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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
VO,™ (*A1/PA") 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/(EE{y*=") and allene
(path Deh}, being the most kinetically and thermodynamically favorable reaction pathway, ¥(OH)
(*=/3=") and propynegath Deh3, and VG (*A1/?A"") and H plus allene jpath Deh3. The oxygenation
processes can yield as final products V@Q'A/’Z) and acetone path OxJ), VO™ (*ARE) and
propanaldehydep@ath Ox3, and VO' (*A/X) and H and propenaldehydgéth 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, whilgpath Deh3the second hydrogen migration takes
place to the vanadium atom followed by the formation of a hydrogen molecule pathils OxlandOx2
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 alopgth Ox3 Three crossing points between both electronic
states take place aloqgth Deh1(CP-Dehl) andpath Deh2(CP-Deh2) and in the entrance channel of
oxidation processe<CP-Ox). A comparison with previous works on related reactions, V@ C;Hy,,

VO, + CHe, and VQ + CsHg allows us to rationalize the different reactivity patterns.

1. Introduction interest because it provides a potential route to effectively trans-
form lower hydrocarbons to higher, value-added chemi€als.

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

*To whom correspondence should be addressed. Pherd 964 extrapolate some information on the interactions that occur on
72?%72- Fa>_<i+§4 9647|28066- E-mail: andres@exp.uiji.es. metal oxide surfaces. Vanadium oxides have commanded
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experimentd—3° and theoreticd 47 studies on the structure  to a situation where the spin change completely determines the
of ionic vanadium oxide clusters of different stoichiometries, rate and selectivity. There are still a lot of mechanistic details
V,Oy ", have been presented and their interactions with various of the activation process to be solved; thus, understanding the
compounds such as hydrocarbons, alkyl halides, or methan-mechanism of this type of chemical reaction is of great interest
ol1112374850 have been studied in order to provide valuable from both a practical and a fundamental point of view, as

information on the structurereactivity relationships and to offer

recently illustrated by Poli and Harvey with the spin-forbidden

a new |nS|ght into the nature of active sites I’eSponSIb|e for the reactions in organometa"ic Complex’éé?,&‘rbut also in different

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 reactivigy,>?
reported by Schmer, Schwarz, and Shaik, and it is a new

concept for describing the course of a chemical reaction in the 2~ "~ - . ! .
: r{runful intersection of experimental and computational studies

two or more different electronic states are known to accompany . i ; ;
, used methods in quantum chemistry that illustrate the applica-

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
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fields such as atmospheric chemistryastrochemistry® many
inorganic®” organic®®-%° and biochemical reactiof%yeactions

with participation of dirradical&? and metal surface reactiofis.
Even, recently Shaik et &t.pointed out the presence of four
electronic states to understand the mechanism of hydroxylation
and epoxidation by cytochrome P450. Schwaemphasizes
that multistate reactivity patterns are much more important than
generally acknowledged, and he reviews examples where a
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tions of the theory on the spin-forbiddeness of gas-phase ion to describe the atoms. The reason that we adopted this level and
molecule reaction® basis set was that we applied it to calculate the complex molecular
To contribute to the understanding of reactions of vanadium mechanisms associated with the reactions @ C;H4* and VO,
oxide cluster cations with hydrocarbons, such as alkanes and* C2He®” and the tautomerization process of MQ@)™"* as well
alkenes, in two recent publications we have presented a first- &S Previous works with complex systems involving vanadium oxide

principle theoretical description of the reaction between, VO sytemd?-44and they yielded satisfactory results. Therefore, we are
(tA.PA") and etherf® and ethané? The motivation is to confident with the calculated data at this computing level for this

facilitate an understanding of the role of electronic structures type of reaction. . . .

on mechanistic details at a molecular level, to clarify the The computed stationary points have been characterized as
dominant product ch | dt ¢ h isti Im|n|ma or transition states (TSs) by diagonalizing the Hessian
ominant product channets, and to support mechanistic proposalg, .y 59 analyzing the vibrational normal modes, employing the

based on experimental res_ults, as W.e” as FO a}nalyze potent'alBerny algorithm for the geometry optimizatioffsthat is, equilib-
energy surface (PES) crossing scenarios. This kind of knowledgeyjm species possess all real frequencies, whereas TSs possess only
is es_sentlal for understa_ndmg the whole reaction mechanismgne imaginary frequency. The particular nature of TSs has been
and is useful for establishing an appropriate model for the getermined by analyzing the motion described by the eigenvector
oxidation and dehydrogenation processes. This stimulates ongoassociated with the imaginary frequency, the transition vector
ing mechanistic studies and has led to the important finding (Tv).7s Furthermore, the intrinsic reaction coordinate (IRC)
that these reactions are multichannel processes with differentmethod® 77 has been used to describe minimum energy paths from
spin states, and the possible crossing of potential surfaces iSTSs to the corresponding minima along the imaginary mode of
emphasized. In these cases, the origin of two-state reactivity vibration using the algorithm developed by Golezeand Schlegél
was traced to the fact that the reactant presents a singlet (s)n the mass-weighted internal coordinate system. Thus, harmonic
spin multiplicity, VO,* (*A;), while the product has a triplet  vibrational frequencies, zero-point and thermal energy corrections,
(t) spin multiplicity as the ground state, V(3%), and various and force constants were calculated. The standard temperature
spin reaction channels point out different mechanistic pictures. (298.15 K) and pressure (1 atm) were used to obtain Gibbs free
In view of the potential importance and the rather limited energies. The natural population analysis has been made by using

. . . . i ,80
experimental information, a careful theoretical study of the s thi\natural b?,nd O(;t:)'ta;l (NBOJ: . . v important
and t PES is desirable. Here, we report the first detailed density S We mentioned belore, energy surface Crossings piay importan

functonal thory (DFT) sty on the mecharis of th gas- 1o PSS chrical sty uhen & process ohe
phase reactions of V& (*fA1/2A"") with propene GHg (A), g pin. 9

- . which two energy surfaces corresponding to different spin states
combining simple and double carbeoarbon bonds as presented dy P d P

. . . . intersect with minimum energy is fundamental because it serves
in ethane and ethene systems, respectively. This reaction canyg the most likely place where the transition ocGaf&:83 To

be considered as a model system for oxidation and hydrogena-ocajize and characterize the CPs, the concept of minimum energy
tion catalysis at a molecular level, and the varied physical ¢rossing point (MECP) on the seam line at which two electronic

chemistry of this ion/molecule gas-phase reaction is analyzedgyrfaces of different spin multiplicities intersect has been used.
from a quantum mechanical perspective. Accurate theoretical Therefore, all coordinates were optimized in searches for the CPs
computations can offer an alternative source of information, and between the two PESs in which DFT energies and gradients were
an interplay between theory and experiment is very helpful in
this area of research, as recently pointed out by Sch@farz.  (68) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

: ; ; it ; ; M. A.; Cheeseman, J. R.; Montgomery, J., J. A.; Vreven, T.; Kudin, K. N.;
Calculations including geometry optimizations, vibrational Burant, J. C.. Millam, J. M.: lyengar, S. S.. Tomasi. J.. Barone, V..

analysis, Gibbs free energy for the stationary points on PESS,Mennucci, B.: Cossi, M.; Scaimani, G.; Rega, N.; Petersson, G. A.;
and crossing points (CPs) between singlet and triplet electronic Nakatsuiji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

; ; ; inhliahtishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
state_s have_been carried out. Our_ult|mate purpose is to hl_ghhghtx.; Knox. . E.: Hratehian. H. P Cross. J. B.: Adamo. C. Jaramillo. 1.
the interesting help that theoretical calculations can bring in Gomperts, R.; Stratmann, R. E.: Yazyev, O.; Austin, A. J.. Cammi, R.:

future experiments. Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A;;

P ; ; . ; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
TEe dorgag'zat"énl()f this paper is as fqllo‘(’i"s." computing " h WSiain, M. C.; Farkas, O. Malick. D. K. Rabuck, A. D..
methods and model systems are summarized in section 2. INRaghavachari, K.; Foresman, J. B.: Ortiz, J. V.; Cui, Q.: Baboul, A. G.:

section 3, the results are reported, analyzed, and discussed; aglifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

overview of the stationary points, the results of the free energy E-? KOfga:?mli\i L 'V'al:tkin, RAL';cFr?)fl' D. J-t;) Kel\i/lth'c-T."l;l ﬁ-lﬁh\?vm’JMhA.;
d : : H . eng, C. Y.; Nanayakkara, A.; allacombe, W..; Gill, P. IVl ., Jonnson,
profiles with a natural population analysis, and the characteriza- B.. Chen, W.. Wong, M. W.: Gonzalez, C. Pople, J. Baussian03

tion of the CPs is given; finally, a comparison with previous (Reision B.04) Gaussian, Inc.: Pittsburgh, PA, 2003.
works on related systems is provided. The main conclusions gggg Iéeei( C-;AYaS%, E.h G.; Ps:]r's?égahgss' 2243_15968582 37, 785-789.

; ; ; ecke, A. DJ. Chem. Phy , .
are given in section 4. (71) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, Nl J.
Phys. Chem1994 98, 11623.

; (72) Pople, J. A.; Headgordon, M.; Raghavachari,JKChem. Phys.
2. Theoretical Methods 1987 87, 59685975,
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program packag® We applied the same computational method (74) Schlegel, H. BJ. Comput. Cheml982 3, 214-218.
as in previous studi€®;6” the unrestricted B3LYP levéf 7t in (75) Mclver, J. W., JrAcc. Chem. Red.974 7, 72-77.

At ; ) _ ; (76) Fukui, K.J. Phys. Cheml197Q 74, 4161-4163.
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calculated for each spin multiplicity. Starting from the TS closest

Gracia et al.

whether the pathway will go through three dehydrogenation

to the crossing seams, the reaction pathway was traced down toprocessespaths Dehl Deh2 and Deh3 or three oxidation

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 an
t states. This procedure has been used in our previous stiélies.

For the sake of comparison, the mathematical algorithm to MECPs

developed by Harvey et &t.has also been employed. The CPs
that we obtain in this way can be considered as estimates of th
MECPs between s and t hypersurfaces.

3. Results and Discussion

A detailed analysis of the reactive PES associated with the
reaction of VQT (1A1/3A") with propene renders the presence
of two different reactive channels, associated with dehydroge-
nation Oeh) and oxidation Qx) processes, and both processes
may have three possible reaction pathways to obtain (i) VEOH)
(1I=*/227) and allene gath Deh}, (ii) V(OH)," (:=*/3£") and
propyne path Deh2, (i) VO 2+ (*A1/2A’"), H,, and allenegath
Deh3, (iv) VO™ (*A/3Z) and acetonep@th Ox3J, (v) VO™ (*:A/

3%) and propanaldehyd@#th Ox3, and (vi) VO© (1:ART), Ha,
and propenaldehydepéth Ox3. The selected geometrical

processespaths Ox1 Ox2, andOx3
s-1Vis the most stable reactant complex for the dehydroge-

OInation process, with geometric parameters similar to the

separated reactants, except that the-G, bond is slightly
elongated to 1.376 A compared with 1.327 A in free propene.
t-10 is the most stable addition complex for the oxidation

eProcess, witrs-1V being 15.4 kcal/mol more stable th&aO.

Along the oxygenation channels, the triplet st&t&Q, is 24.3
kcal/mol more stable than the singlet1O. Then, the first CP,
CP-0Ox, along the oxidation processes occurs at this stage. The
geometry ofCP-Ox is depicted in Figure 4. An analysis of the
corresponding values shows tHaP-Ox is geometrically and
energetically closer ts-10than tot-10, although both reactant
complexes $-10 andt-10) are rather similar. For comparison
purposes, we have also used the algorithm proposed by Harvey
et al®® 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-10 are 29.5 and 27.2 kcal/mol, respectively.

Therefore, onlys-1V andt-10 open the door for the dehy-

parameters of the stationary points at the singlet electronic statedrogenation and oxidation channels, respectivelg/tiV, the

are presented in Figures 1a and 1b for the dehydrogenation andegative charge of this Catom increases 0.26 and 0.31 au,
oxygenation processes, respectively, while the correspondingrespectively, and a noticeable electronic charge transfer takes
stationary points at the triplet electronic state are presented inplace from the propene fragment to the vanadyl moiety (0.28
Figures 2a and 2b, respectively. The Gibbs free energy profilesand 0.22 au, respectively). Ist-10, however, the negative
are shown in Figures 3a and 3b for the dehydrogenation andcharge of both €and G atoms decreases around 0.32 au and
oxygenation processes, respectively. In Table 1 the results ofan electronic charge transfer takes place from the propene

the natural population analysis are reported.

The most stable combination of reactants is formed by
s-VO,;™ (*A;) and GHg (*fA), thus belonging to the overall
singlet PES. The triplet state combinatibivO,™ (A") and
CsHg (*A) stands 35.6 kcal/mol above the singlet. For the
products, the most stable combination-i¢(OH) ,* (3<) and
allene for thepath Deh1t-V(OH) ,™ (32~) and propyne fopath
Deh2 s-VO,* (1Ay), Hy, and allene for thgpath Deh3t-VO ™
(32) and acetone fgpath Ox1t-VO* (32) and propanaldehyde
for path Ox2 andt-VO ™ (3%), H,, and propenaldehyde for the
path Ox3 Four of these six reactive channgisiths Deh1Deh2
Ox1, andOx2) correspond to exergonic processe§ = —24.9,
—23.1, —18.2, and—9.5 kcal/mol, respectively. In the four
processes V(OHJ or VO' products are obtained as a triplet
ground electronic state; then, it is obvious that from the most

fragment to the vanadyl moiety, 0.40 and 0.43 au, respectively.

Dehydrogenation Processes?ath Dehl.Froms/t-1V, the
next step is associated with a hydrogen transfer process between
the G atom and the @atom of the vanadyl cation, to yield the
s/t-2-D1intermediates, via six-membered transition statés,
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 s¥t-2-
D1 is quite exothermic, 47.7 and 48.7 kcal/mol, respectively.
These intermediates/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. Freft2-D1
another hydrogen migration takes place alefigr S2-D1, from
the central carbon atom,,Cto the other oxygen atom,;Qof
the vanadyl fragment, to render the product comples(es-

stable reactants to the most stable products, at least one CP muf1, being also very stable intermediates. Finally the separated

take place.
An analysis of the results (see Figure 3) shows that four

productss/t-V(OH),* + allene, can be obtained directly from
s/t-3-D1 product complexes, overcoming a barrier height of

reactant complexes, at both s and t electronic states for the initial47.9/35.0 kcal/mol, respectively. Both TS#-TS1-Dlands/t-
addition processes, have been localized and their formationTS2-D1, are associated with an activation of-8 bonds of

proceeds without any barriers/t-1V, s/t-10, s/t-2V, and
s/t-3V, for the s and t electronic states, respectively. The

the propene moiety, and they can be considered as consecutive
hydrogen transfer processes (the hydrogen atoms being trans-

formation of all reactant complexes produces a large amountferred, H and H, are positively charged, in the range 0-38
of exothermic energy, and it is associated with spontaneous0.50 au); therefore, high values of imaginary vibrational

processes. V@ preferably attacks the terminal Carbon atom
of propene to forns/t-1V, while the interaction of the V atom
of the vanadyl moiety with the centralb,@arbon atom of the
propene fragment rendes#-2V ands/t-3V complexes. How-

frequencies (1495i and 940i cihfor the s state, 1034 and 1642i
cm1 for the t state) are found. TheTS2-D1is 18.1 kcal/mol
more stable thas-TS2-DZ, therefore the crossing poinGP-
Dehl, between s and t states takes place just before this second

ever, along the oxidation processes at the s and t electronichydrogen transfer process, and its existence opens the possibility

states, the reaction complex implies the formation of a three-
membered ring between the O atom of the ;¥@noiety and
the two carbon atoms,;@nd G, s/t-10. 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

for an intersystem crossing between s and t electronic states.
Therefore, froms-2-DJ, the reactive channel taking place at
the triplet state is energetically favorable @&-Dehl, to follow

with t-TS2-D1 and the product complex3-D1, and finally to
obtain the most stable combination of produtt¢(OH) ;™ and
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Table 1. Natural Population Analysis for the Stationary Points: (a) Singlet State and (b) Triplet State
(a)

V (o] O Cy C, Cs Hi H, Hs Hq Hs Hes
s-VO, " 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 154 —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-10 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-TS1-01 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-2-01 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-TS1-02 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-2-02 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-TS1-03 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-2-03 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-TS2-03 131 —0.55 —0.77 0.17 —0.25 —0.44 0.02 0.52 0.24 0.22 0.25 0.28
s-3-03 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-TS3-03 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-4-03 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-5-03 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)
\Y 01 0O, Ci C Cs Hi Ho Hs Ha Hs He

t-VO© 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-10 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-TS1-01 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-2-01 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-TS1-02 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-2-02 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-TS1-03 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-2-03 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-TS2-03 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-3-03 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-TS3-03 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-4-03 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-5-03 1.43 -0.72 —0.55 0.48 -0.34 —0.12 0.23 0.17 0.20 0.22

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

allene. The geometry of theP-Deh1lis depicted in Figure 4. MECP using the algorithm proposed by Harvey et al. is also
An analysis of the corresponding values shows @@&tDehl presented in Figure 4. It is important to note that similar values
is in a geometric and energetic middle position betwedis2- of the geometrical parameters and relative energies are found,
D1 andt-TS2-D1. For comparison purposes, the characterized although geometrical values of tlf@&P-Dehl are close to the
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state. For TSs, the imaginary vibrational frequencies@rare shown in italics. (a) Dehydrogenation processes. (b) Oxygenation processes.
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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 procegsat) Dehlin black,path Deh2in red, andoath Deh3n blue. (b) Oxygenation process@sth

Ox1in black, path Ox2in red, andpath Ox3in blue.

s-TS2-Dland the corresponding data of the MECP are closer kcal/mol, respectively, and those related{6S2-D1 are 23.2

to those oft-TS2-D1 than tos-TS2-D1 The Q—H, distance and 20.1 kcal/mol, respectively.

is 1.058 A (1.373 A) ins-TS2-D1(t-TS2-D1) and 1.184 A Path Deh2.From s/t-1V, the next step is associated with a

(1.294 A) inCP-Deh1 (MECP). Also, the H-C; distance is  hydrogen transfer between the central carbon atomtcCthe
O, atom of the vanadyl cation, to yield tisé&-2-D2intermedi-

1.787 A (1.381 A) ins-TS2-D1(t-TS2-D1) and 1.423 A (1.391
A) in CP-Deh1(MECP). This parallelism can be sensed also ates, via five-membered transition state#-TS1-D2 The

in the G—C; or C,—C; distances. Total energy values of the activation free energy is 53.4/17.8 kcal/mol, respectively
(althoughs/t-TS1-D2 present similar energetic values), while

CP-Dehl and the MECP related te-2-D1 are 43.0 and 46.1
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Figure 4. Structure of the crossing point§P-Dehl, CP-Deh2, andCP-Ox, found at the B3LYP/6-311G(2d,p) level (in parentheses are
presented corresponding values using the algorithm proposed by Harve3? & aharacterize the MECP).

the formation ofs/t-2-D2 is quite exothermic, 56.9 and 36.1 vanadium, H. Therefore, these transition structuref; TS2-
kcal/mol, respectively. The next step frosit-2-D2 to the D3, present high values of imaginary frequencies (1547i%m
product complexess/t-3-D2 takes place along/t-TS2-D2, and the charge on the transferred hydrogen atoms is negative,
associated with another hydrogen migration from theatom —0.10/-0.12 au, respectively. Att-3-D3 the formed hydrogen

to the other oxygen atom,;Qof the vanadyl fragment. Finally,  molecule is interacting still with the vanadyl moiety (these
from s/t-3-D2 product complexes, the separated products, hydrogen atoms are-0.05 au positively charged), so from
s/t-V(OH)2* and propyne, can be directly obtained surmounting s/t-3-D3 product complexes, the separated fragmedtsand

a barrier height of 59.1/41.1 kcal/mol, respectively. Both TSs, s/t-4-D3 can be directly obtained, overcoming a low energy
s/t-TS1-D2ands/t-TS2-D2 are also considered as consecutive barrier of 8.1/4.2 kcal/mol, respectively. Finally, from
hydrogen transfer processes (the hydrogen atoms being transs/t-4-D3 the separated productsit-VO," and allene, can be
ferred, H and H;, are positively charged, in the range 032  directly yielded, surmounting barrier heights of 37.5 and 33.2
0.49 au). Then, values similar to the TSs alongpghéh Dehl kcal/mol. Therefore, along this path no spin inversion process
are calculated for the corresponding imaginary vibrational takes place and the singlet state is preferred.

frequencies (1590i and 1719i cinfor the s state, 1307 and Oxidation ProcessesPath Ox1 and Path Ox/t-10 open
1624i cnr? for t state). Thes-TS2-D2is 8.4 kcal/mol more two alternative oxidation processes. Alopgth Ox1there is
stable thart-TS2-D2, while the product complex3 is 5.8 kcal/ an intermolecular hydrogen transfer, Hrom G, to C; carbon

mol more stable thas-3 therefore the crossing poif@P-Deh2, atoms, vias/t-TS1-Ol, to obtain the product complexes
between the s and t states takes place just after this second/t-2-O1, where the oxygen atom,;0of the vanadyl moiety is
hydrogen transfer process. Consequently, fiefS2-D2 the linked to the G atom. This intermediate is the global minimum

reactive channel taking place at the triplet state is energetically on the corresponding PESs. An opposite trend is found along
favorable viaCP-Deh2 to follow with the product complex  the path Ox2 the hydrogen transfer processs, Hakes place
t-3-D2, and finally to obtain the most stable combination of from C; to C, carbon atoms, via/t-TS1-O2 with the formation
products-V(OH) 2+ and propyne. The geometry GP-Deh2 of the product complexes/t-2-O2 In this case the oxygen
and that corresponding to the MECP are also depicted in Figureatom, Q, of the vanadyl moiety is linked to the terminal C
4, both with geometric and energetic middle positions between atom. Transition structuresjt-TS1-Olands/t-TS1-O2 of path
s-3-D2 and t-3-D2 minima. The G—C, distance is 1.276 A Oxlandpath Ox2 are situated energetically above the entrance
(1.220 A) ins-3-D2 (t-3-D2) and 1.246 A (1.247 A) irCP- channel, 15.0 and 2.9 kcal/mol, respectively, and they present
Deh2 (MECP). Also, the G-V distance is 1.948 A (2.213 A)  low values of imaginary vibrational frequencies, 443i/535i and
in s-3-D2(t-3-D2) and 2.050 A (2.044 A) ii€P-Deh2 (MECP). 672i/522i cnl, respectively. These values can be justified due
Other values such as the angle-<¥—0,is 128.05 (136.67) to the hydrogen transfer that takes place between adjacent carbon
in CP-Deh2 (MECP) and 126.47 (139.59) in s-3-D2 atoms, and the hydrogen atom being transferred is 0.31 au
(t-3-D2). Total energy values of th€P-Deh2 and the corre- positively charged. Frons/t-TS1-O1 s/t-2-O1 product com-
sponding MECP related to tleTS2-D2are 36.5 and 38.9 kcal/  plexes are formed, overcoming an activation free energy (9.9/
mol, respectively, and those related to tH& D2 are 7.3 and 23.0 kcal/mol, respectively), while the formationsif-2-Olis
5.9 kcal/mol, respectively. quite exothermic, 59.7 and 61.0 kcal/mol, respectively. Finally
Path Deh3From the minima/t-2-D1(obtained in the second  acetone and theVO ™ cation can be rendered, surmounting a
step of thepath Deh} it is possible to continue the reaction barrier height of 49.2 kcal/mol frota2-O1. Froms/t-TS1-0O2
with a step associated with a second hydrogen transfer processs/t-2-O2 product complexes are formed, overcoming lower
s/t-TS1-D3 between the central carbon atomy, Gnd the barriers of 8.0/11.4 kcal/mol, respectively, while the formation
vanadium atom to render the minired-2-D3 Therefore, these  of s/t-2-O2is less exothermic than ipath Ox1 35.6 and 37.3
transition structuress/t-TS1-D3 present low values of imagi-  kcal/mol, respectively. Finally propanaldehyde and twO *
nary vibrational frequencies, 453i/396i chrespectively, and cation can be obtained climbing up a barrier height of 45.8 kcal/
the hydrogen atom being transferred, 14 —0.07 au negatively mol from t-2-O2.
charged. The activation free energy is 40.8/29.5 kcal/mol, Path Ox3 From the minimas/t-2-O2 (obtained in the second
respectively, while the formation aft-2-D3is rather exother- step of thepath Ox3 it is possible to continue the reaction with
mic, 4.2/4.4 kcal/mol, respectively. The next step from a step associated with a second hydrogen transfer process
s/t-2-D3 to the product complexest-3-D3 takes place along  (intermolecular)s/t-TS1-O3 between the central carbon atom,
s/t-TS2-D3 associated with hydrogen migrations from the O C,, and the @ atom to render the minima/t-2-O3 These
atom of the vanadyl moiety to the hydrogen just joined at the transition structures/t-TS1-O3 present high values of imagi-
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Figure 5. Structure of stationary points and crossing points along the most favorable reaction pathways for the dehydrogenation process,
path Dehl and for the oxygenation procegmth Ox1

nary vibrational frequencies, 1489i/1574i cthrespectively, ation,Dehl, and oxygenatiorQx1, processes are depicted. Both
and the hydrogen atom being transferred, id 0.53/0.42 au reactive channels comprise a spin-state change, provided the
positively charged. The activation free energies are 30.1/29.1 spin inversion is sufficiently effective and the CRZR-Dehl
kcal/mol, respectively, while the formation sft-2-O3is rather andCP-Ox, are appropriately positioned; the reaction pathway
exothermic, 38.6/34.5 kcal/mol, respectively. The next step from follows the sequencs-VO,;t + s-CHg — s-1V — s-TS1-D1
s/t-2-O3 to the global minima on PESs/t-3-O3 takes place =~ — s-2-D1— CP-Dehl— t-TS2-D1— t-3-D1 — t-V(OH) ;*
alongs/t-TS2-03 corresponding to hydrogen transfer processes + s-Allenefor Deh, while pathOx1takes place along-VO,*™
between the terminal carbon atom, @nd the vanadium atom  + s-C;Hg — CP-Ox — t-10 — t-TS1-O1—t-2-O1 — t-VO *
with low values of imaginary vibrational frequencies, 877i/423i + s-Acetone
cm™1, respectively, and the hydrogen atom being transferred, Comparison with Other Related Reactions. We have
Hy, is 0.02/-0.17 au charged. Frosit-3-O3minima, hydrogen  performed a comparison of the present study (three dehydro-
migrations from the @ atom of the vanadyl moiety to the  genation and three oxidation processes) with our previous works
hydrogen just joined at the vanadium, ltake place. Therefore,  to provide valuable information about their reactivity patterns:
these transition structuresit-TS3-O3 present high values of (i) the reaction betwees-VO,* and GH4, where the most
imaginary frequencies (1480i/1483i cfn respectively). The  thermodynamic and kinetic products correspond to the oxidation
charge of the hydrogen atom being transferreg, décreases  process to yield preferentialliVO* + CHsCHO® (i) a
0.17/0.28 au, respectively. From this steyit-4-O3 product dehydrogenation reactiaVO," + C,Hg to rendert-V(OH) ™
complexes are rendered, where the formed hydrogen molecule+ C,H,.67
is interacting still with the vanadyl moiety (the hydrogen atoms  An analysis of the initial interaction complex of the reactants
forming the H fragment are~0.02 au charged). So from  for the oxidation processes shows, in the case of the'\V@
s/t-4-O3 product complexes, the separated fragmentsarhil C2H, reaction, a covalent interaction between V and one C atom
s/t-5-03 can be directly obtained, overcoming a low energy of the ethene fragment, and this stable complex determines the
barrier of 10.3/3.2 kcal/mol, respectively. Finally, from following behavior of the system (associated with an O atom
s/t-5-O3 product complexes, the separated productspial- transfer between V and C atoms and 1,2-hydride transfers
ecule,s/t-VO™, and propenaldehyde, can be directly yielded, petween both carbon atoms, or vice versa). Howeverais
surmounting barrier heights of 50.2 and 44.9 kcal/mol. Fur- ox1andOx2of the present work, the addition complex implies
thermore, spin restrictions do not play a rolepath Ox3because  the formation of a three-membered ring between an O atom of
the energetically lowest pathway only proceeds at the triplet the vO,* moiety and the two carbon atoms of the ethylenic
PES a_nd the thr_ee oxida_tion_ processes are associated with thgagment of propene, followed by an intramolecular hydrogen
reduction from highest oxidation state} WO,"), to V! (VO™) transfer process between these carbon atoms, to render acetone
in all reaction channels. or propanaldehyde. Considering the role of the switch from the
A comparison between dehydrogenation and oxygenation s and t PESs, the crossing between them takes place in different
processes shows that the allene is the most stable product (onlyegions along the most favorable reaction pathways. In the case
1.8 kcal/mol below propyne), 6.7 and 15.4 kcal/mol below of the reaction of V@™ with C,H4 two CPs were characterized
acetone and propanaldehyde, respectively. Moreover, the allenealong two paths to render the same product, one of them before
and the propyne formation along tipaths Dehland Deh2 the product complex formation, and the other situated in the
respectively, takes place, overcoming an energy barrier of 35.0step connecting the reactant complex with the next correspond-
and 41.1 kcal/mol, respectively, from the product complexes ing to a C-O bond formation. Nevertheless, maths Oxland
(taking account of the existence &P-Dehl and CP-Deh2, Ox2 the spin inversionCP-Ox, is directly located in the
respectively), while inpaths Oxland Ox2, the products are  entrance channel during the formation of the reactant complex.
obtained from the product complexes climbing up barrier heights  An analysis of the initial reactant complex for the dehydro-
of 49.2 and 45.8 kcal/mol, respectively. genation processes shows, in the reaction of V@ith C;H,
Finally, in Figure 5, the most favorable reaction pathways the formation of a three-member ring between the\C-C
for the rearrangement of V® + C3Hg along the dehydrogen-  frame, avoiding the formation of a/C bond along the reaction
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pathway, which is an intrinsic property of alkenes, such as the (i) The first step of the reaction between YO(*A1/°A")

reactant complex opaths Dehland Deh2 s/t-1V. While in and propene proceeds without any barrier to form reactive
the VO," + C;He reaction af-elimination takes place from  complexes along spontaneous processes. Only the reactive
the ethane to the vanadyl frameworks,path Dehlthe first complexess/t-1V ands/t-10 are the doors through which the

hydrogen transfer has a six-membered structure and the secon@iehydrogenationpaths Deh and oxygenation,paths Ox

one implies a migration where a pyramidal structure between reaction pathways must pass to obtain the corresponding
the V atom and the three C atoms is formed; howevepaith products.

Deh2the first hydrogen transfer has a five-membered structure = . S .
and the second one implies a four-membered structure. In the (i) The most kinetically and thermodynamically favorable

reaction of VQ* with C;Hg, the CP occurs in the path reaction pathway takes place fr.(xmloz+ + CsHs reactants to
connecting the second-GH activation process with the most  V(OH2)" + allene products, in a dehydrogenation process.
stable minima, at the exit channel. The same situation can be The first step corresponds with an addition process-w,"
sensed ipath Deh2(with CP-Deh2), while in path Deh] on to the G atom along a barrierless energy profile to obtain an
the contraryCP-Dehl1opens the possibility of an energetically ~ intermediate involving a cation (VO)—(CsHe) interaction
favorable channel at the triplet electronic state, just before the complex,s-1V. From this minimum, two consecutive-& bond
second hydrogen transfer process (the rate-limiting step) andactivation processes take place, associated with the hydrogen

being kinetically relevant. transfers §-TS1-D1 and s-TS2-DJ) from the carbon to the
In addition, we have compared our dehydrogenation and 0xygen atoms of the propene and vanadyl cation frameworks,
oxygenation processes with the reaction betweenVend respectively. Before the second—€l activation process, via

propane to yield the propene eliminatiopath al-) and an s-TS2-D1 a crossing pointCP-Dehl, has been characterized
ionic allyl complex §3-C3Hs)V(O)-(OH)' along a dehydroge-  and the following steps occur preferentially at the triplet
nation processp@ath a3, reported by Engeser et #lThe path electronic state. Therefore, the presenceC&-Dehl should
al-1to render propene and V(O)is similar to that of VQ' control the outcome of the reaction to the most stable combina-
and ethane (angaths Dehland Deh2 previously analyzed)  tion of productst-V(OH) .+ and allene.

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 only1.8 kcal/mol above the allene. A crossing polb-Deh?,

propane by V@' along path al The path a2 reported by between s and t states has been localized just after the second

Engeser et al. to render the allyl compleR-CsHs)V(O)-(OH)* hydr_ogen tr_ans_fer process (not the rate-limiting step), so this
and the H molecule can be compared path Deh3and path CP is not kinetically relevant.
Ox3 with similar steps associated with hydrogen transfer  (iv) In the oxidation processes, the-& spin inversion,
processes from a carbon atom to the vanadium atom and step€P-Ox, takes place during the formation without barrier of the
associated with hydrogen migrations from the oxygen atom of reactant complexes/t-10 at the entrance channel. Therefore,
the vanadyl moiety to the hydrogen just joined at the vanadium from thet-10 minimum the reaction pathway will be energeti-
atom. cally favorable along the t state, toward formation of the
Therefore, there is an increasing number of examples provid- t-2-O1 product complex, via an intramolecular hydrogen transfer
ing evidence that the chemical reactivity of ¥'Owith saturated t-TS1-0O1 to finally yield acetone and theVO™* cation, or
and unsaturated hydrocarbons is dominated by interactions oftoward formation of the-2-O2 product complex, via the TS1-
various surfaces (spin inversion), and this, in turn, means thatps tg finally obtain propanaldehyde and tit&/O+ cation.
such species show not only the reactivity characteristics for one yoever, to achieve the different oxidation products, it must

electronic state, such as the ground state, but also the behaviogyercome a considerable energy barrier from the respective
of a second electronic state differing in spin. product complexes.

) (v) The present results can lead us to understand deeply the
4. Conclusions 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 %O
with saturated and unsaturated hydrocarbons.

(iii) Although the allene formation alongath Dehlis the
most stable product, the propyne formation alpagh DehZ2is

The present calculations using density functional theory,
B3LYP/6-311G(2d,p), provide thermochemical and kinetic
information on the reaction between YO (*A1°A") and
propene to yield different products along three dehydrogenation
processes, V(OH) (*=*/°2") and allenefgath Deh}, V(OH),* Acknowledgment. This work is supported by DGI (project
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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. OMO050971T
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