Theor Chem Acc (2007) 117:765-779
DOI 10.1007/s00214-006-0199-9

REGULAR ARTICLE

The role of quantum chemistry in the elucidation
of the elementary mechanisms of catalytic processes: from atoms,

to surfaces, to enzymes

Monica Leopoldini - Tiziana Marino -
Maria del Carmen Michelini - Ivan Rivalta -
Nino Russo - Emilia Sicilia - Marirosa Toscano

Received: 13 October 2006 / Accepted: 13 October 2006 / Published online: 6 February 2007

© Springer-Verlag 2007

Abstract The recent activity of the laboratory of
quantum and computational chemistry of the University
of Calabria in the field of catalysis is shortly reviewed.
Theoretical determinations of the potential energy pro-
files for the cyclotrimerization of acetylene catalyzed
by bare and supported niobium atom and the reduc-
tion mechanism of nitrate to nitrite by nitrate reductase
enzyme are presented as examples of studies in which a
certain number of investigation methods mostly used in
this field, are applied.
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1 Introduction

One of the most interesting research field of chemistry in
the 1900s is that of catalysis. Really, the history of catal-
ysis is much older since the nature invented it in the
early stage of the vegetal and animal kingdoms. In fact,
in the living organisms an enormous number of known
and unknown reactions, necessary to their functional-
ity, are catalyzed by special catalysts—the enzymes. The
number of Nobel prizes assigned in this period to the
scientists who contributed in this field demonstrates
its importance. The continuous attention devoted to
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the catalytic processes is dictated essentially by their
industrial applications that permeate every day many
human activities. The interest of scientists is also, or bet-
ter mainly, due to the desire to understand and explain
the elementary mechanisms which catalytic phenom-
ena are based on. Nowadays, an incredible number of
industrial-manufactured articles (e.g. gasoline, plastic
materials, drugs, etc.) are produced by using catalyzed
reactions.

Traditionally, catalysis is classified as homogeneous
and heterogeneous depending on the fact that catalyst
has or not the same phase of reactants. The extremely
important group of enzymes cannot be accommodated
within this classification. In fact, they are neither homo-
geneous nor heterogeneous catalysts. We must therefore
regard enzymatic catalysis as something quite different
from the other two forms of catalysis.

In the major part of the catalysts operating in homo-
geneous and heterogeneous phases as well as in the
enzymes, metal species are frequently involved (often
a transition metal). The main difference of these cata-
lysts lies in the different coordination around the metal
center, so that, studies on the elementary mechanism
of reaction catalyzed by metal-containing systems can
contribute not only to elucidate the specific reaction but
also to build up an “unified theory” of catalysis.

Quantum chemical methods can play an important
role in understanding catalysis because they provide
some advantages such as the localization and charac-
terization of reaction intermediates and transition states
and the individuation of different possible reaction path-
ways.

Among them, the methods based on the density func-
tional theory (DFT) appear to be highly accurate and in
competition with the most reliable ab initio-CI methods.
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In fact, the DFT allows the treatment of large systems,
because of the reduced computational efforts.

Gas-phase studies on “isolated” reactants provide an
ideal way to investigate in detail the energetics and
kinetics of any bond-making and bond-breaking pro-
cess at a strictly molecular level. In the last decades
many experimental and theoretical works have been
exploited to provide useful insight into the elementary
steps of various catalytic reactions and to character-
ize reactive intermediates that have been previously
out of condensed-phase techniques (see example [1-7]).
Clearly, as a result of the absence of counterions, sol-
vation, and any environmental influence, these coordin-
atively unsaturated (“naked”) species will, in general, be
much more reactive than their condensed-phase analogs
[8-11]. Thus, gas-phase studies will, in principle, never
account for the precise mechanisms, energetics, and
kinetics operating in applied catalysis. However, such
experimental studies, are not at all without meaning,
as they provide a conceptual framework and an effi-
cient mean to obtain direct insight into reactivity pat-
terns, the role of differential ligation, the importance of
aspects of electronic structure, and the nature of crucial
intermediates. Furthermore, as these gas-phase studies
can be performed under well-defined conditions, they
play a key role in the evolution of approaches aimed
at a more comprehensive understanding of elementary
steps, knowledge of which is mandatory for the design
of tailor-made catalysts [1-7,12-31].

To better reproduce the “real-life” catalysts three
different techniques are currently used to model the
structure at the active site. These are known as cluster
[32-34], embedded cluster [35-39], and periodic meth-
ods [40-44]. Each method has its own set of advantages
and disadvantages. In the cluster approach, a discrete
number of atoms is used to represent the active site
region. The basic idea is that chemisorption and reactiv-
ity are local phenomena, primarily affected only by the
nearby surface structure. The embedded cluster model
is an extension of the cluster approach whereby the
problems associated with the abrupt cluster termination
are treated by embedding the cluster into a lower level
quantum mechanical or molecular mechanical model.
In the embedded cluster approach, a rigorous quantum
mechanical (QM) method is used to model the local
region about the active site. This primary cluster is then
embedded into a much larger system in order to sim-
ulate the external electronic environment. The outer
model employs a much simpler quantum mechanical
treatment or an empirical force field to simulate the
external environment. This minimizes cluster-size arti-
facts. The outer model can subsequently be embedded
in yet a third model which is made of point charges to
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treat the Madelung potential. The last approach is the
periodic slab method. In this method one defines a unit
cell which comprises a large enough surface ensemble.
Periodic boundary conditions are then used to expand
the cell in x,y, and/or z directions, thus providing the
electronic structure for linear, slab (surface), and bulk
materials, respectively.

As far as the enzymatic catalysis is concerned, the
systems studied experimentally in this field are usu-
ally excessively large for a quantum chemical treatment,
thus, notwithstanding the current computer power that
allows the investigation of systems of noticeable dimen-
sions, some stratagem is mandatory.

For instance, the enzyme active sites can be inves-
tigated using model systems including at least the first
coordination shell of metal centers. Nevertheless, some-
times this choice is insufficient to describe correctly the
reaction, thus some second shell residues, which the
experiment indicates to be active in the development
of the enzymatic process, must be included explicitly.
Furthermore, if the active site is particularly large, some
of the ligands that do not directly participate in the cat-
alytic process, can be replaced by simpler ligands.

The remaining part of the enzyme can be consid-
ered as a homogeneous polarizable medium, and can
be described by one of the available continuum sol-
vation methods using an opportune dielectric constant
that simulates a protein like environmental [45,46]. The
standard value is epsilon=4. The PCM [47-49] model
calculates the free energy in solution as the sum of three
terms that represent the electrostatic and the disper-
sion-repulsion contributions to the free energy, and the
cavitation energy. All three terms are calculated using
a cavity determined from a surface of constant charge
density around the solute molecule. The reaction field
is represented through point charges located on the sur-
face of the molecular cavity.

Alternatively, we can resort to the QM/MM hybrid
methods [50]. The general idea on which these methods
are based is that a chemical system made up of hundreds
or thousands of atoms can be partitioned into a region
electronically important that requires a QM treatment
and into a second region that acts in a perturbative way
on the first one and allows a classic description molecu-
lar mechanics (MM).

Among the QM/MM, the ONIOM methods are
extensively used [51-57] to compute potential-energy
profiles for biologically large systems and provide reli-
able information about the influence of the protein envi-
ronment on active site structures and reaction energetics.

In the ONIOM procedure, the system is described
through a model divided into two parts, an inner and an
outer layer. The inner layer consists of a metal center
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and its first coordination sphere. The outer layer is made
up of some amino acids, fixed at their crystallographic
positions to prevent optimization from giving an unreal-
istic expansion of the protein [58]. Hydrogen atoms can
be used to saturate fragments from the Protein Data
Bank (PDB) structure, avoiding chemical artifacts.

For the ONIOM study, quantum mechanical and
molecular mechanics UFF force fields [59] can be used
to perform high-level and low-level inner-layer calcula-
tions, respectively.

Recently, a new approach, the so-called Orbital-Free
Embedding method [60] was proposed to study also
the enzymatic reaction. This method, contrary to the
hybrid QM/MM ones, does not depend on the parame-
ters and calibration used [61]. The orbital-free embed-
ding scheme allows the description of different regions
of a system of interest on different levels of theory.
Kohn-Sham-like equations are solved to obtain the elec-
tron density of a fragment (i.e. active site of enzyme),
which is embedded in a larger frozen system (protein
environment).

The fact that the studied subsystem is embedded in a
microscopic environment is represented in this
formalism by means of a special term in the effective
potential —effective embedding potential. This embed-
ding potential is system-independent because it uses the
universal functionals of electron density. It is expressed
as a function of two variables pp and pg which are the
electron densities of the embedded system and its micro-
scopic environment, respectively. It is, therefore, orbi-
tal-free. The explicit analytic form of the orbital-free
embedding effective potential is not known, but it can
be expressed using approximations to the non-additive
kinetic energy functional (the difference between the
kinetic energy Ts[p] of the total electron densities and
that of the separated electron densities of the two sub-
systems) and the exchange-correlation functional
defined in the Kohn—-Sham formalism [60,61].

2 Computational details

GAUSSIAN 03 code was used for all computations
reported here [62]. An efficient computer implementa-
tions of the orbital-free embedding deMon2K-KSCED
[63] based on the code deMon2K [64] solving Kohn—
Sham equations was only employed in the study of
nitrate reductase enzyme.

For the investigation of the acetylene cyclotrimeriza-
tion reaction mediated by Nb naked atom, the Becke’s
three-parameter hybrid functional [65] combined with
the Lee, Yang, and Parr (LYP) [66] correlation func-
tional, was employed. The LANL2DZ effective core

potential [67-69] and the standard 6—311+G** basis set
[70,71] were used for the metal center and the rest of
the atoms, respectively.

The study of acetylene cyclotrimerization on Nby/
MgO(100) was performed using the 6-31G basis for Mg
atoms. Nb atom was described by the LanL.2DZ ECP
[67-69] pseudopotential, while C, O, and H were treated
with a 6-31G* basis set. Frequency calculations of the
saddle-point structures show the existence of only one
negative frequency value associated to the vibrational
mode of the reaction coordination chosen for the reac-
tion path. The calculations have been performed at the
spin-polarized DFT level with the B3LYP functional.

For nitrate reductase, optimization, and vibrational
analysis were carried out using B3LYP/6-31+G* [65,66,
70,71] density functional protocol. PW91PW91/6-31+G*
[72-76] method was then used to perform single point
computations on B3LYP/6-31+G* [65,66,70,71] opti-
mized geometries. LANL2DZ [67-69] pseudopotential
for the metal ion was chosen in both set of calcula-
tions. Although the involvement of two spin-states in
oxo-transfer reaction catalyzed by molybdoenzyme-
analogous systems was never claimed out previously,
we examined singlet and triplet energy profiles using
restricted closed-shell and unrestricted open-shell
approaches, respectively. No spin contamination was
found for triplet species ((S?) value was about 2 in all
cases).

The PW91PWO1 exchange-correlation functional was
used in both Kohn-Sham and KSCED -calculations in
connection with DZVP basis set [77] and the automati-
cally generated auxiliary A2* functions [78].

3 Results and discussion

3.1 Acetylene cyclotrimerization mediated by the bare
Nb atom

In the framework of a more extended project aimed
to unravel the elementary mechanisms of catalytic pro-
cesses for the activation of prototypical bonds medi-
ated by transition metal-containing systems, we have
undertaken a systematic theoretical study of the cyclo-
trimerization of acetylene mediated by bare second-row
transition metal atoms.

Cycloaddition of unsaturated hydrocarbons is a useful
kind of reaction for the synthesis of organic ring systems.
Although these reactions are generally quite exother-
mic, they are usually hampered by high kinetic barri-
ers as long as non-activated hydrocarbons are involved.
Thermal cyclotrimerization of acetylene to form ben-
zene is particularly interesting from this point of view
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since, even if this transformation is extremely exother-
mic, of about 142 kcal/mol [79], it takes place only at
temperatures higher than 400 °C. The results of the the-
oretical calculations performed on cyclotrimerization of
acetylene have evidenced that high temperatures are
required to overcome a prohibitive activation barrier
calculated to lie in the 60-80kcal/mol regime [80,81].
Thus, the synthetic advantages this reaction possess can-
not be exploited unless catalysts are used. Since the first
announcement of acetylene cyclotrimerization on Pd at
low temperatures [82-84] a lot of theoretical and exper-
imental studies, covering many structural, mechanistic,
and kinetic aspects, have appeared in literature deal-
ing with acetylene cyclotrimerization to give benzene
catalyzed by transition metals from bare and supported
atoms to crystals [85-99]. However, they essentially con-
cern the reactivity of late transition metals, particularly
those from group 8, while the possibility to use early
transition metals as catalysts to increase the rate of the
studied process and to allow the use of milder reaction
conditions has been less extensively explored [100].

Here are presented the results of the theoretical inves-
tigation of the acetylene cyclotrimerization reaction
mediated by a naked atom form the left-hand side of
4d series that is Nb.

The study of the mechanism of benzene formation
was carried out from the hypothesis that the reaction
proceeds through the consecutive addition of acety-
lene molecules without C—C bond scission. The possible
alternative steps that can occur after adsorption of a sec-
ond acetylene molecule have been taken into account
as reported in Scheme 1. Indeed, the two acetylene
molecules can isomerize to form a complex containing
a metallacycle (MC4H4) or a cyclobutadiene molecule
bonded to the metal M—C4H4 or the M—(Cy,H3)> com-
plex can prefer to adsorb a third one. As a consequence
the three acetylene molecules can isomerize in a con-
certed way to lead directly to the benzene formation or
from one of the MC4Hy4 or M-C4H4 complexes the cor-
responding (CoH»)-MC4Hy and (CoHy)-M—-C4Hy ones
are formed. Finally, once one or the other of these latter
two complexes is formed the reaction can pass through a
new metallacycle reaction intermediate MCgHg before
the benzene formation, M—CgHg.

The mechanistic details of the reaction under exami-
nation have been studied in accordance with the two-
state reactivity (TSR) paradigm [101], whose central
idea wasintroduced, at first, by Armentrout and cowork-
ers [102,103]. Due to accessibility of the excited states
of the considered atom, it cannot be excluded the pos-
sibility of spin crossing between surfaces of different
multiplicity.
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In our investigation for benzene formation from
acetylene mediated by Nb, according to the sequence
of steps proposed into the schematic representation of
the mechanism (see Scheme 1), the formation of all the
possible complexes has been taken into consideration.

The cyclotrimerization process takes place via the
following steps: (a) coordination and activation of an
acetylene molecule; (b) coordination and activation of a
second acetylene molecule to form a M—(C;H3)> com-
plex; (c) formation of a metallacycle, MC4Hy, complex
that implies overcoming a barrier for the first transition
state of the reaction; (d) coordination and activation of
a third acetylene molecule to form a (C;H»)-MC4sHy
complex; (e)formation of a MCgHg metallacycle inter-
mediate that again implies overcoming an energy barrier
for the second transition state along the reaction path;
(f) formation of a final complex corresponding to ben-
zene formation through a third transition state followed
by benzene elimination.

The possibility that the reaction goes through the
formation of a M—C4H4 complex was ruled out since
this intermediate lies higher in energy with respect to
the corresponding metallacycle complex. In the same
way, any attempt to follow the pathway that from three
acetylene molecules leads directly to benzene formation
through a concerted mechanism, was unsuccessful.

The potential energy surfaces for the complete cyclo-
trimerization of acetylene to give benzene is reported in
Fig. 1.

Relative energies are reported with respect to the
reactants’ limit represented by the isolated metal atom
in its ground state and three acetylene molecules, and
have been corrected for ZPE but not for BSSE to allow
a fair comparison between minima and transition states.

In order to evidence the possibility of spin crossing
between PESs of different multiplicity it was neces-
sary to investigate three different spin states. Even if
a correct energetic ordering of the ground and excited
states is predicted, theoretical gaps are overestimated
with respect to the experimental ones [104]. Indeed, the
ground state of Nb atom, °D (4d*5s), lies 11.1 kcal/mol
lower in energy than the *F (4d35s?) state and 36.7 kcal/
mol lower than the 2G (4d35s?) state, whereas the cor-
responding experimental gaps are 4.3 and 24.3 kcal/mol,
respectively.

The first step of the reaction is the coordination and
activation of one acetylene molecule that occurs through
a Chatt-Dewar-Duncanson (CDD) mechanism [105,
106] in which acetylene donates parts of the 7t electrons
to an empty o-orbital of the metal. As a consequence,
the 7t bond of acetylene is weakened and the 7t*-orbi-
tal is lowered in energy so that electrons can be accepted
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Scheme 1 Schematic representation of the mechanism studied for the benzene formation from acetylene and naked transition metal

atom
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from a back-donating d-orbital of the metal atom. This
description of the binding mechanism is very general
and at least three different situations, that can be pre-
ferred by different transition metals, can be character-
ized. Indeed, the back-bonding donating d-orbital can
be initially singly or doubly occupied or normal covalent
bonds can be formed. Covalent bond formation, indeed,
can be considered as an extreme of the donation bonding

reaction coordinate

and leads to formation of a metallacyclopropane
complex, so-called because the triple bond is broken and
two covalent bonds are formed between the metal and
the two carbon atoms in a three-member ring [107]. The
latter description of the interaction describes exactly
what occurs for Nb atom as it inserts into the in-plane
7 bond of acetylene forming a metallacyclic compound.
The definitive breaking of the 7 bond of the first
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acetylene molecule is monitored both by the elongation
of the C-C bond and the distortion of the bond angle
H-C-C with respect to the gas-phase values (calculated
d(C-C)=1.206A) as well as by the short C-M bond
distances. Computed binding energy is 48.34 kcal/mol
and accounts also for the necessity to promote the atom
to the appropriate binding 4d"*15s state. Indeed, the
ground state of the complex does not correspond to the
ground state of the bare metal atom for and this means
that a spin crossing occurs at the entrance channel (see
Fig. 1).

Coordination of a second acetylene molecule occurs
with an energy release comparable to that for the first
one. Indeed, the binding energy, calculated as
EM(CH»)2] — Ef{(M(CyH3)] — E(CyHy), is 50.97 kcal/
mol. The extent of the coordination depends again on
the donation and back donation mechanism and can
be measured by the gas-phase geometry distortion of
the acetylene molecule. The C-C bond lengths for the
two activated acetylene molecules in the complexes Nb—
(C2Hy), are the same and significantly longer than the
free molecule and again a metallacycle bisacetylene
complexes, slightly distorted from planarity, is formed.
As the ground state of the complex obtained by the coor-
dination of the second acetylene molecule is doublet a
new spin crossing occurs along the path.

The processes of acetylene coordination considered
so far are not activated, whereas the oxidative cou-
pling of acetylene to form a MC4Hy4 complex implies
to surmount the first energy barrier for the process.
The process involves the formation of a new o bond
between two C atoms of adjacent acetylene molecules
and eventually of new o M-C bonds at the expenses of
7t interactions in the (MCyH»), complexes. The over-
all energetic balance due to bonding changes occurring
during this transformation acts in such a way that the
formation of the MC4H4 metallacycle intermediate is
exothermic with respect to separated reactants (M +
2C;H,), whereas the conversion of the bisacetylene
complex to the MC4Hy species is thermoneutral. The
formed complex is not planar, the C-C distances are
almost equal amongst them, the new C—C bond is almost
formed but the two corresponding Nb—C bonds are not
completely broken yet.

Location of the transition states for the conversion
process reveals an energy barrier of 36.82 kcal/mol that
implies a transition state structure geometrically dissim-
ilar to the reactants. The transition state structure local-
ized along the PES lie below the separate reactants’
dissociation limit and, since its ground-state multiplicity
changes, a spin crossing occurs even if ground spin state
of reactant (MC,H3); and product MC4Hjy is the same.
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Coordination of a third acetylene molecule to the
metallacyclopentadiene complex represents a key step
in the process toward benzene formation since itinvolves
the metal ability to activate another acetylene molecule.
Previous calculations showed that an unsupported Pd
atom is unable to add and activate three acetylene mol-
ecules [108] and the step appears to be critical also in the
case of transition metal complexes [109]. The bare metal
atoms considered here show different behaviors. The
activation of the third acetylene molecule is monitored
again by the distortion of the geometrical parameters of
the bonded molecule with respect to the gas-phase val-
ues. A considerable back-bonding interaction results in
the elongation of the C-C bond and a reduction of the
acetylenic C—C-H angle and the energy of the additional
interaction amounts to 51.01 kcal/mol.

After the activation of the third acetylene two mech-
anisms for benzene formation appear conceivable that
is the direct intermolecular cycloaddition of the coor-
dinated acetylene to the MC4Hy4 intermediate or the
insertion of the alkyne in the metal-carbon o bond of
the metallacyclopentadiene to form a new metallacy-
cle intermediate. Although previous theoretical works
on the same subject unfavorably considered the second
route toward benzene formation, [61,62] any attempt
to obtain benzene directly from intermediate C;Hy—
MC4H4 were unsuccessful and a stable metallacycle,
MCgHg, was localized along the path together with the
transition state corresponding to the formation of a
C-C bond between the C;H; and the C4Hy4 units. The
insertion process appears to be slightly endothermic
5.01 kcal/mol and the energy barrier relative to the for-
mation of the transition state amounts to 28.79 kcal/mol.
For all the localized transition states both the check of
the vibrational mode associated to the imaginary fre-
quency and the IRC calculation confirmed that the tran-
sition state structures correspond to the insertion of the
acetylene into the C-M bond of the MC4H4 moiety.

As a last step, benzene formation occurs via reduc-
tive elimination of the CqHg bidentate ligand from the
metallacycloheptatriene, MCsHg, complex through the
formation of the final intermediate, M—CgHg, appearing
in the catalytic cycle. To this step is associated an energy
gain of 28.29 kcal/mol. The energy barrier that is neces-
sary to overcome to obtain the final adduct, M—CgHg, is
23.79 kcal/mol and new spin crossings occur before and
after the transition state formation lowering the energy
barrier for the process.

In its equilibrium geometry formed benzene lies flat
in the Nb complex and the computed interaction ener-
gies is 24.65 kcal/mol. So the rate determining step for
the overall process corresponds to the formation of the
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metallacyclopentadiene from the bisacetylene complex.
All the minima are stable and the transition states in
their ground states lie below the reactants dissociation
limit. The combined thermodynamic and kinetic analysis
of the process indicates that niobium can be considered
a good candidate for the cyclization of acetylene to give
benzene.

3.2 Acetylene cyclotrimerization on Nb;/MgO(100)

The considered reaction of cyclization of acetylene to
give benzene has been widely studied on single-crys-
tal surfaces from UHV conditions (10712-10-% atm) to
atmospheric pressure (10~!~1 atm) [82-86]. A Pd(111)
surface is the most reactive one [84,87], and the exper-
imental findings have added important information as,
at high coverages, reactively formed benzene molecules
are forced to adopt a tilted configuration, and therefore
they interact weakly with the surface and desorb at low
temperature [82,83]. As the surface becomes depleted of
adsorbed species, the remaining reactively formed ben-
zene molecules adopt a flat-lying, more strongly
adsorbed configuration, eventually desorbing at ~500 K
[82,83].

Surface science studies have shown that the existence
of an ensemble of three 3-fold sites on the Pd(111)
surface is necessary for the reaction to occur [84,110]
and that this can explain the surface sensitivity of the
reaction. Very similar reaction patterns have also been
observed on AlpOs3-supported Pd particles of a few
nanometer size as they exhibit (111) and (100) micro-
facets on their surface [85,111]. In view of the surface
sensitivity of the reaction, it was considered rather sur-
prising that in the experiments on size-selected Pd clus-
ters on MgO thin films even a single Pd atom was able to
induce the acetylene cyclization. A series of theoretical
calculation has clearly shown that this is connected to
the fact that the metal atom interacts with point defects
at the surface of MgO with consequent increase of the
charge density around the Pd atom which becomes an
active single-atom catalyst [112].

Here, we present some of the results obtained carry-
ing out a detailed DF theoretical study of the cyclization
reaction mediated by the Nb atom on cluster model of
the MgO support, looking at various types of morpho-
logical defects as well as at vacancy sites, and performing
an accurate analysis of the electronic effects involved in
the metal-support interaction. Even the role played by
diffusion in influencing reactivity of the Nb-supported
atom has been accounted for.

To establish the role of the regular and low-coordi-
nated surface anions of MgO in modifying the proper-
ties of a supported Nb atom, we have considered three

simple models. They represent five-, four-, and three-
coordinated O anions at terrace, edge, and corner sites,
respectively. Neutral (two electrons trapped into the
vacancy), Fs, and positively charged (one electron
trapped into the vacancy), F{, oxygen vacancies have
been modeled by removing the oxygen atom from the
center of the corresponding clusters for terrace, edge,
and corner sites.

An embedded cluster approach [113] was used to
model the reaction occurring on Nb atoms adsorbed on
different sites of the MgO surface and the cluster OgMgs
was used to represent the terrace site. The correspond-
ing terrace oxygen vacancy center (hereafter named Fs..)
was obtained by removing the central oxygen atom of
the cluster.

Due to the highly ionic nature of MgQO, the trunca-
tion of the lattice in cluster calculations implies the use
of an external field to represent the long-range Cou-
lomb potential. The considered model cluster has been
embedded in arrays of point charges (PC) (£2e) in
order to reproduce the correct Madelung potential at
the adsorption site under study [114]. The occurrence
of an artificial polarization of the oxide anions at the
cluster border has been avoided by placing an effective
core potential (ECP) on the positive charges around the
quantum mechanical cluster. The whole system, clus-
ter + ECPs + PCs is electrically neutral. The positions of
the adsorbed molecules, of Nb atom and of their first
neighbors on the MgO surface have been fully optimized
with no symmetry constraints. The transition state (TS)
search has been performed using the Berny algorithm
and the nature of the TS has been verified by performing
a frequency analysis. All the Nb surface complexes have
sextet ground-state.

In Fig. 2 is reported the calculated PES for the
cyclotrimerization reaction mediated by the Nb atom
supported at a terrace oxygen vacancy center, Fs., as
they (as shown also by previous works [115]) are likely
trapping sites for the metal atoms. In the inset is reported
the structure of the MgO cluster embedded in ECPs and
a large array of point charges.

As can be realized from Fig. 2 the steps of the reac-
tion mediated by the Nb atom supported on MgO are the
same for the reaction of the bare atom, i.e. coordination
and activation of a single acetylene molecule, coordina-
tion of a second acetylene molecule and formation of an
activated complex to give the C4Hy4 intermediate, coor-
dination of a third acetylene molecule, formation of a
new cyclicintermediate through a second activated com-
plex, formation of adsorbed benzene and its subsequent
desorption.

The Nb surface complex binds CoH; by 29 kcal/mol.
Upon adsorption, the C;H, molecule becomes consid-
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Fig. 2 Reaction path for 30 4 E
acetylene cyclization on Nb Nb--terrace o & 5C

supported on a charged
oxygen vacancy at terrace
(Fs.) site of the MgO surface.
Energies are in kcal/mol. In
the inset is reported the
structure of the MgO cluster
embedded in ECPs and a
large array of point charges

AE (kcal/mol)

erably activated as monitored by the distorted H-C-C
angle, and by the elongation of the C-C distance with
respect to the gas-phase value. Nb/Fs. binds a second
CyH; molecule by 23 kcal/mol with an energy release
comparable to that for the first one. The oxidative
coupling of acetylene to form C4Hy4 implies to overcome
the energy barrier for the corresponding transition state.
The process is exothermic by 10 kcal/mol, whereas the
barrier height is 7.6 kcal/mol.

A third acetylene is added to the Nb(C4H4) com-
plex on an F center with a gain of 45.9 kcal/mol and the
formed CoH;—-NbC4Hy4 complex rearranges surmount-
ing an energy barrier of 7.8 kcal/mol to yield the metal-
loeptacycle that is stabilized with respect to reactants
asymptote by 139.4 kcal/mol. Benzene is formed with a
large gain of 40.8 kcal/mol and by surpassing the highest
energy barrier, that amounts to 13 kcal/mol, met along
the energy profile for the conversion of acetylene to
benzene promoted by an Nb atom supported on an
MgO(001) terrace F site. Once formed benzene read-
ily desorbs as is only weakly bonded to the supported
Nb atom. The corresponding binding energy is indeed
9.3 kcal/mol.

To summarize, the overall Nb+3C,H, — Nb(CgHg)
process on a terrace oxygen vacancy of the MgO support
is thermodynamically much favored and includes three
individual steps which imply overcoming energy bar-
riers that are low and lie below the limit represented
by ground-state reactants. The rate determining step
appears to be formation of the adsorbed benzene from
the seven members NbC¢Hg cycle, while benzene is only
weakly bound and readily desorbs.
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Scheme 2 Nitrate reductase catalytic cycle

3.3 Nitrate reductase molybdoenzyme

Nitrate reductase catalyzes the reduction of nitrate to
nitrite assuming an important role in nitrogen assimila-
tion [116].

The enzyme molecule consists of four domains
involved in cofactor binding. One of these domains is
responsible for the binding with an Fe4S4 cluster that
serves as an electrons pump [117]. The two bismolyb-
dopterin guanine dinucleotide cofactors present in the
molecule are stabilized by a hydrogen bond’s network
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Fig. 3 Employed model
systems

with amino acidic residues [117]. The Mo V! metal center
surrounding involves four sulphur atoms of two dithio-
lene groups, the sulphur atom of side chain of Cys140
residue and a hydroxo/water molecule that completes
the coordination. Ligands are arranged in a distorted
trigonal prismatic geometry.

Several charged residues, such as Arg354, Aspl55,
Glul56, Asp355, Alal42, Vall45, Val149, Leu359, and
Leu362 are present in the protein environment of active
site. Arg354 was recognized as the site for the anchor
of the negative charged nitrate. Furthermore, conserved
residues among all nitrate reductases are GIn346,
Met308, and Met141 [117].

Because of the lack of crystallographic data on the
reduced Mo!V nitrate reductase form, a catalytic mecha-
nism based on the oxidized form behavior was suggested
[117].

The nitrate reductase catalytic cycle is described in
Scheme 2.

The five coordinated Mo!Y (Mo!VS®$(SR)4) coordi-
nates a nitrate ion. The bond of NO3 with the metallic

QM

model A

111 0

HQC‘? Q N
S—Mo—$
HSC\S\/ - v} 3 \Z//CHQ _s Metsos (0]
H,C CH, \/\’)J\ R

model B

center leads to a weakening of N—O bond. The Mo!Y is
oxidized to Mo¥! and NOj isreleased. MoV is restored
in another step, by two protons coming from water mole-
cules present in the active site and two electrons coming
from the Fe4S4 cluster.

In this work, two models were used for enzyme active
site simulation. The first one (model A of Fig. 3) was the
bisdimethyl dithiolene structure, previously proposed
elsewhere [118]. An SCH3 group was chosen to mimic
Cys140 residue. The second model (model B of Fig. 3)
was obtained adding to the model A four amino acid
residues usually conserved within the family of nitrate
reductases, namely Arg354, GIn346, Met308, and
Met141, according to their crystallographic positions
[117].

The B3LYP-optimized geometry for molybdenum
(IV) model system A in its singlet electronic state was
found to be square-pyramidal with Mo-S dithiolene
average distances of 2.365 A, and with a Mo-S®¥s bond
length of 2.347 A in agreement with experimental ones
of Holm and coworkers for phenoxy complexes [119].
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Fig. 4 Potential energy profiles for model A

The analogous system in the triplet electronic state
presents as distorted trigonal bipyramidal geometry in
which dithiolene sulphurs occupy both equatorial and
axial positions (equatorial Mo-S mean distance is
2.465 A, axial Mo—S mean distance is 2.365 A).

Low- and high-spin energetic gap was found to be
only 4.7 kcal/mol at B3LYP level, being the singlet the
ground state.

Energetic profiles for both spin states are reported in
Fig. 4 and the geometry of stationary points in Fig. 5.

@ Springer

The reaction begins with the formation the enzyme—
substrate intermediate (ES) in which the NOy' is linked
to metallic center through one of its oxygen atoms
(Mo-OMtrate distance is 2.270 and 2.262 A in the singlet
and triplet state, respectively). After this interaction, the
O-N bond length in the substrate lengthens slightly in
both cases. The coordination geometry around molyb-
denum is different depending on electronic state. In par-
ticular it is trigonal prismatic and nearly octahedral, for
singlet and triplet, respectively.

The low-high spin splitting relative to this intermedi-
ate was computed to be 0.1 kcal/mol, being also here the
low spin the ground state.

In the transition state (TS) the Mo—OMUae apd
Qritrate_Npitratejistances assume the values of 1.913
(1.887) and 1.652(1.685) A, for singlet (triplet) spin
states, respectively. The geometry in the low- and high-
spin TSs appears to be very distorted with respect to
the ideal trigonal prismatic and octahedral geometries
of the starting ES complexes. The imaginary frequencies
(589cm~! for singlet and 722cm~! for triplet)
correspond to the stretching vibration mode of the Mo-—
Qritrate apd Qnitrate_Npitrate onds, The singlet and trip-
let TSs lie at 19.3 and 19.8 kcal/mol with respect to the
ground-state ES complex, respectively.

The final products (EOxs in Fig. 5) possess a dis-
torted geometry and lie at 62.9 kcal/mol (singlet) and at
60.1 kcal/mol (triplet) below the reference point. Mo—-O
bond has a length of 1.720 and 1.714 A, for ground and
excited states, respectively.

Our results are in qualitative agreement with the ones
of Hall [118] and Thapper [120] for DMSO reductase,
and with the experimental data on analogous molybde-
num enzymes [119].

The transfer of the oxygen atom from the bound sub-
strate to the metal center represents the rate-limiting
step.

Computations were redone at PW91PWO91 level in
order to explore the possible dependence of singlet—
triplet gap on the employed method or exchange-
correlation functional.

The potential energy profiles obtained at PW91PW91,
on B3LYP optimized geometries, were reported in Fig. 4.

As can be noted, despite both functionals indicate the
singlet state as the ground one and predict similar exo-
thermicity in the minimum energetic path, PW91PW91
enhances the gap between the spin states. The energetic
barrier becomes lower especially in the case of singlet
PES as can be expected from the fact that PWnPW91
functionals and B3LYP describe differently the long-
range interactions [121-123].

Solvation energies computed at B3LYP level in the
framework of self-consistent reaction field polarized
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Fig. 5 Optimized geometries of ES, TS, and EOx species on singlet (on the left) and triplet (on the right) energy profiles
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Fig. 6 Potential energy profile for model B
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continuum model (SCRF-PCM) [47-49] using a dielec-  respect to the gas phase (see Fig. 4). Furthermore, the
tric constant value ¢ = 4 for describing the protein envi-  triplet is to some extent destabilized with respect to the
ronment [45,46] indicate that, from a thermodynamic  singletstate by protein environment and aslight increase
point of view, the reaction is less favored in solvent with  of the low- and high-spin gap occurs at ES point.
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On model B, ONIOM and orbital-free embedding
computations, were performed.

ONIOM procedure was applied to the system desc-
ribed model B was divided into an inner layer consisting
of the Mo!V thiomethyl bisdithiolene complex, nitrate
substrate and nitrite product molecules and an outer
layer made up of Arg354, Met 141, Met308, and GIn346
amino acids at their crystallographic positions [58].

ONIOM energetic profiles for the enzyme in the sin-
glet and triplet electronic states were reported in Fig. 6,
while equilibrium structures on the PESs were depicted
in Fig. 7.

In the ES complex, the Mo-QMitrate apd Qritrate_
NPitrate distance values (2.183 and 1.378 A for singlet
and 2.147 and 1.389 A for triplet) suggest that the inter-
action between the metal and the substrate oxygen atom
is stronger than that found in the analogous complex
with model A. The trigonal prismatic and octahedral
arrangements around molybdenum in the low- and high-
spin complexes appear to be much more distorted than
in model A.

The ONIOM gap between the ES complexes in the
singlet ground-state and in the excited triplet is
2.2 kcal/mol. This value compared to data obtained for
model A indicate a certain dependence of the gap on
the presence of protein environment.

No interaction was found between the metal bound
nitrate molecule and the Arg354 residue. This result is
not necessarily in disagreement with experimental data,
since the supposed anchorage of substrate by means of
the positive charge of Arg354 [117] could occur in a
preliminary phase of the catalytic cycle.

The transition states for the singlet and triplet species
are characterized by Mo-QMirate apd Qnitrate_pynitrate
distances that are shorter and longer with respect to
those of ES complexes, respectively.

Imaginary frequency values of 252 (singlet) and 444
(triplet) cm~! can be attributed to the Mo—O™ and
Qritrate_Npitrate bhonds stretching vibrational mode.

Transition states lie at 11.6 (singlet) and 14.3 (triplet)
kcal/mol above the ES reference. The presence of the
amino acid residues reduces, as can be noted, the barrier
heights.

At 10.9 and 7.2 kcal/mol below the ES complex, for
low- and high-spin case, respectively, we found the final
products (EOx).

The low- and high-spin complexes EOx exhibit a
similar octahedral geometry around molybdenum. The
Mo-OPitrate distance is 1.727 and 1.724 A, for singlet and
triplet, respectively.

In the ONIOM treatment, the energy value of the
product corresponds to a summation of the energy value
of infinitely separated species (E(EOx) + E(NO;)).

Since in the computations with model A it was impossi-
ble to obtain geometry convergence in the presence of
a long-range interaction between nitrite and oxo-MoV!
complex, the energetics obtained with the two differ-
ent models cannot be compared as far as products are
concerned.

ONIOM computations demonstrate that the protein
environment has no influence on the mechanism fol-
lowed by the enzymatic reaction but affects the kinetics
lowering the activation barriers. In agreement with
Morokuma [58] entatic principle, this can be explained
considering the strain to which the active site is sub-
jected in the presence of the protein environment. In
fact, this strain acts as a device to accumulate energy
which can be used to overcome barriers.

The equilibrium geometries obtained at the ONIOM
(B3LYP:UFF) level were used to perform an orbital-free
embedding analysis on model B. Single-point
evaluation was obtained using GGA/PW91 [73]
exchange-correlation functional.

Because of the differences between the used method-
ology, functional and basis set, no comparison is possible
with ONIOM data; thus only the qualitative aspects of
these last results will be discussed.

The potential energy profiles obtained applying the
orbital-free embedding procedure for both singlet and
triplet states are depicted in Fig. 6.

As in the previous cases, reaction proceeds most
favorably along the singlet path.

Only 0.7 kcal/mol separate the low-spin ES complex
from the same species having the triplet multiplicity.

The transfer of oxygen requires an activation energy
of 8.8kcal/mol for the low-spin and 11.0kcal/mol for
the high-spin. Products lie at 7.8 kcal/mol (singlet) and
15.9 kcal/mol (triplet) below the singlet ES complex.

Despite, the differences between ONIOM and
orbital-free embedding methods, results appear to be
very similar. However, it is worth underlining that the
data obtained by the second treatment are characterized
by the reliability peculiar to a totally quantum mechan-
ical computation.

4 Conclusions

The potential-energy profiles for three prototype reac-
tions catalyzed by bare and supported transition metals
and by a metalloenzyme were reported in this paper. For
these processes we have applied a number of quantum
chemical methodologies developed for the treatment of
complex reaction paths that define the state-of-the-art
in this field. From the analysis of obtained data and on
the basis of our experience, we can assert that available
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theoretical tools are able, if properly used, to give reli-
able results allowing interpretation of incomplete exper-
imental information. The examined cases suggest the
following main conclusions:

e The use of simple models as those in gas-phase, pro-
vide structural and electronic information that can
serve as guidelines for the study of more complex sys-
tems that are closer to the real life catalysts.

e In the description of catalytic processes particular
attention must be devoted to the choice of the model
to simulate the active site. For instance, in represent-
ing the enzyme active site, the addition of second shell
residues is often crucial to define properly the reac-
tion path. The most significant differences between
the three descriptions examined here, seem to do not
depend on the computational tool but on the choice
of the model used to simulate the active site of the
enzyme. In particular, the height of the activation bar-
rier is quite affected by the presence of nearby amino
acid residues that, inducing a certain strain in the cat-
alytic core, enhances its reactivity.
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