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Laboratorio de Simulac¸ ào Molecular, DM, Unesp, UniVersidade Estadual Paulista, Box 473,

17033-360 Bauru, Brazil

ReceiVed NoVember 11, 2005

Calculations based on density functional theory have been carried out to investigate the free energy
profiles at singlet and triplet electronic states associated with the gas-phase ion/molecule reactions of
VO2

+ (1A1/3A′′) with propene. The complex potential energy surfaces, including six reaction pathways
(three dehydrogenation and three oxygen transfer processes), have been explored and analyzed. Along
dehydrogenation reactive channels, three final products can be obtained: V(OH)2

+ (1Σ+/3Σ-) and allene
(path Deh1), being the most kinetically and thermodynamically favorable reaction pathway, V(OH)2

+

(1Σ+/3Σ-) and propyne (path Deh2), and VO2
+ (1A1/3A′′) and H2 plus allene (path Deh3). The oxygenation

processes can yield as final products VO+ (1∆/3Σ) and acetone (path Ox1), VO+ (1∆/3Σ) and
propanaldehyde (path Ox2), and VO+ (1∆/3Σ) and H2 and propenaldehyde (path Ox3). Both paths Deh1
and Deh2 are associated with two consecutive hydrogen transfer processes from carbon atoms of the
propene fragment to vanadyl oxygen atoms, while inpath Deh3the second hydrogen migration takes
place to the vanadium atom followed by the formation of a hydrogen molecule. Bothpaths Ox1andOx2
comprise an intramolecular hydrogen transfer between the ethylenic moiety of the propene fragment,
while two consecutive hydrogen transfer processes take place from the propene fragment to oxygen and
vanadium atoms of the vanadyl moiety alongpath Ox3. Three crossing points between both electronic
states take place alongpath Deh1(CP-Deh1) andpath Deh2(CP-Deh2) and in the entrance channel of
oxidation processes (CP-Ox). A comparison with previous works on related reactions VO2

+ + C2H4,
VO2

+ + C2H6, and VO2
+ + C3H8 allows us to rationalize the different reactivity patterns.

1. Introduction

The key role of transition metal oxides in a wide range of
technological applications1 justifies that their gas-phase reactions
are the subject of numerous studies,2-12 and in particular, the
oxidation of hydrocarbons is involved in the major portion of
catalytic processes.13-15 Selective oxidation of lower unsaturated
or saturated hydrocarbons is of fundamental and technological

interest because it provides a potential route to effectively trans-
form lower hydrocarbons to higher, value-added chemicals.16-19

The interaction between organic molecules and small metal
clusters has attained the attention of theoreticians and experi-
mentalists not only because they can be used as models for more
complex catalytic processes but also for the intrinsic importance
of this subject. In that respect, some fundamental insight might
be gained by studying the reactivity at metal centers and to
extrapolate some information on the interactions that occur on
metal oxide surfaces. Vanadium oxides have commanded
considerable attention because of their numerous potential
industrial and catalytic applications.20-26 Therefore, several

* To whom correspondence should be addressed. Phone:+34 964
728072. Fax:+34 964728066. E-mail: andres@exp.uji.es.

† Universitat Jaume I.
‡ Universidade Estadual Paulista.
(1) Henrich, V. E.; Cox, P. A.The Surface Science of Metal Oxides;

Cambridge University Press: New York, 1994.
(2) Fiedler, A.; Schroder, D.; Shaik, S.; Schwarz, H.J. Am. Chem. Soc.

1994, 116, 10734-10741.
(3) Fiedler, A.; Kretzschmar, I.; Schroder, D.; Schwarz, H.J. Am. Chem.

Soc.1996, 118, 9941-9952.
(4) Harvey, J. N.; Aschi, M.Phys. Chem. Chem. Phys.1999, 1, 5555-

5563.
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experimental27-39 and theoretical39-47 studies on the structure
of ionic vanadium oxide clusters of different stoichiometries,
VxOy

+/-, have been presented and their interactions with various
compounds such as hydrocarbons, alkyl halides, or methan-
ol11,12,37,48-50 have been studied in order to provide valuable
information on the structure-reactivity relationships and to offer
a new insight into the nature of active sites responsible for the
reaction under investigation.

Many chemical processes involve transitions between mul-
tielectronic states of different spin multiplicity. Such transitions,
not being electric dipole allowed, are formally spin forbidden
and are often interpreted in terms of the crossing of two energy
surfaces. Chemical reactivity associated with metal oxide cations
is a well-recognized example of two-state reactivity,5,51,52

reported by Schro¨der, Schwarz, and Shaik, and it is a new
concept for describing the course of a chemical reaction in the
context of interspin crossing. In this case, the changes between
two or more different electronic states are known to accompany
the progress of the reaction and can modify the efficiency and/
or selectivity of a given chemical rearrangement and can also
influence a reaction from a process without change in spin state

to a situation where the spin change completely determines the
rate and selectivity. There are still a lot of mechanistic details
of the activation process to be solved; thus, understanding the
mechanism of this type of chemical reaction is of great interest
from both a practical and a fundamental point of view, as
recently illustrated by Poli and Harvey with the spin-forbidden
reactions in organometallic complexes,31,53,54but also in different
fields such as atmospheric chemistry,55 astrochemistry,56 many
inorganic,57 organic,58-60 and biochemical reactions,61 reactions
with participation of dirradicals,62 and metal surface reactions.63

Even, recently Shaik et al.64 pointed out the presence of four
electronic states to understand the mechanism of hydroxylation
and epoxidation by cytochrome P450. Schwarz52 emphasizes
that multistate reactivity patterns are much more important than
generally acknowledged, and he reviews examples where a
fruitful intersection of experimental and computational studies
is reached, while Mercero et al. have recently stressed the widely
used methods in quantum chemistry that illustrate the applica-
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tions of the theory on the spin-forbiddeness of gas-phase ion-
molecule reactions.65

To contribute to the understanding of reactions of vanadium
oxide cluster cations with hydrocarbons, such as alkanes and
alkenes, in two recent publications we have presented a first-
principle theoretical description of the reaction between VO2

+

(1A1/3A′′) and ethene66 and ethane.67 The motivation is to
facilitate an understanding of the role of electronic structures
on mechanistic details at a molecular level, to clarify the
dominant product channels, and to support mechanistic proposals
based on experimental results, as well as to analyze potential
energy surface (PES) crossing scenarios. This kind of knowledge
is essential for understanding the whole reaction mechanism
and is useful for establishing an appropriate model for the
oxidation and dehydrogenation processes. This stimulates ongo-
ing mechanistic studies and has led to the important finding
that these reactions are multichannel processes with different
spin states, and the possible crossing of potential surfaces is
emphasized. In these cases, the origin of two-state reactivity
was traced to the fact that the reactant presents a singlet (s)
spin multiplicity, VO2

+ (1A1), while the product has a triplet
(t) spin multiplicity as the ground state, VO+ (3Σ), and various
spin reaction channels point out different mechanistic pictures.

In view of the potential importance and the rather limited
experimental information, a careful theoretical study of the s
and t PES is desirable. Here, we report the first detailed density
functional theory (DFT) study on the mechanism of the gas-
phase reactions of VO2+ (1A1/3A′′) with propene C3H6 (1A),
combining simple and double carbon-carbon bonds as presented
in ethane and ethene systems, respectively. This reaction can
be considered as a model system for oxidation and hydrogena-
tion catalysis at a molecular level, and the varied physical
chemistry of this ion/molecule gas-phase reaction is analyzed
from a quantum mechanical perspective. Accurate theoretical
computations can offer an alternative source of information, and
an interplay between theory and experiment is very helpful in
this area of research, as recently pointed out by Schwarz.52

Calculations including geometry optimizations, vibrational
analysis, Gibbs free energy for the stationary points on PESs,
and crossing points (CPs) between singlet and triplet electronic
states have been carried out. Our ultimate purpose is to highlight
the interesting help that theoretical calculations can bring in
future experiments.

The organization of this paper is as follows: computing
methods and model systems are summarized in section 2. In
section 3, the results are reported, analyzed, and discussed; an
overview of the stationary points, the results of the free energy
profiles with a natural population analysis, and the characteriza-
tion of the CPs is given; finally, a comparison with previous
works on related systems is provided. The main conclusions
are given in section 4.

2. Theoretical Methods

The calculations were performed using the GAUSSIAN03
program package.68 We applied the same computational method
as in previous studies,66,67 the unrestricted B3LYP level,69-71 in
combination with the standard all-electron 6-311G(2d,p)72 basis set

to describe the atoms. The reason that we adopted this level and
basis set was that we applied it to calculate the complex molecular
mechanisms associated with the reactions VO2

+ + C2H4
66 and VO2

+

+ C2H6
67 and the tautomerization process of MO(H2O)+73 as well

as previous works with complex systems involving vanadium oxide
sytems42-44 and they yielded satisfactory results. Therefore, we are
confident with the calculated data at this computing level for this
type of reaction.

The computed stationary points have been characterized as
minima or transition states (TSs) by diagonalizing the Hessian
matrix and analyzing the vibrational normal modes, employing the
Berny algorithm for the geometry optimizations;74 that is, equilib-
rium species possess all real frequencies, whereas TSs possess only
one imaginary frequency. The particular nature of TSs has been
determined by analyzing the motion described by the eigenvector
associated with the imaginary frequency, the transition vector
(TV).75 Furthermore, the intrinsic reaction coordinate (IRC)
method76,77has been used to describe minimum energy paths from
TSs to the corresponding minima along the imaginary mode of
vibration using the algorithm developed by Gonza´lez and Schlegel78

in the mass-weighted internal coordinate system. Thus, harmonic
vibrational frequencies, zero-point and thermal energy corrections,
and force constants were calculated. The standard temperature
(298.15 K) and pressure (1 atm) were used to obtain Gibbs free
energies. The natural population analysis has been made by using
the natural bond orbital (NBO).79,80

As we mentioned before, energy surface crossings play important
roles in understanding chemical reactivity when a process involves
a change in the total electronic spin. Determining the lowest CP at
which two energy surfaces corresponding to different spin states
intersect with minimum energy is fundamental because it serves
as the most likely place where the transition occurs.55,81-83 To
localize and characterize the CPs, the concept of minimum energy
crossing point (MECP) on the seam line at which two electronic
surfaces of different spin multiplicities intersect has been used.
Therefore, all coordinates were optimized in searches for the CPs
between the two PESs in which DFT energies and gradients were
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calculated for each spin multiplicity. Starting from the TS closest
to the crossing seams, the reaction pathway was traced down to
the corresponding minimum. Thereafter, each optimized point along
the IRC path was submitted to a single-point energy calculation
with the other electronic state. In this way, we obtain the CPs as
the structures that have identical geometry and energy in the s and
t states. This procedure has been used in our previous studies.66,67,73

For the sake of comparison, the mathematical algorithm to MECPs
developed by Harvey et al.53 has also been employed. The CPs
that we obtain in this way can be considered as estimates of the
MECPs between s and t hypersurfaces.

3. Results and Discussion

A detailed analysis of the reactive PES associated with the
reaction of VO2

+ (1A1/3A′′) with propene renders the presence
of two different reactive channels, associated with dehydroge-
nation (Deh) and oxidation (Ox) processes, and both processes
may have three possible reaction pathways to obtain (i) V(OH)2

+

(1Σ+/3Σ-) and allene (path Deh1), (ii) V(OH)2
+ (1Σ+/3Σ-) and

propyne (path Deh2), (iii) VO 2
+ (1A1/3A′′), H2, and allene (path

Deh3), (iv) VO+ (1∆/3Σ) and acetone (path Ox1), (v) VO+ (1∆/
3Σ) and propanaldehyde (path Ox2), and (vi) VO+ (1∆/3Σ), H2,
and propenaldehyde (path Ox3). The selected geometrical
parameters of the stationary points at the singlet electronic state
are presented in Figures 1a and 1b for the dehydrogenation and
oxygenation processes, respectively, while the corresponding
stationary points at the triplet electronic state are presented in
Figures 2a and 2b, respectively. The Gibbs free energy profiles
are shown in Figures 3a and 3b for the dehydrogenation and
oxygenation processes, respectively. In Table 1 the results of
the natural population analysis are reported.

The most stable combination of reactants is formed by
s-VO2

+ (1A1) and C3H6 (1A), thus belonging to the overall
singlet PES. The triplet state combinationt-VO2

+ (3A′′) and
C3H6 (1A) stands 35.6 kcal/mol above the singlet. For the
products, the most stable combination ist-V(OH) 2

+ (3Σ-) and
allene for thepath Deh1, t-V(OH) 2

+ (3Σ-) and propyne forpath
Deh2, s-VO2

+ (1A1), H2, and allene for thepath Deh3, t-VO+

(3Σ) and acetone forpath Ox1, t-VO+ (3Σ) and propanaldehyde
for path Ox2, andt-VO+ (3Σ), H2, and propenaldehyde for the
path Ox3. Four of these six reactive channels (paths Deh1, Deh2,
Ox1, andOx2) correspond to exergonic processes,∆G ) -24.9,
-23.1, -18.2, and-9.5 kcal/mol, respectively. In the four
processes V(OH)2

+ or VO+ products are obtained as a triplet
ground electronic state; then, it is obvious that from the most
stable reactants to the most stable products, at least one CP must
take place.

An analysis of the results (see Figure 3) shows that four
reactant complexes, at both s and t electronic states for the initial
addition processes, have been localized and their formation
proceeds without any barrier:s/t-1V, s/t-1O, s/t-2V, and
s/t-3V, for the s and t electronic states, respectively. The
formation of all reactant complexes produces a large amount
of exothermic energy, and it is associated with spontaneous
processes. VO2+ preferably attacks the terminal C1 carbon atom
of propene to forms/t-1V, while the interaction of the V atom
of the vanadyl moiety with the central C2 carbon atom of the
propene fragment renderss/t-2V ands/t-3V complexes. How-
ever, along the oxidation processes at the s and t electronic
states, the reaction complex implies the formation of a three-
membered ring between the O atom of the VO2

+ moiety and
the two carbon atoms, C1 and C2, s/t-1O. Therefore, the addition
of the vanadyl cation to the propene molecule is likely to be
the starting point for the reaction, and this interaction decides

whether the pathway will go through three dehydrogenation
processes,paths Deh1, Deh2, and Deh3, or three oxidation
processes,paths Ox1, Ox2, andOx3.

s-1V is the most stable reactant complex for the dehydroge-
nation process, with geometric parameters similar to the
separated reactants, except that the C1-C2 bond is slightly
elongated to 1.376 Å compared with 1.327 Å in free propene.
t-1O is the most stable addition complex for the oxidation
process, withs-1V being 15.4 kcal/mol more stable thant-1O.
Along the oxygenation channels, the triplet state,t-1O, is 24.3
kcal/mol more stable than the singlet,s-1O. Then, the first CP,
CP-Ox, along the oxidation processes occurs at this stage. The
geometry ofCP-Ox is depicted in Figure 4. An analysis of the
corresponding values shows thatCP-Ox is geometrically and
energetically closer tos-1Othan tot-1O, although both reactant
complexes (s-1Oandt-1O) are rather similar. For comparison
purposes, we have also used the algorithm proposed by Harvey
et al.53 to characterize the MECP, and the corresponding
geometrical values are also presented in Figure 4. Total energy
values of theCP-Ox and the MECP related to the singlet
reactants are 12.6 and 14.3 kcal/mol, respectively, and those
related tot-1O are 29.5 and 27.2 kcal/mol, respectively.

Therefore, onlys-1V and t-1O open the door for the dehy-
drogenation and oxidation channels, respectively. Ins/t-1V, the
negative charge of this C1 atom increases 0.26 and 0.31 au,
respectively, and a noticeable electronic charge transfer takes
place from the propene fragment to the vanadyl moiety (0.28
and 0.22 au, respectively). Ins/t-1O, however, the negative
charge of both C1 and C2 atoms decreases around 0.32 au and
an electronic charge transfer takes place from the propene
fragment to the vanadyl moiety, 0.40 and 0.43 au, respectively.

Dehydrogenation Processes.Path Deh1.From s/t-1V, the
next step is associated with a hydrogen transfer process between
the C3 atom and the O2 atom of the vanadyl cation, to yield the
s/t-2-D1 intermediates, via six-membered transition states,s/t-
TS1-D1. These transition structures are situated energetically
near the entrance channel, and the activation free energies are
26.4/8.6 kcal/mol, respectively, while the formation ofs/t-2-
D1 is quite exothermic, 47.7 and 48.7 kcal/mol, respectively.
These intermediates,s/t-2-D1, present a pyramidal structure
between the V atom and the three C atoms, and they are the
global minima on the corresponding PESs. Froms/t-2-D1
another hydrogen migration takes place alongs/t-TS2-D1, from
the central carbon atom, C2, to the other oxygen atom, O1, of
the vanadyl fragment, to render the product complexess/t-3-
D1, being also very stable intermediates. Finally the separated
products,s/t-V(OH)2

+ + allene, can be obtained directly from
s/t-3-D1 product complexes, overcoming a barrier height of
47.9/35.0 kcal/mol, respectively. Both TSs,s/t-TS1-D1ands/t-
TS2-D1, are associated with an activation of C-H bonds of
the propene moiety, and they can be considered as consecutive
hydrogen transfer processes (the hydrogen atoms being trans-
ferred, H1 and H2, are positively charged, in the range 0.38-
0.50 au); therefore, high values of imaginary vibrational
frequencies (1495i and 940i cm-1 for the s state, 1034 and 1642i
cm-1 for the t state) are found. Thet-TS2-D1 is 18.1 kcal/mol
more stable thans-TS2-D1; therefore the crossing point,CP-
Deh1, between s and t states takes place just before this second
hydrogen transfer process, and its existence opens the possibility
for an intersystem crossing between s and t electronic states.
Therefore, froms-2-D1, the reactive channel taking place at
the triplet state is energetically favorable viaCP-Deh1, to follow
with t-TS2-D1 and the product complext-3-D1, and finally to
obtain the most stable combination of products,t-V(OH) 2

+ and

1646 Organometallics, Vol. 25, No. 7, 2006 Gracia et al.



allene. The geometry of theCP-Deh1 is depicted in Figure 4.
An analysis of the corresponding values shows thatCP-Deh1
is in a geometric and energetic middle position betweens-TS2-
D1 andt-TS2-D1. For comparison purposes, the characterized

MECP using the algorithm proposed by Harvey et al. is also
presented in Figure 4. It is important to note that similar values
of the geometrical parameters and relative energies are found,
although geometrical values of theCP-Deh1 are close to the

Table 1. Natural Population Analysis for the Stationary Points: (a) Singlet State and (b) Triplet Statea

(a)

V O1 O2 C1 C2 C3 H1 H2 H3 H4 H5 H6

s-VO2
+ 1.60 -0.30 -0.30

s-propene -0.38 -0.16 -0.59 0.20 0.18 0.18 0.18 0.19 0.20
s-1V 1.49 -0.38 -0.39 -0.64 0.08 -0.64 0.26 0.23 0.25 0.24 0.23 0.27
s-TS1-D1 1.52 -0.35 -0.61 -0.67 0.02 -0.54 0.42 0.22 0.26 0.24 0.25 0.25
s-2-D1 1.53 -0.34 -0.81 -0.51 -0.12 -0.51 0.52 0.25 0.24 0.25 0.24 0.25
s-TS2-D1 1.54 -0.63 -0.81 -0.50 -0.10 -0.51 0.53 0.50 0.24 0.25 0.24 0.25
s-3-D1 1.60 -0.83 -0.83 -0.53 -0.12 -0.31 0.53 0.53 0.25 0.25 0.22 0.24
s-TS1-D3 1.46 -0.34 -0.78 -0.66 0.14 -0.37 0.52 -0.07 0.27 0.28 0.27 0.28
s-2-D3 1.34 -0.31 -0.74 -0.39 -0.00 -0.41 0.52 -0.11 0.27 0.27 0.26 0.29
s-TS2-D3 1.32 -0.32 -0.50 -0.34 -0.08 -0.34 0.32 -0.10 0.25 0.27 0.25 0.27
s-3-D3 1.38 -0.37 -0.36 -0.71 0.25 -0.40 0.05 0.04 0.26 0.27 0.28 0.28
s-4-D3 1.50 -0.37 -0.37 -0.43 -0.03 -0.38 0.27 0.28 0.25 0.28
s-TS1-D2 1.35 -0.35 -0.63 -0.59 0.10 -0.62 0.25 0.49 0.24 0.27 0.25 0.25
s-2-D2 1.50 -0.35 -0.77 -0.49 0.01 -0.64 0.26 0.52 0.28 0.20 0.24 0.25
s-TS2-D2 1.43 -0.52 -0.80 -0.43 0.01 -0.65 0.25 0.52 0.40 0.28 0.25 0.26
s-3-D2 1.53 -0.79 -0.79 -0.36 0.01 -0.65 0.25 0.52 0.52 0.26 0.25 0.25
s-Allene -0.47 0.09 -0.47 0.21 0.21 0.21 0.21
s-propyne -0.25 0.00 -0.63 0.22 0.22 0.22 0.22
s-V(OH)2

+ 1.80 -0.93 -0.93 0.53 0.53
s-1O 1.39 -0.69 -0.52 -0.03 0.16 -0.62 0.22 0.21 0.20 0.21 0.22 0.21
s-TS1-O1 1.37 -0.75 -0.50 0.00 0.04 -0.56 0.22 0.31 0.23 0.22 0.22 0.21
s-2-O1 1.44 -0.72 -0.53 -0.67 0.67 -0.67 0.26 0.25 0.23 0.25 0.24 0.24
s-Acetone -0.55 -0.67 0.61 -0.67 0.22 0.21 0.22 0.21 0.21 0.21
s-VO+ 1.45 -0.45
s-TS1-O2 1.31 -0.78 -0.52 -0.03 0.14 -0.67 0.25 0.23 0.31 0.24 0.25 0.23
s-2-O2 1.44 -0.68 -0.51 0.51 -0.48 -0.56 0.23 0.23 0.25 0.17 0.21 0.20
s-propanaldehyde -0.52 0.46 -0.47 -0.56 0.19 0.21 0.21 0.09 0.20 0.19
s-TS1-O3 1.36 -0.66 -0.63 0.36 -0.40 -0.58 0.23 0.53 0.25 0.20 0.21 0.23
s-2-O3 1.56 -0.58 -0.86 0.16 -0.34 -0.61 0.23 0.52 0.23 0.22 0.23 0.24
s-TS2-O3 1.31 -0.55 -0.77 0.17 -0.25 -0.44 0.02 0.52 0.24 0.22 0.25 0.28
s-3-O3 1.40 -0.81 -0.65 0.42 -0.32 -0.13 -0.25 0.52 0.23 0.18 0.20 0.22
s-TS3-O3 1.33 -0.67 -0.61 0.44 -0.34 -0.13 -0.20 0.35 0.24 0.18 0.19 0.22
s-4-O3 1.29 -0.68 -0.43 0.46 -0.33 -0.14 -0.02 0.02 0.23 0.18 0.19 0.22
s-5-O3 1.47 -0.71 -0.63 0.43 -0.34 -0.16 0.23 0.18 0.19 0.21
s-propenaldehyde -0.52 0.40 -0.28 -0.28 0.21 0.10 0.18 0.19

(b)

V O1 O2 C1 C2 C3 H1 H2 H3 H4 H5 H6

t-VO2
+ 1.61 -0.32 -0.28

t-1V 1.49 -0.33 -0.37 -0.62 0.01 -0.63 0.25 0.23 0.25 0.24 0.23 0.27
t-TS1-D1 1.52 -0.35 -0.61 -0.67 0.02 -0.54 0.42 0.22 0.26 0.24 0.25 0.25
t-2-D1 1.51 -0.41 -0.89 -0.30 -0.32 -0.30 0.51 0.26 0.22 0.24 0.22 0.24
t-TS2-D1 1.52 -0.59 -0.88 -0.12 -0.39 -0.37 0.51 0.38 0.22 0.23 0.24 0.25
t-3-D1 1.56 -0.81 -0.83 -0.56 0.14 -0.56 0.53 0.53 0.25 0.26 0.25 0.26
t-TS1-D3 1.52 -0.41 -0.88 -0.27 -0.43 -0.15 0.52 0.21 0.21 0.24 0.22 0.23
t-2-D3 1.34 -0.34 -0.77 -0.47 -0.01 -0.18 0.52 -0.14 0.27 0.28 0.24 0.25
t-TS2-D3 1.28 -0.32 -0.51 -0.40 -0.07 -0.21 0.32 -0.12 0.27 0.27 0.24 0.25
t-3-D3 1.35 -0.36 -0.37 -0.30 -0.07 -0.33 0.03 0.06 0.25 0.26 0.24 0.25
t-4-D3 1.45 -0.40 -0.40 -0.20 -0.04 -0.45 0.25 0.25 0.26 0.27
t-TS1-D2 1.56 -0.41 -0.61 -0.55 0.04 -0.64 0.27 0.32 0.24 0.26 0.25 0.26
t-2-D2 1.59 -0.43 -0.86 -0.70 0.27 -0.70 0.26 0.51 0.26 0.26 0.26 0.28
t-TS2-D2 1.48 -0.57 -0.89 -0.55 0.18 -0.67 0.28 0.51 0.37 0.31 0.26 0.29
t-3-D2 1.60 -0.90 -0.90 -0.32 0.05 -0.66 0.25 0.52 0.52 0.29 0.25 0.27
t-V(OH) 2

+ 1.76 -0.91 -0.91 0.53 0.53
t-1O 1.40 -0.70 -0.54 -0.02 0.16 -0.63 0.22 0.22 0.20 0.22 0.25 0.22
t-TS1-O1 1.48 -0.78 -0.51 -0.05 0.05 -0.58 0.22 0.31 0.23 0.20 0.22 0.22
t-2-O1 1.40 -0.72 -0.54 -0.67 0.71 -0.72 0.26 0.25 0.24 0.26 0.25 0.24
t-VO+ 1.46 -0.46
t-TS1-O2 1.37 -0.84 -0.61 -0.10 0.26 -0.70 0.32 0.22 0.31 0.30 0.28 0.25
t-2-O2 1.40 -0.69 -0.53 0.57 -0.49 -0.55 0.21 0.23 0.26 0.17 0.23 0.21
t-TS1-O3 1.48 -0.70 -0.68 0.38 -0.42 -0.58 0.23 0.42 0.25 0.19 0.21 0.23
t-2-O3 1.60 -0.63 -0.91 0.18 -0.30 -0.60 0.23 0.52 0.23 0.21 0.22 0.24
t-TS2-O3 1.38 -0.55 -0.84 0.37 -0.39 -0.26 -0.17 0.51 0.26 0.20 0.23 0.25
t-3-O3 1.46 -0.70 -0.86 0.48 -0.32 -0.12 -0.28 0.52 0.24 0.17 0.20 0.22
t-TS3-O3 1.38 -0.71 -0.63 0.50 -0.33 -0.13 0.34 0.24 0.24 0.19 0.19 0.23
t-4-O3 1.33 -0.51 -0.71 0.49 -0.34 -0.12 0.02 0.02 0.23 0.17 0.20 0.22
t-5-O3 1.43 -0.72 -0.55 0.48 -0.34 -0.12 0.23 0.17 0.20 0.22

a The calculated charge (au) on the indicated atoms is reported at the B3LYP/6-311G(2d,p) level.
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Figure 1. Structures (distances in Å and angles in deg) of the stationary points found at the B3LYP/6-311G(2d,p) level for the singlet
state. For TSs, the imaginary vibrational frequencies (cm-1) are shown in italics. (a) Dehydrogenation processes. (b) Oxygenation processes.
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Figure 2. Structures (distances in Å and angles in deg) of the stationary points found at the B3LYP/6-311G(2d,p) level for the triplet state.
For TSs, the imaginary vibrational frequencies (cm-1) are shown in italics. (a) Dehydrogenation processes. (b) Oxygenation processes.
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s-TS2-D1and the corresponding data of the MECP are closer
to those oft-TS2-D1 than tos-TS2-D1. The O1-H2 distance
is 1.058 Å (1.373 Å) ins-TS2-D1 (t-TS2-D1) and 1.184 Å
(1.294 Å) in CP-Deh1 (MECP). Also, the H2-C2 distance is
1.787 Å (1.381 Å) ins-TS2-D1(t-TS2-D1) and 1.423 Å (1.391
Å) in CP-Deh1 (MECP). This parallelism can be sensed also
in the C1-C2 or C2-C3 distances. Total energy values of the
CP-Deh1 and the MECP related tos-2-D1are 43.0 and 46.1

kcal/mol, respectively, and those related tot-TS2-D1 are 23.2
and 20.1 kcal/mol, respectively.

Path Deh2.From s/t-1V, the next step is associated with a
hydrogen transfer between the central carbon atom, C2, to the
O2 atom of the vanadyl cation, to yield thes/t-2-D2 intermedi-
ates, via five-membered transition states,s/t-TS1-D2. The
activation free energy is 53.4/17.8 kcal/mol, respectively
(althoughs/t-TS1-D2present similar energetic values), while

Figure 3. Gibbs free energy profile, relative to the reactants at the singlet state. The total Gibbs free energy value for the separated
reactants is-1212.087871 hartrees at the B3LYP/6-311G(2d,p) level. The singlet state is depicted as solid lines and the triplet state as
dashed lines. (a) Dehydrogenation processes,path Deh1in black,path Deh2in red, andpath Deh3in blue. (b) Oxygenation processes,path
Ox1 in black,path Ox2in red, andpath Ox3in blue.
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the formation ofs/t-2-D2 is quite exothermic, 56.9 and 36.1
kcal/mol, respectively. The next step froms/t-2-D2 to the
product complexess/t-3-D2 takes place alongs/t-TS2-D2,
associated with another hydrogen migration from the C1 atom
to the other oxygen atom, O1, of the vanadyl fragment. Finally,
from s/t-3-D2 product complexes, the separated products,
s/t-V(OH)2

+ and propyne, can be directly obtained surmounting
a barrier height of 59.1/41.1 kcal/mol, respectively. Both TSs,
s/t-TS1-D2ands/t-TS2-D2, are also considered as consecutive
hydrogen transfer processes (the hydrogen atoms being trans-
ferred, H2 and H3, are positively charged, in the range 0.32-
0.49 au). Then, values similar to the TSs along thepath Deh1
are calculated for the corresponding imaginary vibrational
frequencies (1590i and 1719i cm-1 for the s state, 1307 and
1624i cm-1 for t state). Thes-TS2-D2 is 8.4 kcal/mol more
stable thant-TS2-D2, while the product complext-3 is 5.8 kcal/
mol more stable thans-3; therefore the crossing point,CP-Deh2,
between the s and t states takes place just after this second
hydrogen transfer process. Consequently, froms-TS2-D2, the
reactive channel taking place at the triplet state is energetically
favorable viaCP-Deh2, to follow with the product complex
t-3-D2, and finally to obtain the most stable combination of
products,t-V(OH) 2

+ and propyne. The geometry ofCP-Deh2
and that corresponding to the MECP are also depicted in Figure
4, both with geometric and energetic middle positions between
s-3-D2 and t-3-D2 minima. The C1-C2 distance is 1.276 Å
(1.220 Å) in s-3-D2 (t-3-D2) and 1.246 Å (1.247 Å) inCP-
Deh2 (MECP). Also, the C1-V distance is 1.948 Å (2.213 Å)
in s-3-D2(t-3-D2) and 2.050 Å (2.044 Å) inCP-Deh2(MECP).
Other values such as the angle O1-V-O2 is 128.05° (136.67°)
in CP-Deh2 (MECP) and 126.47° (139.59°) in s-3-D2
(t-3-D2). Total energy values of theCP-Deh2 and the corre-
sponding MECP related to thes-TS2-D2are 36.5 and 38.9 kcal/
mol, respectively, and those related to thet-3-D2 are 7.3 and
5.9 kcal/mol, respectively.

Path Deh3. From the minimas/t-2-D1(obtained in the second
step of thepath Deh1) it is possible to continue the reaction
with a step associated with a second hydrogen transfer process,
s/t-TS1-D3, between the central carbon atom, C2, and the
vanadium atom to render the minimas/t-2-D3. Therefore, these
transition structures,s/t-TS1-D3, present low values of imagi-
nary vibrational frequencies, 453i/396i cm-1, respectively, and
the hydrogen atom being transferred, H2, is -0.07 au negatively
charged. The activation free energy is 40.8/29.5 kcal/mol,
respectively, while the formation ofs/t-2-D3 is rather exother-
mic, 4.2/4.4 kcal/mol, respectively. The next step from
s/t-2-D3 to the product complexess/t-3-D3 takes place along
s/t-TS2-D3, associated with hydrogen migrations from the O2

atom of the vanadyl moiety to the hydrogen just joined at the

vanadium, H2. Therefore, these transition structures,s/t-TS2-
D3, present high values of imaginary frequencies (1547i cm-1),
and the charge on the transferred hydrogen atoms is negative,
-0.10/-0.12 au, respectively. Ats/t-3-D3, the formed hydrogen
molecule is interacting still with the vanadyl moiety (these
hydrogen atoms are∼0.05 au positively charged), so from
s/t-3-D3 product complexes, the separated fragments,H2 and
s/t-4-D3, can be directly obtained, overcoming a low energy
barrier of 8.1/4.2 kcal/mol, respectively. Finally, from
s/t-4-D3, the separated products,s/t-VO2

+ and allene, can be
directly yielded, surmounting barrier heights of 37.5 and 33.2
kcal/mol. Therefore, along this path no spin inversion process
takes place and the singlet state is preferred.

Oxidation Processes.Path Ox1 and Path Ox2. s/t-1O open
two alternative oxidation processes. Alongpath Ox1there is
an intermolecular hydrogen transfer, H2, from C2 to C1 carbon
atoms, via s/t-TS1-O1, to obtain the product complexes
s/t-2-O1, where the oxygen atom, O1, of the vanadyl moiety is
linked to the C2 atom. This intermediate is the global minimum
on the corresponding PESs. An opposite trend is found along
the path Ox2; the hydrogen transfer process, H3, takes place
from C1 to C2 carbon atoms, vias/t-TS1-O2, with the formation
of the product complexes,s/t-2-O2. In this case the oxygen
atom, O1, of the vanadyl moiety is linked to the terminal C1

atom. Transition structures,s/t-TS1-O1ands/t-TS1-O2, of path
Ox1andpath Ox2, are situated energetically above the entrance
channel, 15.0 and 2.9 kcal/mol, respectively, and they present
low values of imaginary vibrational frequencies, 443i/535i and
672i/522i cm-1, respectively. These values can be justified due
to the hydrogen transfer that takes place between adjacent carbon
atoms, and the hydrogen atom being transferred is 0.31 au
positively charged. Froms/t-TS1-O1, s/t-2-O1 product com-
plexes are formed, overcoming an activation free energy (9.9/
23.0 kcal/mol, respectively), while the formation ofs/t-2-O1 is
quite exothermic, 59.7 and 61.0 kcal/mol, respectively. Finally
acetone and thet-VO+ cation can be rendered, surmounting a
barrier height of 49.2 kcal/mol fromt-2-O1. Froms/t-TS1-O2,
s/t-2-O2 product complexes are formed, overcoming lower
barriers of 8.0/11.4 kcal/mol, respectively, while the formation
of s/t-2-O2 is less exothermic than inpath Ox1, 35.6 and 37.3
kcal/mol, respectively. Finally propanaldehyde and thet-VO+

cation can be obtained climbing up a barrier height of 45.8 kcal/
mol from t-2-O2.

Path Ox3. From the minimas/t-2-O2(obtained in the second
step of thepath Ox2) it is possible to continue the reaction with
a step associated with a second hydrogen transfer process
(intermolecular),s/t-TS1-O3, between the central carbon atom,
C2, and the O2 atom to render the minimas/t-2-O3. These
transition structures,s/t-TS1-O3, present high values of imagi-

Figure 4. Structure of the crossing points,CP-Deh1, CP-Deh2, andCP-Ox, found at the B3LYP/6-311G(2d,p) level (in parentheses are
presented corresponding values using the algorithm proposed by Harvey et al.53 to characterize the MECP).
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nary vibrational frequencies, 1489i/1574i cm-1, respectively,
and the hydrogen atom being transferred, H2, is 0.53/0.42 au
positively charged. The activation free energies are 30.1/29.1
kcal/mol, respectively, while the formation ofs/t-2-O3 is rather
exothermic, 38.6/34.5 kcal/mol, respectively. The next step from
s/t-2-O3 to the global minima on PESs,s/t-3-O3, takes place
alongs/t-TS2-O3, corresponding to hydrogen transfer processes
between the terminal carbon atom, C3, and the vanadium atom
with low values of imaginary vibrational frequencies, 877i/423i
cm-1, respectively, and the hydrogen atom being transferred,
H1, is 0.02/-0.17 au charged. Froms/t-3-O3minima, hydrogen
migrations from the O2 atom of the vanadyl moiety to the
hydrogen just joined at the vanadium, H1, take place. Therefore,
these transition structures,s/t-TS3-O3, present high values of
imaginary frequencies (1480i/1483i cm-1, respectively). The
charge of the hydrogen atom being transferred, H2, decreases
0.17/0.28 au, respectively. From this step,s/t-4-O3 product
complexes are rendered, where the formed hydrogen molecule
is interacting still with the vanadyl moiety (the hydrogen atoms
forming the H2 fragment are∼0.02 au charged). So from
s/t-4-O3 product complexes, the separated fragments, H2 and
s/t-5-O3, can be directly obtained, overcoming a low energy
barrier of 10.3/3.2 kcal/mol, respectively. Finally, from
s/t-5-O3 product complexes, the separated products, H2 mol-
ecule,s/t-VO+, and propenaldehyde, can be directly yielded,
surmounting barrier heights of 50.2 and 44.9 kcal/mol. Fur-
thermore, spin restrictions do not play a role inpath Ox3because
the energetically lowest pathway only proceeds at the triplet
PES and the three oxidation processes are associated with the
reduction from highest oxidation state, VV (VO2

+), to VIII (VO+)
in all reaction channels.

A comparison between dehydrogenation and oxygenation
processes shows that the allene is the most stable product (only
1.8 kcal/mol below propyne), 6.7 and 15.4 kcal/mol below
acetone and propanaldehyde, respectively. Moreover, the allene
and the propyne formation along thepaths Deh1and Deh2,
respectively, takes place, overcoming an energy barrier of 35.0
and 41.1 kcal/mol, respectively, from the product complexes
(taking account of the existence ofCP-Deh1 and CP-Deh2,
respectively), while inpaths Ox1and Ox2, the products are
obtained from the product complexes climbing up barrier heights
of 49.2 and 45.8 kcal/mol, respectively.

Finally, in Figure 5, the most favorable reaction pathways
for the rearrangement of VO2+ + C3H6 along the dehydrogen-

ation,Deh1, and oxygenation,Ox1, processes are depicted. Both
reactive channels comprise a spin-state change, provided the
spin inversion is sufficiently effective and the CPs,CP-Deh1
andCP-Ox, are appropriately positioned; the reaction pathway
follows the sequences-VO2

+ + s-C2H6 f s-1V f s-TS1-D1
f s-2-D1f CP-Deh1 f t-TS2-D1 f t-3-D1 f t-V(OH) 2

+

+ s-Allenefor Deh1, while pathOx1takes place alongs-VO2
+

+ s-C2H6 f CP-Ox f t-1O f t-TS1-O1 f t-2-O1 f t-VO+

+ s-Acetone.
Comparison with Other Related Reactions. We have

performed a comparison of the present study (three dehydro-
genation and three oxidation processes) with our previous works
to provide valuable information about their reactivity patterns:
(i) the reaction betweens-VO2

+ and C2H4, where the most
thermodynamic and kinetic products correspond to the oxidation
process to yield preferentiallyt-VO+ + CH3CHO;66 (ii) a
dehydrogenation reactions-VO2

+ + C2H6 to rendert-V(OH) 2
+

+ C2H4.67

An analysis of the initial interaction complex of the reactants
for the oxidation processes shows, in the case of the VO2

+ +
C2H4 reaction, a covalent interaction between V and one C atom
of the ethene fragment, and this stable complex determines the
following behavior of the system (associated with an O atom
transfer between V and C atoms and 1,2-hydride transfers
between both carbon atoms, or vice versa). However inpaths
Ox1andOx2of the present work, the addition complex implies
the formation of a three-membered ring between an O atom of
the VO2

+ moiety and the two carbon atoms of the ethylenic
fragment of propene, followed by an intramolecular hydrogen
transfer process between these carbon atoms, to render acetone
or propanaldehyde. Considering the role of the switch from the
s and t PESs, the crossing between them takes place in different
regions along the most favorable reaction pathways. In the case
of the reaction of VO2+ with C2H4 two CPs were characterized
along two paths to render the same product, one of them before
the product complex formation, and the other situated in the
step connecting the reactant complex with the next correspond-
ing to a C-O bond formation. Nevertheless, inpaths Ox1and
Ox2, the spin inversion,CP-Ox, is directly located in the
entrance channel during the formation of the reactant complex.

An analysis of the initial reactant complex for the dehydro-
genation processes shows, in the reaction of VO2

+ with C2H6,
the formation of a three-member ring between the C-V-C
frame, avoiding the formation of a V-C bond along the reaction

Figure 5. Structure of stationary points and crossing points along the most favorable reaction pathways for the dehydrogenation process,
path Deh1, and for the oxygenation process,path Ox1.
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pathway, which is an intrinsic property of alkenes, such as the
reactant complex ofpaths Deh1and Deh2, s/t-1V. While in
the VO2

+ + C2H6 reaction aâ-elimination takes place from
the ethane to the vanadyl frameworks, inpath Deh1the first
hydrogen transfer has a six-membered structure and the second
one implies a migration where a pyramidal structure between
the V atom and the three C atoms is formed; however, inpath
Deh2the first hydrogen transfer has a five-membered structure
and the second one implies a four-membered structure. In the
reaction of VO2

+ with C2H6, the CP occurs in the path
connecting the second C-H activation process with the most
stable minima, at the exit channel. The same situation can be
sensed inpath Deh2(with CP-Deh2), while in path Deh1, on
the contrary,CP-Deh1opens the possibility of an energetically
favorable channel at the triplet electronic state, just before the
second hydrogen transfer process (the rate-limiting step) and
being kinetically relevant.

In addition, we have compared our dehydrogenation and
oxygenation processes with the reaction between VO2

+ and
propane to yield the propene elimination (path a1-1) and an
ionic allyl complex (η3-C3H5)V(O)-(OH)+ along a dehydroge-
nation process (path a2), reported by Engeser et al.37 Thepath
a1-1 to render propene and V(OH)2

+ is similar to that of VO2
+

and ethane (andpaths Deh1and Deh2, previously analyzed)
and also the CP situation (between the second transition
structures and the global minima); these authors do not
characterize the CP, and they point out that the switch between
the spin states should control the outcome of the oxidation of
propane by VO2+ along path a1. The path a2 reported by
Engeser et al. to render the allyl complex (η3-C3H5)V(O)-(OH)+

and the H2 molecule can be compared topath Deh3andpath
Ox3, with similar steps associated with hydrogen transfer
processes from a carbon atom to the vanadium atom and steps
associated with hydrogen migrations from the oxygen atom of
the vanadyl moiety to the hydrogen just joined at the vanadium
atom.

Therefore, there is an increasing number of examples provid-
ing evidence that the chemical reactivity of VO2

+ with saturated
and unsaturated hydrocarbons is dominated by interactions of
various surfaces (spin inversion), and this, in turn, means that
such species show not only the reactivity characteristics for one
electronic state, such as the ground state, but also the behavior
of a second electronic state differing in spin.

4. Conclusions

The present calculations using density functional theory,
B3LYP/6-311G(2d,p), provide thermochemical and kinetic
information on the reaction between VO2

+ (1A1/3A′′) and
propene to yield different products along three dehydrogenation
processes, V(OH)2

+ (1Σ+/3Σ-) and allene (path Deh1), V(OH)2+

(1Σ+/3Σ-) and propyne (path Deh2), and VO2
+ (1A1/3A′′), H2,

and allene (path Deh3), and along three oxidation processes to
obtain VO+ (1∆/3Σ) and acetone (path Ox1), VO+ (1∆/3Σ) and
propanaldehyde (path Ox2), and VO+ (1∆/3Σ), H2, and prope-
naldehyde (path Ox3). There are three crossing points between
singlet and triplet electronic states, two along the dehydroge-
nation process (CP-Deh1, CP-Deh2) and one (CP-Ox) that is
common for the oxygenation process, path-Ox1andpath-Ox2.

The theoretical data obtained may thus provide a helpful tool
for the interpretation of the experimental findings and a useful
guide for understanding the mechanism of other analogous
reactions. From the comprehensive study on these reaction
pathways the following conclusions can be drawn.

(i) The first step of the reaction between VO2
+ (1A1/3A′′)

and propene proceeds without any barrier to form reactive
complexes along spontaneous processes. Only the reactive
complexess/t-1V ands/t-1O are the doors through which the
dehydrogenation,paths Deh, and oxygenation,paths Ox,
reaction pathways must pass to obtain the corresponding
products.

(ii) The most kinetically and thermodynamically favorable
reaction pathway takes place froms-VO2

+ + C3H6 reactants to
t-V(OH 2)+ + allene products, in a dehydrogenation process.
The first step corresponds with an addition process ofs-VO2

+

to the C1 atom along a barrierless energy profile to obtain an
intermediate involving a cation (VO2+)-(C3H6) interaction
complex,s-1V. From this minimum, two consecutive C-H bond
activation processes take place, associated with the hydrogen
transfers (s-TS1-D1 and s-TS2-D1) from the carbon to the
oxygen atoms of the propene and vanadyl cation frameworks,
respectively. Before the second C-H activation process, via
s-TS2-D1, a crossing point,CP-Deh1, has been characterized
and the following steps occur preferentially at the triplet
electronic state. Therefore, the presence ofCP-Deh1 should
control the outcome of the reaction to the most stable combina-
tion of products,t-V(OH) 2

+ and allene.

(iii) Although the allene formation alongpath Deh1is the
most stable product, the propyne formation alongpath Deh2is
only1.8 kcal/mol above the allene. A crossing point,CP-Deh2,
between s and t states has been localized just after the second
hydrogen transfer process (not the rate-limiting step), so this
CP is not kinetically relevant.

(iv) In the oxidation processes, the s-t spin inversion,
CP-Ox, takes place during the formation without barrier of the
reactant complexess/t-1O at the entrance channel. Therefore,
from thet-1O minimum the reaction pathway will be energeti-
cally favorable along the t state, toward formation of the
t-2-O1 product complex, via an intramolecular hydrogen transfer
t-TS1-O1 to finally yield acetone and thet-VO+ cation, or
toward formation of thet-2-O2 product complex, via thet-TS1-
O2 to finally obtain propanaldehyde and thet-VO+ cation.
However, to achieve the different oxidation products, it must
overcome a considerable energy barrier from the respective
product complexes.

(v) The present results can lead us to understand deeply the
mechanism of the title reaction and can provide useful informa-
tion for further experimental investigations and are expected to
be helpful for understanding the chemical reactivity of VO2

+

with saturated and unsaturated hydrocarbons.
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