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ABSTRACT: The efficient oxidation of alkanes (cyclohexane,
n-heptane, methylcyclohexane, isooctane, cis- and trans-1,2-
dimethylcyclohexane) to the corresponding alkyl hydroperox-
ides with the system (n-BuyN)[VO;]/H,0,/trifluoroacetic
acid/MeCN—H,O was investigated in detail by Sy NMR,
kinetic and theoretical methods. It has been established on the
basis of the selectivity parameters in the oxidation of linear and
branched alkanes and the kinetic peculiarities of the cyclohex-
ane oxidation that the reaction mechanism includes the forma-
tion of HO" radicals. The presence of acid (TFA) is the crucial
factor in this process, since in the neutral medium, monovana-
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date is inactive as a catalyst. The role of the acid is explained by the formation of oligovanadates in acidic medium, which exhibit
higher catalytic activity compared with the monovanadate. The theoretical DFT calculations that used an oxodivanadate as a model
of the catalytically active species revealed that the key factor of the higher activity of oligovanadates is the modification of the reaction
mechanism upon the introduction of the second vanadium fragment into the catalyst molecule. As a result, the model divanadate
catalyst is more active, by 4.2 kcal/mol (i.e., by a factor of ca. 1200), than the simple monovanadate species. Less energetically
demanding routes (H-transfer to the oxo-ligand in the rate-limiting step) are opened for the di(poly)vanadate catalysts but not
accessible for the monovanadate catalyst. Moreover, the second vanadium fragment plays the role of a stabilizer of key transition

states due to the formation of 6-membered cyclic structures.
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B INTRODUCTION

Oxo complexes of vanadium' > and their peroxo derivatives*
play an important role in living nature.® '* Enzymes bearing
vanadium ions are able to oxidize organic compounds; for
example, vanadium-containing haloperoxidases catalyze the ha-
logenation of organic species in the presence of hydrogen per-
oxide and a halide anion.">”** Vanadium compounds are also
known as catalysts for various oxidations of organic substrates, >
particularly, saturated,® > aromatic,*** and olefinic*”~*° hy-
drocarbons by hydrogen peroxide and some other peroxides
(for example, $,05° " anion® and TBHP).>" Among these pro-
cesses, the oxidation of alkanes is of special interest because, on
one hand, hydrocarbons of this type are cheap and abundant in
nature and, hence, important as precursors for the synthesis of
various useful products, but on the other hand, their activation is
a rather difficult task.

v ACS Publications ©2011 American chemical Society

Previously, it was shown that simple monovanadate VO3
efficiently catalyzes the oxidations of alkanes,”*>* benzene,”>>®
and styrene*® with H,0O, in acetonitrile if pyrazine-2-carboxylic
acid (PCA) is added as a cocatalyst in a low concentration.
Kinetic studies®>*” and DFT calculations>**® have demonstrated
that the mechanism of this process involves the formation of the
HO® and HOO" radicals. The former highly reactive radical ab-
stracts®> the hydrogen from alkane RH to give radical R® which,
upon the reaction with O,, affords the corresponding alkyl hy-
droperoxide, ROOH. This not very stable compound can be
easily transformed into the industrially useful alcohol or ketone
(Scheme 1). The presence of PCA is a key factor since, in the
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Scheme 1. Overall Radical Mechanism of the Catalyzed Oxidation of Alkanes by H,0,

n-BuyN[VO;3]/PCA in MeCN-H,O
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absence of this additive, monovanadate VO3~ does not exhibit
any catalytic activity in neutral medium in acetonitrile toward the
oxidation of alkanes. DFT calculations have demonstrated that
the activation barrier of the HO® formation in the presence of
PCA is 9.6 kcal/mol lower than that in the absence of PCA. It was
revealed that anion pca™ derived from PCA plays a role of the
chelating agent, forming the V—pca complexes and stabilizes a
transition state of the rate-limiting step, decreasing the activation
barrier compared with the PCA-free system.>

At the same time, not only the chelating properties of the pca™
anion but also the acidity of the medium determine the catalytic
activity of the vanadate in acetonitrile solution. Indeed, the pre-
sence of an acid other than PCA (perchloric,53’6l nitric,%? sul-
furic,” or oxalic® acid) also accelerates the reaction and makes
possible the alkane oxidations in acetonitrile or water without any
N,O-chelating additives. The acidity of the reaction mixture and
the protonation of V catalysts (haloperoxidase models) were
found to be crucial also in reactions of the oxidation of halides
and organic sulfides;** " however, the mechanism proposed for
these processes is very different from that established for the
oxidation of alkanes. In the latter case, the reasons and driving
forces of such interesting pH-dependent behavior of V-catalysts
are not known yet. It should be noted that the majority of the
haloperoxidase/dialkyl sulfide oxidation reactions are catalyzed
by metal complexes with high-affinity chelating ligands, whereas
the present studies are focusing on “simple” vanadates. The cat-
alysts of the first group inhibit the dimerization/oligomerization
reactions seen in this study. Thus, the main goals of this work
are to investigate in detail by both experimental kinetic and
theoretical methods why the acidification affects so signifi-
cantly the oxidation of alkanes, what are the driving forces of
this effect, and how does the presence of acid modify the
reaction mechanism.

As a starting hypothesis of this work, we proposed that the acid
addition to the vanadate solution in acetonitrile promotes the
formation of oligovanadates that exhibit higher catalytic activity
toward the generation of the HO" radicals and, hence, of the
oxidation of alkanes, compared with the monovanadate. To
verify this hypothesis, an extended experimental and theoretical
mechanistic study of the alkane (cyclohexane) oxidation in the
system vanadate/H,0,/acid/MeCN—H,O (acid = trifluoroa-
cetic acid, TFA) was carried out, and the reactivity of the mono-
and divanadate catalysts was compared.

This article consists of three main parts. In the first part, the
composition of vanadate solutions in the absence and in the
presence of TFA was studied by *'V NMR. The second part is
devoted to the experimental kinetic investigation of alkane
oxidation by the vanadate/H,0,/TFA/MeCN—H,O system.
In the third part, plausible mechanisms of the HO® and HOO"
radicals' generation catalyzed by divanadate and monovanadate
(for comparison) complexes in the presence of H,O, are
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discussed, and the reasons for the acceleration of the HO® forma-
tion in acidified acetonitrile are analyzed on the basis of theo-
retical DFT calculations.

B RESULTS AND DISCUSSION

In this work, we have found that the salt [n-Bu,N][VO;] (A)
(Chart 1) catalyzes the oxidation of alkanes with H,0, in
acetonitrile if trifluoroacetic acid (TFA) in low concentration is
added. Compound A, which is the simple vanadate, was used in
the form of the n-tetrabutylammonium salt soluble in acetonitrile
(for the preparation, see ref 53). No oxidation occurs in the
absence of TFA. We also studied a second complex, [n-BuyN],-
[V10036] (compound B; for the preparation, see refs 68—70),
which is an oligovanadate containing a cycle consisting of eight
V(V) ions (shown in red) and two V(IV) (in blue) situated
under and over the plane of the cycle. Tetra-n-butylammonium
cations were used in this charged compound. Complex B cat-
alyzes the alkane oxidation with H, O, in the absence of any acid.

Studies by 1YV NMR, kinetic, and DFT methods were carried
out to evaluate the oxidation mechanism. The obtained results
are given below.

Formation of Oligovanadates in Acidified Acetonitrile.
SV NMR spectra of vanadium species present in a solution of
A dramatically depend on the batch of acetonitrile used to
prepare the sample (compare Figure S1a and b of the Supporting
Information); however, the differences between acetonitrile
batches practically disappear in the presence of H,O,, and their
significance for interpreting the catalytic data is unlikely. Spectra
S1 demonstrate that the simple monomeric vanadate A when
dissolved in MeCN is transformed into a few new species that
may be complexes with water, MeCN, or both. In the presence of
TFA, a large number of signals of comparable intensity appear
between —490 and —610 ppm (Figure S2 of the Supporting
Information). This region of chemical shifts is typical for oxo-
vanadate oligomers,71 and one can assume that several different
oligomers in the presence of TFA coexist simultaneously at com-
parable concentrations. Upon addition of excess of H,O,, these
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Figure 1. Accumulation of oxygenates (predominantly cyclohexyl
hydroperoxide) with time in cyclohexane oxidation with H,O, catalyzed
by complex A in the presence of TFA in acetonitrile. Conditions: [A], =
1 x 10~*M, [TFA] =82 x 10~ *M, [cyclohexane]o = 0.91 M, [H,0,], =
1.1 M, and [H,0] o = 2.2 M, 50 °C.
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Figure 2. Accumulation of oxygenates (predominantly cyclohexyl
hydroperoxide) with time in cyclohexane oxidation with H,O, catalyzed
by complex B in acetonitrile. Conditions: [B], = 1 x 10 * M,
[cyclohexane]y = 0.91 M, [H,0,]o = 1.1 M, and [H,0] o = 22 M,
50 °C.

oligomers turn into mono- and diperoxovanadate complexes’"
(Figures S3 and S4 of the Supporting Information).

The spectrum of the A/TFA/H,0, system can be condition-
ally divided into three groups of signals: four sharp, high-field
signals around —700 ppm that can be assigned to the diperoxo
complexes;”' " a sharp, low-field signal at —437 ppm; and a
group of broad signals around —600 ppm that belong to the
monoperoxo species.74‘76’77 With increasing concentration of
peroxide (and water), the group of medium-field signals moves
upfield, and one broad signal starts dominating the spectrum. It is
interesting that the relative amount of mono- and diperoxo spe-
cies remains practically the same at high concentrations of hydro-
gen peroxide. The spectrum of the B/H,0, solution resembles
that of A/TFA/H,0,, and therefore, we can conclude that the
compositions of vanadium species in these two systems are very
close. For additional details, see the Supporting Information.

Oxidation of Alkanes. Compounds A and B catalyze the
efficient oxidation of alkanes with H,O, in acetonitrile. The
oxygenation of alkanes usually gives rise to the formation of
the corresponding alkyl hydroperoxides as the main products as
well as minor amounts of alcohols and ketones. To estimate real
concentrations of alkyl hydroperoxides, ketones (aldehydes),
and alcohols present in the reaction mixture, we used a simple
method>?%”%7 developed earlier by some of us: samples of the
reaction solutions were analyzed twice by GC, before and after
addition of PPh;. In our kinetic studies of the cyclohexane oxi-
dation for precise determination of oxygenate concentrations,
only data obtained after reduction of the reaction sample with
PPh; were usually used, taking into account that the original
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Figure 3. Oxidation of cyclohexane (0.46 M) with hydrogen peroxide
(50% aqueous; 2.2 M; total content of water in the reaction mixture,
4.2 M) catalyzed by compound A (1 x 10~ * M) in the presence of TFA
in MeCN at 50 °C. Dependence of the initial rate of oxygenate
formation, Wy, on concentration of added TFA is shown. Concentra-
tions of cyclohexanone and cyclohexanol were determined after reduc-
tion of the aliquots with solid PPh;.

reaction mixture typically contained the three products cyclo-
hexyl hydroperoxide (as a primary product), cyclohexanone, and
cyclohexanol.

Accumulation of products in the cyclohexane oxidation cata-
lyzed by A and B are shown in Figures 1 and 2, respectively. It
should be noted that catalyst A is active only in the presence of
TFA (Figure 3), whereas compound B catalyzes this reaction in
the absence of TFA. Figure 3 clearly demonstratres that mono-
vanadate does not exhibit catalytic activity, and only in the
presence of TFA does the alkane oxidation occur. In the absence
of added acids, the vanadium ion exists predominantly in the
form of monovanadate (see Section 1). It can therefore be con-
cluded that monovanadate in the absence of added TFA has very
low catalytic activity. The great increase in the oxidation rate
when an acid is added is not due to the changes in the catalytic
activity of the starting monovanadate in the presence of protons.
On the other hand, it is well-known”' ~”* that addition of an acid
leads to the aggregation of monovanadate species and formation
of oligovanadates (see Section 1). As DFT calculations (see
Section 3) demonstrate, the catalytic activity of divanadate is
many times higher in comparison with that of monovanadate,
even in the presence of an acid. The second vanadium ion in the
divanadate may facilitate proton transfer from coordinated hy-
drogen peroxide to the oxo group of the divanadate. Taking this
into account, we can expect that other highly aggregated oligo-
vanadate species have noticeably higher catalytic activity in com-
parison with the monovanadate.

Equilibrium constants of the aggregation processes of vana-
dium ions in studied solutions are unknown, and hence, we were
unable to calculate the distribution of vanadium ions for the vari-
ous oligovandate species. Addition of H,O, may lead to partial
disaggregation of oligovanadates, but equilibrium constants for
these transformations are also unknown. This is why we cannot
interpret in detail the dependences measured by us of the initial
oxidation rate, Wy, on initial concentrations of the starting mono-
vanadate A (Figure S9 of the Supporting Information) and oligo-
vanadate B (Figure S10 of the Supporting Information) and on
concentrations of hydrogen peroxide (Figures S11 and S12 of the
Supporting Information). All these dependences are straight
lines. It should be noted that since the oxidation rate depends
on the concentration of water in the solution (the higher the
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Figure 4. Oxidation of cyclohexane with hydrogen peroxide (50%
aqueous; 2.2 M; the total content of water in the reaction mixture
was 4.2 M) catalyzed by compound A (1 x 10 * M) in the presence of
TFA (8.2 x 10~* M) in MeCN at 50 °C. Dependence of the initial
rate of oxygenate formation, Wy, on the initial concentration of
cyclohexane is shown (curve 1). Linearization of curve 1 in coordi-
nates [cyclohexane}ofl,Wo is presented in line 2. Concentrations of
cyclohexanone and cyclohexanol were determined after reduction of
the aliquots with solid PPhs.

water concentration, the lower the reaction rate, in agreement
with previous results,>>*” see Figure S13 of the Supporting
Information), the concentration of water was maintained con-
stant in the experiments shown in Figures S11 and S12.

For the same reason, we used TFA as an acid that does not
contain water in any noticeable concentration. The change in
concentrations of catalytically active peroxo complexes depends
also on the change in the distribution of vanadium ions among
the various oligovanadate forms. We might assume that the
concentrations of oligovanadates do not depend on the total
concentration of vanadium in the solution, but the probability of
this situation is very low. Alternatively, we can propose that the
different concentrations of oligovanadate species (x;) are com-
pensated by their different reactivities (constants k;). As a result,
the measured reaction rate is proportional to the total vanadium
concentration. Indeed, in this case, the initial reaction rate is

Wo = Z k,'xi

where i is different reactive forms of aggregated vanadium ions.
Let us transform this equation:

x; x;
07 b= Bkl = | 2k A
If the following condition is obeyed,
X
ki—— = const
2 M)

the initial oxidation rate, Wy, is proportional to the total concen-
tration of vanadium in the solution; that is, [A],. This conclusion
is in good agreement with the experimentally found dependence
that is presented in Figure S9.

Compound B containing 10 vanadium ions in the MeCN/
H,O solution in the absence of an acid dissociates, giving a
mixture of oligovanadates (see Section 1). This explains the high
catalytic activity of compound B in the absence of an acid.
The specific activity of catalyst B calculated as the ratio of
the reaction rate to the total number of vanadium ions in the
solution is approximately 3.5 times lower than the specific activity
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Figure 5. Oxidation of cyclohexane with hydrogen peroxide (50%
aqueous; 2.2 M; the total content of water in the reaction mixture was
4.2 M) catalyzed by compound B (1 x 10~ * M) in MeCN at 50 °C.
Dependence of the initial rate of oxygenate formation, Wy, on initial
concentration of cyclohexane is shown (curve 1). Linearization of curve
1in coordinates [cyclohexane]ofl,Wo is presented in line 2. Concentra-
tions of cyclohexanone and cyclohexanol were determined after reduc-
tion of the aliquots with solid PPhs.

of monovanadate A in the presence of TFA. It should be noted
that the apparent activation energies of oxidations catalyzed by A
and B are very close. Indeed, kinetic data of oxidations at different
temperatures (Figure S14) allowed us to calculate the apparent
activation energies as 22 % 2 kcal/mol.

The selectivity parameters obtained in the oxidation of linear
and branched alkanes (see the Supporting Information, Table S2)
catalyzed by both A + TFA and B show that in these cases, the
oxidizing species is the hydroxyl radical. Additional support for
this statement was obtained from kinetic data presented in
Figures 4 and 5. Indeed, the mode of dependency of W,
on initial concentration of the oxidized substrate cyclohexane
(that is, asymptotic approaching W to a plateau with growing
[cyclohexane],) indicates that there is a competitive interaction
between the cyclohexane or acetonitrile and the oxidizing
species, X. In the interval [cyclohexane]y & 0—0.2 M, the W,
value increases roughly proportionally to the initial cyclohexane
concentration. At high concentrations of cyclohexane (>0.5 M),
the W, value does not depend so much on its concentration
(approaching to a plateau) because in this case, the main portion
of species X generated in the oxidizing systems is accepted by the
hydrocarbon. Assuming that in the absence of the cyclohexane
the main reaction of the X consumption is the interaction (which
leads to the formation of a variety of products®*>*") between X
and the solvent MeCN, we can propose the kinetic scheme of the
concurrent oxidation of the alkane, RH, with the following rate-
limiting steps:

X + MeCN — — products k, (a)

X + RH— — ROOH kK, (b)

Assuming that the rate of X generation by the catalytic system is
W, we obtain (for details, see Supporting Information) in the
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Scheme 2. Simplified Mechanism of Radical Generation
Catalyzed by Complex [V(=0),(pca)(S)]
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Figure 6. Types of transition states for H transfers.

quasi-stationary approximation for [X] the following equation
for the RH oxidation rate:

dRH]  dROOH]| W,
T k,[MeCN] (<)
ky [RH]

In accord with eq ¢, the reciprocal RH oxidation rate should be
linearly dependent on the reciprocal concentration of RH:

(459" -

Equation d satisfactorily describes the experimental data for
both A + TFA and B (see linear anamorphoses 2 in Figures 4 and 5),
meaning that our kinetic scheme is in agreement with the kinetic
data. Calculated from the experimental parameters, the ratio of
rate constants k,/ky, for catalyst A + TFA is 0.011. The same ratio
for catalyst B is 0.009. Both values are close to the k,/ky, ratio
(0.008) obtained in the photochemical oxidation®> of cyclohex-
ane with H,O,, for which the hydroxyl radical is known to be the
oxidant. Thus, we can conclude that the k,/k;, ratio for oxidations
with A + TFA and B corresponds to the ratio for the interaction
of radical HO® with MeCN and cyclohexane, and therefore, the
oxidizing species X in both systems under discussion is the hy-
droxyl radical.

DFT Study of the Mechanism. The experimental results
described previously>® and in this work (Section 2) suggest that
the V-catalyzed oxidations of alkanes in the presence of H,0,
occur via a free radical mechanism. The details of this mechanism
have been theoretically studied for the V catalyst [V(=O0),-
(pca)(S)] where pea is pyrazine-2-carboxylate, S is solvent
(MeCN, H,0).>**” The mechanism is based on the generation
of the HO® and HOO" radicals, the former reacting with alkanes,
and includes seven main steps (Scheme 2). It was shown that the
second H transfer [step (v)] is the rate-limiting step.>® This and
other H transfers are assisted by a water molecule,™ which allows
the formation of six-membered transition states (TS) (type b,
Figure 6) instead of the less-stable four-membered TSs (type a,
Figure 6). The HOO" radicals are not sufficiently “strong” to

k, [MeCN]) ()

ky [RH]

Scheme 3. Formation of Peroxo-V Complexes from Oxo-V
Species

o Hoy & GDO—OH Ho” ol H,0_ O-¢ -0
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oxidize alkanes; however, they can be involved in a number of
side reactions (e.g, 2HOO® — H,0, + 0,).%

The presence of the pca ligand in the catalyst molecule was
found to be a crucial factor, since the simple monovanadate VO3~
in the neutral medium does not catalyze the alkane oxidations.
However, as we demonstrate in this work, in the presence of a
strong acid (TFA), vanadate becomes active without any addi-
tives such as PCA, conceivably due to the formation of oligova-
nadates (see Sections 1 and 2). We propose here that oligovana-
dates have a higher catalytic activity than the monovanadate
because the second vanadate fragment stabilizes the species
involved in the rate-limiting step, playing a role similar to that
of pca in the [V(=0),(pca)(S)] catalyst. To verify this hypothesis,
theoretical mechanistic studies of the HO® and HOO® radicals
formation with the oxo-u'-divanadate [{V(=0),(H,0)(S)},0]
and monovanadate [V(=0),(H,0)(OH)(S)] (for comparison)
catalytic systems have been carried out. Only the most plausible
pathways are discussed in the text; the less favorable routes are
described in the Supporting Information.

Divanadate System. Formation of the Initial H,O, Adduct.
It was shown previously for the [V(=0),(pca)(S)] system®**°
that the active form of the catalyst is the oxo—peroxo complex
[V(=0)(00)(pca)(H,0,)] rather than the starting dioxo spe-
cies. Correspondingly, a catalytic cycle for the divanadate should
start with the formation of the H,0, complex [{V(=0)(00)-
divanadate [{V(=0),(H,0)(S)},0] (Scheme 3).”**

First H Transfer. Following the formation of the H,O, com-
plex 1, the next step of the reaction concerns the H transfer from
the coordinated H,0O, to an oxo ligand to give 2 (Schemes 4 and
S2 of the Supporting Information). The water-assisted concerted
pathway of this step via formation of transition state TS, _, (Chart 2)
is more favorable than the stepwise pathway (see the Supporting
Information for details). The calculated activation energy (AG#)
of this H transfer is 6.7 kcal/mol (Tables 1 and S3 of the Sup-
porting Information).

Generation of the HOO® Radical and Formation of the
Second H,0, Adducts. Complex 2 may undergo unimolecular
elimination of the HOO® radical and the reduction of the V(1)
atom to give 3. The calculated AG; energy of the reaction 2 — 3
(that is, the adiabatic V—OOH bond energies) is 15.3 kcal/mol,
which is slightly higher than the V—OOH bond energy in the
complex [V(OH)(OOH)(00)(pca)] (12.3 kcal/mol>®). The
endoergonic (by 5.8 kcal/mol) addition of another hydrogen
peroxide molecule to the tetra-coordinated vanadium site then
occurs in 3, leading to 4, the latter being in equilibrium with
slightly more stable complex S.

Second H Transfer. The proton transfer from the coordinated
H,O0, to the oxo or hydroxo ligand in 4 or § affords the hydro-
peroxo species 6b or 7b, whereas the H shifts to the peroxo ligand
were previously found to be less favorable.” Reactions 4 — 7b
and S5 — 6b proceed via transition states TS, -, and TS5 ¢,
involving a water molecule (TSs of type b, Figure 6, Chart 2)
whereas the reaction 4 — 6b includes the formation of TS, ¢,

1515 dx.doi.org/10.1021/cs200237m |ACS Catal. 2011, 1, 1511-1520
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Scheme 4. Catalytic Cycles for the Formation of HOO® and

HO® Radicals Based on p-oxo Complexes”
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“ Color code: black, initial catalytic species; blue, H-transfers; red, radical generation; green, formation of H,0, or H,O adducts. Only the most stable

isomers are shown, except complex 6.
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without the assistance of H,O (TSs of type c). The activation
barriers of all these routes are within the range of 6.0—7.5 kcal/mol,
and the pathway 5 — 6b is the most kinetically favorable one
(Figure 7). It is worth mentioning that the energy of TSs g, is
lower than the energy of the product 6b. Such a situation when
the energy of TS is lower than that of the reactants or Eroducts
was described previously for water-assisted H transfers,> and it is
caused by the formation of a molecular van der Waals complex

between the reactant (product) and H,O. Complexes 6b and 7b
then undergo an isomerization to the most stable isomers 6a and
7a. Finally, the substitution of H,O for H,O, in 7a results in the
formation of 8.

Formation of HO® Radical and Catalyst Regeneration. In
the last step, the homolysis of the O—O bond in 6a and 8 via
TS6a_0a and TS| produces the HO® radicals and oxidizes the
V" atom to the VV. These two reactions have equal and rather
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Table 1. Energetic Characteristics (in kcal/mol) of the
Reactions Discussed in the Text

reaction AH#4 AG# AH; AG;
1—2 via TS;_, -1 67 —16 —23
2— 3+ HOO’ 24.9 153
3+H,0,— 4 -3.7 5.8
4—6b via TS 4_¢p S.1 5.5 6.9 6.0
4—7b via TS 4 7 —-1.7 7.5 0.5 0.0
5—6b viaTS s g —21 53 80 68
6b — 6a —99 -84
7b — 7a =53 =50
7a + H,0, — 8 + H,O 3.6 4.2
6a— 9a + HO® via TS6a—0a 6.7 7.2 26 —42
8 —1+HO" via TSg_; 6.3 72 =36 —96
9a — 9b 3.7 4.7
9b— 10 via TSgp.0 ~ —24 —17 —108 —11.9
10 + H,O, — 1 + H,O 2.7 3.6
11— 12 via TSy; 12 29 115 3.6 3.6
12— 13 + HOO® 24.6 14.8
13 + H,0, — 14 —52 38
14— 15b viaTS 14 155 —L1 68 29 24
15b — 15a —10.0 —9.5
15a + H,0, — 16 + H,0 2.1 2.8
16 — 11 + HO® via TSy6-11 5.7 63 —31 -94
AGg, kcal/mol
30+

Figure 7. Energy profile of the catalytic cycles based on y-oxo com-
plexes. For color code, see Scheme 4. The most favorable route is
marked by bold lines. Only species bearing vanadium are indicated for
the levels (except the first and last levels).

low activation barriers (7.2 kcal/mol). In the case of 8, the initial
active form of the catalyst 1 is directly regenerated and then starts
anew catalytic cycle. For the other pathway, the regeneration of 1
takes place via the sequence 6a — 9 — 10 — 1.

In addition to the routes based on the monobridged u-oxo-
divanadate system discussed above, other mechanisms involving
the formation of di(u-oxo)-divanadate species may also be rea-
lized, and they are described in the Supporting Information. The
latter mechanisms are less favorable than the former ones only by
1.3 kcal/mol and, thus, may also be realized to some extent.

Monovanadate System. To compare the reactivity of mono-
and divanadate catalysts, the plausible mechanism of the HO®
and HOO® formation was also calculated for the simple mono-
vanadate [V(=0),(OH)(H,0),] in which the second V frag-
ment is replaced by a proton. The mechanism (Scheme S,
Figure 8) is similar to that described above and includes (i) the
formation of the active catalytic form 11; (i) the proton transfer

Scheme S. Catalytic Cycle for the Formation of HOO® and
HO" Radicals Based on Monovanadate”

/ _
HO—0 o HO—O
/ N
ot o1Lo
I\OH | OH
H20 H20
1 14
H H,0 /
HO—O [ °
[ o—v0
HO oO—V— Y —/—» ./ |\0H

16 15a

“For color code, see Scheme 4. Only the most stable isomers are shown.

AGg, kcal/mol

30+

20 4

10 4

Figure 8. Energy profile of the catalytic cycles based on monovanadate.
For color code, see Scheme 4. Only species bearing vanadium are
indicated for the levels (except the first and last levels).

from H,O, to the oxo-ligand to give 12 via TS;; _, of the type b
(Figure 6); (iii) monomolecular generation of HOO® with the
AG;value of 14.8 kcal/mol (Table 1) to form 13; (iv) addition of
another H,0, molecule, affording complex 14; (v) H transfer
from H,0, to the OH ligand, leading to 15b; (vi) isomerization
of 15b to the more stable isomer 15a; (vii) substitution of H,O
for H,O, in 15a to give 16; and (viii) finally, the liberation of the
HO" radical via TS;4-1; and regeneration of the catalyst 11.

General Discussion of the Mechanisms Based on DFT
Calculations. The analysis of the theoretical results described
in the previous sections and the Supporting Information allows
one to draw several important conclusions. First, the most
plausible mechanism of the divanadate catalyzed radical forma-
tion includes the sequence of the H,O, addition, H transfer,
and HOO® and HO® elimination steps 1 > 2—3—4 (—35) —
6b — 6a — 9a (+ HO") — 9b — 10 — 1. This mechanism is
depicted in Scheme 4, which clearly shows that the most
favorable route directly involves the second V fragment of the
divanadate catalyst, whereas the route 1 —~2—3 —~4—7b —
7a — 8 — 1 (+ HO"), in which the second V-fragment is not
affected, is less favorable.

Second, as may be seen in Figure 7, the rate-limiting step of the
overall process is the second H transfer (step 4 (5) — 6b), and the
unimolecular HOO® and HO® eliminations are less energetically
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demanding relative to 1. Third, the presence of the second V
fragment in the divanadate molecule provides the possibility of
the formation of stable six-membered transition states for the
H-transfer processes without involvement of the water molecule
(TSs of type c, Figure 6). For some steps (e.g. in the crucial rate
limiting step 4 — 6b), the stabilization of TS by the second V
fragment is even greater than by the water molecule.

Fourth, the catalytic activity of the divanadate was found to be
obviously higher than that of the monovanadate. Indeed, the
calculated apparent Gibbs free energy of activation, AG#, relative
to 1 of the divanadate catalyzed HO" formation is 24.8 kcal/mol.
This is lower than the activation barrier of the monovanadate-
catalyzed process (29.0 kcal/mol). The difference in the activa-
tion energies of 4.2 kcal/mol corresponds to the ratio of the rate
constants of ~1200. This ratio is quite sufficient to explain the
experimental observations indicating that the monovanadate in
neutral medium is not active for the oxidation of alkanes, whereas
di- and polyvanadates formed in acidic medium efficiently catalyze
this reaction.

Fifth, the higher catalytic activity of the divanadate may be
explained as follows: In the case of the monovanadate, the rate-
limiting H transfer (14 — 15) may occur only to the OH lig-
and (the H shifts to the peroxo ligand were found to be less
favorable).”” The presence of the second vanadium fragment
in the di(poly)vanadates opens the possibility for this H transfer
not only to the OH ligand (4 — 7) but also to the oxo ligand
(4 (§) — 6). The latter process is less energetically demanding
than the former (Figure 7). In addition, the proton migration to
the OH ligand itself requires lower energy for the divanadate
systems than for the monovanadate (by 2.7 kcal/mol relative to
the reactants).

The calculated apparent activation enthalpy, AH#, relative to
1 of the HO® generation catalyzed by divanadate is 26.4 kcal/mol,
which is somewhat higher than the experimentally found appar-
ent activation energy of 22 & 2 kcal/mol (Section 2). However,
such a deviation may be considered as reasonable taking into
account that only the divanadate complex was used for the DFT
calculations, whereas the real catalytic system is much more
complicated and bears the mixture of various oligovanadates
participating in the reaction.

It is also interesting that the VO3  /PCA catalyst exhibits
higher catalytic activity compared with the VO3 /TFA system.
The experimental apparent activation energies for these two
catalytic systems are 17 =& 2 kcal/mol® and 22 + 2 keal/mol
(this work, Section 2). The corresponding theoretically calcu-
lated AGg#+ values are 19.8 kcal/ mol* and 24.8 kcal/mol (this
work), and they perfectly correlate with the experimental trend.

B FINAL REMARKS

The vanadium-catalyzed oxidations of alkanes are very sensi-
tive to the presence of H in the reaction mixture. Simple mono-
vanadate VO3~ does not exhibit any catalytic activity toward
alkanes, but the addition of an acid in a low concentration dra-
matically accelerates this reaction. In the present work, we in-
vestigated in detail the reasons for such interesting and important
pH-dependent behavior of the V-catalysts. Our starting hypoth-
esis about the formation of oligovanadates in acidic medium,
which are more active toward the oxidation of alkanes than the
simple monovanadate was confirmed by both experimental and
theoretical methods. >'V NMR and kinetic studies indicate that
in the systems VO; /H,0,/TFA and [V10056]* " /H,0, in

acetonitrile, oligovanadates are responsible for the efficient gene-
ration of hydroxyl radicals (key species in the alkane oxidation).

The theoretical calculations reveal that the model divanadate
catalyst is more active, by 4.2 kcal/mol (i.e., by a factor of ca.
1200) than the simple monovanadate species. The key factor of
the higher activity of the di(oligo ) vanadates is the modification of
the reaction mechanism upon the introduction of the second
vanadium fragment into the catalyst molecule. Namely, addi-
tional and less energetically demanding routes (H-transfer to the
oxo ligand in the rate-limiting step 4(5) — 6b) are opened for the
di(poly)vanadate catalysts but not accessible for the monovana-
date one. Moreover, the second vanadium fragment plays the
role of a stabilizer of key transition states due to the formation
of six-membered dimetalocyclic structures (transition states of

type c, Figure 6).

B EXPERIMENTAL SECTION

Spectroscopy. °'V NMR spectra were recorded on a Bruker
Avance 500 at 131.46 MHz. A typical vanadium spectrum for a
1 mM solution was obtained from the accumulation of 20 000
transients with a 700 ppm spectral window at ~12 scans/s. Un-
less it is stated otherwise, spectra were recorded at room tem-
perature (297 K). An exponential line-broadening up to 200 Hz
was applied before Fourier transformation. The vanadium
chemical shifts are quoted relative to external VOCl; (0 ppm).
Two batches of acetonitrile were used to obtain the NMR spec-
tra. One of them was distilled immediately before the NMR
experiments, and the second (“old”) was exposed to air for over a
month. The differences between acetonitrile batches practically
disappear in the presence of H,O,. Mainly in NMR and all kinetic
studies, we used acetonitrile that was not distilled prior to use.

Oxidation Experiments. Catalysts A** and B** 7° and coca-
talyst TFA were used in the form of stock solutions in acetonitrile.
Aliquots of these solutions were added to the reaction mix-
tures in the oxidations of alkanes. The oxidation reactions were
typically carried out in air in thermostatted Pyrex cylindrical
vessels with vigorous stirring; total volume of the reaction solu-
tion was S mL. (CAUTION: the combination of air or molecular
oxygen and H,O, with organic compounds at elevated tempera-
tures may be explosive!). The reactions were stopped by cool-
ing, and analyzed twice, that is, before and after the addition of
an excess of solid PPh;. This method was developed and used
previously by some of us®>*%”%7° for the analysis of reaction
mixtures obtained from various alkane oxidations. Applying this
method in the present work for the oxidation of cyclohexane, we
demonstrate that the reaction affords predominantly cyclohexyl
hydroperoxide as the primary product which slowly decomposes
to form cyclohexanol and cyclohexanone. In our kinetic studies
for precise determination of oxygenate concentrations, only data
obtained after reduction of the reaction sample with PPh; were
used. A Fisons Instruments GC 8000 series gas chromatograph
with a capillary column 30 m X 0.32 mm X25 um, DB-WAX
(J&W) (helium was the carrier gas; the internal standard was
nitromethane) was used. In the kinetic experiments, each oxida-
tion was carried out at least twice, and the average value is shown
in the figures. Experimental error was 10%.

Computational Details. The full geometry optimization of all
structures and transition states has been carried out at the DFT/
HF hybrid level of theory using Becke’s three-parameter hybrid
exchange functional in combination with the gradient-corrected
correlation functional of Lee, Yang, and Parr (B3LYP)®*®* with
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the help of the Gaussian-98 program package.*> The restricted
approximations for the structures with closed electron shells and
the unrestricted methods for the structures with open electron
shells have been employed. Symmetry operations were not
applied for all structures. The geometry optimization was carried
out using a relativistic Stuttgart pseudopotential that described
10 core electrons, the appropriate contracted basis set (8s7p6d1f) /
[6s5p3d1f]* for the vanadium atom, and the 6-31G(d) basis set
for other atoms. Then single-point calculations were performed
on the basis of the found equilibrium geometries using the 6-31
+G(d,p) basis set for nonmetal atoms.

The Hessian matrix was calculated analytically for the opti-
mized structures at the B3LYP/6-31G(d) level to prove the
location of correct minima (no imaginary frequencies) or saddle
points (only one imaginary frequency) and to estimate the ther-
modynamic parameters, the latter being calculated at 25 °C. The
nature of all transition states was investigated by the analysis of
vectors associated with the imaginary frequency.

Total energies corrected for solvent effects (E;) were esti-
mated at the single-point calculations on the basis of gas-phase
geometries at the CPCM-B3LYP/6-31+G(d,p)//gas-B3LYP/
6-31G(d) level of theory using the polarizable continuum model
in the CPCM version®”*® with CH;CN as solvent. The entropic
term in CH3CN solution (S,) was calculated according to the
procedure described by Wertz** and Cooper and Ziegler”
(see the Supporting Information). The enthalpies and Gibbs
free energies in solution (H, and G,) were estimated using
the expressions

H, = E,(6-31+G(d,p))
+ Hg(6-31G(d)) — E(6-31G(d))

G, = H, — TS,

where E, E; and H, are the total energies in solution and in gas
phase and gas-phase enthalpy calculated at the corresponding
level. The electronic structure of some species was analyzed using
the natural bond orbital (NBO) partitioning scheme.”"
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