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Abstract

With considerable academic and industrial attention focused on green chemical processes,
environmentally friendly nanomaterials such as zeolites have been systemically modified and
tuned to meet such requirements in various industrial chemical reactions. The dehydration of
benzaldoxime over Fe-ZSM-5 zeolite has thus been systematically investigated by means of
the ONIOM(MO6:UFF) scheme. Four different forms of iron-oxo are used for the active center
of Fe-ZSM-5: a) monooxo iron cation [FeO]+, b) dioxo iron cation [OFeO]+, C) superoxo cation
[FeOz]+, and d) dihydroxo iron cation [Fe(OH)2]+. Both the redox and nonredox mechanisms for
the dehydration process were investigated. For the redox mechanism, this route begins with
the oxygen-end benzaldoxime adsorption complex. From this adsorption mode, its orientation
facilitates the transfer of a hydrogen atom from the oxime-carbon to a ligand bound on the iron
metal acting as a hydrogen acceptor and the transfer of the hydroxyl group to oxidize the iron
metal center, yielding the formation of the nitrile product and the oxidized Fe-ZSM-5 zeolite. In
a single reaction step, these two processes occur simultaneously over these iron-oxo species
with the exception of the dioxo-iron cation. In the [OFeO]+Z' system, the hydrogen-abstraction
step occurs initially and then the hydroxyl-abstraction step takes place sequentially. As the
latter is a barrierless step, the dehydration of benzaldoxime over the dioxo-iron cation would,
therefore, involve a concerted non-synchronous process. The activation barrier of the
dehydration process is calculated to be 24.5, 11.5, 31.4 and 33.6 kcal/mol for [FeO]+Z',
[OFeO]'Z, [FeO,]'Z, and [Fe(OH),] Z, respectively. For the nonredox mechanism, the initial
structure is the nitrogen-end benzaldoxime adsorption complex. The nonredox process takes
place via the four-membered ring structure, in which the electron density of oxime-oxygen is
increased in order to promote the concerted polar elimination. The higher activation energy
demand of this route is in the range of 54-58 kcal/mol over the [FeO] Z, [OFeO]' Z, [FeO,] Z
systems, while with the involvement of the water molecule as a co-reactant, the activation
energy is slightly reduced. The barrier of the dehydration process is in the range of 40-45
kcal/mol, which is still higher than that of the dehydration process via the redox mechanism. A
comparison of the energetic profiles suggest that the dehydration process would take place
through the redox mechanism in which the [OFeO]+Z- is the most reactive form of mononuclear
Fe-ZSM-5 zeolite. The d-oxygen has a function in migrating hydrogen of the benzaldoxime
and the hydroxyl group of substrate then leads to bond with the metal center to produce the

oxidized [OFeO]+Z'and the benzonitrile product.
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Comparison of various species of mononulcear Fe-ZSM-5 catalyst for
dehydration of benzaldoxime: An ONIOM study

Abstract

With considerable academic and industrial attention focused on green chemical processes,
environmentally friendly nanomaterials such as zeolites have been systemically modified and
tuned to meet such requirements in various industrial chemical reactions. The dehydration of
benzaldoxime over Fe-ZSM-5 zeolite has thus been systematically investigated by means of
the ONIOM(MO06:UFF) scheme. Four different forms of iron-oxo are used for the active
center of Fe-ZSM-5: a) monooxo iron cation [FeO]*, b) dioxo iron cation [OFeO]", c)
superoxo iron cation [FeO,]*, and d) dihydroxo iron cation [Fe(OH),]". Both the redox and
nonredox mechanisms for the dehydration process were investigated. For the redox
mechanism, this route begins with the oxygen-end benzaldoxime adsorption complex. From
this adsorption mode, its orientation facilitates the transfer of a hydrogen atom from the
oxime-carbon to a ligand bound on the iron metal acting as a hydrogen acceptor and the
transfer of the hydroxyl group to oxidize the iron metal center, yielding the formation of the
nitrile product and the oxidized Fe-ZSM-5 zeolite. In a single reaction step, these two
processes occur simultaneously over these iron-oxo species with the exception of the dioxo-
iron cation. In the [OFeO]'Z system, the hydrogen-abstraction step occurs initially and then
the hydroxyl-abstraction step takes place sequentially. As the latter is a barrierless step, the
dehydration of benzaldoxime over the dioxo-iron cation would, therefore, involve a concerted
non-synchronous process. The activation barrier of the dehydration process is calculated to be
24.5, 11.5, 31.4 and 33.6 kcal/mol for [FeO]*Z’, [OFeQ]'Z’, [FeO.]'Z’, and [Fe(OH),]'Z,
respectively. For the nonredox mechanism, the initial structure is the nitrogen-end
benzaldoxime adsorption complex. The nonredox process takes place via the four-membered
ring structure, in which the electron density of oxime-oxygen is increased in order to promote

the concerted polar elimination. The higher activation energy demand of this route is in the



range of 54-58 kcal/mol over the [FeO]'Z", [OFeO]*Z’, [FeO,]" Z  systems, while with the
involvement of the water molecule as a co-reactant, the activation energy is slightly reduced.
The barrier of the dehydration process is in the range of 40-45 kcal/mol, which is still higher
than that of the dehydration process via the redox mechanism. A comparison of the energetic
profiles suggest that the dehydration process would take place through the redox mechanism
in which the [OFeO]*Z is the most reactive form of mononuclear Fe-ZSM-5 zeolite. The o-
oxygen has a function in migrating hydrogen of the benzaldoxime and the hydroxyl group of
substrate then leads to bond with the metal center to produce the oxidized [OFeO]*Z and the

benzonitrile product.



Introduction

Aromatic nitriles are one of the most important chemical substances in industy. It is
widely utilized in chemical reactions not only as a solvent but also as a chemical intermediate
for pharmaceutical syntheses, coloring agents and agrochemicals. There are many ways to
synthesize the nitriles. Mostly, they have been prepared for the reaction of alkyl or aryl
halides with alkali or other metal cyanides. Although this procedure is convenient from the
chemical standpoint, the use of cyanides as reagents may cause the problem of toxins in
reagents and waste water. Alternately, nitriles can be prepared from the dehydration of
aldooximes by using strong dehydrating agents. However, some of these are either highly
toxic or hazardous. Hence, these methods are unsuitable for industrial applications.

With ever increasing attention being paid to industrial processes and their effect on
the environment, industry is striving to develop and promote processes that are compatible
with the development of a friendly green, clean environment. It is this concern together with
the reaction in biological reactions that lead us to research chemical processes and reactions
that will give industry the means to meet such requirements. In order to achieve the goal of
energy optimization, chemical utilization and waste minimization, zeolites are interesting
candidates as catalysts for this reaction. As environmentally benign materials, zeolites have
been extensively exploited in various industrial chemical reactions. Nowadays, the nature of
the active site of zeolites is investigated intensively through Bransted acid™™, and Lewis acid

%57 and metal cluster species®. One of the most successful ion-exchanged zeolites is

sites
iron-exchanged zeolite because the iron sites are highly active to not only the reduction
processes but also the oxidation processes. After the decomposition of nitrous oxide over
these sites (o-sites), an active oxygen (a-oxygen) is formed that exhibits very high
reactivity’®. The catalytic activity of this site is able to convert methane and benzene to

1

methanol and phenol at room temperature®'!. Furthermore, the Fe-zeolites are found to be a



potential catalyst in many reactions such as dehydrogenating hydrocarbons**°

, epoxidation
of alkene®®, and NOx-SCR*"%

The inspiration of this study originated in part from the reaction in biological
systems.?2 It was found that enzymes are able to promote the intramolecular dehydration of
aldoxime to the corresponding nitriles. Interestingly, the active sites of these enzymes consist
of the iron species which play a vital role in this reaction. To mimic the catalytic function in
the enzymatic reactions, the Fe-ZSM-5 was chosen as a catalyst for this reaction. To the best
of our knowledge, there have not been any theoretical and experimental studies on the
dehydration of oxime over the Fe-zeolites. So, this work would be fundamentally important
in providing more insight into the mechanism of the dehydration process catalyzed by iron-
exchanged zeolites.

The active site of Fe-MFI has been intensively studied in previous works. Different

types of active iron species have been proposed, for instance mononuclear species®* =2,

%03 and hydroxylated iron species®®*%%". The form of active species

binuclear oxo ions
depends mainly on the preparation procedures. It is, therefore, of interest to compare the
activity of these active species in catalyzing the dehydration of oxime. The benzaldoxime was
chosen as a model in producing the corresponding nitrile. The aim of this work is to
investigate the energetic profile of the dehydration reaction over different forms of a
mononuclear iron active center, namely: monooxo-, dioxo-, superoxo- and dihydroxy- iron
species. This finding can provide more understanding on the role of the catalytically active

sites of Fe-zeolite on the dehydration process. The interaction of the Fe-MFI zeolite and the

oxime molecule has been investigated by using the embedded ONIOM approach.



Methodology

To investigate the adsorbed structure of benzaldoxime over the different forms of Fe-MFI
zeolite, the ONIOM model was used. The silicon atom at the T12 site was substituted with an
aluminum, atom leading to a negative charge in the zeolite framework. This is neutralized by
different monomeric iron-oxo species; [OFeO]", [FeO,]" or [Fe(OH),]". These, locating
between two of the four bridging oxygens that surround the Al atom, exhibit the active center
of the Fe-MFI zeolite?®?*3"° The MFI zeolite is represented with the 128T model. The
zeolytic environment surrounding the active site of MFI zeolite is taken into account in this
model. The 128T model is calculated by means of the ONIOM2 approach by treating the
active region (12T), which is located at the intersection of the main and sinusoidal channel
and is accessible to the adsorbates, with the high accuracy method. Truhlar et al. introduced
the Minnesota density functional, M06 series"** it was found that the hybrid MO06
functional is able to efficiently describe the non-interaction terms inside the pore of zeolite
with the advantage of decreasing computational demand. Therefore, to describe the
interactions at the active center of zeolite precisely with the benefit of the computational cost,
the 12T active center was treated with the M06 functional with the 6-31G(d,p) basis set for
all atoms except Fe transition metai. For the element Fe, its core and valence electrons were
described by Stuttgart RSC 1997 ECP basis set*. The contribution of influences from the rest
of the model was approximated by a less expensive method (UFF)*. The UFF is found to
provide a good description of the short range van der Waals interactions. During the

I** atom in the

geometrical optimization, only the first shell of the -SiO- units around the A
QM region (5T) and the adsorbates were allowed to relax while the rest of the atoms was
maintained at the crystallographic coordinates. The total spin of the systems was kept fixed at
the sextet state throughout the calculations. In order to obtain more accurate adsorption

energies and take into consideration the long-range effects from the remaining infinite lattice



of zeolite (excluding the 128T ONIOM model), single point calculations were carried out at
the embedded ONIOM2(MO06/6-311++G(3df,2p):M06//6-31G(d,p)) + Madelung potential
field at the ONIOM2(MO06/6-31G(d,p):UFF) optimized structures. The Madelung potential
field is represented by the set of finite point charges generated by the SCREEP method*™>*,
The combination of the ONIOM scheme and the SCREEP is called embedded ONIOM which
is a sufficiently accurate and practical model for studying reaction mechanisms on zeolite
systems>2®". The full description of the SCREEP method is available in the litertures*®>,
Verification that the optimized transition state connects the intended reactant and product was
made by normal mode analysis. The atomic charges from the Mulliken population analysis
were carried out by single point calculations with the full quantum calculation, M06/6-

31G(d,p) level of theory. All the calculations were performed with the modified GAUSSIAN

03%, employing the MN-GFM module®.



Results and Discussion

The local structure of the Fe sites in Fe-ZSM-5

The catalytic site of Fe-ZSM-5 zeolite is modeled with an isolated Fe cation associated with
one or two a-oxygen atoms or two hydroxyl groups. These three structures are generally
acknowledged as the active center of isolated-iron in Fe-ZSM-5 zeolite. The optimized
structures of these systems are illustrated in Figure 1. For the [FeQO]" cation, the iron center is
trigonally coordinated with the two atoms of bridging-oxygen and an a-oxygen with the Fe-O
bond distances of 1.64, 1.99 and 2.07 A. The distance between the o-oxygen and the iron
center is virtually identical to the distance between a single oxygen atom bound to the “heme
iron”, which is observed to be 1.65 A, while the distance between the Fe and Al atoms is
evaluated to be 2.82 A. For the 4-coordinated iron-oxo systems, each iron center of [OFeO]",
[FeO,]" and [Fe(OH),]" cations is coordinated with the two bridging-oxygen atoms of the
zeolite framework and the two non-framework oxygen atoms. The Fe-O bond distances of
the [OFeQ]" site are found to be asymmetric with the lengths of 1.65 and 1.68 A, for the
Fe-O1 and Fe-O2 bonds, respectively. Unlike the [OFeQ]" cation, the O1 and O2 atoms in
the [FeO,]" cation forms a covalent bond with each other with the optimized distance of 1.35
A. And the lengths between Fe and extra-framework oxygen atoms are observed equally on
both sides (1.92 A). Based on the previous results®®, the O-O bond length on the metal site
characterizes a superoxide species. The energy difference between the [OFeQ]", [FeO,]"
species is about 17 kcal/mol in which the diatomic form is lower in energy.

For the [Fe(OH),]" cation system, the Fe-O intramolecular lengths (Fe-O1 and FeO2
bonds) are nearly symmetric with the values of 1.78 and 1.79 A. The Fe-O bond distances
clearly exhibit a single bond character similar to that found in the “heme iron” in the eyzyme
cytochrome P450cam. The average Fe-O bond distance of all species is in the range of 1.8-

2.0 A and the Fe-Al bond distance is approximately equal to 2.8 A. These observations are in



good agreement with the results obtained by EXAFS measurements®®

which reported the
intramolecular distances for the Fe-O and Fe-Al bonds of ~2.1 and ~2.9 A, respectively.
Accordingly, these results prove the validity of our models. In the case of [Fe(OH),]" cation
system, the O1 are pointing towards the free space in the intersection cavity. According to the
molecular size of cyclohexanone oxime, the O1 are potentially more accessible to the
entering adsorbate and the reaction might take place at these sites.
The dehydration of benzaldoxime over iron-exchanged MFI zeolite

The elimination of benzaldoxime in the gas phase was proposed to proceed via a
concerted four-membered cyclic transition state to produce benzonitrile and water molecules.
It was found that the a-oxygen of Fe-MFI zeolite is capable of promoting the oxidative
dehydrogenation reaction of alkane. This reaction takes place via C-H bond cleavage by the
reactive iron-oxo species. So the dehydrating process over the iron active center involving the
C-H bond activation is proposed to proceed in a single step to produce the corresponding
nitrile and water molecule. The elimination transition state structure occurs via the six-
membered cyclic transition state by directly breaking the hydroxyl group and hydrogen at the
alpha-carbon to the iron metal and a coordinated-oxide species, simultaneously. This
mechanism is called the redox route and the details of this are explained below. Another
mechanism of dehydration is proceeded via non-redox reaction in which an electron-rich iron
complex catalyst activates the bound aldoxime by enhancing the electron density in the C=N-
OH moiety. Increasing a partial negative charge on the C=N carbon would favor the
departure of the OH group of aldoxime, leading to the formation of nitrile. This dehydrating
process occurs in the electron-rich iron complex as the iron(Il)porphyrins or cytochromes

P450 as a catalyst.



Adsorption mode of benzaldoxime over the Fe-MFI zeolite

As expected from the nature of its HOMO and HOMO-1 orbitals and charge value of each
atom (see Supplementary Figure 1), the benzaldoxime molecule prefers to coordinate with
the metal site through: a) the O donor atom, b) the N donor atom and c) the benzyl ring of
molecule. From the first adsorption mode, the benzaldoxime is possibly bound to the iron-
0xo via two bonds which are the interaction between the oxime hydrogen (H1) with the a-
oxygen and the dative coordination between the oxime oxygen (O3) and Fe cation. The
second mode is the interaction of metal site and the oxime nitrogen to form the Fe-N complex
which is an initial coordination complex in the dehydration reaction in biological systems.
The last adsorption mode is a kind of the n-complex leading to the hydroxylation reaction as
the benzene-to-phenol-like process. Except for the [Fe(OH),]" active center, all of these
bonding modes are observed. The direct interaction via either the N donor atom or the benzyl
ring with the [Fe(OH),]" active center cannot be observed. This might be attributed to the
steric effects of the hydroxyl groups over the Fe center. The optimized adsorption complexes
between all iron-oxo centers over the MFI zeolite and the benzaldoxime molecule in all
possible bonding modes are shown in Figures 2-3. The interaction via the O donor atom (O3)
of benzaldoxime is -37.1, -34.5, -26.8 and -18.3 kcal/mol for [FeO]", [OFeO]", [FeO,]" and
[Fe(OH),]", respectively, which are slightly more favorable than the attachment of the N
donor atom of -C=N-OH moiety by about 1-3 kcal/mol. The last mode is the interaction
between the benzyl ring and iron active centers. The computed adsorption energies of this
mode are -26.7, -18.9, -28.1 kcal/mol for the [FeQ]", [OFeO]" and [FeO,]" species,
respectively. These results are the initial stage of the reaction as the iron-oxo species
approaches the benzaldoxime molecule to promote the dehydration process and would
proceed via either the O donor atom or the N donor atom to form the dative coordination

complex. The association with the benzaldoxime with the iron-oxo species is in accordance



with the frontier-molecular mechanism and the charge-controlled mechanism. For the O-
bound complex, the bond distance of the N-O bond is lengthened by about 0.03 A, and
consequently, the O3-H bond of the oxime molecule is longer at 0.98 A. The C1=N bond
distance is the same at 1.28 A. The Mulliken population analysis shows the electron transfer
occurring from the oxime molecule to the Fe-ZSM-5 catalysts by 0.17-0.26 charge unit. On
the other hand, the O3-H bond and the C=N bond of benzaldoxime of the Fe-N dative-
bonding complexes differ slightly from the isolated molecule. And the N-O3 bond is slightly
lengthened by 0.01 A. The dehydration process of these adsorption modes is considered to
undergo two different mechanisms. The dehydration process via the redox mechanism is
applicable when the oxime coordinates the metal active center with the O donor atom. While
the iron forms a dative bond with the nitrogen atom of oxime, the direct decomposition of
benzaldoxime can occur in a non-redox manner. In this section, we compare the energetic of
these mechanisms over the different forms of mononuclear iron-oxo ZSM-5 zeolite with
respect to the activation of the dehydration process.
Redox mechanism

As discussed in the previous section, the O-bound adsorption complex is the first step
of this path. At the transition state structure, the reaction was considered to proceed through a
concerted cyclic mechanism associating it with the hydrogen abstraction from the oxime-
carbon (C1) to the ligands of the iron metal center, at the same time as the dehydroxylation
process from the oxime to the metal site takes place. The transition state structures are shown
in the Figure 4-5 and the all reaction intermediates regarding this pathway are depicted in the
Supplementary Figure 2-3. Over the [FeO]*, [FeO,]" and [Fe(OH),]" active sites, the
transition state of the dehydration process (cf. Figures 4) is responsible for the C1-H1 and N-
03 bond dissociations of oxime to produce benzonitrile as the product. The C1-H1 and N-O3

bond distances are elongated significantly by 0.2-0.4 A. At the same time, the O1-H1 and Fe-



O3 bonds are formed. These TS structures are confirmed by frequency calculation resulting
in one imaginary frequency at 847.6i, 1556.2i and 1003.3i cm™ for the [FeO]*, [FeO,]" and
[Fe(OH),]" active sites, respectively, these results are acceptable for the cleavage of these
bonds in a transition state structure. The activation energy of this step is 24.5, 31.4 and 33.6
kcal/mol, respectively.

While the process over these three active sites proceeds via a concerted synchronous
mechanism, the concerted synchronous transition state structure of the dehydration over the
[OFeO]" active center was not found. But the direct H abstraction from the oxime to an o-
oxygen was observed with a transition state of a linear O-H-C array (TS1) (cf. Figures 5(b)).
It connects the benzaldoxime complex and the benzaldoxime radical cations as an
intermediate. The TS1 structure has also been verified by the normal mode analysis yielding
only one imaginary frequency mode of 2135.0i cm™. This mode is a direct result of a C1-H1
bond cleavage and O1-H1 bond formation, which is consistent with the lengthening of the
C1-H1 bond length and the shortening of the O1-H1 bond length. The activation energy of
this step is 11.5 kcal/mol. The intermediate is adsorbed on the active site by forming a dative
bond with the Fe cation. The distance Fe03 is 2.28 A. The N-O3 bond is longer at 1.43 A
and the C2-C1=N angle is broader at 138.2°. The formation of this intermediate is
energetically very favorable. In this structure the PhCNOH radical intermediate (cf.
Supplementary Figures 3(a)) is 2.28 A from the iron active center. This orientation is a facile
transfer of the oxime-hydroxyl of the intermediate to the iron center through the TS2
transition state (cf. Figures 5(c)), which is responsible for the cleavage of the N-O3 bond and
the formation of Fe-O3 bond, leading to the formation of benzonitrile product. The optimized
Fe-O3 bond distance decreases to 2.07 A and the O3-N bond of oxime is elongated to 1.47 A,
leading to the cleavage of the PhCNOH radical intermediate to the PhCN product (cf.

Supplementary Figures 3(b)). This step proceeds spontaneously without an energy barrier via



the TS2. The above observations seem to provide evidence for a concerted non-synchronous
mechanism of the dehydration process of benzaldoxime over the dioxo-iron species.

Besides the [Fe(OH),]" system, the form of the active center in the iron-oxo systems is
not in the initial active form of an iron center after the dehydration process of benzaldoxime.
Hereafter, the production of benzonitrile, the dehydration of Fe-ZSM-5 is predicted to be an
essential step for recovery of the active iron centers. The [FeO]", [FeO,]" and [Fe(OH),]"
active sites are regenerated via the intramolecular dehydration of the [Fe(OH),]",
[OFe(OH);]" and [(HOO)Fe(OH)]" species, respectively. The regeneration of these active
sites can occur directly via the direct proton transfer between the groups bonded to the iron
atom to form a water molecule. At the regeneration transition state structures (cf. Figure 6),
the transferring proton is at the mid-way point between the O1 and O3 atoms, which happens
simultaneously with the shortening of the Fe-O1 bond and the elongation of the Fe-O3 bond
for releasing a water molecule. The lengthened Fe-O3 bond which belongs to the proton-
receiving oxygen and the iron center is in the range of 1.95-1.99 A. The Fe-O1 bond
belonging to the proton-donating oxygen and the iron center is about 1.73-2.16 A. The
imaginary frequency associated with the transition state mode is 1317i, 1454i and 760i cm™
and the energy barrier for this step is predicted to be 41.4, 17.7 and 22.3 kcal/mol for the
catalytic cycle on the [FeO]", [OFeO]" and [FeO,]" active sites, respectively. At the end of
this step, the adsorption of water by these active species is obtained. The water molecule,
which is generated by the dehydration process, is desorbed endothermically by 28.1, 27.2 and
21.0 kcal/mol, respectively. After release of the water molecule, the initial active species of
Fe-ZSM-5 are recovered.

Nonredox mechansim
Another possible mechanism of aldoxime dehydration, which is analogous to the

possible path for this reaction in the biological system, proceeds through increasing the



electron density in the -C=N-OH moiety. For the N-bound complex, the C1=N and N-O3
bonds are elongated and the C1-C2 bond is shortened. Accumulation of the partial negative
charges on the N-O oxygen atom would favor to promote the concerted polar elimination.
The oxygen atom increases its electron density showing a slightly more negative partial
charge by a 0.01 charge unit and the C1-H1 hydrogen becomes more positive by a 0.04
charge unit. The transition state structure of dehydration process over these iron-oxo species
is entirely similar (cf. Supplementary Figures 5 (left)). The process takes place via the four-
memberred ring structure as found in the decomposition mechanism in the gas phase system,
in which the migrating proton (H1) is located at the midway point between the oxime-oxygen
and the oxime-carbon atoms (the distances of the C1-H1 and O3-H1 bonds are about 1.4 and
1.2 A, respectively.). It is nearly in the same plane as the oxime-oxygen and the oxime-
carbon atoms with the H-C-N-O dihedral angle of about 3°. Concurrently, the C1=N bonds
becomes less polarized and shorten. The imaginary frequency for the this transition state
structure is 1838.6i, 1698.7i and 1887.8i cm™ for the [FeO]", [OFeO]" and [FeO,]" species,
respectively. All of these vibrations are associated with the hydrogen transfer from the
oxime-carbon to the oxygen atom to form a water molecule. The process proceeds through a
nonradical manner as considered from the spin density of the benzaldoxime during the
elimination over the catalysts. Computed activation energy is 58.5, 54.0 and 54.4 kcal/mol
relative to each N-bound complex over the [FeO]", [OFeO]" and [FeO]" species,
respectively. These are slightly lower than that of unimolecular dehydration in the gas phase
system (approximately 60 kcal/mol)®*. In the biological system, the proposed mechanism
does not take place via the unimolecular elimination mechanism as found in the gas phase
system. The co-catalyst should be greatly assisted in the departure of both the -OH group and
the carbon-hydrogen atom to produce the corresponding nitrile as the product of reaction. In

order to facilitate the reaction, a polar solvent might be responsible for shuttling the proton



transfer from the oxime-carbon to oxime-oxygen atom. Water is used as the direct
participating solvent. Not only as a solvent in aqueous media, it is also a product of the
reaction and it is possible to be present in this system. Therefore, water would facilitate the
dehydration process by abstracting a proton from oxime-carbon, simultaneously providing
another proton to the oxime-oxygen to generate a dehydration-made water molecule. The six-
memberred transition state structure is expected to be involved in this acid-based cyclic
process.
Nonredox mechanism assisting with a water molecule

Initially, the co-adsorption of the benzaldoxime and a water molecule is formed in
which the water interacts with the benzaldoxime molecule via a hydrogen bond between the
Ow-Hw03. The distance between the oxime oxygen (O3) and the water oxygen (Ow) is
about 2.9 A. The incoming of the water increases the adsorption energy of the complex with
respect to that of the N-bond complex by 6.79 kcal/mol and causes the change of the Fe-N
bond and N-O3 bond distances. In all systems, the N-O3 bond is activated with the
elongation of this bond distance by 0.01 A. The oxygen atom increases its electron density
showing a slightly more negative partial charge of a 0.03 charge unit and the C1-H1
hydrogen becomes less positive by a 0.01 charge unit. The corresponding reaction coordinate
should be carried out by proton transfer from the added water molecule to the oxime-oxygen
atom and the N-O3 bond breaks to leave a water product. The remainder of the added water
molecule concurrently abstracts a proton from the C1-H1 hydrogen to generate another water
molecule and the corresponding nitrile product. The six-membered transition state involves a
double proton transfer from the water oxygen (Ow) to the oxime oxygen (O3) and from the
oxime carbon (C1) to the water oxygen (Ow) to give the products of reaction; water and
benzonitrile. In the transition state of dehydration (cf. Supplementary Figures 5 (right)), the

additional water molecule plays a role in facilitating the transfer of a proton from the oxime-



carbon to the oxygen atom as a shuttling center by providing a proton to the hydroxyl group
of benzaldoxime and concurrently receiving a proton from the oxime-carbon to produce the
water and benzonitrile molecules which are the product of dehydration process. A concerted
double proton transfer is found in this stage. So, the added water molecule behaves bi-
functionally in this transition state as a proton acceptor and a proton donor. The transferring
protons are located approximately at the midpoint between the terminal points regarding the
breaking of the Ow-Hw bond of the added water and the C1-H1 bond of oxime. The
activation energy for the dehydration process co-catalyzed by a water molecule is decreased
to 39.7, 40.5 and 45.2 kcal/mol for the [FeO]", [OFeO]" and [FeO,|" species, respectively.

A comparison of the results of the redox mechanism and nonredox with and without a
water molecule mechanism (cf. Figures 7-8) reveals that the dehydration process of
benzaldoxime molecules would be carried out via the a-oxygen of the iron active center as a
catalytic center. It is found that the [OFeO]" species are the most catalytic form in the
dehydration reaction. The enhancement of reactivity of the [OFeO]'Z" is due mainly to the
ionic-like-transition state mechanism in the TS1 step. It was found that at the transition of H-
abstraction step, the total charge of substrate becomes more ionic than that of the adsorption
complex (froma 0.2 to a 0.4 charge unit), while the charge of the substrate at the dehydration
transition state over the other three iron active centers is approximately equal to that of the
adsorption complex (in the range of a 0.2 charge unit). Therefore, the transition state over the
[OFe0]*Z" presents more ionic character. In this case, the framework would play a more
important role in the stabilization of this ionic species than the adsorption complex, leading to
the decrease of the activation energy of this step. This behavior is in accordance with the
findings by Fang et al.”®. The dehydration mechanism consists of: (1) the H-abstraction from
the oxime C-H bond, leading to the formation of a radical ion pair intermediate, and (2) OH-

elimination by the oxime OH group transfer to the iron active center, yielding a nitrile



product. Once the PACNOH radical has been generated, it collapses to give the final product
via the second step of reaction without an energy barrier. The rate-determining step of the

reaction over the [OFeO]" species is the first step with the activation energy of 11.5 kcal/mol.



Conclusions
Extensive investigation of the aldoxime dehydration reaction over the mono-nuclear

Fe-ZSM-5 zeolite has been performed by using the ONIOM(MO06:UFF) level approaches.
Four different forms of mononuclear Fe-ZSM-5: a) monooxo iron cation [FeO]*, b) dioxo
iron cation [OFeO]", ¢) superoxo cation [FeO,]", and d) dihydroxo iron cation [Fe(OH).]",
are investigated on this reaction. Two dehydration mechanisms, redox and nonredox
mechanism are considered. For the redox mechanism, the reaction initiates with the O-ended
benzaldoxime adsorption complex interacting with the Fe cation center. This form leads to
the formation of the oxidized form of the Fe centers and the benzonitrile product in which the
oxygen atom of the ligand bound on the Fe cation acts as the hydrogen acceptor and the metal
site acts as the hydroxyl acceptor. Excepting the reaction over the [OFeQO]" center, two
processes of elimination takes place simultaneously with the activation energy of 24.5, 31.4
kcal/mol for the [FeO]", [FeO.]", and [Fe(OH),]", respectively. For the [OFeO]", the H-
abstraction occurs first leading to the formation of PhnCNOH radical intermediate with a
lower activation energy of 11.5 kcal/mol. The second process changing the intermediate to
the nitrile product is a straightforward step without an energy barrier. These obtained results
substantiate the strong catalytic activity of the a-oxygen in the [OFeO]*Z" zeolite. For the
nonredox mechanism, the N-ended benzaldoxime adsorption complex is the initial structure
of this route. The higher negative charge on the oxime-oxygen leads to the intramolecular
dehydration process. The water co-reactant is also investigated in this route as assisting the
transfer of the hydrogen to the oxygen atom of aldoxime to form the nitrile and water
products. It was found that the high-energy barrier demand of this route over the oxo-iron
systems is observed and is about 55 and 40 kcal/mol for the reaction with and without an
additional water molecule. These calculations suggest that the reaction would proceed via a
concerted asynchronous mechanism over the [OFeO]"Z" zeolite, in which the C(oxime)-H

bond breaking in the first step is the rate determining step reaction.



Figure Captions

Figure 1 a) Presentation of the 128T ONIOM2 model of Fe-ZSM-5 zeolite, in which atoms
presented with the bonds-and-sticks style are treated with high-level region and ones
presented with line style are treated with low-level region in ONIOM2(MO06:UFF) scheme,
and b) different forms of mononuclear iron action center are investigated in this reaction:
monooxo iron cation [FeO]", dioxo iron cation [OFeO]", superoxo cation [FeO.]", and
dihydroxo iron cation [Fe(OH),]".

Figure 2 Optimized geometrical parameters of adsorption complexes of benzaldoxime over
the different types of mononuclear iron action center: (a) O-bound complex, (b) N-bound
complex and (c) n-complex via the phenyl ring.

Figure 3 Optimized geometrical parameters of the O-bound complex of benzaldoxime over
the [Fe(OH),]*Z catalyst.

Figure 4 Optimized geometrical parameters of the redox dehydration transition state complex
(step (i) on the catalytic cycle depicted in (a)) catalyzed by over the extraframework metal
cation [Mef]": (b) the [FeO]'Z catalyst, (c) the [FeO,]"Z catalyst and (d) the [Fe(OH).]"Z
catalyst, respectively.

Figure 5 Optimized geometrical parameters of the transition states complexes corresponding
to (a) the catalytic cycle for benzaldoxime dehydration over the [OFeO]"Z" catalyst: (b) the
H-abstraction transition state complex (step (i)), (b) OH-abstraction transition state complex
(step (ii)), respectively.

Figure 6 Optimized geometrical parameters of the active site regeneration transition state
complex (step (ii) on the catalytic cycle depicted in (a)) over the extraframework metal cation
[Mer]™; (b) the [FeO]*Z catalyst, (c) the [FeO,]"Z catalyst and (d) the [OFeO]*Z catalyst,
respectively.

Figure 7 The energetic profiles along the pathway of the redox dehydration mechanism of
the benzaldoxime molecule on various forms of Fe-ZSM-5 catalyst at the embedded
ONIOM2 scheme (MO06:M06//M06:UFF) level of theory. The energetic changes for
complexes are in kcal/mol. The “PhCHNOH” and “PhCN” in profiles stand for the
benzaldoxime and benzonitrile molecules, respectively.

Figure 8 The energetic profile for the nonredox dehydration mechanism (solid line) and for
the nonredox dehydration mechanism with assisting water co-reactant (dash line) of the
benzaldoxime molecule on various forms of Fe-ZSM-5 catalyst at the embedded ONIOM2
scheme (M06:M06//M06:UFF) level of theory. The energetic changes for complexes are in
kcal/mol. The “PhCHNOH” and “PhCN” in profiles stand for the benzaldoxime and
benzonitrile molecules, respectively.
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Supplementary Information

Supplementary Figure Captions

Supplementary Figures 1 Illustration a) the HOMO orbital, b) the HOMO-1 orbital and c)
Mulliken atomic charges of the isolated benzaldoxime molecule at the M06/6-31G(d,p) level
of theory.

Supplementary Figure 2 Optimized geometrical parameters of the intermediate complexes
after the dehydration process via the redox mechanism (as illustrated in Figure 4) over the (a)
the [FeO]'Z catalyst, (b) the [FeO,]'Z catalyst and (c) the [Fe(OH),]"Z catalyst,
respectively.

Supplementary Figure 3 Optimized geometrical parameters of the intermediate complexes
during the dehydration process via the redox mechanism (as iliustrated in Figure 5) over the
[OFe0]*Z catalyst; (a) PhACNOH radical intermediate (Inty,) and the benzonitrile adsorption
complex (PhCN ads.), respectively.

Supplementary Figure 4 Optimized geometrical parameters of the water adsorption
generated from the active site regeneration process (illustrated in Figure 6) over (a) the
[FeO]"Z catalyst, (b) the [FeO,]"Z catalyst and (c) the [OFeO] Z catalyst, respectively.

Supplementary Figure 5 Optimized geometrical parameters of the nonredox dehydration
transition state complex without/with an additional water molecule as a co-catalyst (left and
right, respectively) catalyzed by (a) the [FeO]*Z catalyst, (b) the [OFeO]*Z" catalyst and (c)
the [FeO,]"Z catalyst, respectively. The character “w” denotes to atoms of the added water
molecule



Supplementary Tables

Supplementary Table 1. Mullikan charges and spin densities (in parentheses) of iron and
oxygen of reaction complexes for redox and nonredox dehydration mechanisms over the

[FeO]*Z system.

[FeO]*Z system

Redox pathway

Nonredox pathway

Steps Ads TS1 P Ads TS2 P
Fe 0.488 0.685 0.600 0.483 0.484 0.468
(3.944) (4.069) (4.149) (3.911) (3.956) (3.999)
o1 -0.497 -0.647 -0.643 -0.514 -0.530 -0.563
(0.938) (0.560) (0.322) (0.967) (0.936) (0.872)
substrate moiety 0.213 0.182 0.095 0.259 0.224 0.287
(0.051) (0.275) (0.003) (0.077) (0.058) (0.057)

Supplementary Table 2. Mullikan charges and spin densities (in parentheses) of iron and
oxygen atoms of reaction complexes for redox and nonredox dehydration mechanisms over

the [OFeO]"Z system.

[OFeO]'Z Redox pathway Nonredox pathway
system
Steps Ads TS1-1 Int TS1-2 P Ads TS2 P
Fe 0.605 0.586 0.557 0.652 0.688 0.661 0.639 0.570
(3.099) (3.113) (3.249) (3.361) (3.244) (3.051) (2.997) (3.038)
01 -0.362  -0.412  -0.427 @ -0.504 -0.326 -0.353  -0.374  -0.373
(0.913) (0.659) (0.636) (0.580)  (0.670) (1.012) (1.006) (0.914)
02 -0.371  -0.525 -0.594  -.0616 -0.427 -0.387  -0.385  -0.376
(0.914) (0.659) (0.146) (0.102)  (0.753) (0.879) (0.948) (0.920)
substrate moiety 0.237 0.455 0.225 0.268 0.110 0.256 0.255 0.286
(0.004) (0.493) (0.889) (0.892) (0.002) (0.003) (0.009) (0.073)

Supplementary Table 3. Mullikan charges and spin densities (in parentheses) of iron and
oxygen atoms of reaction complexes for redox and nonredox dehydration mechanisms over

the [FeO,]"Z" system.

[FeO,]'Z Redox pathway Nonredox pathway
system
Steps Ads TS1 P Ads TS2 P
Fe 0.580 0.782 0.717 0.557 0.549 0.546
(3.789) (4.069) (4.151) (3.713) (3.754) (3.837)
01 -0.271 -0.356 -0.405 -0.265 -0.264 -0.325
(0.594) (0.330) (0.261) (0.588) (0.589) (0.515)
02 -0.303 -0.408 -0.655 -0.238 -0.267 -0.248
(0.539) (0.259) (0.068) (0.643) (0.593) (0.557)
substrate moiety 0.210 0.229 0.083 0.210 0.200 0.285
(0.027) (0.233) (0.002) (0.028) (0.024) (0.033)




Supplementary Table 4. Mullikan charges and spin densities (in parentheses) of iron and
hydroxyl atoms of reaction complexes for redox dehydration mechanism over the
[Fe(OH),]"Z system.

[FeO,]'Z Redox pathway

system

Steps Ads TS1 P

Fe 0.438 0.573 0.520
(4.167) (4.204) (4.191)

01 -0.621 -0.638 -0.680
(0.376) (0.328) (0.275)

02 -0.651 -0.670 -0.605
(0.312) (0.133) (0.050)

H on O1 0.360 0.360 0.353
(0.000) (0.002) (0.000)

H2 on 02 0.346 0.376 0.404
(0.001) (0.002) (0.000)

substrate moiety 0.172 0.165 0.094

(0.025) (0.195) (0.002)
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