, 6] that the rate of group I reactions
was demonstrated to be determined by the arene ioniza-
tion potential /4y,

Alogk = bAl .y, €))

and the rate of group Il reactions was shown to be deter-
mined by the arene basicity log Ky,

Alogk =aAlogKy. 2)
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Here, b and a are coefficients depending on temperature
and the nature of the arene. Group I includes nitration
reactions in various media [12, 13] and substrate oxida-
tion with cobalt(IIl) [14]. Group II includes most elec-
trophilic aromatic substitution reactions (halogenation,
alkylation, mercurization, oxymethylation, etc.) [6, 7,
15]. Furthermore, there are reactions whose rate is
determined by both log K and /4. In methylbenzene

hydroxylation [16] and ArH oxidation with HMnO, or

MnO;r [2], the transition state is an entity intermediate

between a charge-transfer complex and a G-complex, as
follows from the rate equation

Alogk =b'Al g+ a'logKy . 3)

At the same time, the reaction between ArH and nitric
acid [17] proceeds via two parallel pathways, one con-
trolled by the ionization potential and the other by the
basicity:

k= ¢, 10" 4 e, K% 4)

In order to gain deeper insight into the mechanisms
of the interaction between ArH and E*, we applied the
above approach to arene oxidation with the meta-
vanadic acid—sulfuric acid system. Vanadium(V) has
been extensively studied as an oxidizer and catalyst
[18-27] and has found commercial application [28,
29]. It is a component of phosphomolybdovanadic 12-
heteropolyacids, which are capable of activating dioxy-
gen under mild conditions, thereby making oxidation
on metal complexes a catalytic reaction [30-32]. How-
ever, no systematic information concerning the rates
and mechanisms of arene—vanadium(V) reactions has
been reported in the literature. Here, we report kinetics,
the kinetic isotope effects (KIE) of hydrogen, and rate-
versus-temperature dependences for the reactions of
benzene, alkylbenzenes, dialkylbenzenes, and poly-
alkylbenzenes with metavanadic acid in sulfuric acid
media; the effect of acidity on these reactions; and the
composition of the product of toluene coupling in the
HVO; —sulfuric acid system (see also preliminary brief
communications on this subject [33, 34]).

EXPERIMENTAL PROCEDURES

Kinetic measurements. The following equation is
used in the kinetic distributive method [1] involving the
GLC monitoring of substrate consumption in the gas
phase over the solution at [ArH] < [HVO;]:

—(d[ArH],/dt) = kK[ArH],[HVO;]/(1 + ad), 5)

where k is the rate constant of the second-order liquid
phase reaction, A = V,/Vy, is the gas-to-solution volume
ratio in the reactor, and o = [ArH],/[ArH], is the gas—
liquid distribution coefficient of the substrate. We used
the competition variant of the kinetic distributive
method [1]: the rates of the reactions of two substrates
Ar'H and Ar'"H (not benzene) were simultaneously
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measured in one solution. In the case of two parallel
reactions,

—(d[Ar'H]/dt) = K[ArH],[HVO;]/(1 + o'}),  (6)
—(d[Ar"H]/dt) = k" [Ar"H],[HVO;]/(1 + a"}).  (7)

By eliminating time and [HVO;] from Eqgs. (6) and
(7), we obtain, after integration,

Alog[ArH], = {k'(1 + a"M)/k"(1
+o'A)JAlog[Ar"H], . ®)

The values of k' and k" were determined using Egs. (6)
and (7), and the relative rate constant k., = k'/k" was
derived from relationship (8). The o values necessary
for these calculations were measured in earlier studies
[33, 34]. The rate constants determined in this study are
listed in Tables 1 and 2. The errors in o and in the rate
constants do not exceed £10%. KIEs were studied in
two reactors with a common temperature-control
jacket. This technique allowed us to measure, in one
run, k., for alkylbenzenes containing hydrogen H and
deuterium D and to determine the KIE value by the for-
mula

(kH/kD) = kH, rel/kD, rel* (9)

Reaction solutions and products. In our experi-
ments, we used reagent-grade metavanadic and sulfuric
acids and twice distilled water. For the reactions of low-
reactivity arenes in solutions with [HVO5] > 10~ mol/kg,
the rate constant was independent of the solution stor-
age time (up to 1 month) within the experimental error
and did not change in a series of repeated measure-
ments in the same solution. The reactions of active di-
methylbenzenes and trimethylbenzenes were studied at
[HVO;] < 10~ mol/kg using freshly prepared solutions.
In order to identify the toluene coupling products,
1.5 ml of toluene was added to 2.5 ml of a solution con-
taining 0.048 mol/kg HVO; and 70.0 wt % H,SO,.
After 1 h, the reaction products that had formed in the
organic phase at 30°C under stirring were analyzed on
a chromatorgaph with a flame-ionization detector by
comparing their retention times with the retention time
of authentic compounds. The columns were packed
either with 5% SE-30/Chromaton NAW (column length
1 m) or with INNOWAX (column length 30 m, i.d.
0.5 mm).

EXPERIMENTAL DATA

Kinetics. In aqueous sulfuric acid ([H,SO,] >
50 wt %), metavanadic acid oxidizes benzene and alkyl-
benzenes. This reaction is first-order with respect to
substrate and HVO; (Eq. (5) is valid up to an ArH con-
version of 90% and above). The toluene and m-xylene
oxidation constants at 30°C are the following:
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Arene [H,SO4], wt %
Toluene 59.9
m-Xylene 53.7

Effect of acidity. The reaction rate increases exponen-
tially as the sulfuric acid concentration is raised. This is
clear from experimental data for the oxidation of toluene
with HVO; solutions in sulfuric acid (57-65 wt % H,SO,)
and for the competing oxidations of the substrate cou-
ples toluene/ethylbenzene and toluene-dg/ethylbenzene
in a wider H,SO, concentration range of 56.9-68.0 wt %
(Table 1). Figure 1 plots logk as a function of the acid-
ity function H, for (/) toluene, (2) toluene-dg, and (3)
ethylbenzene. logk increases linearly with decreasing
H, in the H,SO, concentration range 57-65 wt % and
then plateaus. A similar behavior is shown by logk as
a function of the acidity function Hy, which character-
izes the ability of acid solutions to convert alcohols into
carbocations. Numerical H, and Hy data are presented
elsewhere [35, 36]. The slopes —(Alogk/AH;) and

—(Alogk /AHR) of the linear portions of the logk
curves for toluene, toluene-dg, and ethylbenzene are
equal to 1.6 + 0.1 and 0.8 £ 0.1, respectively.

Kinetic isotope effects. Replacing the ordinary sub-
strate with a substrate containing deuterium in its aro-

matic ring does not change the rate of the reaction in the
H,S0,~H,0-HVO;-ArH system at 30°C: KIE = 1 for

[HVO;] x 10%, mol/kg

3.83-35.1
1.18-36.4

k x 10%, kg mol™! s7!

34+03
14£2

the C4Hy/CyDy and C,H;CH,/Cy,DsCH; couples in 70
and 60 wt % H,SO,, respectively. For fully deuterated
methylbenzenes, KIE > 1. For the p-xylene/p-xylene-
d,o couple in 59.7% H,SO,, kylkp = 1.4. As for the tol-
uene/toluene-dg couple, KIE increases from 1.2 to 1.5
as the sulfuric acid concentration is raised from 57 to
65 wt % and does not change as [H,SO,] is further
increased to 68 wt % (Table 1).

Substrate selectivity. Table 2 illustrates the effect
of the arene structure on the rate of arene conversion in
59.7 and 58.6% H,SO,. The k value for benzene, the
least reactive substrate, was measured between 60 and
93°C. For dimethylbenzenes and trimethylbenzenes,
the most active substrates, k was measured at 4-50°C.
ArH sulfonation does not proceed to any significant
extent under these conditions. For example, at [HVO;] =
2 x 10 mol/kg and 30°C, the rate of mesitylene oxidation
with vanadium(V) in 60% sulfuric acid is ~4000 times as
high as the mesitylene sulfonation rate. The oxidation
rate depends only slightly on the nature of the alkyl
group (fert-BuPh < MePh = EtPh = i-PrPh) and increases
markedly with increasing number of methyl substituents
in ArH. Benzene is oxidized 100400 times less rapidly
than toluene.

Table 1. Effect of the sulfuric acid concentration on the oxidation rate of alkylbenzenes in the H,SO,~H,0-HVOj solution

and on KIE = k¢ y_cy,/ke,p,cp, at 30°C

kx 10?%, kg mol ! s7!
[H,S0,], wt % kulkp (Eq. (9))
CH<CH, CD<CD, CH<C,Hs
56.9 1.4 0.9 1.4 1.2
57.2 1.9 - - -
57.3 3.0 1.9 3.5 1.2
58.2 2.7 - - -
59.7 5.7 - - -
59.7 3.8 33 4.5 1.2
61.8 16 - - -
61.8 11 8.0 13.0 1.3
62.5 20 - - -
63.5 40 - - -
63.6 39 - - -
64.1 58 42 61 1.3
64.5 89 - - -
65.1 130 - - -
66.2 130 84 152 1.5
68.0 140 110 190 1.4
KINETICS AND CATALYSIS Vol. 47 No. 6 2006
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Table 2. Rate constants (k, kg mol™! s7!) for the reactions of benzene, monoalkylbenzenes, and polyalkylbenzenes with
HVO; in 59.7 wt % H,SO, and for the reactions of xylenes with HVO; in 58.6 wt % H,SO, at various temperatures

Benzene
T,°C 30 60 70 80 93
Benzene* 0.63 x 1073 24%x103 | 39%x107° | 52x107° 9.1x1073
Monoalkylbenzenes

T,°C 20 30 40 50 65 80 95
Toluene 0.018 0.054 0.093 0.28 0.82 1.8 4.2
Ethylbenzene 0.015 0.061 0.112 0.33 0.89 2.05 5.7
Isopropylbenzene 0.016 0.054 0.10 0.25 0.97 3.0 6.9
tert-Butylbenzene 0.006 0.032 0.055 0.14 0.40 1.1 1.6

Polymethylbenzenes

T,°C 4 10 20 30 40
o-Xylene 0.33 0.61 1.20 2.1 3.8
m-Xylene 0.32 0.46 1.28 1.9 53
p-Xylene 33 5.1 10.8 12 29
Mesitylene 24 34 9.8 18 51
Pseudocumene 20 29 52 68 180

Xylenes

T,°C 4 10 20 30 40 50
o-Xylene 0.15 0.31 0.72 1.65 2.5 4.3
m-Xylene 0.12 0.22 0.60 1.0 24 5.1
p-Xylene 1.9 2.9%%* 3.8 6.8 13 16

*The rate constants of reactions involving benzene were determined in one solution containing 0.029 mol/kg HVO3 at A = 1.8.
**Estimated using Eq. (10).

Table 3. Activation parameters for arene-HVOj reactions in H,SO, solutions and ionization potentials of arenes [37]

Entry Arene logA [kg mol™! s71] E, kJ/mol 11, kJ/mol
1 Benzene 3.6x0.5 403 890.7
2 Toluene 9904 65+2 851.1
3 Ethylbenzene 10.6 £ 0.5 70+3 845.3
4 Isopropylbenzene 11.3£0.3 73+£2 839.6
5 tert-Butylbenzene 9.7+0.7 664 837.6
6 0-Xylene 85+0.3 4712 826.0
6' 0-Xylene 9.4+0.5 54+3
7 m-Xylene 9.8+0.7 55+4 826.0
T m-Xylene 10.3+0.4 60+2
8 p-Xylene 8.1x0.8 405 814.5
8 p-Xylene 73+04 38%3
9 Mesitylene 11.8+0.6 61t4 810.6

10 Pseudocumene 9.0+0.8 41+5 798.1

Note: Data 1-10 refer to 59.7 wt % H,SO,; data 6'-8', to 58.6 wt % H,SOy,.
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Fig. 1. Reaction rate constant versus the acidity function H,,
for (/) toluene, (2) toluene-dg, and (3) ethylbenzene in
H,S0,~H,0-HVOj5 solutions at 30°C.

Toluene oxidation vyields coupling products,
namely, methyldiphenylmethanes with the formula
PhCH,C4H,CH;, and no ditolyls (CH;CsH,CsH,CHj)
or dibenzyl (PhCH,CH,Ph).

Reaction rates and the ionization potential of
arenes. The rate of the first, slow, stage of methylben-
zene oxidation in the H,SO,—H,0-HVO; system is not
correlated with the basicity of ArH (the correlation
coefficient is r = 0.6). At the same time, in the benzene—
methylbenzenes series, logk is linearly related to the
ArH ionization potential (Fig. 2, line /), obeying Eq. (1)
with a high correlation coefficient of r = 0.998. Ethyl-
benzene, isopropylbenzene, and fert-butylbenzene
react at a lower rate and are outliers (open circles 3—5)
apparently because of steric hindrance.

Activation parameters. Extended compensation
effect. The Arrhenius equation is valid for the reactions
of the substrates in H,SO,—~H,0-HVO;—ArH solutions:

logk = logA — E/2.3RT. (10)

The logA and E data obtained using this equation are
listed in Table 3.

After we had plotted E as a function of A on the coor-
dinates of the compensation effect equation [38, 39],

E=C, + C,logA (11)

RUDAKOV, VOLKOVA

logk + 2 [kg mol~'s™!]
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Fig. 2. (I) Rate constant and (//) activation parameters ver-
sus ionization potential for the reactions of arenes in
H,S04—H,0-HVOj solutions: (/) 30°C, 59.7 wt % H,SOy;
(II) 59.7 and 58.6 wt % H,SO,. The data points are num-
bered in the same way as in Table 3.

we first viewed the result as widely scattered experi-
mental data. However, it was found in an earlier study
[34] that the substrates can be divided into four groups
according to the number of substituents in the benzene
ring (n). The first group (at the extreme right of Fig. 3;
points 9, 10) consists of trimethylbenzenes (n = 3); the
second group (points 6—8 and 6'-8'), of dimethylben-
zenes (n = 2); the third (points 2—5), of monoalkylben-
zenes (n = 1); the fourth (point / at the left of Fig. 3), of
benzene alone (n = 0). The rates of the reactions involv-
ing benzene depend weakly on temperature and are
characterized by a small logA value (Table 3). The
slopes of lines /-/II in Fig. 3, which refer to the first
three groups of substrates, are similar, and each indi-
cates that there is a compensation effect, since logA
and E vary symbatically.

It was assumed that, in our system, the activation
energy depends not only on logA, as in the case of an
ordinary compensation effect (Eq. (11)), but also on the
number of substituents in the benzene ring. In an earlier
study [34], we found that the experimental data for this
system can be fitted to the following empirical equation
with a high degree of accuracy (r = 0.993; the signifi-
cance level for each of the three coefficients is below
0.0001):

E=7.0logA — 18.6n°6 + 15.0. (12)

KINETICS AND CATALYSIS Vol. 47 No. 6 2006
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This equation provides a good fit for all of the experi-
mental data (Fig. 3, line /V). The isokinetic temperature
is 367 K. Although the correlation equation (12) does
not take into account steric factors explicitly, it covers
not only benzene and methylbenzenes but also the ster-
ically hindered arenes ethylbenzene, isopropylbenzene,
and tert-butylbenzene.

Since the ionization potentials of the arenes exam-
ined and of higher polymethylbenzenes correlate with
n%® (r=0.976), which varies between 0 for benzene and
2.93 for hexamethylbenzene, our data can be fitted to
a three-parameter equation interrelating the activation
parameters and the temperature-independent parame-
ter I

logA = 0.15E — 0.0581 4 + 49.1. (13)

None of these parameters alone is correlated with
another parameter. Equation (13) is valid for the arene
series consisting of benzene, methylbenzene, ethylben-
zene, isopropylbenzene, dimethylbenzenes, and trime-
thylbenzenes (r = 0.995; the significance level for each
of the three coefficients is below 0.0001). fert-Butyl-
benzene is an outlier (Fig. 2, curve II). The isokinetic tem-
perature is 335 K. The three-parameter equations (12) and
(13) can be called extended compensation effect equa-
tions.

DISCUSSION

Active species. In aqueous acid solutions, HVO;
exists as a mononuclear complex of the singly charged
dioxo cation VO, or the doubly charged cation

V(OH)§+ , which result from the reactions

HVO, + H* —= VO, + H,0, 1))
HVO, + 2H* = V(OH)3" 1)
and undergo interconversion [40-42]. Furthermore, it is
believed that the singly charged cations

[V(OH),(H,0)]* and [V(OH),(H,0),]* [42] exist in
aqueous media and the complexes [V(OH);(HSO,)]*
and [VO(H,0)SO,]" [41] exist in sulfuric acid. We will

represent the vanadium reagent as VO, for the reason
that we cannot make a well-founded choice among the
above species. As the sulfuric acid concentration is
raised from 57 to 65 wt %, the concentration of active
species in the H,SO,~H,O-HVO; solution and, possi-
bly, the composition of these species vary. However,
some limit is reached as [H,SO,] is further increased to
68 wt %. It is this trend that determines the effect of
solution acidity on k and KIE (Table 1, Fig. 1).

Mechanism of the reaction. According to
Beletskaya et al. [8, 9], possible products of the first
step of the reaction between an aromatic hydrocarbon
and a variable-valence metal (Ag(Il), Cu(ll), Pd(II),
Co(III), Mn(III), Fe(Ill), TI(III), Pb(IV), or Ce(IV))
complex are radicals, radical cations, and cations. Our
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Fig. 3. E as a function of logA for the reactions of arenes
with HVO3 in 59.7 and 58.6 wt % H,SOy: (/) trimethylben-
zenes, (II) dimethylbenzenes, (III) monoalkylbenzenes, and
(IV) the general relationship given by Eq. (12). The data
points are numbered in the same way as in Table 3.

data are consistent with this view. The mechanism of
the reaction for toluene can be represented as follows:

PhCH, + VO] === [PhCH, — VO]’

. —=PhCH,Nu
PhCH! |
? BP9 pyCH,C H,CH, + H.

(I10)

2,-HVO,

The reaction begins with electron transfer from toluene
to VO, to yield a charge-transfer complex or an ion—
radical pair (step 1). Step 2 is the abstraction of an H
atom, which yields the benzyl carbocation PhCH, .
Next, this carbocation attacks a PhCH; molecule
(step3) to produce the coupling product
PhCH,C¢H,CH; or reacts with the nucleophile Nu~
(HSO, or H,0). A similar mechanism was earlier sug-
gested for reactions of arenes with other metal complex
oxidizers [8, 9] and with vanadium heteropolyacids
[43, 44]. It was reported that step 2 may consist of two
individual reactions, namely, H* abstraction yielding a
PhCH, radical and the abstraction of the second elec-
tron [9, 43—45]. The absence of dibenzyl in the reaction
products and the validity of correlation (1) are evidence
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that the benzyl radical is not the first intermediate under
the conditions examined. Applying the steady-state
concentration method to mechanism (III), we obtain the
following expression for the toluene disappearance
rate:

d[PhCH;] _ kk,[PhCH,][VO;]
dt B (k_, +k,)

(14)
, (2ks[PhCH;] + k,[Nu'])

(k;[PhCH,] + k,[Nu'])

According to this equation, the reaction must be first-
order with respect to both the substrate and the reagent
at both k4[Nu~] > k3[PhCH;] and k4[Nu_] < k;[PhCH;],
and experiments have demonstrated that this is really
the case. The numerical values of k; and k, have not
been determined as yet.

Comparing reactions whose rate is determined
by the ionization potential. This group of reactions
includes reactions of arenes with NO; , Co**, and VO, .
The rate of these reactions is determined by the ioniza-
tion potential according to Eq. (1).

Reaction mechanism. Among these reactions, elec-
trophilic aromatic nitration has been studied in greatest
detail [7, 46—49]. Esteves et al. [48], who have system-
atized the results of a long-term investigation of this
process, consider three intermediates in the reaction
coordinate—potential energy diagram. The first interme-
diate is an unoriented donor—acceptor n-complex with
strong Coulomb interaction. The second is an oriented
m-complex in which charge is transferred from the

n-electron system of the arene to NO (intimate

ArCH;” /NO, pair). The decomposition of this com-
plex yields the third intermediate, which is a 6-com-
plex. The abstraction of a proton from this intermediate
produces a nitrated arene.

Alkylbenzene oxidation with cobalt(IIl) occurs
mainly via the abstraction of a hydrogen atom from the
o-carbon of the alkyl group. For example, the forma-

tion of the benzyl radical PhCH, can occur either in a
single step or in two steps [50]. In the latter case, the
process includes electron transfer resulting in the radi-

cal cation PhCH;' and subsequent deprotonation. The
abstraction of another electron yields the carbocation
PhCH; . This species enters either into substitution
reactions at the alkyl group or into oxidative coupling
[9, 41-54]. This mechanism is similar to the mecha-
nism of the reaction involving VO; (scheme (III)).
Thus, oxidative substitution yields products in which
the new group is either in the aromatic ring (in the case
of nitration) or in the side chain (in the case of the reac-
tions with Co** or VO3).

Similarity between the reactions involving differ-
ent reactants. With anyone of the three reactants

(NO;, Co*, and VO;r ), the reaction is first-order with

RUDAKOV, VOLKOVA

respect to substrate; that is, the preactivation step (the
formation of a reactive species) does not determine the
overall reaction rate. Furthermore, the reaction is first-
order with respect to HNOj (nitration [12, 13]) and
HVO;. The reaction involving Co’" is of the order 1.34
with respect to the oxidizer [14]. This fact is believed to
be due to the participation of cobalt(Ill) complex
dimers in the reaction. The reaction rate increases with
increasing solution acidity. The reactivity of cobalt(III)
acetate in acetic acid can be substantially increased by
adding a small amount (up to 1 mol/l) of a strong acid
[51]. In the reactions of arenes with NO, and VO, ,
logk is a linear function of the acidity function Hp.

However, in the reactions involving NO; , logk passes
through a maximum at [H,SO,] ~ 90 wt % [1]; in the
reactions involving VO3, it plateaus at [H,SO,] >
65 wt %. Comparing the C—H bond dissociation rates
for the primary carbon atom in toluene (1°), the second-
ary carbon atom in ethylbenzene (2°), and the tertiary
carbon atom in isopropylbenzene (3%) allows the one-
and two-step alkylbenzene oxidation mechanisms to be
distinguished [50]. In the one-step mechanism, reactiv-
ity always increases in the order 1° < 2° < 3%, following
the decreasing order of C—H bond dissociation ener-
gies. In the two-step mechanism, in which the rate-lim-
iting step is electron transfer, the strength of the C-H
bonds is insignificant and the order of reactivities is
mainly determined by the standard oxidation potential

of the substrate (EgrH ).! Toluene, ethylbenzene, and

isopropylbenzene are characterized by similar EirH
values [55] and, accordingly, similar C—H bond disso-
ciation rates: 1° = 2% = 39, In nitration at 25°C [13] and
oxidation with VOZ at 20-95°C (Table 2), the MePh,
EtPh, and i-PrPh substrate selectivity is low. This find-
ing is in agreement with the view that the rate-deter-
mining step is electron transfer. For the reactions of are-
nes deuterated only in their aromatic ring with Co**

[14], NO; [13], and VO;, KIE = 1.

Distinctions between the reactions: compensa-
tion effect. In toluene nitration, KIE is ky/kp =1 or 1.2
[13, 47]. Therefore, the rate-limiting step is electron
transfer and the abstraction of a proton is a rapid step.
A large KIE value of 5.6 [14] and a small KIE value of
1.08 [52] are reported for toluene oxidation with Co3*.
Since the latter value was obtained using a somewhat
incorrect method based on oxidizer consumption mea-
surements, we will accept the KIE value of 5.6 [14].
This large KIE value in the reaction involving Co** and

! The linear correlation Egrﬁ = 0.71 p,q — 3.68 was reported for

arenes [55]. Here, Eng is the standard oxidation potential in tri-
fluoroacetic acid (in volts vs. Ag/AgClO, standard electrode) and
I o 1s the ArH ionization potential in the gas phase (in electron-
volts).
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the fact that KIE in the reaction involving VO,

increases from 1.2 to 1.5 as the acidity of the medium
is raised (Table 1) are apparently explained by the com-
petition between electron transfer and deprotonation in
the two-step mechanism. The following factors are sig-
nificant in this competition: the steric effect, the trans-
fer of an electron forming the C-H o-bond to the aro-
matic m-electron system [56], the nature of the base
[57], and the energy of the breaking alkyl bond C-H.
This is a plausible explanation of the fact that KIE > 1 and
of the unusual reactivity order 2° > 3% > 1° in the reactions
of alkylbenzenes with Co** (the 2° : 3% and 3° : 1° ratios
are not large, varying between 1.1 and 1.8) [50]. Since
Co** in an acid medium is a strong one-electron oxi-
dizer (E, = 1.8 V [58]), the aromatic radical cation
forms at a high rate. The abstraction of H* is a signifi-
cant factor in the reaction rate. Furthermore, cobalt(III)
acetate is viewed not only as an oxidizer, but primarily
as a free-radical reagent [9]. In this case, because the
abstraction of an H atom is a slow step, the KIE value
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is large. As compared to Co**, VO, is a weaker one-
electron oxidizer (E, = 1.0 V [58]) and deprotonation in
the reaction involving this reagent is a much less signif-
icant factor in the reaction rate. However, this factor
increases as the acidity of the medium is raised. It is
interesting that /, 4 correlates with the C—H bond disso-
ciation energy [49, 59] in the benzene—toluene—ethyl-
benzene—isopropylbenzene—p-xylene—-m-xylene series
(r = 0.980). It is apparently because of this correlation
that the arene ionization potential is so significant not

only in the reactions involving NO; , which have a sin-
gle rate-limiting step (electron transfer), but also in the
reactions involving VO and, particularly, Co*, in

which the electron transfer and deprotonation rates are
comparable.

The substrate selectivity is higher in the reactions of
benzene and polymethylbenzenes with VO, than in the

same reactions with Co* and, particularly, NO; , as is
indicated by an increase in the coefficient b in Eq. (1):

System VO;, Co**-CH;COOH, NO;, NO;,
59.7% H,S0,,30°C 1.9 M CF;COOH, 25°C [14]  63.8% H,SO,, 25°C [12] 64.9% H,SO,, 25°C [13]
b, mol/kJ 0.056 % 0.001 0.042 £ 0.001 0.031 £ 0.003 0.026 + 0.001

There is no compensation effect in arene nitration or
arene oxidation with cobalt. In the reactions with NO3 ,
the preexponential factor is nearly independent of the
nature of the substrate: logA =12.2 + (.2 (isoentropic
series) [12]. The activation energy of the oxidation of
toluene, ethylbenzene, cumene, diphenylmethane, and

triphenylmethane with cobalt(Ill) in acetic acid is
105.9 kJ/mol (isoenthalpic series) [53]. The reaction

ArH + VO; is the first example of the extended com-
pensation effect.

Thus, the arene—VO, reactions are controlled by
the arene ionization potential and belong formally to
the same group as the reactions of arenes with NO; and

Co** (group I). At the same time, there are significant
distinctions between the oxidizers. While arene nitra-
tion is controlled by electron transfer, the reactions
involving VO; and, particularly, Co** are likely to have

two slow steps, namely, electron transfer and deproto-
nation. In the first approximation, the rates of both steps
are determined by the arene ionization potential. It is
not impossible that the alkylbenzene oxidation reac-
tions proceeding via single-step H transfer also belong
to group I. Furthermore, reactions involving the above
electrophiles differ markedly in terms of the compensa-
tion effect. Three-parameter compensation relation-
ships are established for the reactions between ArH and

VO); . The finding that the correlation equation (12) is

KINETICS AND CATALYSIS Vol. 47 No. 6 2006

very precisely obeyed in wide ranges of variables
requires further investigation.
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