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’ INTRODUCTION

Selective oxidations of hydrocarbons with environmentally
friendly hydrogen peroxide and molecular oxygen under mild
conditions is an important field of catalytic chemistry.1 These
reactions are usually catalyzed by transition metal complexes
(TMC), e.g., those of Fe,2 V,3 Mo,4 Mn,5 Ti,6,7 Os,8 Cu,9,10 and
others.1 Many of them are highly dangerous for the environment
and expensive as well, and this is the obvious disadvantage of the
application of TMC in catalysis. An important exception is iron-
based complexes which attract great attention for the oxidation of
hydrocarbons2,11 since the simple stoichiometric iron-containing
oxidizing system {Fe2þ þ H2O2} was discovered by Fenton.12

In contrast, information about alkane oxidations catalyzed by
non-TMC systems is much more scarce. If the heterogeneous
reactions of this type are rather well-known,13,14 the first exciting
results on the homogeneous alkane oxidation with H2O2 catalyzed
by a non-TMC (i.e., Al) have been reported only recently:
alkanes were oxygenated with H2O2 in aqueous MeCN when
[Al(H2O)6]

3þ (1) was used as a catalyst [in the form of
Al(NO3)3].

15 The same system, 1/H2O2, is also efficient for
olefin epoxidations,16 although other non-TMC compounds
(e.g., derivatives of Bi, Se, As, Sn, Ge) were also applied for this
reaction.17 In contrast to many TMCs (except the iron complex-
es), the 1/H2O2 system is promising from ecological and
economical points of view because both the catalyst and oxidant
are environmentally friendly, cheap, and accessible. At the same
time, the area of homogeneous Al-salt catalyzed oxidations of
hydrocarbons is now only at the initial stage of development, and
the mechanisms of these processes are still a mystery.

In this work, we try to lift the veil from this mystery. The main
goal is to study the plausible mechanisms of the hydrocarbon
oxidations with the 1/H2O2/MeCN�H2O catalytic system using
theoretical DFT methods. The article consists of two parts. In the
first part, the mechanisms of alkane oxidation are discussed. To the
best of our knowledge, this is the first attempt to explore the
plausible mechanism of homogeneous alkane oxidation in the
presence of H2O2 with a non-TMC catalyst using theoretical
methods.18,19 In the second part, the mechanisms of the olefin
epoxidation with the same catalyst are discussed.

’COMPUTATIONAL DETAILS

The full geometry optimization of all structures and transition states
(TS) 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)20 with the help of the Gaussian 9821 program package. The
standard basis set 6-311þG(d,p) was applied for all atoms. No
symmetry operations have been applied for any of the structures
calculated. The O�O bond dissociation energy in H2O2 calculated at
this level of theory (48.7 kcal/mol, the total energy gas-phase scale) is
very close to the experimental value of 48.75 ( 0.005 kcal/mol.22 The
Hessian matrix was calculated analytically for the optimized structures in
order to prove the location of correct minima (no imaginary
frequencies) or saddle points (only one imaginary frequency) and to
estimate the thermodynamic parameters, the latter being calculated at
25 �C. The nature of all transition states was investigated by the analysis
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ABSTRACT: A radical mechanism of hydrocarbon oxidations with
the environmentally friendly and cheap homogeneous nontransi-
tion metal system [Al(H2O)6]

3þ/H2O2/MeCN�H2O was pro-
posed for the first time on the basis of DFT calculations. A dramatic
activation of H2O2 toward homolysis in the key intermediate
[Al(H2O)4(OOH)(H2O2)]

2þ due to the presence of the easily
oxidizable OOH coligand provides, without a change of metal
oxidation state, the generation of HO• radicals, which then oxidize
hydrocarbons. Nonradical mechanisms of the olefin epoxidation
with the same catalytic system were also investigated.
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of vectors associated with the imaginary frequency and by the calcula-
tions of the intrinsic reaction coordinates (IRC) using the Gonzalez�
Schlegel method.23

The starting geometry for the optimization of TS1 was constructed
using the equilibrium coordinates given in ref 24 for the TS of the water
dissociation in [Al(H2O)6](H2O)6

3þ. Taking into account the impor-
tance of the consideration of the second coordination sphere in the
calculations of solvent effects for reactions involving highly charged
species, one, two, or three solvent molecules (H2O or H2O2) were
included explicitly for the majority of the calculated structures (consult
Tables 1 and 2 for each particular case).
Total energies corrected for solvent effects (Es) were estimated at the

single-point calculations on the basis of gas-phase geometries using the
polarizable continuum model in the CPCM version25 with CH3CN or,
in some cases, H2O as the solvent. The entropic term for the CH3CN
solvent (Ss) was calculated according to the procedure described by
Wertz26a and Cooper and Ziegler26b using eqs C1�C4

ΔS1 ¼ R ln V s
m, liq=Vm, gas ðC1Þ

ΔS2 ¼ R ln V�m=V s
m, liq ðC2Þ

R ¼ S�, sliq � ðS�, sgas þ R ln V s
m, liq=Vm, gasÞ

ðS�, sgas þ R ln V s
m, liq=Vm, gasÞ ðC3Þ

Ss ¼ Sg þΔSsol ¼ Sg þ ½ΔS1 þ RðSg þΔS1Þ þΔS2�
¼ Sg þ ½ð � 12:21 cal=mol 3KÞ � 0:23ðSg � 12:21 cal=mol 3KÞ

þ 5:87 cal=mol 3K� ðC4Þ
where Sg is the gas-phase entropy of solute; ΔSsol is the solvation
entropy; Sliq

�s , Sgas
�,s , and Vm,liq

s are standard entropies and molar volume of
the solvent in liquid or gas phases (149.62 and 245.48 J/mol 3K and
52.16 mL/mol, respectively, for CH3CN), Vm,gas is the molar volume of
the ideal gas at 25 �C (24450 mL/mol), and V�m is the molar volume of
the solution corresponding to the standard conditions (1000 mL/mol).
The Ss values for the H2O solvent were calculated using the eq C5.26b

Ss ¼ Sg þ ½ð � 14:3 cal=mol 3KÞ
� 0:46ðSg � 14:3cal=mol 3KÞ þ 7:98 cal=mol 3K� ðC5Þ

The enthalpies and Gibbs free energies in solution (Hs and Gs) were
estimated using the expressionsHs = EsþHg� Eg andGs =Hs� T 3 Ss,
where Eg and Hg are the gas-phase total energy and enthalpy.

’RESULTS AND DISCUSSION

1. Oxidation of Alkanes. In accord with the experimental
data,15 the oxidation of alkanes with H2O2 catalyzed by 1 occurs
via a radical mechanism involving the formation of free HO• and
HOO• radicals. The former more active radical oxidizes the
alkane to corresponding alkyl radical R• by hydrogen abstraction,
and R• then reacts with molecular oxygen, giving alkylperoxo
radical ROO•, which is converted to the final product.1i,27

However, the principal question—how the HO• radicals are
formed from H2O2 with 1—remained absolutely unclear.
Initially, the mechanism of the HO• generation from H2O2

catalyzed by TMCs was proposed by Haber and Weiss for the
Fenton system.28 It includes the electron transfer from Fe(II) to
the hydrogen peroxide molecule, leading to the formation of
HO• [reaction 1]. The Fe(III) species then may be reduced by
another H2O2 molecule with the generation of HOO• radicals
[reaction 2].29 In a modified route proposed by Kozlov et al.,30

the Fe(III) ion interacts simultaneously with two H2O2 mol-
ecules to give the Fe(II) ion and HO•, as well as O2, which is the
product of HOO� oxidation by Fe(III) and the second H2O2

molecule (Scheme 1). Since that time, a number of mechanistic
studies of the processes occurring in the Fenton or Fenton-like
systems have been undertaken (some of them supporting the
generationof radicals, others suggesting nonradical pathways).2e,31,32

½FeIIðH2OÞ6�2þ þH2O2 f ½FeIIIðH2OÞ5ðOHÞ�2þ þHO• þH2O

ð1Þ

½FeIIIðH2OÞ5ðOHÞ�2þ þH2O2 f ½FeIIðH2OÞ6�2þ þHOO•

ð2Þ
When the metal in the catalyst molecule is in the highest

oxidation state, the first step of the reaction is the generation of
the HOO• radical accompanied by the reduction of the metal
while HO• is formed at a later stage. Such a mechanism
(Scheme 2) was proposed27 and theoretically studied3a,33 for
the V- and Re-based catalysts.
In all radical routesmentioned above, the oxidation state of the

metal either increases or decreases. This is possible because
transition metals usually have several stable oxidation states.
However, the mechanism of radical formation catalyzed by the
non-TMC 1 should be of a fundamentally different type because
the unique stable nonzero oxidation state of Al is þIII, and the

Table 1. Energetic Characteristics (in kcal/mol) of the Formation of HO• and HOO• Radicals in the System 1/H2O2 Calculated
for CH3CN Solution

entry reaction ΔHs
‡ ΔGs

‡ ΔHs ΔGs

1 [Al(H2O)6](H2O2)
3þ (1) f [Al(H2O)5](H2O)(H2O2)

3þ via TS1 18.4 17.9 þ10.5 þ10.1

2 [Al(H2O)5](H2O)(H2O2)
3þ f [Al(H2O)5(H2O2)](H2O)

3þ (2) via TS2 5.8 6.0 �4.0 �3.9

3 [Al(H2O)5(OOH)](H2O)
2þ (3) þ H2O2 f [Al(H2O)4(OOH)](H2O)(H2O2)

2þ þ H2O via TS3 16.8 17.4 þ7.9 þ8.5

4 [Al(H2O)4(OOH)](H2O)(H2O2)
2þ f [Al(H2O)4(OOH)(H2O2)](H2O)

2þ (5) via TS4 5.6 5.6 þ1.1 þ1.2

5 [Al(H2O)5(H2O2)](H2O)
3þ (2) f [Al(H2O)5(

•OH)](H2O)
3þ þ HO• þ49.9 þ42.2

6 H2O2 f 2HO• þ45.1 þ39.4

7 [Al(H2O)4(OH)(H2O2)](H2O)
2þ (4) f cis-[Al(H2O)4

•(OH)2](H2O)
2þ þ HO• þ31.2 þ25.0

8 [Al(H2O)5(OOH)](H2O)
2þ (3) f [Al(H2O)5(O

•)](H2O)
2þ þ HO• þ47.3 þ39.9

9 [Al(H2O)4(OOH)(H2O2)](H2O)
2þ (5) f [Al(H2O)4(OOH)(OH)](H2O)

2þ (6) þ HO• þ13.8 þ6.1

10 [Al(H2O)4(OOH)(OH)](H2O)
2þ (6) f [Al(H2O)4(OH)](H2O)

2þ (7) þ HOO• þ11.9 þ3.0

11 [Al(H2O)4(OH)](H2O)
2þ (7) þ H2O f [Al(H2O)5(OH)](H2O)

2þ (8) �22.5 �13.8
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formation of Al(II) or Al(IV) species is highly unfavorable. In this
work, we propose such a mechanism (Scheme 3).
i. Equilibria in the 1/H2O2/H2O System. Formation of the First

H2O2 Complex. Under experimental conditions when both H2O

andH2O2 are in comparable concentrations,15 the substitution of
a coordinatedH2Omolecule in 1 for H2O2 is quite expected. The
quantum-chemical calculations show that this reaction is slightly
endoergonic (by 6.2 kcal/mol, Table 1, entries 1, 2), which is in
agreement with a lower (but still high) donor ability of H2O2

compared to H2O.
The previous studies of a similar water exchange process in 1

demonstrated that it proceeds via a dissociative mechanism.24,34

In our work, we were also unable to find a seven-membered

Table 2. Energetic Characteristics (in kcal/mol) of Ethylene Epoxidation with the System 1/H2O2 Calculated for CH3CN
Solution

entry reaction ΔHs
‡ ΔGs

‡ ΔHs ΔGs

Sharpless mechanism

1 [Al(H2O)5(OOH)]
2þ (3) f [Al(H2O)4(OOH)](H2O)

2þ (9) þ6.6 þ5.7

2 [Al(H2O)5(OOH)]
2þ (3) f [Al(H2O)3(OOH)](H2O)2

2þ (10) þ9.2 þ5.9

3 [Al(H2O)4(OOH)](H2O)
2þ (9) þ C2H4 f [Al(H2O)4(OH)(CH2CH2O)](H2O)

2þ (11) via TS5 þ9.0 þ14.3 �63.2 �56.6

4 [Al(H2O)3(OOH)](H2O)2
2þ (10) þ C2H4 f [Al(H2O)3(OH)(CH2CH2O)](H2O)2

2þ (12) via TS6 þ7.3 þ14.0 �64.7 �56.9

5 [Al(H2O)4(OH)(CH2CH2O)](H2O)
2þ (11) f [Al(H2O)4(OH)](H2O)

2þ (7) þ CH2CH2O þ15.8 þ8.3

6 [Al(H2O)3(OH)(CH2CH2O)](H2O)2
2þ (12) f [Al(H2O)3(OH)](H2O)2

2þ (13) þ CH2CH2O þ19.6 þ12.4

7 [Al(H2O)3(OH)](H2O)2
2þ (13) f [Al(H2O)4(OH)](H2O)

2þ (7) �4.8 �4.0

Mimoun mechanism

8 [Al(H2O)5(OOH)]
2þ (3) þ C2H4 f trans-[Al(H2O)4(OOH)(C2H4)](H2O)

2þ (trans-14) þ15.3 þ21.5

9 [Al(H2O)5(OOH)]
2þ (3) þ C2H4 f cis-[Al(H2O)4(OOH)(C2H4)](H2O)

2þ (cis-14) þ11.4 þ17.8

10 [Al(H2O)4(OOH)](H2O)
2þ (9) þ C2H4 f [Al(H2O)3(OOH)(C2H4)](H2O)2

2þ (15) þ12.8 þ20.1

11 [Al(H2O)3(OOH)](H2O)2
2þ (10) þ C2H4 f [Al(H2O)2(OOH)(C2H4)](H2O)3

2þ (16) þ18.0 þ23.2

12 cis-[Al(H2O)4(OOH)(C2H4)](H2O)
2þ (cis-14) f [Al(H2O)4(O(H)OCH2CH2)](H2O)

2þ (17) �0.2 þ1.4

13 cis-[Al(H2O)4(OOH)(C2H4)](H2O)
2þ (cis-14) f [Al(H2O)4(OO(H)CH2CH2)](H2O)

2þ (18) þ11.1 þ10.8

14 [Al(H2O)3(OOH)(C2H4)](H2O)2
2þ (15) f [Al(H2O)3(O(H)OCH2CH2)](H2O)2

2þ (19) via TS7 21.7 23.0 �8.1 �6.9

15 [Al(H2O)3(OOH)(C2H4)](H2O)2
2þ (15) f [Al(H2O)3(OO(H)CH2CH2)](H2O)2

2þ (20) þ3.2 þ3.4

16 [Al(H2O)2(OOH)(C2H4)](H2O)3
2þ (16) f [Al(H2O)2(O(H)OCH2CH2)](H2O)3

2þ (21) þ0.4 þ2.5

17 [Al(H2O)2(OOH)(C2H4)](H2O)3
2þ (16) f [Al(H2O)2(OO(H)CH2CH2)](H2O)3

2þ (22) þ7.6 þ9.5

alternative stepwise mechanism

18 [Al(H2O)3(OOH)](H2O)2
2þ (10) þ C2H4 f [Al(H2O)3(OOH)(C2H4)](H2O)2

2þ (15a) þ10.8 þ19.5

19 [Al(H2O)3(OOH)(C2H4)](H2O)2
2þ (15a) f [Al(H2O)3(CH2CH2OOH)](H2O)2

2þ (23) via TS8 4.6 5.3 �4.0 �3.1

20 23 f 23a þ3.7 þ3.0

21 [Al(H2O)3(CH2CH2OOH)](H2O)2
2þ (23a) f [Al(H2O)3(OH)(CH2CH2O)](H2O)2

2þ (12a) via TS9 4.2 4.5 �72.7 �73.1

22 [Al(H2O)3(OH)(CH2CH2O)](H2O)2
2þ (12a) f [Al(H2O)3(OH)](H2O)2

2þ (13) þ CH2CH2O þ17.2 þ9.2

Scheme 1. Proposed Mechanism of the Iron-Catalyzed HO•

Generation Involving Two H2O2 Molecules

Scheme 2. Simplified Mechanism of HOO• and HO• For-
mation in the TMC/H2O2 Systems When the Metal Is in the
Highest Oxidation State (The Oxidation State of the Metal Is
Indicated)

Scheme 3. Mechanism of the HO• and HOO• Generation in
the System 1/H2O2/MeCN�H2O (Molecules of the Second
Coordination Sphere Are Omitted)
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intermediate [Al(H2O)6(H2O2)]
3þ of the associative mecha-

nism or any transition state of the concerted substitution
(interchange mechanism). Thus, the rate limiting step of the
H2O-to-H2O2 substitution is the same as in the case of water
exchange, i.e., cleavage of the Al�OH2 bond.
The calculated activation barrier (ΔGs

‡ value) of the water
dissociation in 1 is 17.9 kcal/mol (Table 1, entry 1), which
correlates very well with experimental results for the water
exchange (ΔG‡ of 17.0�17.3 kcal/mol35). The activation barrier
of the second step, i.e., the coordination of H2O2, is 16.1 kcal/
mol relative to 1, being slightly lower than the ΔGs

‡ of the first
step (Table 1, entries 1, 2; Figure 1).
ii. Equilibria in the 1/H2O2/H2O System. Proton Transfer and

Formation of the Second H2O2 Complex. It is well-known that
the aluminum aqua-complexes undergo an effective proton
transfer to a water molecule (protolysis) in aqueous solutions,
providing the formation of an acidic medium. Analogously, the
hydrogen peroxide complex 2 also should be involved in proto-
lysis (Scheme 3). The protolysis of the ligated H2O2 is more
favorable than that of the H2O ligand. Indeed, product 3 is by
6.0 kcal/mol more stable than complex 4 (Table S3 in the
Supporting Information). This is in agreement with the stronger
acidic character of H2O2 compared toH2O (pKa is 11.7 for H2O2

vs 15.7 for H2O).
36 For the same reason, the protolysis of H2O2

in 3 is also more effective than that of H2O in 1. As a result, the
formation of complex 3 from 1 requires only 2 kcal/mol higher
energy than the formation of 8.
For the models used in this work, the CPCMmethod does not

allow correct theoretical calculations of the solvent effects and,
hence, of the ΔGs and pKa values of protolysis. However, using
the experimental data,37 the ΔGs of the reaction 2aq þ H2O f
3aq þ H3O

þ is estimated to be ca. 2 kcal/mol in MeCN�H2O
solution (see the Supporting Information for details).
The substitution of another H2O ligand for a second H2O2

then occurs to give [Al(H2O)4(OOH)(H2O2)]
2þ (5). The reac-

tion is also endoergonic (by 9.7 kcal/mol) and occurs via the
dissociative mechanism with an activation barrier similar to that of
the ligand substitution in 1 (17.4 kcal/mol, Table 1, entries 3, 4).
iii. The Radical Formation. The most obvious way of genera-

tion of the free HO• radical in the system 1/H2O2 is homolytic
O�O bond cleavage in the hydrogen peroxide molecule. First,
we verified how the simple coordination of H2O2 to Al

3þ affects
the O�O bond. In accord with calculations, the energy of the
homolytic cleavage of the O�O bond (in terms of Gibbs free
energy in solution, ΔGs) in complex 2 bearing one H2O2

molecule is 42.2 kcal/mol [reaction 3], which is even higher
than theO�Obond energy in freeH2O2 (39.4 kcal/mol, Table 1,

entries 5, 6). The O�O bond energy in the protolytic product 4
is lower (25.0 kcal/mol, Table 1, entry 7) [reaction 4]. However,
the general activation barrier of the HO• formation relative to 1
in this case is still too high (39.2 kcal/mol, Figure 1).

½ðH2OÞ5AlðH2O2Þ�3þ ð2Þ f ½ðH2OÞ5Alð•OHÞ�3þ þHO•

ð3Þ

½ðH2OÞ4AlðOHÞðH2O2Þ�2þ ð4Þ f ½ðH2OÞ4Alð•OHÞð•OHÞ�2þ þHO•

ð4Þ
Second, the O�O bond cleavage of the OOH ligand in

complex 3 was examined [reaction 5]. The generation of the
HO• radicals from the coordinated OOH ligand upon the O�O
bond rupture was proposed and found to be effective for a
number of TMCs [reaction 6].1 In this case, the formed species
[MLn(�O•)]mþmay be stabilized by an electron transfer to give
[MLn(dO)]mþ accompanied by an increase of the metal oxida-
tion state. A similar mechanism was found by Mayer and co-
workers38 for the Ti complexes [Cp2Ti(η

1-OOtBu)L] (L = Cl�,
OTf�, Br�, OEt2, Et3P) in which the metal is in the highest
oxidation state (þIV) and cannot be increased more. However,
the product of the decomposition, [Cp2Ti(O)L], appeared to be
also stabilized by electron delocalization: the spin density is
distributed among the O and Ti atoms and Cp ligands, and the
TiO bond has a significant double character due to π bonding.
Thus, the real electronic structure of this complex is intermediate
between the resonance structures [Cp2Ti(�O•)L] and
[(Cp•)(Cp)Ti(dO)L], and the Cp ligands play a key role in
its stabilization.

½ðH2OÞ5Alð�OOHÞ�2þ ð3Þ f ½ðH2OÞ5Alð�O•Þ�2þ þHO•

ð5Þ

½LnMð�OOHÞ�mþ f f½LnMð�O•Þ�mþ T ½LnMð¼OÞ�mþg þHO•

ð6Þ
In contrast to all of these examples, the product of decom-

position of the hydroperoxo complex 3, [(H2O)5Al(�O•)]2þ

[reaction 5], has no ability to be stabilized since Al(III) cannot be
oxidized, and there are no ligands which could provide the
delocalization of the spin electron density in this complex.
Indeed, the unpaired electron is almost completely localized on
the oxo ligand (the spin density at this atom is 0.97). As a result,
the O�O bond energy in 3 is very high (39.9 kcal/mol, Table 1,
entry 8).
The formation of radicals (HOO•) from complex 3 could also

be possible upon homolytic cleavage of the Al�OOH bond
[reactions 7 and 8]. However, this process corresponds to the
reduction of Al to the oxidation state (þII) again without any
possibility of the delocalization of the spin density. Respectively,
the Al�OOH bond energy is very high [85.8 kcal/mol for
reaction 7 and 86.5 kcal/mol for reaction 8].

½AlIIIðH2OÞ5ðOOHÞ�2þ ð3Þ f ½AlIIðH2OÞ5�2þ þHOO• ð7Þ

½AlIIIðH2OÞ5ðOOHÞ�2þ ð3Þ þH2O f ½AlIIðH2OÞ6�2þ þHOO•

ð8Þ
The same reason (a lack of the delocalization of spin density)

accounts for the high O�O bond energies in 2 and 4 discussed

Figure 1. Energy profile of the HO• and HOO• generation in the
system 1/H2O2/MeCN�H2O. Molecules of the second coordination
sphere are omitted. Numbers indicate the relative energies. Only Al-
bearing species are shown.
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above [reactions 3 and 4]. In [Al(H2O)5(
•OH)]3þ, the spin

density is completely localized on the OH ligand. In [Al(H2O)4
•(OH)2]

2þ, it is distributed among two OH ligands, providing
some delocalization and the lower O�O bond energy in 4 than
in 2 (25.0 vs. 42.2 kcal/mol). But, apparently, such delocalization
is not sufficient for an effective homolysis of 4.
Third, complex [Al(H2O)4(H2O2)(OOH)]

2þ (5) bearing
both the OOH and H2O2 ligands was considered. The calcula-
tions predict thatH2O2 coordinated to Al in 5 is surprisingly highly
activated toward the homolytic O�O bond cleavage compared to
free H2O2. The calculated O�O bond energy of H2O2 coordi-
nated in 5 is only 6.1 kcal/mol vs 39.4 kcal/mol in free H2O2

(Table 1, entry 9). Thus, the activation of H2O2 toward the
decomposition is 33.3 kcal/mol! Complex [Al(H2O)4(OOH)
(OH)]2þ (6) formed upon HO• elimination from 5 can easily
produce the HOO• radical, the homolytic Al�OOH bond
energy in 6 being only 3.0 kcal/mol (Table 1, entry 10).
It is interesting that the elimination of the HOO• directly from

5 results in a spontaneous break of the O�O bond in the H2O2

ligand, and no minimum corresponding to complex [Al(H2O)4
(H2O2)]

2þ was located. Thus, the formation of HO• and HOO•

from 5 occurs via a stepwise process, and the higher reactive HO•

radical is formed before the less reactive HOO• is generated. In
the last step, the addition of a water molecule to the coordina-
tively unsaturated [Al(H2O)4(OH)]

2þ (7) leads to [Al(H2O)5
(OH)]2þ (8) which starts a new catalytic cycle. TheHO• radicals
react with the alkane according to known reactions.27

Why are the HO�OH and Al�OOH bonds so highly
activated in 5 and 6? Obviously, the crucial factor in the great
activation of H2O2 in 5 is the presence of the hydroperoxo OOH
ligand since in similar species bearing the H2O or OH ligand
instead ofOOH([Al(H2O)5(H2O2)]

3þ (2) and [Al(H2O)4(OH)
(H2O2)]

2þ (4)) the O�Obond energies are high (42.2 and 25.0
kcal/mol). The distinctive feature of the OOH ligand is its ability
to be relatively easy oxidized by one electron. The calculations
indicate that the spin density in 6 is delocalized among the two
oxygen atoms of the OOH ligand (Figure 2, structures 6b and
6c) stabilizing this decomposition product. Therefore, the elim-
ination of the HO• radical from H2O2 in 5 results in a one
electron oxidation of the hydroperoxide OOH ligand and a
reduction of the Al-bound HO• radical, without a change of
the Al(III) oxidation state. Apparently, the oxidation of theOOH
ligand should occur more easily than that of the H2O or OH
ligands. The oxidation of the OOH ligand also explains the
weakness of the Al�OOH bond in 6: the oxidation state of the

donor O atom in the predominant resonance structure b is zero,
and the bonding with Al should be weak. These results clearly
indicate that two H2O2 molecules are involved in the radical
generation: the first one is necessary for the formation of the
OOH ligand in 5, and the second one directly decomposes to
give HO•. The results also demonstrate that the OOH ligand in 5
plays a role similar to that of the transition metal in TMC based
catalysts; i.e., the one-electron oxidation of these species (�OOH
or the transition metal) stabilizes the product of the O�O bond
cleavage.
As can be seen in Figure 1, the rate limiting step of HO• radical

generation is the elimination of a water molecule in 3 upon the
second H2O-to-H2O2 substitution. The rate limiting step of the
formation of the HOO• radical is the monomolecular Al�OOH
bond cleavage in 6. The calculated apparent activation energies of
formation of HO• and HOO• relative to 1 are 25.6 and 27.0 kcal/
mol, respectively (in terms of Gs). These values are typical for
reactions which occur at moderately elevated temperatures, and
hence, they are consistent with experimental results.15

All of these results are also interesting from a practical point of
view and may be used for the optimization of the experimental
reaction conditions. The substitutions of H2O for H2O2 in the
coordination sphere of Al(III) are energetically demanding pro-
cesses which give the main contribution to the total activation
barrier (Figure 1).However, if a catalystmolecule [Al(H2O)nLm]

3þ

will already initially bear an easily oxidizable ligand L, the substitu-
tion of only oneH2Omolecule is necessary. TheO�Obond energy
in thus formed species [Al(H2O)(n�1)(H2O2)Lm]

3þ is expected to
be low since the ligand L should play the same role that the OOH
ligand does in 5. The skip of one energetically demanding step (the
ligand substitution) in the reactionmechanismmay provide a lower
overall activation barrier than was found for the catalyst 1. The
verification of this hypothesis is the subject of future experimental
and theoretical studies.
2. Epoxidation of Alkenes.There are a number of theoretical

works devoted to mechanistic studies of olefin epoxidation
catalyzed by complexes of Ti, V, Cr, Mo, W, Mn, Re, Fe, Ru,
Pt, and Cu.39,40 Two main types of mechanisms are usually
considered for the metal-catalyzed epoxidations with H2O2, i.e.,
the Mimoun41 and the Sharpless42 mechanisms. The classical
version of the first route includes the formation of a π complex
between the catalyst and the olefin followed by the generation of a
five-membered metallacyclic intermediate which, upon decomposi-
tion, affords the epoxide (Scheme 4A). The second route represents
a concerted one-step process when the olefin molecule directly
attacks the peroxo ligand of the catalyst (Scheme 4B).

Figure 2. Atomic spin densities (Arabic numerals) in 6 and oxygen
oxidation states (Roman numerals) in 5 and 6.

Scheme 4. Mimoun (A) and Sharpless (B) TypeMechanisms
of Olefin Epoxidation with Peroxo Complexes
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For the system 1/H2O2—which was also successfully used for
the epoxidation of olefins16—both Sharpless and Mimoun
mechanisms as well as other alternative stepwise routes were
studied in the present work for the epoxidation of C2H4.
i. Sharpless-Type Mechanism. The hydroperoxo complex

[Al(H2O)5(OOH)]
2þ (3) formed from 1 upon ligand substitu-

tion and protolysis (see above, Scheme 3) might be an active catalytic
species for olefin epoxidation. However, we were unable to locate any
transition state of the Sharpless mechanism for this complex. All
attempts resulted in the extrusion of one water molecule from the
inner coordination sphere. Thus, we examined complexes [Al(H2O)4
(OOH)](H2O)

2þ (9) and [Al(H2O)3(OOH)](H2O)2
2þ (10)

with Al coordination numbers of 5 and 4, respectively, assuming that
the ligated OOH occupies one coordination position (Scheme 5).
The formation of these complexes from [Al(H2O)5(OOH)]

2þ (3)
requiresþ5.7 andþ5.9 kcal/mol, respectively (Table 2, entries 1, 2).
For both of these species, transition states TS5 and TS6 were found.
The IRC calculations demonstrate that these TSs are indeed of the
Sharpless-type.
TheΔGs

‡ values of epoxidations viaTS5 andTS6 are 14.3 and
14.0 kcal/mol, respectively (Table 2, entries 3, 4). The apparent
activation barriers of these two channels relative to 1 are also
practically the same (28.2 and 28.1 kcal/mol, in terms of ΔGs,
Figure 3, and 24.1 and 25.0 kcal/mol, in terms ofΔHs neglecting
the entropic term of the protolysis of 2). The epoxidations are
strongly exothermic and exoergonic and lead to the formation of
complexes 11 and 12 with the epoxide coordinated to Al via the
oxygen atom. The decomposition of these species liberates the
epoxide and regenerates the catalyst in the form [Al(H2O)(5�x)

(OH)]2þ (x = 0�2; Table 2, entries 5, 6). The hydroxo complex
with the saturated coordination sphere of Al, 8, appears to be
more stable than complexes 7 and 13 (Table 1, entry 11; Table 2,
entry 7).
ii. Mimoun-Type Mechanism. For this mechanism, three

routes based on the complexes 3, 9, and 10 were considered
(Scheme 6). The first step of the classic Mimoun mechanism is

the formation of a π complex of olefin with the catalyst. The
structures of the π complexes trans-/cis-14, 15, and 16 formed as
a result of the substitution of one H2O ligand for C2H4 were
located for all three routes. The most stable structure is cis-14,
followed by trans-14, 15, and 16. The addition of the ethylene
molecule is a strongly endoergonic process with ΔGs values of
17.8�23.2 kcal/mol (Table 2, entries 8�11). In fact, the energy
of cis-14 is only by 2.1 kcal/mol lower than the energy of TS6.
The structures cis-14, 15, and 16 with neighboring positions of
the C2H4 and OOH ligands are precursors for the formation of
five-membered metallacyclic intermediates.
Two types of the five-memberedmetallacyclo intermediates with

different protonated oxygen atoms [the �CCOO(H)Al� type

Scheme 5. Sharpless Mechanisms of Ethylene Epoxidation with Complexes 9 and 10

Figure 3. Energy profiles corresponding to Sharpless (red), Mimoun
(blue), and alternative stepwise (green) mechanisms of Al-catalyzed
ethylene epoxidation.
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(17, 19, 21) and the �CCO(H)OAl� type (18, 20, 22)] were
found for each of the three Mimoun routes. The intermediates of
the�CCOO(H)Al� type are more stable than the corresponding
structures of the�CCO(H)OAl� type. In the first triad, 17 and 19
have similar stabilities while 21 is by 12.5�12.7 kcal/mol less stable.
The formation of the intermediates is strongly endoergonic relative
to the [Al(H2O)5(OOH)]

2þ (3) þ C2H4 system (by 18.9�38.6
kcal/mol, Table 2, entries 12�17).
For the route involving the most stable intermediate, 19, a

transition state of its formation (TS7) was calculated. The
activation barrier of the formation of 19 is very high, i.e., 57.0
kcal/mol relative to 1 vs 28.1 kcal/mol for the Sharpless

mechanism (Figure 3). Thus, the Mimoun mechanism of the
Al-catalyzed olefin epoxidation is not favorable.
iii. Alternative Stepwise Mechanism. Besides the Mimoun-

type mechanism, another stepwise route was examined. It starts
with the formation of the adduct 15a of ethylene with the catalyst
10 (Scheme 7, Table 2, entry 18). Complex 15a transforms via
transition state TS8 to the four-membered metallacyclic species
23, which undergoes isomerization to 23a. The epoxide coordi-
nated to Al through the oxygen atom (complex 12a) is then
afforded from 23a in one step via TS9. The energies of TS8 and
TS9 are similar, the latter being slightly more stable, by 0.9 kcal/
mol (Table 2, entries 19, 21). The activation barrier of the
discussed mechanism is 38.9 kcal/mol relative to 1, which is by
10.8 kcal/mol higher than the barrier of the Sharpless mechanism
(Figure 3). Another even less plausible stepwise mechanism of
the olefin epoxidation with the 1/H2O2 catalyst is discussed in
the Supporting Information.
It is interesting that, as discussed above, the activation barriers

of the HO• and HOO• radical formation in the 1/H2O2 system
are lower than the barrier of the Sharpless epoxidation (25.6 and
27.0 kcal/mol vs 28.1 kcal/mol). Thus, the oxidation of olefins by
the highly reactive HO• radicals is quite competitive with the
Sharpless epoxidation. This is consistent with the experimental
data about the formation of a mixture of products containing not
only epoxides and diols but also alcohols, ketones, and products
of C�C bond cleavage.16

’FINAL REMARKS

In summary, in the present work, the first attempted theore-
tical mechanistic studies of alkane and olefin oxidations with the
promising “green” and cheap catalytic system [Al(H2O)6]

3þ/
H2O2/MeCN�H2O have been undertaken. The mechanism of
the generation of HO• and HOO• radicals—the former is able to
directly oxidize even very inert saturated hydrocarbons—
includes (i) the substitution of a H2O molecule for H2O2 in
the starting complex [Al(H2O)6]

3þ, (ii) the H-transfer from the
coordinated H2O2 to water (protolysis), and (iii) the second
substitution of the ligatedH2O for H2O2 to give the hydroperoxo
complex [Al(H2O)4(OOH)(H2O2)]

2þ (5) (Scheme 3). This
complex plays a crucial role in the mechanism due to unusual
weakness of the HO�OH and Al�OOH bonds (the homolytic
O�O bond energy of H2O2 ligated in 5 is 6.1 kcal/mol vs
39.4 kcal/mol in free H2O2).

The presence of the OOH ligand was found to be a funda-
mental factor of the H2O2 activation in complex 5. The ability of
the OOH ligand to be relatively easy oxidized by one electron

Scheme 7. Alternative Stepwise Mechanism of Ethylene Epoxidation with Complex 10

Scheme 6. Formation of Intermediates of the Mimoun
Mechanisms
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provides the delocalization of the spin density in the decomposi-
tion product [Al(H2O)4(OOH)(OH)]

2þ, dramatically decreas-
ing theHO�OHbond energy in 5. In addition, it is expected that
the introduction of another easily oxidizable ligand to the catalyst
molecule instead of OOH will play a similar role in the activation
of H2O2 at a metal which cannot change its oxidation state. This
practically useful prediction opens possibilities to favorable
catalyst modifications. Among the mechanisms of olefin epox-
idation, the Sharpless route is the most favorable one. However,
the oxidation of olefins by free radicals is quite competitive with
the nonradical epoxidation, explaining the low selectivity of this
reaction.

It is important also that the mechanism of the HO• and HOO•

generation proposed in this work may have a general character
and be feasible not only for the specific catalyst 1 but also for
other catalytic systems with the metal having a unique stable
nonzero oxidation state. To confirm this hypothesis, additional
studies are necessary, and they are underway in our groups.
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