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The complex reaction between YO(*A1/3A") and GH4 (*A4/%A,) to yield VO™ (*A/3%) and CHCHO

(*A’/3A"") has been studied by means of B3LYP/6-31G* and B3LYP/6-311G(2d,p) calculations. The structures
of all reactants, products, intermediates, and transition structures of this reaction have been optimized and
characterized at the fundamental singlet and first excited triplet electronic states. Crossing points are localized,
and possible spin inversion processes are discussed by means of the intrinsic reaction coordinate approach.
Relevant stationary points along the most favorable reaction pathways have been studied at the CCSD/6-
311G(2d,p)//B3LYP/6-311G(2d,p) calculation level. The theoretical results allow the development of
thermodynamic and kinetic arguments about the reaction pathways of the title process. In the singlet state,
the first step is the barrierless obtention of a reactant complex associated with the formatior Gflao¥d,

while in the triplet state a three-membered ring addition complex with the V bonded to the two C atoms is
obtained. Similar behavior is found in the exit channels: the product complexes can be formed from isolated
products without barriers. The reactant and product complexes are the most stable stationary points in the
singlet and triplet electronic states. From the singlet state reactant complex, two reaction pathways are posssible
to reach the triplet state product complex. (i) A mechanism in which a hydrogen transfer process is the first
and rate limiting step and the second step is an oxygen transfer between vanadium and carbon atoms with a
concomitant change in the spin state. The crossing point between singlet and triplet spin states is not kinetically
relevant because it takes place at a later stage occurring in the exit channel. (i) A mechanism in which the
first stage renders a four-membered ring between vanadyl cation and the ethylene fragment and an oxygen
carbon bond is formed; on going from this minimum to the second transition structure, associated with a
carbon-vanadium bond breaking process, the crossing point between singlet and triplet spin states is reached.
The final step is the hydrogen transfer between both carbon atoms to yield the product complex. In this case
the spin change opens a lower barrier pathway. The transition structures with larger values of relative energies
for both reactive channels of VO (*A1) + C;Ha (*Ag) — VO™ (32) + CH;CHO (*A’) present similar energies,

and the two reaction pathways can be considered as competitive.

1. Introduction Therefore, during the course of the chemical reaction, the system

Wide technological applications of metal oxides justify the Can access these energetically quasi-degenerate states and adapt
necessity to understand their physical and chemical propéfties. to different bonding situations. Then, spin inversions can occur
Numerous studies on the chemical reactions of these system®n going from reactants to products. In principle, the reaction
in the gas phase have been carried out to clarify their catalytic rate can be limited by a transition structure (TS) or by the rate
activity as well as the mechanism and intermediates in many to cross between different electronic states. It seems quite
important processésThe study of the gas-phase chemistry can difficult to speculate the detailed mechanism of such reactions
provide information about their intrinsic chemical reactivity and which may involve complex isomerization and dissociation
can contribute to a better understanding of their behavior in channelg~1° Reactions that involve a change in the spin state
the condensed phase. Due to the recognition of their key role and thus occur on two or more potential energy surfaces (PESs)
in many reactive processes, chemical reactions between metatepresent a field of growing interest in chemical physics and
oxides and hydrocarbons have received special attention byhave received much attention in recent yéar& In these cases,
different research grougs® While their chemical reactivity has  the standard theoretical description of chemical reactivity based
been exploited for many years, a prerequisite for a more on the idea of spin conservation along the reaction path must
extensive understanding of catalytic reactions is to discover the e gpandonetf—22 This fact opens the possibility to a nona-
details on an atomic scale. Therefore, the knowledge of the giahatic behavior, in which the most favorable reaction pathway

corresponding molecular mechanisms represents a research topigoes not remain on a single PES as it evolves from rectants to
of great interest. products

The behavior of metal oxides is strongly influenced by the M . tal and th tical findi id id
presence of multiple low-lying electronic states in these species. any experimental and theoretical indings provide evidence
for the importance of nonadiabatic processes, ranging from
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the minimum energy reaction pathway. Shaik et'd define the 6-311G(2d,p) basis set are used for the discussion. A
these reactions in terms of two-state reactivity where two spin comparison is offered between B3LYP/6-31G* and B3LYP/6-
surfaces connect reactants and products. 311G(2d,p) results. Finally, single-point CCSD/6-311G(2d,p)//

Castleman et al. have studied, by means of ion beam massB3LYP/6-311G(2d, calculations are performed at selected
spectrometry coupled with a laser vaporization source, the structures.
reactions of vanadium oxide clusters of different stoichiometries, The computed stationary points have been characterized as
V,Oy", with various compounds such asHG, C;Hg, CoFs, minima or TSs by diagonalizing the Hessian matrix and
CHsCFs, CCly, and CHF».42-48 Among them, the title reaction  analyzing the vibrational normal modes. In this way, the
VO,* + C,H4 may be of particular interest due to its apparent Stationary points can be classified as minima if no imaginary
simplicity and the importance of reactant vanadyl cation,¥/O  frequencies are shown or as TSs if only one imaginary frequency
Schwarz et al. have selected Fourier transform mass spectromis obtained. The particular nature of TSs has been determined
etry to study the gas-phase reaction, while calculations have by analyzing the motion described by the eigenvector associated
been carried out to obtain electronic and thermochemical with the imaginary frequency transition vector (T$)Thus,
properties of the reactivity patteffThis study points out that ~ harmonic vibrational frequencies, zero-point and thermal energy
the oxidation of ethene by the vanadyl cation proceeds via a corrections, and force constants were calculated. The standard
conceptually new mechanism which involves a coupled oxida- temperature (298.15 K) and pressure (1 atm) were used to obtain
tion and hydrogen migration. Because the laboratory study of Gibbs free energies at the B3LYP/6-31G* and B3LYP/6-311G-
such type of reactions is not easy, theoretical studies may(2d,p) levels. Furthermore, the intrinsic reaction coordinate
provide useful information about the nature of the chemical (IRC) method®°has been used to describe minimum energy
rearrangement. Therefore, we have carried out the presentpaths from TSs to the corresponding minima along the imaginary
theoretical work in order to elucidate in detail the molecular mode of vibration using the algorithm developed by Gdeza
mechanism of the oxidation reaction between¥@nd GHa and Schlegét in the mass-weighted internal coordinate system.
to yield VO and CHCHO. This is a subtle calculation, since To locate the crossings between states of different spin
the spin mutiplicity of the metal oxide changes on going from multiplicities, the procedure used by Yoshizawa eP&las been
the reactants to products. Two electronic states are involved:selected. Starting from the TS closest to the crossing seams,
the reactant, V@' (*A)), has singlet spin multiplicity, and with  the IRC path was traced down to the corresponding minimum.
the singlet ethylene the reactant system is an overall spin singletThereafter, each optimized point along the IRC path was
state, while the product, VO(3), has a triplet spin multiplicity =~ submitted to a single point energy calculation with the other
as ground state. electronic state. In this way, we obtain the crossing points (CPSs)

The primary focus of the present study has been the as the structures that have identical geometries and energies in
understanding of the factors controlling the products outcome; the singlet and triplet states.
reaction pathways having singlet and triplet electronic states The PES of the system, that consists of nine atoms,(V©
have been explored, and the corresponding stationary points havé2Ha), is a function of internal degree of freedom of dimension
been characterized. Finally, the points at which crossing can21. The crossing seam between the two PESs is therefore a
occur between the two spin states have been determined.  hyperline of dimension 20, and it is difficult to perform a

The organization of the article is as follows: the computing detailed inspection of the crossing seam. Therefore, as men-
methods and model systems are described in section 2. In sectiotioned above, we have carried out single-point energy calcula-
3, the results are reported and discussed; in subsection 3.1 adions (in the triplet spin state) as a function of the structural
overview of the stationary points is presented; in subsection change along the IRC of the singlet state, and vice versa. It
3.2, we discuss the results of the population analysis; in Must be noted that what we obtain are the CPs along the IRC
subsection 3.3, we focus on the free energy profiles; and in Paths: other CPs can be found in other regions of the
subsection 3.4, the crossing points are described. The mainmultidimensional PESs. The set of CPs we obtain in this way
conclusions that arise from the current research are finally c@n be considered as estimates of the minimal energy crossing

summarized in section 4. points (MECPs) between singlet and triplet hypersurfaces. The
true MECPs would be stationary points if the gradient was
2. Computing Methods defined in an appropriate way. Its obtention, described for

instance in ref 62, is out of the scope of the present work.

All computations are carried out using the GAUSSIAN98 However, as the intermediates and TSs describe the molecular
program packag®. The calculations were performed at first mechanism from reactants to products and can be connected to
approximation at the unrestricted or restricted B3LYP 1&V&f, each other following the IRCs paths, we feel that the CPs we
using the 6-31G* basis set recently developed by Pople andfound have mechanistic significance and will allow us to discuss
co-workers?® This is a reasonable choice for a first-order the molecular mechanism. Each IRC was constructed from a
approach to a theoretical exploration of these systems, astotal of 65 or 154 steps (B3LYP/6-31G* level) and of 75 or
previous works have shown: 6 The computing methods based 143 steps (B3LYP/6-311G(2d,p) level) to an accuracy of 0.1
in the density functional theory require, in general, smaller basis amu/2bohr of s, in which s is the length of the IRC.
sets than standard correlation methods. However, for obtaining  The natural population analysis has been made by using the
reliable energetics in systems involving iemolecule com- natural bond orbital (NBG$64 option as implemented in
plexes such as the one herein studied, the use of larger basissAUSSIAN9S.
sets with diffuse functions on the heavy atoms and polarization . )
functions on all atoms is preferrdd.Then, the relevant 3- Results and Discussion
structures have been reoptimized by using the standard all 3.1. Overview of the Stationary Points The geometries of
electron 6-311G(2d,p) and 6-3t5G(2d,p) basis sets imple-  the stationary points at both singlet and triplet electronic states
mented in GAUSSIAN98. We have found that the second basis are depicted in Figures 1 and 2, respectively. We use the prefixes
set does not properly describe the transition structures associatetis” and “t” to denote the structures in the singlet and triplet
with hydrogen transfers, so that the results obtained by using electronic states, respectively.
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Figure 1. Structures (distances in A and angles in deg) of the stationary points found in the first singlet electronic state at the B3LYP/6-311G-
(2d,p) level and (in parentheses) at the B3LYP/6-31G* level. For TSs, the imaginary vibrational frequenci®satenshown in italics. (a) First
pathway. (b) Second pathway.



3110 J. Phys. Chem. A, Vol. 107, No. 17, 2003 Gracia et al.

a
107.82

109, 2]
o0 { 107.65
(107.23)

(107.18)

109.78 O
(109.37)

1.561
(1.560)

—> (1.560) 113.24
130 Oy,
x 2

(1.087)
(D H1-C1-C2-H2=105.71 (100.07)
= H1-C1-C2-H2=95.68 (97.47)
t-7

Oz

H1-C1-C2-H2=0.0 (0.0) d
HA-C1-C2-H2=61.39 (58.06)
5-CoHy ('Ag) H1'-C1-C2-H2'=65.68 (61.56) +-TS6/7 o 10022
Separated -6 95.9i 1 (10861 A ces
Reactants (57.1i) (1.579)
p 1.310 Hy
1.634 {1.568 “f:%@ 1.385
= 1
(1.535) 2.144 14) %,
{2.145)
10865 22 108.20 PO, G, 1414
: 1.429
t-vo* (°z) (1014 (106.85) / bt Ha
1.554
yoase P (1.554) H1-C1-C2-H2=100.14 (98.786)
124.67 .
t ) 994 129.56 L1878
Y(1.997) 128.21 -— (129.23) 1374.0
(1414.0i)

(127.58)

1.202
(1.211)

1113 §

-8

s-CH;CHO ('AY) :
t-TS8/9

Separated 1e8.2t
Products (189.4))

Separated —=2.271 — 2320
Reactants
He (O
H1.C1-C2-H2=61.39 (58.06) ' H1.-C1-C2-H2'=4.08 (3.54)
H1'-C1-C2-H2'=65.68 (61.56) H1-C1-C2-H2'=63.08 (58.03) 11 C1-C2H2'=4.76 (5.35) e
t-6 +-TS6/10 10
422.7i
117.6i (412.50)
(54.50)
1,559 H1-C1-C2-H2'=12.65 (8.09)
v (1.561) 0,
S
113.05
1,843
P {114.50)
0y
Separated —~— 9 * rer e

(1.485) Ha

H1'-C1-C2-H2'=-28.48 (-27.47)

H1'-C1-C2-H2'=70.81 (72.81)
t-TS12/9 H1'-C1-C2-H2'=56.63 (57.24) tTS11/12
771.71 12 104.3
(927.9i) (71.8i)

Figure 2. Structures (distances in A and angles in deg) of the stationary points found in the first triplet electronic state at the B3LYP/6-311G(2d,p)
level and (in parentheses) at the B3LYP/6-31G* level. For TSs, the imaginary vibrational frequenci&saenshown in italics. (a) First pathway.

(b) Second pathway.
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An analysis of Figures 1 and 2 points out that the reactivity state), as expected (data not shown: TV components are
patterns of the singlet and triplet spin states are similar. The available from the authors on request). In fact, thentbtion
first stage of the reaction in both electronic states correspondsdominates the fluctuation pattern, mainly in t-TS7/8, while in
to the approach of vanadyl cation YOtoward the etyhlene  s-TS1/2 a small but significant motion of,@nd Q can be
fragment, with formation of the corresponding complexes: s-1 sensed. Hence, s-TS1/2 cannot be described only as a hydrogen
and t-6 for the singlet and triplet electronic states, respectively. transfer TS: the Hmotion is coupled with some heavy atoms
The geometry of s-1 (see Figure 1a, which presents the first motions: G approaches Gwvhile O, moves away from € This
reaction pathway in the singlet electronic state) points out that fact justifies the low imaginary frequency value obtained in the
the interaction between vanadyl and ethylene systems takes placéinglet state (around 250i ct), compared with the higher value
between V and one of the C atoms, yielding the formation of a Obtained in the triplet state (around 1370i¢n Also, we must
V—C bond along a barrierless process. The next step is point out the different values for the imaginary frequency found
associated with an intramolecular hydrogen transfer betweenfor s-TS1/2 depending on the basis set used. For the small basis
C; and G to yield the s-2 intermediate, via the transition setthe heavy atom motions are more intense, and consequently
structure s-TS1/2. The channel from s-2 to s-3 takes place alongthe imaginary frequency is lower (around 112i ¢ At
s-TS2/3, associated with the cleavage and formation;ef\C s-TS2/3 (and also at t-TS8/9), the displacement of thatom
and G—04 bonds, respectively. The final stationary structure, is coupled with the motion of the CHGHind VO fragments;
s-3, can be viewed as a product complex and can be connectedherefore, the bond angle-v0,—C; controls the TVs and this
with the separated products. fact explains the low values for the imaginary frequencies. A
A similar reaction pathway can be traced on the triplet state similar behe_wior i; found at t-TS6/7, and the orientation of the
(Figure 2a). In t-6, an interaction takes place between V and CH2CH. moiety with respect to the Vi&¥ragment controls the
both C atoms, and a three-membered ring is formed without a corresponding TV.
barrier. Then, a subsequent step connects t-6 with t-7 through In what refers to the second pathway (Figures 1b and 2b),
t-TS6/7, associated with the opening of the—C;—V bond s-TS1/4 and t-TS10/11 are associated with theGCbond
angle. From t-7, a hydrogen transfer process, via t-TS7/8, givesformation, as can be seen either from the TV components or
t-8. Thereafter, the ¢-O; bond formation and ¢V bond from the fluctuation patterns. s-TS4/5 and t-TS11/12, related
breaking processes take place, via t-TS8/9, to render t-9. Thewith the V—C bond breaking, are quite different from each other
last species, t-9, can also be viewed as a product complex androm a geometrical point of view: the position of the oxygen
can be connected with the separated products. atom is not bonded to the ethylene moiety and the two hydrogen
The second pathway (Figure 1b: note that s-1 is viewed from atpms !inked to the . terminal carbon atom have .different
the other side than in Figure 1a) begins with formation of a orientations. These dn_‘ference_s can _also_be found in the TV
metallaoxetane species (s-4, similar to the triplet species t-11;components: s-TS4/5 is associated with dihedral angles as well
see Figure 2b) through s-TS1/4. Then, an opening process of&S with the V—Cl_dlstance, while t-TS_11/12 is only assoqated
the four-membered ring renders s-5, that can be connectegwith the V—C; dlsta_nce. The_fluctuatlon pattern alsq differs:
through another intramolecular hydrogen transfer step, s-TS5/for s-TS4/5 the rotational motion of the GKbf the terminal C
3, to the intermediate s-3. In the triplet state, this reaction atom) dominates, even over the vanadium atom motion, while
pathway includes a previous step, via t-TS6/10, yielding t-10. for t-TS11/12 the coupled motions 0£@0,, and V atoms are
The main difference between t-6 and t-10 is the value of the the most significative. The hydrogen transfer TSs, s-TS5/3 and
rotation angle around the;EC, bond: the H—Cy—Co—Hy t-TS12/9, are essentially associated with the H motion from one
dihedral angle is-65 and~5° in t-6 and in t-10, respectively. carbon atom to the other. Finally, t-TS6/10 is Iocateql in avery
Hence, from a chemical point of view, theoverlap between  flat zone of the PES, and a very low value of the imaginary
the p atomic orbitals of carbon atoms, that was not possible for frequency is found, mainly associated with the dihedral angle
t-6, is recovered at t-10. Thereafter, t-TS10/11 renders the Of the vanadyl moiety with respect thesystem of the ethylene
metallaoxetane species (t-11) which, through a ring opening fragment.
process, gives t-12. The final hydrogen transfer step, viat-TS12/ The results that were obtained using 6-31G* are roughly
9, yields t-9. recovered if the larger 6-311G(2d,p) is used instead. Although
As can be seen, the calculated geometric parameters aréhe imaginary frequency values slightly vary depending on the
roughly independent of the basis set size: in the singlet statePasis set size (see Figures 1a to 2b), the qualitative description
the maximum difference in the reported distance values is 0.0610°f the processes remains.
A (C,—V distance in s-TS4/5) and the difference in the reported  3.2. Natural Population Analysis In Table 1 the results of
angles is less than 5.690;,—V—0; angle in s-3). The same the natural population analysis for the stationary points are
trend is found with respect to the dihedral angles, except in reported. The larger basis set renders a distribution of charges
s-5, for which the ethylene moiety is described as more planar softer than the one obtained by the use of the small basis set,
at B3LYP/6-311G(2d,p) than at B3LYP/6-31G*. In addition, the differences being in general less than 0.2 au. This is what
we must point out the difference observed in the® distance, one could expect, due to the larger number of polarization
which is found to be slightly larger at the B3LYP/6-311G(2d,p) functions used in the 6-311G(2d,p) basis set, thus permitting a
level, thus describing a less strongly bonded complex betweenfurther relaxation of the charge separation.
the VO' and the acetaldehyde moieties. In the triplet state the  An electronic charge transfer (0.22 au) takes place from the
differences in distances (lower than 0.063 A), angles (lower than ethylene moiety to the vanadyl cation at s-1 (see Table 1A);
4.07), and dihedrals (lower than 5.B4are also very small. the negative charge ofGthe carbon atom linked to V atom)
An analysis of the fluctuation patterns, that is, the atomic increases to-0.56 au, while the negative charge of the other
vibrations corresponding to the imaginary frequency, at TSs for carbon atom, & is reduced to—0.17 au. Therefore, the
the first pathway (Figures 1a and 2a) renders that the displace-formation of the addition complex, s-1, is an electrophilic attack
ment of the H atom is the main contribution to the TV  of the VO,;* fragment on ther system of the olefin. In the
corresponding to s-TS1/2 (and t-TS7/8 at the triplet electronic triplet state (see Table 1B) an electronic charge (0.36 au) is
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TABLE 1. Natural Population Analysis for the Stationary Points:2 (A) Singlet State and (B) Triplet State
(A) Singlet State

V 01 Oz C1 Cz Hl HZ Hl’ H2’
s-VO,* 1.60 —0.30 —0.30
s-GH4 —0.36 —0.36 0.18 0.18 0.18 0.18
s-1 1.50 —0.35 —0.37 —0.56 -0.17 0.26 0.23 0.24 0.23
s-TS1/2 1.42 —0.40 —0.40 —0.24 —0.48 0.36 0.26 0.21 0.26
s-2 1.48 —0.57 —0.37 0.18 —0.65 0.26 0.24 0.18 0.24
s-TS2/3 1.44 —0.66 —0.46 0.44 —0.68 0.24 0.26 0.16 0.27
s-3 1.39 —0.70 —0.52 0.57 —0.70 0.24 0.27 0.17 0.27

\Y 01 O, Cy C, Hy Hx Hi Ho
s-1 1.50 —0.35 —0.37 —0.56 -0.17 0.24 0.23 0.26 0.23
s-TS1/4 1.48 —0.31 —0.46 —0.61 —0.09 0.24 0.24 0.26 0.24
s-4 1.49 —0.30 —0.48 —0.60 —0.09 0.24 0.24 0.26 0.24
s-TS4/5 1.49 —0.52 —0.74 —0.06 —0.15 0.21 0.26 0.21 0.30
s-5 1.46 —-0.51 —-0.74 —0.06 -0.15 0.21 0.28 0.21 0.29
s-TS5/3 1.37 —0.51 —0.74 —0.03 -0.11 0.22 0.32 0.22 0.26

Y, o o C (C=0) C (ChHy) H (CHa) H
s-VO* 1.42 —0.42
s-CHCHO —0.52 0.46 —0.67 0.21 0.09
(B) Triplet State

Vv 01 02 C1 C2 H1 H2 Hl’ H2’
t-VO,* 1.61 —-0.32 -0.28
t-6 1.44 —0.40 —0.40 —0.30 —0.35 0.27 0.23 0.25 0.26
t-TS6/7 1.48 —0.36 —0.37 —0.40 —0.31 0.25 0.23 0.22 0.25
t-7 1.47 —-0.37 —-0.37 —-0.41 —-0.28 0.24 0.23 0.23 0.25
t-TS7/8 1.42 —0.39 —0.45 —0.41 —-0.37 0.38 0.27 0.28 0.27
t-8 1.38 —0.26 —0.30 —0.13 —0.70 0.24 0.28 0.19 0.30
t-TS8/9 1.39 —0.30 —0.36 —0.05 —0.69 0.25 0.31 0.19 0.27
t-9 1.44 —0.69 —0.55 0.56 -0.70 0.24 0.27 0.17 0.27

\YJ (o)} 0, C C, Hy Hz Hi H>

t6 1.44 —0.40 —0.40 -0.30 -0.35 0.25 0.26 0.27 0.23
t-TS6/10 1.46 -0.23 -0.29 —0.44 -0.45 0.21 0.27 0.26 0.21
t-10 1.49 —0.31 —0.35 —0.26 —0.52 0.24 0.24 0.23 0.24
t-TS10/11 1.56 —0.49 —0.39 —-0.14 —0.51 0.24 0.25 0.25 0.24
t-11 1.56 —0.64 —-0.41 —0.12 —0.30 0.22 0.23 0.26 0.20
t-TS11/12 1.57 —0.69 —0.43 —0.09 —-0.14 0.21 0.18 0.21 0.18
t-12 1.49 —0.72 —0.46 —0.13 —0.10 0.26 0.20 0.26 0.20
t-TS12/9 1.43 —0.78 —0.54 —0.10 —0.02 0.33 0.21 0.26 0.22
t-VO* 1.46 —0.46

aThe calculated charge (au) on the indicated atoms, for the corresponding stationary points, is reported at the B3LYP/6-311G(2d,p) level.

also transferred from the ethylene moiety to the vanadyl cation because the £-O; bond is still not formed. At t-TS7/8, the

at t-6. However, in this case, the values of the negative chargespositive charge of the transferred i 0.38 au.

for the two carbon atoms,;@nd G, remain roughly unaffected, At s-TS2/3 and s-3, the negative charges on the oxygen atoms

due to the formation of a three-membered ring, and the positive increase, as well as the positive charge on thatGm. At s-3,

charge increases in the terminal hydrogen atoms. Along the nextthe VO' fragment polarizes the,& 0O, bond of ethanal, mainly

step in the triplet eletronic state, t=6 t-TS6/7— t-7, this ring in what refers to the negative charge on(©0.70 au). These

is opened, and the net electronic charge transferred from theeffects, even increased, can be sensed in the triplet state for the

ethylene fragment to the \M® moiety decreases to 0.27 au, a step t-8— t-TS8/9— t-9.

value slightly larger than the one found at s-1 (0.22, see above). On going from s-1 to s-4, via s-TS1/4 (Figure 1b), the
In the next step on the singlet electronic state (Figure 1a), negative charges on,Glightly increase, from-0.37 to—0.48

s-1— s-TS1/2— s-2, the negative charge on @isappears au, while on G they slightly decrease (from0.17 to—0.09),

(+0.18 au at s-2), while that at,@nhcreases untit-0.65 au, as due to the formation of the £ O, bond. In the triplet state, for

does, to a lower extent, that on 0-0.57 au). At s-TS1/2,the  the consecutive steps t-6 t-TS6/10— t-10 and t-10— t-TS10/

hydrogen atom being transferred, i positively charged (0.36 11— t-11 (Figure 2b) the charge on;@aries from—0.40 to

au), and thus this process can be considered as a proton transfer;0.31 first and then from-0.31 to—0.64; on C1 the charge

with negative charge migration fromy@ C,. In the stage t-7 changes from-0.30 to—0.26 and then te-0.12. Note that in

— t-TS7/8— t-8 (Figure 2a), the negative charge transfer from this case the C-O; is the bond being formed along the second

C; to G, has still not taken place at t-TS7/8. At t-8 the negative stage.

charge is located mainly on the, @om (0.70 au), and the At s-TS4/5 a huge discrepancy between the results obtained

negative charge on the;@tom is reduced (te-0.26 au) with at the B3LYP/6-31G* and B3LYP/6-311G(2d,p) levels is found.

respect to t-TS7/8, but the negative charge onr€mains The positive charge on the V atom is found to be 2.24 au by
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using the small basis set, being only 1.49 au with the large one.found at least for the first steps of both possible pathways. The
Also, a significative diference is found in the negative charge first reaction channel, going from the triplet state reactants to
on G (—0.06 and—0.79 au depending on the basis set). The the triplet state products through t-6, t-TS6/7, t-7, t-TS7/8, t-8,
results at the B3LYP/6-31G* level describe a situation in which t-TS8/9, and t-9, is depicted in Figure 3c. This channel is
the G atom still retains its negative charge, and as theV/C energetically unfavored with respect the second pathway (Figure
bond is almost broken, the vanadium is positively overcharged. 3d), that goes from the triplet state reactants to the products
The calculations with the small basis set seem to have addresse¢hrough t-6, t-TS6/10, t-10, t-TS10/11, t-11, t-TS11/12, t-12,
a wrong state. According to the results obtained at B3LYP/6- t-TS12/9, and t-9. This second pathway lies always under the
311G(2d,p), on going from s-4 to s-TS4/5 the negative charge triplet state reactants energy, and therefore, no activation barrier
on G is reduced to—0.06 au, and the two oxygens take the has to be surmounted.
negative charge, as a consequence of th&/ @ond breaking. As can be seen in Figure 3, the use of one or another of the
In the triplet state at t-TS11/12 the discrepancy is very small. pasis sets herein employed does not produce significative
For s-TS5/3 and t-TS12/9, a positive charge is found on the changes in what refers to the relative energies, with the only
hydrogen atoms being transferredy (0.32) and H (0.33 au), exception being separated products.
respectively. Finally, in the s-3 and t-9 product complexes, the 3.4, Crossing PointsThe products in triplet state, VIO(3X)
electronic charge transfer from the ethanal moiety to the VO + CH,CHO @A"), will be formed from the reactants in singlet
fragment presents small values: 0.13 and 0.11 au, respectivelystate, VQ* (A1) + CoHq (*Ag). Therefore, at least a crossing
3.3. Free Energy Profiles The Gibbs free energy profiles and spin inversion process must take place in the reaction
of the singlet and triplet electronic states are presented in Figurepathway. Due to the fact that the CPs are not stationary points
3. on either of the individual spin surfaces, we use potential
Four combinations are possible for the reactants and products energiesAE, instead of Gibbs free energiesG, to obtain the
depending on their particular electronic states. The most stable€nergetic profiles. Hence, single-point energy calculations in
combination of reactants is formed by YO(*A1) and GHa the triplet state on the geometries optimized for the intermediates
(*A,) both in their singlet fundamental states, thus belonging and TSs in the singlet state have been carried out. This procedure
to the overall singlet PES. The two triplet state combinations, iS used as the starting point to localize the crossing seams
t-VO,* (PA") + 5-GHa (*Ag) and s-VQ* (*A1) + t-CoHa (A1), between singlet and triplet PESs. Also, from the stationary points
stand 35.6 and 60.3 kcal/mol above the singlet (36.9 and 76.8found in triplet state, single-point energy calculations in singlet
kcal/mol at the B3LYP/6-31G* level). The highest energy PES state have been performed to localize other crossings between

at the reactant side corresponds to the combinationA:\(€\"") triplet and singlet PESs.
+ t-CoHs (BAy), 95.9 kcal/mol above (113.7 kcal/mol at the A comparative analysis of the energy profiles usixig (not
B3LYP/6-31G* level). shown, available from the authors on request) instead ®f

In Figure 3a the relative free energies of the stationary points shows that both energetic criteria render rather similar results
of the first pathway, with respect to the reactants in its singlet With respect to the relative energies of stationary points, minima,
electronic state, are presented. Starting from the separatecand TSs. Therefore, the energy profiles basedA@nvalues
reactants, an inverted energy profile is found for the first steps. are used to discuss the role of the CPs in the corresponding
The first reaction path connects the reactants in its singlet statereaction pathways.
with s-1, s-TS1/2, s-2, s-TS2/3, and s-3. A final step from the = Four CPs are expected to occur according to the results of
product complex leads to the isolated products. The secondthe analysis described above: between s-2 and s-TS2/3 (CP1);
reaction path(Figure 3B connects the reactants in its singlet between s-4 and s-TS4/5 (CP2); between t-TS8/9 and t-9 (CP3);
state with s-1, s-TS1/4-4, s-TS4/5, s-5, s-TS5/3, and s-3, with and between t-TS10/11 and t-11 (CP4). In Figure 4, the IRC
the final climb up to the products. A comparison between the paths calculated at the B3LYP/6-311G(2d,p) level from s-TS2/3
values of the relative energies of the highest TSs for both to s-2 and from s-TS4/5 to s-4, respectively, are shown as solid
channels shows that s-TS4/5 and s-TS5/3 have larger valuedines. Energy is plotted as a function of the IRC value scaled
(16.4 and 15.7 kcal/mol, respectively) than s-TSH8.0 kcal/ from 0 (the TS) to—1 (the corresponding minimum that
mol). Therefore, the first pathway is energetically favorable. precedes the TS in the reaction pathway, hence the negative

The most stable combination of products is formed by ttVO  sign). The dotted lines are the single-point energy values on
(%) + s-CHCHO (A"), that belongs to the overall first triplet  the geometries of each optimized point along the IRC path, in
PES. The singlet PES, whose products would correspond totriplet electronic state. The figures point out the crossing seams
s-VO' (1A) + s-CHCHO (tA"), is ~26 kcal/mol above, while where the values of energy for both electronic states become
the two other combinations have higher energy values. Then, itequal for a determined geometry along the IRC path.
is obvious that, from the most stable reactants to the most stable In Figure 4a it is shown that the energies of the singlet and
products, at least one crossing must take place. We will focus triplet states coincide for a scaled IRC value 0 —0.84
only on the possible crossings between the first singlet and triplet (—0.73 at the B3LYP/6-31G* level, data not shown). The
states, once the reactive complex (s-1) is formed. Higher excitedstructure of this crossing point (CP1) is depicted in Figure 5.
triplet PESs, as well as quintuplet PESs, were not considered.This point is geometrically closer to s-2 than to s-TS2/3: the
It must be noted that the products combination t?VEX) + V—C, distance is 2.168 A. This distance is 2.116 A in s-2 and
t-CH3CHO (A", that can be assigned a global spin state of 2.636 A in s-TS2/3. Also, the ©-C; distance in CP1 is 1.311
singlet, triplet, or quintuplet, is well above the singlet products A, compared to 1.320 A in s-2 and 1.260 A in s-TS2/3.
and also that the highest energy product combination, $-VO Accordingly, the energy of CP1 is0.3 kcal/mol over the s-2
(*A) + t-CH3CHO (@A), corresponds to another triplet state energy, while the energy difference between s-TS2/3 and s-2 is
PES. ~4.4 kcal/mol, and hence CP1 is also energetically closer to

In Figure 3c and d the relative energy (to the reactants in its S-2 than to s-TS2/3.
singlet electronic state) is plotted against the stationary points The existence of CP1 opens the possibility for an intersystem
found in the triplet state. Again, an inverted energy profile is crossing to take place. It is conceivable that a mechanistic path,
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Figure 3. Gibbs free energy profiles at 298.15 K, relative to the reactants in the singlet state. (a and b) First singlet and (c and d) first triplet
electronic states at the B3LYP/6-311G(2d,p) (solid lines) and B3LYP/6-31G* (dashed lines) Ie@elslues (kcal/mol) are indicated. The total

Gibbs free energy values of the singlet electronic state for the separated reactaritd 2826782 553 hartrees at the B3LYP/6-311G(2d,p) level and
—1172.659 430 hartrees at the B3LYP/6-31G* level.

starting from the reactants in the singlet state, goes through s-1 stationary point. This optimization ends up at t-9, and therefore
s-TS1/2, and s-2. Then, before reaching s-TS2/3, CP1 is found,this minimum is directly reached from CP1. This can be
and a downhill path can be taken on the triplet state PES.  geometrically justified: the G-V distance (the main variable

A full optimization has been carried out from the CP1 controlling the steps from t-8 to t-9) is 2.168 A in CP1. This
structure in triplet electronic state to find the corresponding value is larger than 1.975 A (the value found at t-8) and also
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pathway (the passage over s-TS1/2) is located in a previuos
stage, and the spin inversion is not regarded as a rate-limiting
factor but rather as a later step occurring in the exit channel.

In Figure 4b, it is shown that, for a scaled IRC valuesaf
—0.55 (-0.57 at the B3LYP/6-31G* level, data not shown),
the singlet and triplet states present similar energy. The structure
of the corresponding crossing point (CP2) is shown in Figure
5. CP2 is similar to s-4: the ¥C, distance is 2.420 A in CP2,
this value being 1.989 A in s-4 and 3.257 A in s-TS4/5.
However, the @-C, bond distance is 1.465 A in CP2, and this
value is closer to 1.380 A (the value found in s-TS4/5) than to
1.605 (the value at s-4). On the other hand, the energy of CP2
is 20.6 kcal/mol above that of s-4, while the energy difference
between s-4 and s-TS4/5 is 45.1 kcal/mol. Therefore, CP2 is
energetically closer to s-4 than to s-TS4/5.

CP2 opens the possibility for another intersystem crossing
process to take place. The path would now start from the
reactants in the singlet state, going through s-1, s-TS1/4, and
s-4. Then, before reaching s-TS4/5, CP2 is found, and the path
can be continued on the triplet state PES. Again, a full
optimization has been carried out from the CP2 structure in
triplet electronic state. This optimization ends up in t-11. The
conclusion, hence, is that, from CP2, t-11 is reached. From this
point onward, the path would continue on the triplet surface,
through t-TS11/12, t-12, and t-TS12/9, to reach t-9 and finally
the products. It must be noted that, in this case, CP2 is reached
before the rate-limiting step of the resulting pathway, and
therefore the spin inversion can be kinetically relevant, because
it takes place in the entrance channel. These results suggest a
new reaction mechanism for the oxidation of ethene by,VO

The values of the spin densities are different at both PESs.
CP1 and CP2 at the triplet spin state present large values at the
vanadium center (1.76 and 1.40, respectively) and at the C
carbon atom center (0.32 and 0.70, respectively). In the singlet
state, the atomic spin density is approximately zero for all atoms;
therefore, a change of the spin pairing on the vanadyl and
ethylene moieties is necessary in the singlet state to reach the
triplet spin state.

We have found two additional crossing points, CP3 and CP4,
that do not have mechanistic significance, because they describe
the crossing from the triplet to the singlet PES. However, from
these points onward (to the products), the triplet PES becomes
the lowest lying PES, and hence the crossing to the singlet PES
will not take place. For the sake of completeness, the obtention
and structure of these two crossing points at the B3LYP/6-31G*
level is briefly described. CP3 is found for a scaled IRC value
of s= —0.58 starting from t-TS8/9. The CP3 structure is shown
in Figure 5 and is more similar to t-TS8/9 than to t-9.
Energetically, however, CP3 lies 27.2 kcal/mol above t-9, while
t-TS8/9 is 88.5 kcal/mol above t-9, and therefore CP3 is closer
to t-9. Finally, CP4 is found for an IRC value ef= —0.54 in
the IRC from t-TS10/11. The structure, shown in Figure 5, is
similar to t-11 and energetically closer to this minimum (1.8
kcal/mol above) than to t-TS10/11 (which stands 23.3 kcal/mol
above).

and angles in deg at the B3LYP/6-311G(2d,p) level and (in parentheses) \nie can trace two reaction channels that connect the most

the B3LYP/6-31G* level). (a) CP1, from s-TS2/3 to s-2. (b) CP2, from
s-TS4/5 to s-4. (c) CP3, from t-TS8/9 to t-9. (d) CP4, from t-TS10/11
to t-11.

than 1.994 A (the value found at t-TS8/9). Hence, from a

stable reactants, VO (*A1) + CoHa (*Ag), with the most stable
products, VO (32) + CH3;CHO (tA"), both including crossing
points (Figure 6). An analysis of these figures shows that except
the separated reactants and products, the highest energy station-

geometric viewpoint, when the triplet surface is reached at CP1, ary point of the first pathway (Figure 6a) is s-TS1/2, which is
the stationary points t-8 and t-TS8/9 are left behind, and a direct 15.9 kcal/mol (17.4 at the B3LYP/6-31G* level) below the
pathway is opened to t-9. It must be noted that CP1 is not separated reactants and 1.5 kcal/mol (6.2 at B3LYP/6-31G*)
kinetically relevant because the rate-limiting step of the resulting below the triplet state separated products. For the second
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Figure 6. Overall energetics of the VO (*A;) + CHa (*Ag) — VO (32) + CH;CHO (*A’) reaction based orE values (kcal/mol) at the
B3LYP/6-311G(2d,p) (solid line) and B3LYP/6-31G* (dashed line) levels. The total energy values of the singlet electronic state for the separated
reactants are-1172.791 926 hartrees at the B3LYP/6-311G(2d,p) level-ahdi72.669 168 hartrees at the B3LYP/6-31G* level. (a) First pathway.

(b) Second pathway.

pathway (Figure 6b), the highest energy stationary point is reaction mechanisms can be considered as competitive. A
t-TS12/9, which is 15.3 kcal/mol (16.2 if using the small basis comparison with previous work by Schwarz etb&hows that

set) below the separated reactants and 0.9 kcal/mol (5 at B3LYP/the present results provide a complete picture of the chemical
6-31G*) below the separated products. The two pathways arerearrangement: the second competitive reaction path has been
found to have similar profiles: the difference of relative energy newly proposed and characterized, while the first reaction path
between the two highest energy stationary points is just 0.6 kcal/ has been completed with respect to the Schwarz proposal.
mol (1.2 at B3LYP/6-31G*). This difference is 0.8 kcal/mol if It must be noted that if Gibbs free energies at the B3LYP/
the Gibbs free energy values are compared (0.1 at B3LYP/6- 6-311G(2d,p) level are taken into account, the highest energy
31G*, see Figure 3a and d). This fact suggests that the two point in what refers to the second pathway is t-TS11/12 instead
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Figure 7. Relative energies (to the separated reactants) of some stationary points based on CCSD/6-311G(2d,p)//B3LYP/6-311G(2d,p) calculations.
The total energy value of the singlet electronic state for the separated reactadts/is.227 576 hartrees. (a) First pathway. (b) Second pathway.

of t-TS12/9,—6.0 kcal/mol and—6.1 kcal/mol, respectively.  therefore exothermic by 21.6 kcal/mol (20.6 kcal/mol at the
However, if Gibbs free energies at the B3LYP/6-31G* level or B3LYP/6-31G* level). This trend is in agreement with the
potential energies with the two basis sets are used, the highesexperimental data for the reaction of other vanadium cation
energy point found for this pathway at the triplet state is t-TS12/ clusters with ethylene derivativé$.
9. Single-point CCSD/6-311G(2d,p)//B3LYP/6-311G(2d,p) cal-
A final question can now be addressed: s-1 and t-9 are two culations have finally been carried out on the most relavant
common points for the two competing paths. They are the points of the reaction channels. Thus, the reactant and product
reactant and product complexes and are the most stable pointscomplexes (s-1 and t-9), the crossing points (CP1 and CP2),
If talking about Gibbs free energy values (Figure 3), s-1 stands and the highest energy stationary points (s-TS1/2 for the first
35.9 kcal/mol, and t-9 57.5 kcal/mol, below separated reactants.pathway, and t-TS12/9 and t-TS11/12 for the second pathway)
From the reactants to products complexes, the process isand separated products (t-VO+ s-CHCHO) have been
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recalculated, with respect to the reference singlet state reactantsthis work is the first study of its kind to provide a detailed
which have also been computed. The energetic values obtainectharacterization of the chemical reactivity patterns of the VO

are schematically depicted in Figure 7. An analysis of the results + C,H, reaction in the singlet and triplet electronic states. The
shows that the tendencies are maintained: a slight differencepresent study can be considered a clear-cut case of spin crossing
between the highest energy points (4.6 kcal/mol) favoring effects to be important in determining the outcome of the
s-TS1/2 against t-TS12/9 is sensed, t-TS11/12 is found to bechemical reaction. The information gained may provide a useful
more stable than t-TS12/9 (by 12.4 kcal/mol), and the exother- insight into the interaction of vanadyl cation and ethylene and
mic nature of the process from reactant to product complexesimprove the understanding of their chemical reactivity and
is increased to 38.4 kcal/mol, as compared withAftevalues suggest that spin effects may operate more generally on the
of 20.4 and 19.4 kcal/mol obtained at the B3LYP/6-311G (2d,p) kinetics of other related systems. Work is in progress to perform

and B3LYP/6-31G* levels, respectively. analogous studies for the oxidation reaction between different
hydrocarbons and other metal oxide cations. While a valid
4. Conclusions mechanistic hypothesis with the present density functional

computations is presented, it still needs to be substantiated by
further theoretical studies at higher computing level and
xperimental data. The present work can be regarded as a
tarting point for the future studies.

A detailed study on the oxidation 0684 (*A¢*A1) by VO*
(*A1PA") to yield VO© (*ARY) and CHCHO (fA'RA") is
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