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’ INTRODUCTION

Selective oxyfunctionalizations of saturated hydrocarbons
with environmentally friendly oxidants such as molecular oxygen
represent a major challenge in contemporary catalytic chemistry.
Such oxidations are achieved efficiently and at low temperature
by some enzymes; however, the high cost and low stability of
enzymes limit their use on an industrial scale. Several investiga-
tions aimed at finding alternative synthetic pathways based on
heterogeneous catalysts that are able to use molecular oxygen as
the oxy-functionalizer agent have indicated that doped crystalline
nanoporous aluminophosphate materials (AlPOs) are promising
candidates for this goal.1 Of particular importance are those
materials in which tetrahedral Al is replaced by transition metal
cations, such as Co, Mn, and Fe, to produce MeAPOmaterials.2�9

A large body of work has been dedicated to study the catalytic
activity of MeAPOs in oxidation reactions;10�21 however, the
exact mechanism of these catalytic oxidations is not known in its
entirety, partly because of the complexity of the reaction path-
ways and intermediates involved as well as their short lifetime,
which is unsuitable for in situ characterization. Experimental evi-
dence indicates clearly that the aerobic oxidation of hydrocarbons
catalyzed by MeAPOs occurs via a free-radical mechanism.8,15

The aerobic oxidation of cyclohexane catalyzed byMnAPO-5,
a Mn-doped aluminophosphate with AFI structure, has been the
subject of in-depth experimental studies by Iglesia and co-
workers.15 They proposed for this oxidation a reaction scheme
that is based on extensive spectroscopic and isotopic labeling
techniques. However, many of the intermediates involved are
postulated because they cannot be directly detected. Comple-
mentary information can be gained from computational electronic-
structure methods, such as those based on periodic density func-
tional theory that are at the basis of the current work.

In a previous communication, we reported a computational
analysis of the complete reaction mechanism for the aerobic
oxidation of ethane catalyzed by Mn-doped AlPO-5,22 in which
the catalytic cycle has been divided into four subsequent stages
named preactivation, hydroperoxide decomposition, propagation,
and regeneration. Each stage is examined in greater detail in a
series of publications,23�25 which concludes with the present pa-
per in which we examine the catalyst regeneration. The two
possible oxidation states of Mn in AlPOs, MnII, and MnIII, are
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ABSTRACT: Electronic structure methods based on periodic DFT with
hybrid-exchange functionals are applied to study the reaction mechanism
of the aerobic oxidation of hydrocarbons catalyzed by Mn-doped
nanoporous aluminophosphates. Here, we focus on the regeneration of
the active sites that closes the oxidation cycle. At this stage, the catalyst
pores are accumulated with CH3CH2OOH (hydroperoxide) and
MnIII 3 3 3OOCH2CH3 complexes resulting from the propagation reac-
tions. CH3CH2OOH intermediates can only be decomposed into the
oxidation products byMnII sites; thus, a reaction pathway in whichMn sites inMnIII 3 3 3OOCH2CH3 are reduced is essential for the
oxidation cycle to proceed.We demonstrate that two different regenerationmechanisms take place at different times of the oxidation
reaction: at the beginning, MnIII 3 3 3OOCH2CH3 complexes are transformed into a molecule of aldehyde and MnIII 3 3 3OH
complexes by an intramolecular H transfer from the methylene C to the terminal O in the peroxo radical in a slow process that
requires a high activation energy of 141 kJ/mol. Mn sites in MnIII 3 3 3OH can then be regenerated by a H-transfer from a new
hydrocarbon molecule to a framework O nearest neighbor to Mn, followed by coupling between the resulting alkyl radical and the
OH ligand to give a molecule of ethanol and MnII sites. At later stages of the oxidation, when alcohol molecules are accumulated
within the pores of the catalyst, Mn sites inMnIII 3 3 3OOCH2CH3 can be regenerated by a more favorable mechanism with a double
H-abstraction from the alcohol. First, a H atom in the methylene C of CH3CH2OH is transferred to the CH3CH2OO ligand to give
CH3CH2OOH and CH3CH 3OH radicals, followed by H transfer from this radical to a framework O to yield finally a molecule of
aldehyde and MnII sites. The occurrence of alternative regeneration mechanisms along the oxidation reaction explains the variation
of the alcohol-to-aldehyde ratio observed experimentally as a function of the reaction time.
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both involved in the main catalytic cycle. In the initial preactiva-
tion step, the MnIII sites present in the calcined catalyst are
transformed intoMnII- andMnIII-peroxo complexes, from which
the proper catalytic cycle proceeds.23 MnIII-peroxo complexes
are responsible for the production of hydroperoxide intermedi-
ates (CH3CH2OOH), which can be decomposed only by the
action of reduced MnII sites. The decomposition of CH3CH2-
OOH can take place through two alternative mechanistic routes,
that produceMnIII 3 3 3OCH2CH3 andH2O orMnIII 3 3 3OH and
CH3CH2OH, depending on the stereochemistry of the
CH3CH2OOH adsorption on the MnII active site.24 Subsequent
propagation reactions take place from the MnIII 3 3 3OX complexes;
the radical nature of the oxo-type ligands activates homolytic
H-abstraction from new hydrocarbon molecules (RH), generating
a closed shell HOXmolecule and an alkyl radical R 3 , followed by
O2 additions to the alkyl radical and desorption of HOX from the
MnIII site.25 The peroxo radical ROO 3 eventually adsorbs onto
MnIII to yield MnIII 3 3 3OOCH2CH3 complexes, from which
new propagation reactions can occur, leading to the production
of a further hydroperoxide intermediate and, again, MnIII 3 3 3
OOCH2CH3 complexes, closing a hydroperoxide production
subcycle.25 However, these hydroperoxide molecules can be
decomposed only through reduced MnII active sites, whereas
in the propagation stage of the catalytic cycle, all Mn sites are
in the oxidized 3+ state. Therefore, a reaction pathway that
accounts for the reduction of MnIII sites is essential to close the

oxidation reaction cycle; we refer to this pathway as the regenera-
tion mechanism. In this work, we focus on the different reaction
routes available for such a regeneration of the active sites, starting
from the Mn species produced during the propagation reactions.

The computational methodology applied here is the same as
discussed in refs 23 and 24, to which the reader is referred to for
all details. Ethane (CH3CH3) and the Mn-doped AFI structure
(MnAPO-5) have been used as models for the hydrocarbon and
the catalyst, respectively.The Mn-doped AFI framework is des-
cribed with periodic boundary conditions, using one crystal-
lographic unit cell (72 atoms) without symmetry, in which one
Mn ion replaces Al in a tetrahedral position. We have performed
density functional theory (DFT) calculations, as implemented in
the program CRYSTAL,26 using the hybrid-exchange functional
B3LYP. Selected reaction steps have also been studied using the
B3LYP+D functional, including the empirical correction for
dispersion proposed by Grimme.27,28 Since both reagent and
product molecules are contained in the zeolitic pores, we found
the dispersion correction to be negligible.23,24 This is particularly
true for the chemical transformations with the highest activation
energies, which involve only the transfer of one H atom between
reagent molecules. For this reason, only uncorrected B3LYP
results are discussed in this paper. At each elementary step,
constrained geometry optimizations were performed scanning a
chosen reaction coordinate and relaxing all other internal co-
ordinates. This methodology allowed us to obtain the energy

Figure 1. Scheme of the regeneration reactions studied in this work. Dashed arrows indicate steps that are part of the propagation cycle. Enthalpies (in
red) and activation energies (if any, in black and between brackets) are given in kJ/mol.
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profile for each elementary step along the selected reaction
coordinate, from which the transition states and the correspond-
ing activation energies were identified. The approximate transi-
tion state (TS) identified in this constrained search was very close
to that obtained using second-derivative-based methods, both in
geometry (to within the step size chosen) and energy (usually
less than 4 kJ/mol). Fully optimized configurations for reactants
and products were used to find reaction enthalpies for each
elementary step.

’RESULTS

As in all our studies of this catalytic reaction, the labeling used
for each intermediate and transition state in the reaction cycle is
the same as introduced in reference 22; a full diagram of the
reaction cycle is given in the Supporting Information (Figure
1-SI). In previous publications, we studied in detail (i) the preac-
tivation of the initial MnIII-AFI catalysts in the presence of O2

and hydrocarbon (CH3CH3) to give the reduced form of the
catalyst (MnII-AFI, F), the hydroperoxide intermediate (CH3-
CH2OOH) and a complex between MnIII and a peroxo radical
(MnIII 3 3 3OOCH2CH3, O);23 (ii) the decomposition of the
hydroperoxide intermediate CH3CH2OOH assisted by MnII to
give complexes of MnIII with alkoxy (CH3CH2O 3 ) or hydroxy
(HO 3 ) radicals (MnIII 3 3 3OCH2CH3 (H) and MnIII 3 3 3OH
(L), respectively);24 and (iii) the propagation reactions, in which
new hydrocarbon molecules were activated by MnIII complexes
with O-based ligands (MnIII 3 3 3OCH2CH3 (H), MnIII 3 3 3OH
(L) and MnIII 3 3 3OOCH2CH3 (O)) through H transfer, fol-
lowed by O2 addition reactions and ligand desorptions.25

These propagation reactions involve only MnIII sites�no
redox process takes place at the Mn active site�and lead to the
production of ethanol (CH3CH2OH), water (H2O), and further
hydroperoxide intermediate (CH3CH2OOH). However, these
hydroperoxide molecules can be transformed into the oxidation
products only bymeans ofMnII sites, which are not present in the
propagation stage of the oxidation reaction; therefore, these Mn
sites need to be recovered for the oxidation cycle to proceed. In
the present study, we focus on the last step of the oxidationmech-
anism, which involves the reduction of the MnIII sites of com-
plexes MnIII 3 3 3OCH2CH3 (H), MnIII 3 3 3OH (L), and
MnIII 3 3 3OOCH2CH3 (O) to MnII in a process that we refer
to as catalyst regeneration. The MnII sites, in turn, enable the
decomposition of the hydroperoxide molecules into the MnIII

complexes (H and L), closing the reaction cycle. Hereafter, the
ethyl chain CH3CH2 will be denoted as R.

The complete set of regeneration reactions that have been
studied in this work is summarized in Figure 1. The three initial
MnIII 3 3 3OX complexes (MnIII 3 3 3OR (H), MnIII 3 3 3OH (L),
and MnIII 3 3 3OOR (O)) are highlighted with a solid-line square.
As mentioned in previous works, the stable electronic configura-
tion of these complexes is with the unpaired electrons contrib-
uted by MnIII and 3OX in opposite spins.24 Regeneration could,
in principle, take place from any of the MnIII 3 3 3OX complexes;
however, MnIII 3 3 3OR (H) and MnIII 3 3 3OH (L) are trans-
formed into MnIII 3 3 3OOR (O) through the propagation reac-
tions, and so the latter represents the final product of the
propagation pathway, and as such, it is the main species from
which regeneration should take place.
A. Conversion of MnIII 3 3 3OOR into MnIII 3 3 3OH (O f L).

Iglesia et al.15 suggested that complex MnIII 3 3 3OOR (O)
could be transformed into MnIII 3 3 3OH (L) by means of an

intramolecular H-transfer from the methylene C atom in 3OOR
( 3OOCH2CH3), prompting our interest in studying this trans-
formation computationally. This reaction would provide a conver-
sion between complexes MnIII 3 3 3OOR (O) and MnIII 3 3 3OH
(L), and so, if energetically viable, it would imply that bothO and
L complexes rather than O alone could lead to regeneration of
the MnII active sites.
The energy profile for this reaction step is displayed in

Figure 2; the molecular structures of the reactants (O), TS
(TSOfL), and products (L) are shown in Figure 3; Figure 2 in
the Supporting Information (Figure 2-SI) shows the corresponding
spin density maps. The reaction coordinate was selected as the
distance between the H atom to be transferred and the terminal O
that uptakes it; the initial distance between these atomswas 2.445 Å
(see Figure 3, top-right, dashed blue line). The energy diagram
shows a very high activation energy of 141 kJ/mol, after which
the energy decreases dramatically, giving a reaction enthalpy of
�132 kJ/mol. These energy results indicate the formation of a
stable product, but with a very unfavorable TS.
The structure of the latter is shown in Figure 3 (middle),

where we observe that the transferring H atom is shared between
the C atom and the terminal O, forming a 4-membered ring. At

Figure 2. Top: Energy diagram (black line) and evolution of the O�O
(blue line) and C�H (red line) distances along the reaction coordinate
(represented as the distance between the H atom in methylene C and
the terminal O atom in CH3CH2OO (O(O�OCH2CH3)�H(OO-
CH(H)CH3) distance) for the intramolecular H transfer, which trans-
forms MnIII 3 3 3OOR (O) into MnIII 3 3 3OH (L). Bottom: Energy
diagram (black line) and evolution of the Mn (red line), O1 (CH3-
CH2OO, solid blue line), and O2 (CH3CH2OO, dashed blue line) spin
densities along the reaction.
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this point (TS), the spin distribution is very similar to that of the
reactants, as shown by the spin-density evolution (Figure 2,
bottom) and their respective spin-density maps (Figure 2-SI).
Beyond the TS, a dramatic increase in the C�H distance is
observed (red line in Figure 2, top), evidencing the dissociation
of this bond. Such dissociation is accompanied by a dissociation
of the O�O bond (blue line in Figure 2, top), leading to the
formation of an OH ligand bonded to Mn. Indeed, the spin
polarization of the hydroxyl O atom (O2, dashed blue line in
Figure 2, bottom) decreases to�1, indicating the formation of a
radical-type ligand ( 3OH), as also evident from the spin density
maps of the products (Figure 2-SI, right). Instead, the nonterm-
inal O (O1, solid blue line in Figure 2, bottom) is not spin-
polarized, since the unpaired electrons originating in the homo-
lytic cleavage of C�H and O�O bonds couple to form a CdO
double bond, thus yielding an aldehyde molecule (Figure 3,
bottom). The CdO double bond nature is confirmed by the
decrease in the C�O distance from 1.482 to 1.229 Å. In this
chemical transformation, Mn does not undergo any redox
process (red line in Figure 2, bottom). The stability of the
aldehyde molecule formed explains the exothermic nature of
this step.
This mechanistic pathway provides a route for transforming

the final product of the propagation cycle, MnIII 3 3 3OOR (O),
into complex MnIII 3 3 3OH (L) and also accounts for the
formation of the aldehyde, one of the known oxidation products,
but does not enable itself a regeneration of the Mn sites, since
Mn does not undergo any redox process. Since conversion of

complex O into L is possible, two Mn species are available for
regeneration: MnIII 3 3 3OOR (O) and MnIII 3 3 3OH (L).
B. Regeneration by H Transfer to Framework O.The active

site required in the oxidation cycle for decomposition of the
hydroperoxide molecules is MnII with an acid proton bonded to
one of its four nearest neighbor O sites (F).24 This can be
obtained from MnIII by uptake of a H atom by a framework O,
whereas the electron associated with H is transferred to Mn
resulting in its reduction. This is the same mechanism whereby
initial preactivation of the calcined MnIII sites takes place, with H
being transferred from the hydrocarbon. Therefore, a possible
mechanistic route to accomplish the catalyst regeneration from
MnIII 3 3 3OOR (O) or MnIII 3 3 3OH (L) involves a H transfer
from hydrocarbon molecules not to the radical O atom of
the 3OOR or 3OH ligands (which would lead to a propagation
cycle25), but to the framework O nearest neighbor to Mn.
Propagation and regeneration reactions are therefore competi-
tive. For completeness, the corresponding H transfer to complex
MnIII 3 3 3OR (H) was also studied. The H abstraction examined
here leads to R 3 radicals that will then couple to the O-based
ligand (OH, OR, or OOR), to form a closed-shell O-containing
species (ROH, ROR, or ROOR, respectively), which after
desorption fromMn will yield a free MnII site (F), thus achieving
the required regeneration of the Mn active sites. Let us examine

Figure 3. Two views (A and B) and detail (C) of the structure of the
reactants (O) (top), transition state (TSOfL) (middle) and products
(L) (bottom) for the intramolecular H-transfer that transforms complex
O into L, yielding a molecule of aldehyde (O f L).

Figure 4. Top: Energy diagram (black line) and evolution of the
O�Mn (blue line) and C�H distances (red line) along the reaction
coordinate (represented as the distance between a H atom in CH3CH3

and the (nearest neighbor to Mn) framework O atom (O(Mn)�
H(CH3CH3) distance) for the H transfer from ethane to the framework
O atom (Lf R) in MnIII 3 3 3OH (L). Bottom: Energy diagram (black
line) and evolution of the C (green line), O (from the hydroxo OH
ligand, blue line), andMn (red line) spin densities and of the OH charge
(pink line) along the reaction.
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the mechanistic details of this reaction, from the three possible
complexes (L, H, and O).
B.1. MnIII 3 3 3OH (L f R f S f F). We discuss in detail the

mechanistic route for the MnIII 3 3 3OH (L) complex and then
extend the results to the other complexes (H andO). The energy
diagram for the H-transfer reaction from ethane to the frame-
work O nearest neighbor to Mn is shown in Figure 4. The
reaction coordinate for this elementary step was selected as the
distance between the H atom of the hydrocarbon that is being
transferred and the framework O atom that uptakes it. As
observed in ref 24, of the four framework O atoms nearest
neighbor to Mn, the most stable location for the proton cor-
responds to the one that is part of a 4- and a 12-membered ring;
therefore, this was selected as the framework O to which the H is
transferred. The energy diagram shows an activation energy of
52 kJ/mol and a slightly endothermic enthalpy of +4 kJ/mol. As
expected, this H transfer prompts the dissociation of the C�H
bond in the hydrocarbon, as evidenced by the increase in the C�H
distance along the reaction coordinate (Figure 4-top, red line).
In addition, we observe an increase in the distance between

Mn and the framework O atom to which the H is transferred
(Figure 4, top, blue line). The evolution of the atomic spin
polarization for the different species involved in this reaction
(Figure 4, bottom) shows that the spin of the C atom fromwhich
the H is transferred varies from 0 (in the hydrocarbon) to �1,
consistent with the formation of an ethyl radical R 3 via a
homolytic C�H bond dissociation. Unexpectedly, we observe
that the Mn spin does not vary: it remains ∼3.8 all along the
reaction coordinate, corresponding to Mn in the 3+ oxidation
state. However, we would expect a reduction of Mn with the H
transfer, since the electron coming from H should be transferred
to Mn to give MnII, as occurred in the preactivation step on the
bare MnIII sites. Instead, we observe that the O atom from the
hydroxo ligand, which initially is spin-polarized, since the OH
ligand has a radical nature, changes its spin from�1 to 0, leading
to a closed-shell hydroxide anion. This result is unexpected, since

in principle, this hydroxo ligand does not intervene directly in the
H transfer; however, our results show that the hydroxo ligand is a
better electron acceptor than MnIII in this reaction environment.
The charge of the OH species along the reaction (Figure 4,
bottom, pink line), shows a steady decrease at reaction coordi-
nates below 2.0 Å, showing that OH indeed becomes anionic and
confirming the uptake of the electron by OH rather than by Mn.
Figure 5 shows the molecular structure of the TS (TSLfR)

(top) and products (R) (bottom) for this reaction: the H transfer
and the consequent formation of an ethyl radical R 3 can be
clearly appreciated. As in all the H transfers fromRH discussed in
the catalytic cycle, the resulting R 3 radical is not free inside the
channel but remains linked to the framework by a strong
interaction between the radical C atom and the transferred H
atom now bonded to the framework. Instead, the R 3 radical does
not interact with the OH ligand. As expected, the Mn�O
distance with the framework O that takes up the H atom
increases (by ∼0.1 Å) with respect to the others due to the
formation of an additional bond in the O atom. This is a common
feature of OH groups in zeolites and AlPOs.
Figure 6 shows the spin-density maps for the reactants (L), TS

(TSLfR) and products (R) of this elementary step. In the
reactants, theα spin density (displayed in red) is localizedmainly
on the Mn atom, and the β spin density (displayed in blue) is
localized on the O atom of the HO 3 ligand, confirming its radical
nature. In the TS and especially in the products, the β spin
density is localized mainly on the C atom of the hydrocarbon
(which becomes a radical), confirming the homolytic dissocia-
tion of the C�H bond. Instead, the β spin density on the HO 3
ligand vanishes due to its transformation into a hydroxide anion.
At this point (R), we have the ethyl radical R 3 and an anionic

OH� ligand forming a complex with MnIII. Despite the H atom's
having been transferred to the framework O, Mn is still in the
oxidized state, since the electron has been transferred to the
ligand and not to the metal. A further step is required to re-
generate the MnII sites. The ethyl radical R 3 formed is very
reactive; in the presence of O2, it forms a free peroxo radical, as in
the propagation reactions. This would yield the active site with an
anionic hydroxide and a proton (H+) attached, which would
rapidly recombine to form water, a free MnIII site, and a free
peroxo radical; that is, intermediate K in the propagation
reactions.25

Alternatively, the R 3 radical in R can approach the OH ligand
to form a newO�Cbond and yield an ethanolmolecule (S). The
energy diagram for this reaction is shown in Figure 7. In this case,
the reaction coordinate corresponds to the distance between the
atoms involved in the new bond to be formed: the radical C atom
in R 3 and the O atom in the OH ligand. A negligible activation
energy is required for this process (∼10 kJ/mol), and indeed, this
is an extremely exothermic reaction (�244 kJ/mol), since it
forms a very stable species, the ethanol molecule (S) (Supporting
Information Figure 3, left). The formation of this new C�O
bond involves the disconnection between the ethyl radical and
the proton attached to the framework, as evidenced by the
increase in the distance between the radical C and the framework
proton (Figure 7, top, red line), which causes the small activation
energy of this reaction step. The transformation of the hydroxide
ligand into ethanol causes an increase in the bond distance
between Mn and the O-based ligand (blue line).
The evolution of the spin polarization (Figure 7, bottom)

clearly indicates that Mn is finally reduced in this step: its spin
increases to 4.8, corresponding to MnII (red line); coupling with

Figure 5. Two views (A and B) and detail (C) of the structure of the
transition state (TSLfR) (top) and of the products (R) (bottom) for the
H transfer from ethane to the framework O nearest neighbor to MnIII

(L f R) in MnIII 3 3 3OH (L).
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the R 3 radical to form ethanol requires an OH radical rather than
the OH� originally formed. The electron previously taken by the
OH ligand is transferred back to Mn so that the resulting radical
OH species forms a bond with the radical C atom, with each
species providing one electron to form the newC�Obond in the
ethanol product. The spin polarization of C and O also dis-
appears upon this process (green and blue lines, respectively, in
Figure 7, bottom). The reduction of Mn to the stable 2+
oxidation state and the formation of a stable ethanol molecule
are responsible for the highly exothermic nature of this step
(�244 kJ/mol).
A final desorption of ethanol, a process with a slightly

endothermic enthalpy of +19 kJ/mol, frees the MnII active site
so that it can adsorb new hydroperoxide molecules, thus provid-
ing a regeneration route.
B.2. MnIII 3 3 3OR (HfBFfBGf F). Let us now consider the

reaction steps equivalent to those discussed in section B.1, but
starting from complex MnIII 3 3 3OR (H), which lead to the
formation of a diethyl ether molecule (ROR). The energy
diagram for the initial H transfer to the framework (H f BF)
(Supporting Information Figure 4) shows an activation energy
for this process of 101 kJ/mol and an endothermic reaction
enthalpy of 60 kJ/mol. Atomic (Supporting Information
Figure 5) and spin (Supporting Information Figure 6) rearrange-
ments similar to those discussed in section B.1 are observed in
this case, indicating that a similar chemical reaction takes place: a
homolytic dissociation of the C�H bond in RH, giving place to
an ethyl radical R 3 and a H transfer to the framework O, with a
consequent transfer of the electron from H not to MnIII, but to
the RO 3 ligand, yielding an ethoxide anion (RO�) (BF), as
evidenced by the spin-polarization evolution (Figures 4-SI, right
and 6-SI). The C spin in BF is�1 and the O spin is 0 (green and
blue lines in Figure 4-SI, right, respectively). Mn remains asMnIII

(red line); it is reduced in a subsequent step by taking up the
electron from the ethoxide anion, which becomes a radical upon
coupling with the radical R 3 to form a diethyl ether molecule,

ROR (BG) (Figure 3-SI, middle). This process is very exother-
mic (�246 kJ/mol) and promotes the transfer of the electron
from the ethoxide anion toMn, as shown by theMn spin inBG of
4.82 (d5, MnII). A final desorption of ROR (ΔH = +11 kJ/mol)
yields the free MnII site.
B.3. MnIII 3 3 3OOR (O f BC f BD f F). The same set of

reactions can occur for complex O (MnIII 3 3 3OOR). The
calculated reaction profile for the initial H transfer from ethane
to the framework O (Supporting Information Figure 7) shows an
activation energy of 162 kJ/mol and an endothermic reaction
enthalpy (+129 kJ/mol); these values aremuch higher than those
observed earlier from complexes L (Ea = 52 kJ/mol) andH (Ea =
101 kJ/mol), suggesting that this is a very unfavorable process for
complexO. Atomic (Supporting Information Figure 8) and spin
(Supporting Information Figure 9) rearrangements similar to
those in sections B.1 and B.2 were observed, confirming that the
homolytic C�H bond dissociation to produce R 3 radicals occurs
in the same way: H is transferred to the framework O, and its
electron is donated to the peroxo radical to form a peroxide anion
ROO� (BC) (Figure 7-SI, right, blue lines). Mn remains in an
oxidation state of 3+ (red line); however, in this case, theMn spin
population slightly increases (from 3.83 to 4.03), suggesting a
lower ability of ROO to form an anionic species. A subsequent
coupling of the R 3 radical to the peroxide anion prompts a
transfer of the peroxide electron to Mn, causing its reduction, as
evidenced by its spin of 4.82 (d5, MnII), and allowing the
formation of a new C�O bond between the unpaired electrons
of R 3 and ROO 3 , respectively, yielding a molecule of diethyl
peroxide (ROOR) (Figure 3-SI, right), which forms a complex
with reducedMnII (BD). As in previous cases, this process is very
exothermic (�250 kJ/mol) due to the formation of a C�Obond
and the Mn reduction. ROOR is finally desorbed from Mn
(ΔH = +2 kJ/mol) to yield free MnII sites, thus achieving the
Mn regeneration.
C. Regeneration by H Transfer from Ethanol (O f T f

BE f F). As discussed earlier, complex MnIII 3 3 3OOR (O)

Figure 6. Spin-density maps of the reactants (L) (left), transition state (TSLfR) (middle), and products (R) (right) for the H transfer from ethane to
the framework O atom (Lf R) in MnIII 3 3 3OH (L); β and α spin densities are displayed in blue and red, respectively. White lines indicate isodensity
lines. For the sake of clarity, the same maps are displayed at the bottom without the atoms.
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represents the main species from which regeneration should take
place, since propagation reactions from all the MnIII 3 3 3OX
complexes terminate with the production of intermediate O.
Despite the existence of the mechanistic pathway to transformO
into MnIII 3 3 3OH (L) discussed in section A, its high activation
energy of 141 kJ/mol implies that the main Mn species from
which Mn is to be regenerated is still MnIII 3 3 3OOR (O). The
pathway discussed in section B, while likely on energetic grounds
from intermediate L, is not a plausible regeneration mechanism
from intermediate O, since it involves a very high activation
energy (162 kJ/mol) and a very endothermic reaction enthalpy
(+129 kJ/mol). Indeed, the competitive mechanism in which a H
transfer takes place not to the framework O but to the radical O
atom in ROO 3 , which leads to the propagation subcycle from
MnIII 3 3 3OOR (O),25 with Ea = 84 kJ/mol andΔH = +78 kJ/mol,
is expected to be the predominant evolution path from
intermediate O. Therefore, it becomes clear that there must
be an alternative regeneration mechanism from complex O.
It appears that no other chemical transformations involving

the initial reactants, that is, the hydrocarbon and O2, other than
those already shown are available for the reduction of Mn in
MnIII 3 3 3OOR (O). However, at this point of the reaction, new
species resulting from the initial oxidations start to accumulate in

the catalyst pores; namely, ROH and H2O (from ROOH
decomposition24 and propagation25 reactions). H2O is inert
under these conditions; in contrast, the alcohol ROH is an active
species that could participate in the regeneration of theMn active
sites and transform itself into new oxidation products.
Let us consider therefore the reaction pathway for the

regeneration of the Mn active sites in MnIII 3 3 3OOR (O) in
the presence of ethanol (ROH). Reduction of MnIII requires a
radical H abstraction from the organic substrate ROH. There are
three types of H atoms in ethanol (CH3CH2OH): the H bonded
to O, to Cα, or to Cβ, whose calculated bond energies are 442,
417, and 462 kJ/mol, respectively. The most readily available H
atom is the one bonded to Cα, Indeed, its C�H bond energy
(417 kJ/mol) is much lower than that of the RH hydrocarbon
(454 kJ/mol), showing the more active character of ROH com-
pared with RH. The more active nature of this H atom enables its
transfer to the terminal O atom of the ROO 3 ligand in MnIII 3 3 3
OOR (O) to yield an ROOH molecule bonded to MnIII and the
corresponding hydroxy-containing radical CH3CH 3 (OH) (T).
The energy diagram for this step (O f T) is shown in

Figure 8, where the reaction coordinate was selected as the
distance between the H being transferred and the terminal O
in ROO. The energy profile shows an activation energy of

Figure 8. Top: Energy diagram (black line) and evolution of the C�H
(blue line) and C�O(H) (hydroxy group) distances (red line) along the
reaction coordinate (represented as the distance between the H atom
bonded to methylene C in CH3CH2OH and terminal O atom in CH3-
CH2OO (O(O�OCH2CH3)�H(HO�CH2CH3) distance) for the H
transfer from ethanol to CH3CH2OO 3 (O f T) in MnIII 3 3 3OO-
CH2CH3 (O). Bottom: Energy diagram (black line) and evolution of the
C (green line), O (from the peroxo OOR ligand (terminal O, solid blue
line; nonterminal O, dashed blue line), and Mn (red line) spin densities.

Figure 7. Top: Energy diagram (black line) and evolution of the
framework O (from ligand)�Mn (blue line) and C�H (H bonded to
OMn) distances (red line) along the reaction coordinate (represented as
the distance between the radical C atom in CH3CH2 and the O atom of
the OH ligand (O(OH)�C(CH2CH3) distance) for the coupling be-
tween CH3CH2 and OH to form CH3CH2OH (R f S). Bottom:
Energy diagram (black line) and evolution of theC (green line), O (from
the hydroxo OH ligand, blue line), and Mn (red line) spin densities.
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62 kJ/mol and a reaction enthalpy of +29 kJ/mol. These energies
are lower than the corresponding ones for theH transfer from the
hydrocarbon (Ea = 84 kJ/mol; ΔH = +78 kJ/mol; step Of P),
confirming the higher reactivity of ROH. The approach of the H
atom to the radical O atom in ROO 3 involves a progressive
homolytic dissociation of the corresponding C�H bond
(Figure 8, top, blue line), leading to the formation of an ethyl
radical, as showed by the change of the C spin from 0 to �0.7
(Figure 8, bottom, green line). The final C spin in the 1-hydro-
xyethyl CH3CH 3 (OH) radical is not �1, due to a partial
delocalization of the spin density to the hydroxy group.
The formation of the 1-hydroxyethyl radical causes a rehy-

bridization to sp2 of the radical C, accompanied by a shortening
of the C�O bond with the hydroxy group from 1.44 to 1.36 Å
(Figure 8, top, red line). The unpaired electron is therefore
occupying a C�O unit with partial double bond character. The
electron transferred with the H atom is used to form a newO�H
bond with the terminal O atom in ROO 3 , as shown by the
decrease in the spin polarization on the two O atoms to ∼0
(Figure 8, bottom, blue lines). No redox process takes place on
the Mn site (red line); it remains as MnIII, ruling out the transfer
of an electron to or from Mn during this step.
The structure of the TS (TSOfT) and products (T) is shown

in Figure 9 (top and bottom, respectively), where the transfer of
the H atom from ROH to ROO 3 is clear. The radical C atom in
CH3CH 3 (OH) is in a nearly planar environment, typical of sp2

hybridization with the unpaired electron located in the p atomic
orbital perpendicular to the plane. As in previous cases, the
stereochemistry of this H transfer leaves a strong interaction
between the nascent radical and the H atom transferred to ROO,
as observed in Figure 9 (bottom, dashed blue line). The spin
density maps of reactants (O), TS (TSOfT), and products (T)
(Figure 10-Supporting Information) confirm the electronic re-
arrangement of this mechanism, and so the homolytic nature of
the C�H bond dissociation and H transfer. The β spin density
(blue) is progressively transferred from the ROO 3 radical to the

C atom, whose C�H bond is dissociated, although some spin
polarization (∼0.1) still remains on the terminal O atom in
ROOH. Instead, the Mn spin density (red) is not modifed
throughout the process. The spin density of the radical C atom
is asymmetrically oriented toward the transferred H atom due to
the interaction between the two.
At this point, Mn is still in the oxidized state (III), and so it

needs to be reduced to regenerate the active sites. To do so, a H
atom has to be transferred to a framework O atom nearest
neighbor to Mn in such a way that the electron transferred with
the H atom is taken up byMn, yielding a regenerated MnII active
site (F) with the attached proton. The most weakly bonded H
atom in radical CH3CH 3 (OH) is that in the hydroxy group
(highlighted in bold), with an O�H bond energy of 138 kJ/mol.
This bond is so weak (XH bond energies are usually in the
400�500 kJ/mol range) since the oxygen is engaged in a partially
double bond with C to delocalize the unpaired electron. Homo-
lytic dissociation of the OH bond yields a very stable molecule,
the aldehyde (CH3CH 3 (O�H)fCH3CH(dO) +H 3 ). In the
catalyst, the resulting H atom would be stabilized by binding to
the framework O and transferring the electron to Mn. Therefore,
it is reasonable to expect the hydroxy H atom to be easily
transferable to the framework O to regenerate the Mn active
sites (F) (T f BE).
To examine this step, the H�O distance was selected as the

reaction coordinate representative of this elementary step. Our
results indicate that OH cleavage requires no activation energy

Figure 9. Two views (A and B) and detail (C) of the structure of the
transition state (TSOfT) (top) and of the products (T) (bottom) for
the H transfer from ethanol to CH3CH2OO 3 (O f T) in MnIII 3 3 3
OOCH2CH3 (O).

Figure 10. Top: Energy diagram (black line) and evolution of the C�H
(red line), C�O(blue line), andMn�O(green line) distances along the
reaction coordinate (represented as the distance between the H atom
bonded to the methylene C in CH3CH2O 3 and the framework O atom
(O(Mn)�H(OCH2CH3) distance) for the unimolecular H transfer
from MnIII 3 3 3OCH2CH3 (H f BE). Bottom: Energy diagram (black
line) and evolution of the C (green line), O (from the 3OR ligand), and
Mn (red line) spin densities.
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and has a very exothermic enthalpy (�168 kJ/mol), which is
explained by the formation of two stable species: the aldehyde
and a MnII site, with Mn in the most stable oxidation state
(Supporting Information Figure 11) (BE). The homolytic dis-
sociation of the O�H bond generates an ethanal molecule with a
double CdO bond, as shown by the decrease in the C�O
distance from 1.361 to 1.235 Å (Figure 11-SI). This step also
requires desorption of the ROOH molecule from Mn due to the
steric hyndrance caused by the CH3CH 3 (OH) radical approach-
ing the framework O (BE) (Figure 11-SI). In the resulting
products, the framework proton is bent toward the 12-membered
ring channel due to the development of a H bond interaction
with the basic O atom of the aldehyde. SuchHbond interaction is
strong, as shown by the short O 3 3 3Hdistance of 1.464 Å (Figure
11-SI). The final Mn spin-density of 4.82 shows its reduction in
this step (Figure 11-SI, right). Finally, to recover the free MnII

sites able to reinitiate the oxidation cycle (F), the aldehyde
molecule needs to be desorbed from the framework proton, a
process that requires a desorption energy of 38 kJ/mol, confirm-
ing the strong H bond interaction between these species. After
desorption of the aldehyde, the framework proton locates in its
most stable orientation, within a 6-membered ring of the
framework wall.
In summary, the pathway (Of Tf BEf F) discussed here

provides a mechanistic route for the regeneration of the MnII

sites from complex MnIII 3 3 3OOR (O), producing a secondary
oxidation of the ethanol molecule into an aldehyde. Similar sec-
ondary oxidations can take place from MnIII 3 3 3OR (H) and
MnIII 3 3 3OH (L) complexes, and will be discussed in a forth-
coming paper, dedicated to a complete analysis of the possible
secondary oxidation routes leading to the formation of aldehyde
and acid, both experimentally observed reaction products.
D. Unimolecular H Transfer fromMnIII 3 3 3OR (H) to Frame-

work O (H f BE). We envisaged another mechanism for the re-
generation of theMn sites, in this case, from complexMnIII 3 3 3OR
(H). This is not the final product of the oxidation cycle, since this
intermediate evolves to form complex MnIII 3 3 3OOR (O), and
so this pathway does not represent a main regeneration route. For
completeness, however, we include this mechanistic path in the
current discussion (Figure 10). In complex MnIII 3 3 3OR (H), a H
atom of the methylene C is located close to the framework O atom
nearest neighbor to Mn, at a distance of 2.677 Å (see Figure 11,
left). This proximity may eventually enable a unimolecular H
transfer from this C to the framework O, leading to the regenera-
tion of the Mn active sites. We selected the aforementioned H�O
distance as the reaction coordinate to study this pathway.
The energy diagram is shown in Figure 10, and the molecular

structure of the species involved is displayed in Figure 11. This

process has an activation energy of 48 kJ/mol and a very
exothermic reaction enthalpy (�207 kJ/mol). The C�H bond
is progressively dissociated (Figure 10, top, blue line) upon the H

Figure 11. Molecular structure of reactants (H) (left),TS (middle) and
product (BE) of the unimolecular H transfer from MnIII 3 3 3OCH2CH3

(H f BE).

Figure 12. Summary of the energetic results for the regeneration and
competitive propagation mechanisms from complex MnIII 3 3 3OOR
(O) and MnIII 3 3 3OH (L) (top) and from MnIII 3 3 3OR (H) (bottom).
(Top) Green line: conversion of complexO into L, with formation of an
aldehyde molecule (Of L). Solid blue line: regeneration from L by H
transfer from ethane to framework O and subsequent ROH formation
(Lf Rf Sf F). Dashed blue line: propagation from L by H transfer
from ethane to OH and subsequent O2 addition, H2O desorption, and
ROO 3 binding (L f M f N f Kf O). Solid red line: regeneration
from O by H transfer from ROH to ROO 3 , subsequent H-transfer to
framework, and final desorption of the produced aldehyde (O f T f
BEf F). Dashed red line: propagation fromO byH transfer from ethane
to 3OOR and subsequent O2 addition, ROOH desorption, and ROO 3
binding (O f P f Q f K f O). (Bottom) Solid line: regeneration
mechanism from H by unimolecular H transfer from RO ligand to
framework and subsequent desorption of aldehyde (H f BE f F).
Dashed line: propagation from H by H transfer from ethane to RO and
subsequent O2 addition, ROH desorption, and ROO 3 binding (H f
I f J f K f O).
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atom approaching the framework O, which is accompanied by a
decrease in the C�O distance (red line; from 1.393 to 1.233 Å;
Figure 11), showing again the formation of a double bond (BE).
The structure of the TS (TSHfBE) (Figure 11, middle) shows
the formation of a 5-membered ring, comprising the atoms
involved in the H transfer and Mn. The increase in the Mn�O
distance after the TS (Figure 10, top, green line) shows that this
process involves the desorption of RO from Mn, as is also
apparent from the structure of products BE (Figure 11, right).
The electronic rearrangement that takes place is displayed in

Figure 10, bottom. This unimolecular H transfer involves a re-
duction of Mn, as shown by the increase in the Mn spin to ∼5
(red line) due to the transfer of the electron from the H atom.
Simultaneously, the spin polarization of the initially radical O
atom (blue line) disappears along the reaction; the unpaired
electron located in the O atom is used for the formation of a
double bond with the unpaired electron in the C atom arising
from the homolytic C�H bond dissociation. Indeed, the C atom
becomes spin-polarized in the transition state (green line), but its
spin polarization disappears once the activation barrier is passed.
Desorption of the aldehyde from the proton frees the MnII site,
thus providing a new regeneration route. This alternative me-
chanism would close a new subcycle (F f H f BE f F), in
which a hydroperoxide molecule is transformed into an aldehyde
molecule and water (CH3CH2OOHf CH3CH(dO) + H2O).

’DISCUSSION

The aerobic oxidation of hydrocarbons in MnAPO-5 exam-
ined here has a complex reaction mechanism, that we have
decomposed in the subsequent stages of preactivation, ROOH
decomposition, propagation, and regeneration. Alternative pro-
pagation pathways exist, as discussed by us in an earlier work,25 all
of which terminate with the production of intermediate O, a
complex between MnIII and a peroxo radical ROO 3 . It is
reasonable, therefore, to consider intermediate O as the main
species from which regeneration of the Mn active sites must take
place. In the regeneration reaction, the oxidized MnIII active sites
must be reduced to MnII, from which new oxidation cycles can
take place.

In this work, we have identified computationally several
mechanistic routes for this regeneration of the Mn active sites.
The energy profile of the elementary steps for each regeneration
mechanism is summarized in Figure 12. In general, regeneration
of the 2+ oxidation state occurs via the homolytic cleavage of a
C�H bond from an organic substrate, either the starting hydro-
carbon CH3CH2�H or an alcohol CH3CH(OH)�H. Uptake of
radical H atoms takes place by leaving a proton (H+) attached to
a framework nearest neighbor to Mn while the electron is taken

up by MnIII that is thus reduced to MnII. The product is a
MnII(OH) active site, labeled as intermediate F in the overall
reaction cycle, which represents the Mn active site for the
initiation of the propagation cycle.

Propagation reactions lead to the formation of intermediateO,
which must evolve into regenerated MnII sites for the reaction
cycle to proceed. Other than to MnII, complex O can be trans-
formed into MnIII 3 3 3OH (L) via the mechanism discussed in
sectionA.This route has a very high activation barrier of 141 kJ/mol,
but it is thermodynamically favorable as a result of its highly
exothermic enthalpy (�132 kJ/mol). Thus, regeneration should
take place mainly from MnIII 3 3 3OOR (O), but also to a certain
extent from MnIII 3 3 3OH (L). The most obvious mechanism to
achieve regeneration involves a H-transfer from a hydrocarbon
molecule to a framework O atom nearest neighbor to Mn in
MnIII 3 3 3OX complexes (O and L). In both cases, this H transfer
is unfavored compared with the corresponding H transfer to the
radical O atom in the oxo-containing ligand (OX) to form
ROOH or H2O, respectively (Table 1 and Figure 1). Such a
regeneration pathway is energetically prohibitive for complex
MnIII 3 3 3OOR (O), since it has a particularly high activation
barrier (162 kJ/mol). Instead, this route is not so unfavorable for
complex MnIII 3 3 3OH (L), for which the activation barrier is
much lower (52 kJ/mol) (Figure 12, top, solid blue line).
Nevertheless, the competitive H transfer to the OH ligand (no
activation barrier; ΔH = �70 kJ/mol) and the following O2

addition (ΔH = �129 kJ/mol) appear to be kinetically favored
(Figure 12, top, dashed blue line). However, we should note that
the subsequent step in the H transfer to the framework to
complete the regeneration process (R f S) is extremely exo-
thermic (�244 kJ/mol). In summary, the regeneration pathway
(L f R f S) could take place under certain conditions,
especially in the absence of alternative regeneration mechanisms,
but will be slow for kinetic reasons.

It is interesting to note the low activation barriers for the H
abstraction from ethane to the framework O of complexes
MnIII 3 3 3OH (L) and MnIII 3 3 3OR (H) (52 and 101 kJ/mol,
respectively), compared with the corresponding one for the same
H abstraction from a bare MnIII site (135 kJ/mol,23 Table 1).
These energies show that the radical ligands 3OH and 3OR in
complexes H and L, respectively, increase the activity of the
framework O atoms (nearest neighbor to Mn) for the homolytic
cleavage of C�H bonds. The higher activity can be explained by
the electron transfer not to Mn but to the radical ligand, which
leads to the formation of a stable closed-shell anion (hydroxide in
L and ethoxide in H).

A more energetically favorable regeneration mechanism from
MnIII 3 3 3OOR (O) is available in the presence of ROH, that is,

Table 1. Summary of the Energies (in kJ/mol) of the Alternative H Transfers from Ethane (RH) to a Framework O, Leading to
Regeneration of the Active Sites, or to Radical O Atom in OX Ligands, Leading to the Propagation Reactions and Preventing
Regeneration; and H Transfer from Ethanol (ROH) to ROO in Complex O, Leading to Regeneration of Mn Active Sites

H abstraction from ethane (RH) H abstraction from ethanol (ROH)

complex

ΔH H-abstract

to framew O

Ea H-abstract

to framew O

ΔH H abstract

to OX

Ea H abstract

to OX

ΔH H abstract

to OOR

Ea H abstract

to OOR

MnIII (A) +93 135

MnIII 3 3 3OH (L) +4 52 �70 No

MnIII 3 3 3OR (H) +60 101 �27 32

MnIII 3 3 3OOR (O) +129 162 +78 84 +29 62
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after a certain amount of time, since the oxidation reaction
started to allow for ROH production and accumulation in the
catalyst pores. This regeneration pathway, discussed in section C,
occurs through H transfer from the methylene C in ROH to
ROO 3 , followed by a H transfer from the resulting radical to the
framework O; the process is favored both kinetically (it has a
lower activation barrier) and thermodynamically (the reaction
enthalpy is less endothermic) compared with the corresponding
H transfer from ethane, the latter leading to the propagation
subcycle (O f Pf Qf O) (Figure 12, top, solid and dashed
red lines, respectively; and Table 1). The alternative regeneration
mechanism (O f T f BE f F) prevents the large activation
barrier required for the transformation of complex MnIII 3 3 3
OOR (O) into MnIII 3 3 3OH (L) (Figure 12, top, green line),
but requires the presence of ROH.

We have examined an alternative regeneration mechanism
from complex MnIII 3 3 3OR (H) through a unimolecular H
transfer to the framework (H f BE f F). This process is,
however, unfavorable compared with alternative reaction path-
ways from intermediate H: it has a higher activation barrier
(48 k/mol) than the H transfer from ethane to the oxo ligand
OR, leading to the propagation reactions (32 kJ/mol) (H f I)
(Figure 12, bottom, solid and dashed lines, respectively). In terms
of thermodynamics, the two alternative processes are similar: the
highly exothermic nature of the aldehyde formation in the
regeneration pathway is compensated by the exothermic O2

addition in the propagation route, and the final energy is the same
in both cases,�170 kJ/mol. This regeneration mechanism closes
a reaction cycle (F f H f BE f F), in which initially present
ROOH molecules are first decomposed by the action of MnII

into H2O and complex MnIII 3 3 3OR (H), and the latter is then
transformed into an aldehyde molecule, regenerating the MnII

active sites (F). This subcycle transforms a hydroperoxide mole-
cule into an aldehyde and water (CH3CH2OOH f CH3CH-
(dO) +H2O), that is, it consumes ROOH but does not produce
it; therefore, this is not a self-sustained cycle, since it can operate
only in the presence of a high concentration of ROOH. Since
intermediateH is not the final product of the propagation cycle, it
does not represent the main species from which regeneration
takes place, and theHf BEf F pathway should be considered
as a side-mechanism for regeneration, but not the main one.

A similar subcycle is available from intermediate MnIII 3 3 3OH
(L) (Ff Lf Rf Sf F), in which a hydroperoxide molecule
and a hydrocarbon are converted into two ethanol molecules
(CH3CH2OOH + CH3CH3 f 2CH3CH2OH). Again, this
subcycle is not sef-sustained, since it requires hydroperoxide
molecules produced elsewhere in the catalyst.

To summarize, two main regeneration mechanisms have been
observed. The first involves an initial energetically costly trans-
formation of complex MnIII 3 3 3OOR (O) into MnIII 3 3 3OH (L)
and a subsequent H transfer from ethane to the framework,
leading to the production of a ROH molecule (O f L f R f
Sf F). This pathway is kinetically hindered, and it will represent
the regeneration route only at the beginning of the oxidation
reaction when no oxidation products are available. At later stages
of the reaction, when ROH starts to accumulate in the AFI
channels produced by means of the propagation reactions, a
more favorable regeneration pathway can start to take place,
involving the oxidation of an alcohol molecule (ROH) into an
aldehyde (R(dO)H) and producing new hydroperoxide mole-
cules (O f T f BE f F). The occurrence of these different
regeneration routes as a function of the concentration of

products into the catalyst and, in turn, as a function of the
reaction time explains the decrease in the alcohol-to-aldehyde
ratio observed experimentally with increasing reaction time.15

If regeneration occurs uniquely through mechanism O f L f
R f S f F, at the beginning of the oxidation reaction, the
chemical balance of the overall oxidation cycle is

CH3CH2OOH þ 2CH3CH3 þ O2

f 2CH3CH2OH þ CH3CðdOÞH þ H2O ð1Þ
taking place through the cycle F f G1/G2 f H/M f I/N f
JfKfOfLfRf Sf F. It leads to an alcohol-to-aldehyde
ratio of 2:1. This cycle needs an external source of ROOH, which
is provided by the propagation subcycle from MnIII 3 3 3OOR
(O) (O f P f Q f O)

CH3CH3 þ O2 f CH3CH2OOH ð2Þ
and hence, summing eqs 1 + 2, the overall transformation is

3CH3CH3 þ 2O2 f 2CH3CH2OH
þ CH3CðdOÞH þ H2O ð3Þ

When the alternative regeneration takes place through mechan-
ism O f T f BE f F, at later stages of the reaction, the
corresponding mass balance is

CH3CH3 þ O2 f CH3CðdOÞH þ H2O ð4Þ
via the pathway Ff G1/G2fH/Mf I/Nf Jf KfOf
Tf BEf F. The net balance of the alcohol in eq 4 is zero, since
once it is formed, it is converted into the aldehyde to allow for the
regeneration of the catalyst. This cycle leads to an increase in the
aldehyde concentration to the detriment of the alcohol, as
observed experimentally. This second cycle is self-sustained,
since it transforms the initial reactants, the hydrocarbon and
O2, into products and does not require an external source of
ROOH (it is produced within its own cycle during the regenera-
tion process). The overall ratio between alcohol and aldehyde in
the reaction products depends on the relative rate of reactions 1 +
2 and 4 under steady-state conditions. The complexity of the
overall reaction cycle makes this ratio a difficult quantity to
estimate because of the large number of competitive reaction
subcycles that can take place in the catalyst.

’CONCLUSIONS

In the present work, we have concentrated on the regeneration
mechanism by which MnIII sites generated in the propagation
reactions during the aerobic oxidation of alkanes by Mn-doped
aluminophosphates are reduced to MnII so as to close the overall
catalytic oxidation cycle. The MnII sites will then re-enter the
reaction cycle by decomposing the hydroperoxide intermediates
(ROOH) produced during the propagation reactions.

Our results demonstrate that two alternative regeneration
mechanisms are available, and their occurrence is dictated by the
composition of the reaction media, which in turn is determined
by the reaction time. At the beginning of the reaction, when no
alcohol molecules are present, regeneration of Mn sites in
MnIII 3 3 3OOR (intermediate O) takes place through an intra-
molecular H transfer from the methylene C in the peroxo ligand
to give complex MnIII 3 3 3OH (intermediate L) and an aldehyde
molecule in a very exothermic step that is slow since it requires a
high activation energy. TheMn sites in MnIII 3 3 3OH can then be
reduced by H abstraction from a hydrocarbon molecule to a



1486 dx.doi.org/10.1021/cs200402b |ACS Catal. 2011, 1, 1475–1486

ACS Catalysis RESEARCH ARTICLE

framework O, followed by a coupling between the resulting
hydrocarbon radical and the OH ligand to give a molecule of
ethanol and MnII sites. At later stages of the reaction, when the
alcohol molecules (primary oxidation product) are present in the
reaction mixture, the activated nature of the alcohol provides a
more energetically favored regeneration pathway from MnIII 3 3 3
OOR; H-abstraction takes place from the methylene C in the
alcohol to the peroxo ligand to give ROOH and a hydroxyethyl
radical CH3CH 3OH, from which reduction of Mn occurs by a
second H abstraction from the hydroxy group, yielding an
aldehyde molecule and MnII sites.

The operation of these two regeneration mechanisms and
their occurrence at different times during the hydrocarbon
oxidation explains the variation of the alcohol-to-aldehyde ratio
experimentally observed as a function of the reaction time: the
initial regeneration mechanism leads to a higher concentration of
alcohol products, and the second route produces aldehyde to the
detriment of the alcohol, suggesting a decrease of the alcohol-to-
aldehyde ratio with increasing the reaction time, in good agree-
ment with the experimental observations.
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