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Introduction

Saturated hydrocarbons are among the most abundant yet
inert organic compounds, and their selective oxyfunctionali-
sation at low temperatures is a key goal in contemporary

catalytic chemistry. Linear alkanes, such as n-hexane, resist
attack by boiling nitric acid, concentrated sulfuric acid, chro-
mic acid or potassium permanganate, all of which are oxi-
dants that are no longer environmentally acceptable. None-
theless, terminal-oxidised alkanes, such as linear alcohols or
acids, are of great importance as feedstocks for the chemical
and pharmaceutical industries, prompting an intensive
search for new ways of selectively oxidising alkanes.

Traditionally, oxidation reactions of alkanes have been
catalysed by dissolved salts of redox-active metals. However,
current environmental pressure provides a strong incentive
to search for new heterogeneous catalytic systems owing to
the known problems of homogeneous catalysts associated
with handling and reprocessing. Molecular dioxygen is the
most environmentally benign and readily available oxidant,
but its use still eludes industrial-scale applications. In con-
trast, the natural biological cycle is supported by atmospher-
ic oxygen, activated in a number of enzymatic reactions;
man-made catalysts are still a long way from achieving the
activity and selectivity that evolution has given to biosys-
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tems. It is in this context that crystalline nanoporous alumi-
nophosphate materials (AlPOs) enter the scenario: AlPOs
are zeolite-like materials in which Si ions are replaced by P
and Al, forming a three-dimensional oxide network that can
adopt many different structures;[1] both ions can be iso-
morphically replaced by heteroatoms in a controllable
manner, giving rise to acid, redox and even bifunctional
properties. Of particular importance for oxidation reactions
are those materials in which Al ions are replaced by redox-
active transition metals, such as Co, Mn and Fe.[2–4] These
materials combine the reactivity of redox-active cations with
the unique spatial constraints imposed by the molecular di-
mensions of their porous network.[5–8] Additional important
advantages of these catalysts are their high internal surface
areas, ease of preparation and high thermal stability.[9] At
present, there is extensive experimental research on their
performance in different types of oxidations, including the
industrially fundamental selective oxidations of n-
hexane[7,10,11] and cyclohexane,[12–18] the epoxidation of al-
kenes[19] and the Baeyer–Villiger oxidation of ketones to lac-
tones,[20] all using O2 as the oxidant.

Whenever chemical transformations are challenging,
mechanistic issues come to the fore. Oxidation reactions can
be classified into three categories: 1) autoxidation through a
free-radical chain reaction; 2) oxidation of the substrate co-
ordinated to the metal ion, followed by reoxidation of the
reduced metal and 3) catalytic oxygen transfer.[5,6] The
nature of the predominant mechanism depends on the reac-
tion conditions and especially on the nature of the metal
and oxidant. One-electron oxidants such as Co, Fe and Mn
are known to efficiently catalyse liquid-phase aerobic autox-
idation reaction by means of free-radicals, as in category 1).

In free-radical autoxidations, redox-active sites homolyti-
cally decompose alkyl hydroperoxide intermediates
(ROOH) by Haber–Weiss mechanisms, but do not activate
C�H bonds in alkanes through direct reactions with O2.

[21–23]

The elementary steps traditionally proposed are summarised
in Equations (1)–(7) (in which M= transition metal).[6]

RHþO2 ! RC þHOOC ð1Þ

RC þO2 ! ROOC ð2Þ

ROOC þRH! RC þROOH ð3Þ

ROOHþMII ! ROC þMIIIOH ð4Þ

ROOHþMIIIOH! ROOC þMII þH2O ð5Þ

ROC þRH! RC þROH ð6Þ

ROOC þROOC ! ROHþRðHÞ¼OþO2 ð7Þ

The initiation reaction [Eq. (1)] is typically very slow, and
gives place to the induction period usually observed in these
oxidations; once formed, the alkyl radicals RC rapidly insert
oxygen to form peroxy radicals ROOC [Eq. (2)], which can
then propagate through hydrogen-transfer reactions to form

new alkyl radicals and hydroperoxide (ROOH) [Eq. (3)].
Next the redox sites enter the action: their main role is to
promote the homolytic dissociation of the hydroperoxide in-
termediates to form chain-initiating alkoxy (ROC) and alkyl-
peroxy (ROOC) radicals [Eqs. (4) and (5)], which undergo
new propagation reactions [Eqs. (6) and (3)]. Finally, in the
termination step [Eq. (7)], two peroxo-radicals recombine to
form the corresponding alcohol and aldehyde in a concerted
mechanism.

There is experimental evidence that such a free-radical
mechanism applies to the aerobic oxidation of hydrocarbons
catalysed by Co- and Mn-containing AlPOs,[7,9,1 5] as well as
for the role of redox active centres in kinetically relevant el-
ementary steps.[8] Nevertheless, no clear knowledge of the
mechanism is available. Such knowledge, however, is essen-
tial if we are to optimise the regioselectivity of these molec-
ular-sieve catalysts towards the desired terminal oxyfunc-
tionalisation.

The aerobic oxidation of cyclohexane catalysed by
MnAPO-5, a Mn-doped aluminophosphate with the AFI
framework structure, has been the subject of in depth exper-
imental investigations by Iglesia and co-workers,[15] employ-
ing, among others, extensive spectroscopic and isotopic la-
belling techniques to determine the main reaction inter-
mediates. The reaction scheme proposed in reference [15]
was employed as starting point for our computational study;
however, in our work we have also examined a selection of
alternative mechanistic pathways to those proposed in refer-
ence [15], the occurrence of which is difficult to characterise
experimentally, but can effectively be discriminated compu-
tationally based on the calculated reaction enthalpies and
activation energies. The high reactivity of some of the inter-
mediates involved makes them very difficult, if not impossi-
ble, to be detected and analysed by experimental techniques.
Their molecular structure, especially of those in which the
hydrocarbon molecules enter the reaction cycle, will deter-
mine the final regioselectivity. In addition, insights concern-
ing the energetics involved—both reaction and activation
energies—are needed in order to optimise catalyst perfor-
mance, yet are difficult to obtain experimentally. This mech-
anistic and energetic information can be obtained from con-
temporary computational electronic-structure methods.
Comparison of calculated and experimental evidence will
serve the purpose of validating both, and will show the pow-
erful atomic-level insight that can now reliably be achieved
by combining state-of-the-art complementary methods. As
prototypical reaction, we have studied the oxidation of
ethane in MnAPO-5 catalysts (see Figure 1 in the Support-
ing Information). Ethane was chosen as the model hydrocar-
bon owing to its simple molecular structure and small
volume and this allowed us to use expensive periodic DFT
techniques rather than cluster models. The choice of ethane
means that the issues related to regioselectivity are not stud-
ied in the present work; at this stage we are interested only
in unravelling the electronic mechanism of the oxidation re-
action, for which ethane is entirely appropriate for refining
both reaction mechanism and computational parameters.
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Even assuming that the energies will be slightly different
when using bulkier alkanes and/or secondary or tertiary C
atoms, we expect the oxidation mechanism to be largely
transferable to other alkane substrates and AlPO frame-
works.

Results

The model of the catalytic cycle that we propose consists of
a complex mechanism, with preactivation, propagation and
regeneration component sybcycles. The first stage of the re-
action is a preactivation, summarised in Figure 1. The initial

reaction conditions involve the presence of the hydrocarbon
(RH) (hereafter, the CH3CH2 chain will be denoted as R),
O2 and the Mn active site in its oxidised (III) state (A). The
first elementary step involves the activation of the hydrocar-
bon through hydrogen transfer to the active site, yielding a
MnII site and an ethyl (RC) radical (B), which is then rapidly
stabilised by the addition of O2 at the radical�s carbon atom
from below the CH2 plane (Figure 1, B), giving rise to a free
peroxo radical (ROOC) (C). Due to the orientation of the in-
serting O2 molecule, the peroxo radical is located in the
middle of the channel. The free ROOC species can reorient
and form a complex with MnII (D), resulting in a reoxida-
tion of Mn. Subsequent hydrogen transfer from the frame-
work to the terminal oxygen of the peroxo-ligand yields the
hydroperoxide MnIII–ROOH complex (E), which can disso-
ciate and release ROOH and free MnIII to undergo subse-
quent transformations.

This cycle leads to the production and accumulation of
ROOH within the catalyst pores, in the presence of MnIII,
RH and O2. ROOH cannot be dissociated through MnIII,
since this is a very energetically unfavourable process (DH=

+98 kJ mol�1); even if this reaction may occur to some
extent, it would just yield further ROOH, showing that
propagation from ROOH towards the oxidative products
(alcohol, aldehyde and acid) can only take place through
MnII. Yet at this point, no reduced MnII is present in the cat-
alyst as MnII sites in C are subsequently reoxidised in D,
suggesting that there must be an alternative reaction path-
way to induce the net reduction of MnIII. Let us go back to
intermediate C : the ROOC radical is free in the middle of

the channel, near a reduced
MnII. The proximity of ROOC

and MnII suggests their recom-
bination into a MnII–ROO
complex (D); however, ROO
may also migrate away along
the pores of the AFI structure
towards another MnIII site,
hence leaving behind a MnII ion
in C, which would now be avail-
able for the dissociation of
ROOH (F). Indeed, the com-
plex of ROOC with MnIII (O) is
more favoured than with MnII

(D). Interestingly, this process
yields not only the required
MnII sites, but also MnIII–ROO
complexes (O) that, as we shall
see below, can also enter the
propagation cycle.

Preactivation yields MnII (F),
ROOH and MnIII–ROO (O),
through which the propagation
cycle can begin (Figure 2). Two
different initiation pathways
can take place. ROOH interacts
with the MnII active sites

through a hydrogen bond from the framework proton to
either the terminal (G1) or non-terminal (G2) oxygen
atoms. The stereochemistry of this hydrogen bond deter-
mines the following hydrogen transfer that causes cleavage
of the weak O�O bond in ROOH, yielding a molecule of
H2O and an ROC radical (from G1) or a molecule of ROH
and an OHC radical (from G2). The coordinatively insaturat-
ed tetrahedral Mn sites stabilise these radicals by forming
the corresponding complex (H and L). These oxo-like com-
plexes activate new hydrocarbon molecules by means of hy-
drogen transfer from RH to the radical ligands, leading to
the production of ROH or H2O molecules, respectively, and
a free RC radical, which is then stabilised by addition of O2,
generating a free ROOC radical (J and L). Release of ROH
or H2O (K) stabilises the ROOC radical by forming a com-
plex with MnIII (O), with both mechanisms converging at
this step. Indeed, this complex corresponds also to a product

Figure 1. Preactivation mechanism. A black background indicates initial catalyst and reactant molecules, while
a red background indicates the hydroperoxide intermediate. Other background colours (yellow, blue) are used
to indicate intermediates produced here and necessary to initiate subsequent reaction cycles. Enthalpies (red)
and activation energies (black, in brackets), in kJ mol�1, are shown for each elementary step .
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of the preactivation step (C!F+ O, Figure 1), connecting
the preactivation and propagation cycles.

The presence of a peroxo-type ligand allows the MnIII–
OOR complex (O) to activate the hydrocarbon through hy-
drogen transfer from RH to ROOC, leading to the formation
of an MnIII–ROOH complex and an RC radical (P) that will
then rapidly insert O2, yielding a free ROOC radical (Q). Fi-
nally, Mn may exchange ligands, releasing ROOH and bind-
ing ROOC, giving rise to ROOH and the MnIII–OOR com-
plex (O), thus closing a propagation sub-cycle (red arrows in
Figure 2).

Such a sub-cycle produces ROOH, but does not recover
the initial MnII sites. However, ROOH can only be trans-
formed into the final oxidative products by MnII, as previ-
ously discussed. An alternative pathway that allows for the
regeneration of the reduced active sites is required in order
to close the catalytic cycle.

Regeneration of MnII may
occur by a series of steps that
involve the production of the
aldehyde (O!L, dashed black
lines) and an alternative RH ac-
tivation from MnIII–OH (L!
R!S!F, dashed blue lines).
The first step occurs through an
intramolecular hydrogen trans-
fer from the Ca of ROOC in (O)
to the terminal oxygen, prompt-
ing the homolytic dissociation
of the O�O bond, resulting in
an MnIII–OH complex (L) and
an aldehyde molecule. The
complex L could then evolve
through activation of RH to
give H2O (M), as shown previ-
ously, but it would finally lead
again to MnIII–OOR (O), hin-
dering the recovery of MnII.
Activation of RH could take
place through an alternative hy-
drogen transfer not to the OH
ligand, but to the framework
oxygen of the active site, lead-
ing to the MnIIIH–OH� inter-
mediate (R), which will rapidly
evolve by coupling of the two
radical-like species (RC and
COH) to yield ROH (S), and
promoting the reduction of Mn
that, after desorption of ROH,
would be free to undergo new
propagation reactions, thus
closing the catalytic cycle. An
alternative pathway for the re-
generation of MnII that is more
energetically favoured can take
place in the presence of ROH.

In this mechanism (O!T!F, solid black arrows), hydrogen
transfer from the Ca of a previously formed ethanol mole-
cule to the peroxo ROOC ligand takes place, generating an
MnIII–ROOH complex and a hydroxyethyl Rn�1HCC(OH)
radical (T). A final hydrogen transfer from the molecular
OH group to the framework oxygen provokes the reduction
of Mn, yielding the aldehyde and a new molecule of ROOH
and also closing the catalytic cycle.

Discussion

Our computational study proposes a complex reaction
mechanism that covers the full catalytic cycle of the aerobic
oxidation of ethane in MnAPO-5. By replacing the organic
radical R or the AlPO polymorph, we expect a similar
chemistry to apply to larger hydrocarbons and MnAPO cat-

Figure 2. Propagation mechanism. Background colours and energies are represented as in Figure 1.
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alysts. The catalytic efficiency of these materials in oxida-
tions is intrinsically linked to 1) the Mn redox activity, in
agreement with the relationship between the oxidation rate
and the ratio of redox-active Mn sites experimentally ob-
served,[15] and 2) to the coordinatively unsaturated tetrahe-
dral Mn ions embedded in the AlPO frameworks, which fa-
cilitate the reaction by stabilising oxo-type radicals (ROC,
ROOC and HOC) through the formation of Mn complexes.

The reaction mechanism is based on two main processes:
preactivation and propagation. Initially, MnIII sites are pre-
activated in a series of steps (Figure 1); the first involves a
homolytic rupture of the C�H bond, the spin density being
transferred to the carbon atom and the active site
(Figure 3). This initial step requires a very high activation
energy (�135 kJ mol�1), which compares very well with the
experimentally value for cyclohexane (155�10 kJ mol�1).[15]

Such a high activation energy explains the long induction
period observed in these oxidations. This initial cycle leads
to the production of ROOH, which is indeed the first com-
pound detected experimentally. However, the production of
a free ROOC radical (non-bonded to Mn) (C) followed by its

migration generates MnII sites (F) and MnIII–OOR com-
plexes (O)—both active species in the propagation cycle.
This preactivation step, in line with that proposed in refer-
ence [15], is required just once for each Mn, and so only at
the initial stage of the reaction.

It is well documented that the addition of radical initia-
tors such as tert-butyl hydroperoxide (tBuOOH) reduces the
induction period,[7,15] which is explained in our model:
tBuOOH is easily decomposed by MnIII to form MnII (F)
and the corresponding peroxo-radical (tBuOOC) (Table 1 in
the Supporting Information), which could migrate to a
nearby MnIII to form the corresponding complex (F’) that
will then facilitate ROOH production. This mechanism
avoids the initial energy-demanding RH direct activation by
MnIII, providing an easier Mn preactivation mechanism. Our
model also explains the lower reaction rate observed when
the catalyst is initially in the reduced form:[15] MnII is effi-
cient for dissociating ROOH, but cannot itself produce
ROOH until it reaches the propagation sub-cycle, for which
it requires the presence of ROOH. However, MnII itself
cannot produce the initial ROOH, since it cannot be further
reduced to abstract a hydrogen from RH; MnII would need
to be first oxidised to MnIII by O2 and then carry out the
preactivation, decreasing the reaction rate, or it should go
through non-catalytic mechanisms.

Once the preactivation has taken place, the two products,
MnII and MnIII–OOR, play separate but complementary
roles in the propagation cycle: MnIII–OOR (O) is involved
in the production of ROOH through the subcycle O!P!
Q!O. Indeed, this route for ROOH production requires a
much lower activation energy (�84 kJ mol�1) than through
preactivation (A!B!C!D!E!A ; Ea�135 kJ mol�1),
and so represents the main source of ROOH once Mn has
been preactivated, as was previously suggested.[15] MnII is in-
stead engaged in the transformation of ROOH into ROH
(and H2O), finally leading to the MnIII–OOR complex. Two
parallel mechanisms can take place, through the formation
of ROC or COH intermediates. The formation of these radi-
cals from ROOH requires high activation energies (�87
and �80 kJ mol�1), in good agreement with the experimen-
tal value for cyclohexyl–hydroperoxide dissociation (105�
10 kJ mol�1).[15] These high activation energies, together with
the large atomic rearrangement that this step involves—hy-
drogen transfer, O�O bond breaking, Mn oxidation and rad-
ical complexation—suggest it to be the rate-limiting step in
the overall kinetics, as was experimentally observed.[15] The
two parallel mechanisms differ in the relative energetics of
each step: the initial ROOH dissociation is more favoured
through ROC, whilst the RH activation is more favourable
through COH, a consequence of the higher stability of ROC

compared to COH radicals (see Table 1 in the Supporting In-
formation). These processes yield alcohol molecules, which
will start to appear in the reaction environment after
ROOH.

Once the Mn sites have been preactivated, the RH activa-
tion takes place through hydrogen transfer to oxo-radical li-
gands (alkoxo, peroxo and hydroxo) bonded to MnIII (H, O

Figure 3. Spin-density maps of the transition state (top) and of MnII–RC

(B) (bottom) in preactivation (A!B). In the transition state, the b-spin
density (displayed in blue) from the C�H bond is shared between the
carbon atom of RH and the framework oxygen, whilst the a-spin density
(red) is strongly-localised on the Mn active site. The formation of MnII–
RC (B) brings the complete transfer of the b-spin density well-localised on
the radical carbon, whilst the a-spin density is taken by Mn, which is re-
duced to MnII. White lines indicate spin isodensity lines.
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and L, respectively). Their efficiency to activate RH is di-
rectly related to the stability of the radical, as shown by the
OH bond energies (Table 1 in the Supporting Information;
O�H bond energies order follows: H2O>ROH>ROOH).
The COH radicals are the least stable, hence explaining their
higher efficiency for abstracting hydrogen from RH (L!
M), whilst the opposite is found for ROOC radicals, leading
to higher activation energy (O!P). Additionally, RH may
also be activated by MnIII–OH, in which hydrogen is trans-
ferred to the framework (L!R). The pathway whereby
these hydrogen transfers take place implies that the forming
RC will be located in the channel stabilised by an interaction
with the hydrogen atom of the ROH, H2O or ROOH mole-
cule that is produced (H, L or O, respectively) or to the
framework hydrogen (R ; Figure 4), without RC being directly

bound to the framework (see Figure 5). Mod�n et al. sug-
gested that the RC radical in steps I and P, and analogously
in M in our mechanism (Figure 2), would approach the
framework and bind to an oxygen nearest neighbour to Mn.
Although the molecular mechanism whereby the hydrogen
abstraction from RH occurs leads inevitably to the forma-
tion of a free RC radical, it is located in the middle of the
channel and stabilised by strong interactions with ROH,
ROOH or H2O (in I, P and M respectively). The RC radical
can evolve by binding to the framework, as suggested in ref-
erence [15], or through addition of O2 to form an ROOC rad-
ical. We studied computationally the two possibilities for in-
termediate I, but equivalent results are expected for P and
M. The energy diagram for this subset of reactions—bond-
ing of the alkyl radical to the framework oxygen—is shown
in Figure 5. Though an activation energy of �42 kJ mol�1 is

required for the radical to approach the framework, it gives
place to a very stable intermediate U (Figure 5), the forma-
tion process being very exothermic (DH=�127 kJ mol�1).
The high stability of this complex is due to the net transfer
of the unpaired electron from RC to Mn, giving place to the
more stable MnII. In contrast, the competing direct addition
of O2 to the radical needs no activation and is even more
exothermic (�141 kJ mol�1), suggesting that the oxidation
pathway will not take place through the MnII–R complex
(U), but through the direct addition of O2 to the free RC rad-
ical. Even if complex U is formed, subsequent attack of O2

to the radical to produce ROOC requires a very high activa-
tion energy (�170 kJ mol�1), again due to the very high sta-
bility of complex U, which would lead to the deactivation of
the active site, and so ruling out this alternative mechanism.

Once we have identified the full catalytic cycle, its inspec-
tion can be used to highlight the individual reaction steps in
which we expect regioselectivity to be introduced. Regiose-
lectivity arises in those steps in which RH is activated to
generate the alkyl radical RC, namely H!I and L!M in the
ROOH dissociation pathways, O!P in the propagation sub-
cycle and R!S in the regeneration. In all cases, the RC radi-
cals are not directly bonded to the framework, but are
inside the channel, stabilised by interactions with the trans-
ferred hydrogen atom. These proposals need to be explored
in future work considering larger hydrocarbon substrates.
Regioselectivity is also likely to depend on the special con-
straints dictated by the AlPO framework structure. Our pro-
posed reaction mechanism may therefore be used to identify
the steps and the molecular structure of the intermediates
that will dictate the final regioselectivity, which is essential
for the design of new Mn-AlPO catalysts.

Incorporation of the O-function always takes place from
RC radicals by direct insertion of O2 in exothermic processes,
which provide the main energetic driving force for the oxi-
dation cycle.

A fundamental feature of our mechanism is the comple-
mentarity between the two preactivation products, MnII and

Figure 4. Atomic-level origin of regioselectivity: geometry-optimised
structure of MnIII–OH···RC (R) (top) and MnIII–ROH···RC intermediates
(I) (bottom).

Figure 5. Formation of a complex between CH3CH2 radical and Mn
through oxygen nearest neighbour to Mn (U), and subsequent O2 attack.
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MnIII–OOR: the two species cannot work separately, MnIII–
OOR produces ROOH, but cannot convert it to ROH,
while MnII can transform but not produce ROOH. A final
reduction of Mn in MnIII–OOR (O) is required in order to
close the catalytic cycle (regeneration). Regeneration
through an intramolecular hydrogen transfer of MnIII–OOR
to give aldehyde and MnIII–OH (O!L), as proposed in ref-
erence [15], requires very high activation (�141 kJ mol�1).
In contrast, reduction of Mn through oxidation of ROH to
give the aldehyde (O!T!F) is easier (DH=++ 29 kJ mol�1,
Ea�62 kJ mol�1) due to the lower C�H bond energy of the
already oxy-functionalised ROH (Table 1 in the Supporting
Information), and hence the latter process will start as soon
as ethanol is available in sufficient concentration. This leads
to the production of the aldehyde—retarded with respect to
ROOH and ROH—and a consequent reduction of the alco-
hol/aldehyde ratio, in excellent agreement with experimental
observations.[15] Indeed, the higher reactivity of the already
oxy-functionalised products (lower C�H bond energies;
Table 1 in the Supporting Information) indicates that after
the first stages of the reaction, these products will undergo
secondary oxidation reactions to produce more aldehyde
and the corresponding acid in a series of hydrogen-transfer
reactions, similar to the previous ones, reducing the alcohol/
aldehyde ratio at long reaction times.

Our reaction mechanism compares favourably with the
scheme proposed experimentally in references [10,15] and
indeed a number of our results do support hypotheses made
there. However, the cycle proposed on experimental evi-
dence alone lacks much of the atomic level detail afforded
by current computational methods. For instance the cycle in
reference [15] contains five intermediates, against 16 from
the computational work. Our work, in addition to confirm-
ing the experimental analysis in reference [13], reveals a
new level of understanding for this complex catalytic cycle.
We note in particular that some of the steps quoted in refer-
ence [15] are not elementary reaction steps. There are two
important steps in which our computational results disagree
with reference [15]. First, the alkyl radicals formed at differ-
ent stages of the reaction are not bonded to the framework.
The calculations show that abstraction of hydrogen from the
alkane leads to alkyl radicals not directly bonded to the
framework.They are instead stabilised by non-bonded inter-
actions with the hydrogen atom transferred; addition of O2

to these alkyl radicals does occur inside the zeolitic micro-
pores, but is not assisted by the framework. These differen-
ces occur in kinetically fast steps, and therefore do not
affect the analysis performed in reference [15], but for the
same reason they cannot be discriminated experimentally
because the experimental techniques available are insensi-
tive to these reaction steps. They can, however, be discrimi-
nated by computational studies, and this is an important
benefit, since regio- and stereoselectivity, if any, are associat-
ed with the stereochemistry of such abstraction/addition
processes and differ depending on whether the step occurs
in the constrained environment of the alkyl radical coordi-
nated to the framework (as suggested in reference [15]), or

relatively unconstrained in the main zeolitic channels (as in
our work). The second difference between our cycle and
that of reference [15] consists in the regeneration (or termi-
nation) step. The mechanism proposed in reference [15] is
very unfavourable (we calculated its energy, and found an
activation barrier of 141 kJ mol�1), which led us to investi-
gate alternative pathways and propose the O!T!F mecha-
nism that is not mentioned in reference [15]. This mecha-
nism involves the oxidation of a previously formed ethanol
molecule to the aldehyde (O!T), and requires much lower
activation energy of 62 kJ mol�1.

In summary, the fact that the main lines of our computa-
tionally derived catalytic cycle agree with reference [15] evi-
dences the excellent performance of our computational
methodology, against one of the few reactions for which
such comparison can be made. This is a necessary step to
give confidence on the performance of current electronic
structure methods when properly mastered. We believe that
our work shows that accurate electronic structure methods
are now available, suitable to study even complex heteroge-
neous catalytic reactions. In this respect, we believe that our
work is relevant not only to complement experimental data
on the particular reaction we have chosen, but also to show
how an entirely new field of computational studies is now
ripe.

Conclusion

We have succesfully applied state of the art electronic struc-
ture techniques in order to unravel the complex catalytic re-
action mechanism of the aerobic oxidation of hydrocarbons
catalysed by Mn-doped nanoporous aluminophosphates.
Our results show that the catalytic efficiency of Mn-AlPOs
in oxidation reactions is based on the Mn redox activity and
on the coordinative insaturation of tetrahedral Mn embed-
ded in AlPO frameworks.

An initial preactivation step is required to yield reduced
MnII sites, which are then able to decompose the hydroper-
oxide intermediates: This preactivation involves a transfor-
mation of the hydrocarbon molecules into the corresponding
peroxo-derivative, which are then stabilised by forming a
complex with MnIII and yielding at the same time reduced
MnII sites. Both species enter a subsequent propagation
cycle in which a dual mechanism that requires the presence
of Mn in the two different oxidation states is involved, stat-
ing the crucial role of the MnIII/MnII couple: MnIII–OOR is
engaged in the production of ROOH, whilst MnII transforms
this ROOH into the final oxidative products through two al-
ternative pathways, through alkoxy- or hydroxy-radical-like
intermediates.

Our mechanism is able to rationalise and complement all
the experimental observations available in the literature,
evidencing the power of electronic-structure-based computa-
tional methods in order to study complex catalytic reaction
mechanisms.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 13638 – 1364513644

L. G�mez-Hortig�ela et al.

www.chemeurj.org


Computational Methods

In our study we considered the AFI structure (Figure 1 in the Supporting
Information) as representative of the class of nanoporous AlPO catalysts:
the AFI framework is composed of one-dimensional non-interconnected
channels in which all tetrahedral sites are symmetry equivalent and it is
one of the most widely used experimentally. The Mn-doped AFI frame-
work was described with periodic boundary conditions, using one crystal-
lographic unit cell (72 atoms) with no symmetry; the AFI unit cell di-
mensions were large enough to prevent a strong interaction between the
reactants in consecutive image cells. One Mn ion (replacing one Al) per
AFI unit cell was inserted in a tetrahedral position. This doping level en-
sured no interaction between image Mn sites. Calculations showed the
high-spin state to be the most stable electronic configuration both for
MnII and MnIII, as expected owing to the low crystal field splitting caused
by the tetrahedral coordination of the transition metal ions.

We performed density functional theory calculations, as implemented in
the program CRYSTAL,[24] using the hybrid functional B3LYP. The excel-
lent comparison between the predicted structure of the active sites in Fe-
[25] and Mn-AlPOs[3] using this computational methodology and that ob-
tained by X-ray absorption spectroscopy showed the reliable perfor-
mance of the computational settings chosen. In order to find the actual
reaction pathway and reliably locate all stable intermediates and activa-
tion energies, the reactant molecules were approached in discrete steps
(usually of 0.1 �) along the reaction coordinate of each elementary reac-
tion step. At each step, we performed constrained geometry optimisa-
tions, keeping the selected reaction coordinate frozen and allowing all
the rest of coordinates to relax; this methodology allowed us to obtain
the energy diagram for each elementary step along the reaction coordi-
nate, from which we estimated activation energies (calculated as the
highest energy value identified along the reaction coordinate). To find
the enthalpies for each elementary reaction, full-geometry optimisation
calculations of both the reactants and products were performed.

Selected transition state configurations were confirmed by calculating the
second-derivative matrix over the whole periodic unit cell.[26] Such Hessi-
an-based techniques are not yet usual in the context of periodic calcula-
tions, but were required here to overcome the difficulties associated with
the mechanistic complexity of the processes examined, which are not
suitable for simpler methods based on nudged elastic bands (NEB) or
metadynamics, which rely on the knowledge a priori of the reaction coor-
dinate, nor for adiabatic molecular dynamics simulations due to the high
activation barriers.
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