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Possible molecular mechanisms of the gas-phase ion/molecule reaction,ofitv@®s lowest singlet and

triplet states¥A1/°A") with propyne have been investigated theoretically by density functional theory (DFT)
methods. The geometries, energetic values, and bonding features of all stationary and intersystem crossing
points involved in the five different reaction pathways (path<s}, in both high-spin (triplet) and low-spin
(singlet) surfaces, are reported and analyzed. The oxidation reaction starts by a hydrogen transfer from propyne
molecule to the vanadyl complex, followed by oxygen migration to the hydrocarbon moiety. A hydride transfer
process to the vanadium atom opens four different reaction courses, pathsviile path 5 arises from a
hydrogen transfer process to the hydroxyl group. Five crossing points between high- and low-spin states are
found: one of them takes place before the first branching point, while the others occur along path 1. Four
different exit channels are found: elimination of hydrogen molecule to yield propynaldehyde an@3/O

3%); formation of propynaldehyde and the moiety V-(©H and two elimination processes of water molecule

to yield cationic products, Prod-fand Prod-d¢ where the vanadium atom adopts a four- and di-coordinate
structure, respectively.

1. Introduction along the possible reactive chann®lé!-4362 Accurate theoreti-
Gas-phase chemical reactivity involving transition metal cal computations provide an alternative source of information,

oxides and organic compounds constitutes a challenging researcf_"i‘"OWIng a very helpiul interplay between theory and experiment

topic due to the complicated nature of the reaction mechanismsg ths area dOf reseal;\r(;g\éf;g?s b'\ien recentlg; po:jn;ad out by
involved and their key role in many recent technological chwarz and Co-workers: S0, Mercero et at."and Russo

" —72 i i
applications:~11 In particular, the selective oxidation of unsatur- and co workher“sg . Tavel strlezs§ed the |r.r|1|portance of_m?elg.gged
ated or saturated hydrocarbons is implicated in the major portion quantum chemica’ caiculations to illustrate spin-torbidden
of catalytic process€g, 14 providing a potential route to processes in gas-phasemplecule reagt|0ns, whlle.Harvé?.y
effectively transform lower hydrocarbons into value-added N @ Very recent paper shed light on the kinetics of spin-forbidden

higher oned518 In addition, reactions of alkyne and alkene Cchemical reactions.

substrates with metallic centers are important in the determi- In the framework of a more extended project aiming to
nation of reaction mechanisms of certain enzymes such asunderstand the reactions of vanadium oxide cluster cations with

nitrogenased?20 hydrocarbons, such as alkanes and alkenes, in three recent papers

Vanadium oxide clusters are of special interest because solidwe have presented DFT studies on the mechanism of the gas-
materials are able to catalyze a broad range of reactions, suctPhase reactions between YQ(*A1/*A") and ethené; ethane’s
as SQ to SQ; oxidation or oxidative dehydrogenation of alkanes and propené® In these cases the products of oxidation or
and alkened!24 Also, many active catalysts contain vanadium dehydrogenation reactions possess different spin states than the
oxide highly dispersed on different types of oxide support, and reactants; that is, the reactant presents a singlet (s) spin
important advances may arise from gas-phase cluster studiesmultiplicity, VO2* (*A;), while the product has a ground-state
The formation of charged vanadium oxide clusters and their triplet (t) spin multiplicity, VO (%). Therefore, a change of
reactivity with various compounds such as hydrocarbons, alkyl Spin multiplicity must take place at some point along the course
halides, or alcohols have been object of numerous experimentalof these reactions and it is mandatory to determine the lowest
and theoretical studig8:112545 However, the difficulties of an ~ crossing point (CP) at which the two energy surfaces of different
experimental determination of their geometries, together with spin intersect, determining the most likely place where the
the lack of reliable thermochemical data, limit a complete transition occurg/~8
understanding of the chemical reactivity involving these clusters.  In this work the first detailed DFT analysis on the mechanism
Quantum chemical calculations, particularly methods based onof the gas-phase reactions of Y¥QA;/°A’"") with propyne GH,4
density functional theory (DFT), have raised a powerful tool to (A) is reported. This reaction presents a new case of selective
provide new insights into elementary steps, type of intermedi- oxidation of an unsaturated hydrocarbon which has not been
ates, reactivity patterns, and determination of electronic structuremeasured so far. In addition, it can be considered as a model
system for oxidation catalysis at molecular level and as one of

* Corresponding author: phone34 964 728083; faxt34 964728066, the varied physicochemical processes taking place in gas-phase
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t Universitat Jaume |. reactivity. The objective of the present article is 3-fold: (i)
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(i) analyze the potential energy surfaces (PESs) and their of the MECP, and the geometrical and energetical values of

crossing and clarify the dominant product channels, and (iii) crossing points 45 are gathered in the Supporting Information.

the conclusions that are drawn in this article may be helpful to  The most stable combination of reactants corresponds to the

resolve the questions mentioned above and to highlight the singlet PES: s-V@" (*A1) and GH, (*A). On the triplet PES,

interesting help that theoretical calculations can bring in future the combination of t-V@" (A") and GH, (*A) species lies

experiments. 35.6 kcal/mol above the singlet state. For the products, the most
The layout of the paper is as follows: computing methods stable combination is formed by t-VVO(X), H,, and propy-

and model systems are summarized in section 2. In section 3,naldehyde for paths 1 and 4 and by t-Prod-tmd HO for

an overview of the stationary points as well as the CPs along paths 2, 3, and 5. Since the spin of the ground-state reactants is

the free energy profiles are presented, analyzed, and discusseditferent from both Prod-ft or VO™ products in all five reactive

Finally, the main conclusions are given in section 4. channels, a spin inversion process must occur via a CP along
) the reaction pathways.
2. Computing Methods and Model Systems The addition of vanady! cation to the CEAE(2) triple bond

Al calculations were performed with the Gaussian 03 (G03)- of propyne is the starting point of the barrierless reaction that
packagé®! The popular B3LYP function& 84 combined with forms adducts s/t-1 in the s and t PES, respectively. Geometric
the all-electron 6-311G(2d $)basis set was used for structural parameters are similar to the isolated reactants except for the
optimization in all reactants, products, intermediates, transition C(1)~C(2) distance, which is slightly elongated to 1.228 A
structures (TSs), and CPs involved. The unrestricted formalism compared to 1.197 A in free propyne. s-1 and t-1 complexes
is employed for the calculation of open-shell species. In order are more stable than the reactants asymptote by 47.0 and 47.3
to ensure the stability of the wavefunction of the singlet species, kcal/mol, respectively. In s/t-1, the negative charge on the C(1)
the orbital constraint applied to the and 3 sets is lifted by atom increases in 0.24/0.19 au (see the Supporting Information
performing calculations with the “stable” keyword as imple- for a full list of NBO atomic charges for all species), and there
mented in GO3, allowing the reoptimization of the wavefunction is a significant electronic charge transfer of 0.27 and 0.21 au
if an instability is found. The nature of the stationary points from the propyne fragment to the vanadyl moiety for s and t
(minima and TSs) has been characterized by analysis of thespecies, respectively.
vibrational normal modes. The TSs have been connected to the The following step comprises the hydrogen transfer from the
corresponding minima by following the minimum energy paths methyl group to one of the oxygen atoms of the vanadyl moiety
via the intrinsic reaction coordinate (IRC) method. Gibbs free via s/t-TS1 to obtain the minima s/t-2. The five-membered ring
energies were calculated at standard temperature (298.15 K) and/t-TS1 structure has one imaginary frequency of 1597i/1003i
pressure (1 atm). The natural population analysis has been madem~! that corresponds mainly to the expected movement of
by use of the natural bond orbital (NBO) metfid® as hydrogen detaching from the C(3) atom and moving toward
implemented in GO3. O(1) atom, while the hydrogen atom being transferred is 0.37/

The concept of minimum energy crossing point (MECP) on 0.33 au positively charged, respectively. The formation of s/t-2
the seam line corresponding to the intersection between twois rather exothermic, 48.5/39.8 kcal/mol, respectively, and from
electronic surfaces of different spin multiplicities has been used these minima the O(2) atom of the vanadyl moiety is linked to
to localize and characterize the CPs. Starting from the TS closestthe terminal H(2) atom via s/t-TS2, with the latter losing a
to the crossing seams, the reaction pathway was traced dowmoticeable amount of electronic charge (0.37/0.08 au). The stable
to the corresponding minimum. Thereafter, single-point calcula- calculation carried out on s-TS2 shows one negative eigenvalue,
tions with the other spin multiplicity were carried out on each revealing the existence of a low-lying open-shell singlet state.
point along the IRC path. Consequently, we obtain the CPs asHowever, the value of$*[yields 0.32, indicating a small spin
the structures that have identical geometry and energy in the scontamination from states of higher multiplicity. t-TS2 is 2.5
and t states. This procedure has been used in our previouskcal/mol more stable than s-TS2, and therefore, a first crossing
studies’*76 On behalf of comparison, the mathematical algo- point CP1 (see Figure 3) between the s and t PESs is found in
rithm for MECPs developed by Harvey et®lhas been also  this region. An analysis of the energetic values and geometrical
employed, yielding very similar structures. Therefore, the CPs parameters of CP1 indicates that it is closer to t-2 than to s-2.

that we obtain can be considered as reasonable approximations considering s/t-3 minima, a second hydride transfer process

of the MECPs between s and t hypersurfaces. takes place from C(3)atom to the V center. This reaction will
) ) occur via s/t-TS3 along paths—4. t-3 is considered to be a
3. Results and Discussion branching point, opening another alternative oxidation pro-

Five possible reaction pathways are found for the oxidation cess: an intermolecular hydrogen transfer from H(3)to O(1)-
process of propyne by VO (1A1/3A”)_ Paths 1 and 3 correspond atoms via t-TS8. In t-3 (15.6 kcal/mol more stable than s-3),
to the elimination of H molecule to yield propynaldehyde and the interaction between vanadium and C{C)2) atoms is
VO*. Paths 2 and 5 render two alternative productsOtdnd weaker than in s-3, as indicated by a longer interatomic distance
Prod-fc" or propynaldehyde and V-(O#t. Finally, path 4 (~0.35 A), favoring the existence of TS8 in the triplet state.
yields propynaldehyde and V-(QH, or different products The possibility that path 5 takes place along the singlet electronic
depending on the PES: ;B and s-Prod-dcin s-PES or HO state has not ruled out a priori. However, all attempts to localize
and t-Prod-f¢ in t-PES. Selected geometrical parameters of the @ minimum and the corresponding transition structure at s state
stationary points at s and t electronic states are reported in Figuréhave been unsuccessful.

1, panels a and b, respectively. Gibbs free energy profiles are From s/t-3 it is necessary to overcome an activation free
depicted in Figure 2a for paths 1, 2 and 5 and in Figure 2b for energy of 30.7/35.4 kcal/mol to reach s/t-TS3, characterized by
paths 3 and 4. The geometry and total energies of the crossinga low imaginary vibrational frequency of 545i/451i chand

points obtained from the IRC paths are presented in Figure 3.small positive charges on the transferred H(3) atom of 0.07/
For comparison purposes, we have also used the algorithm0.03 fors/t surfaces, respectively. Once s/t-TS3 is surmounted,
proposed by Harvey et &.for a more accurate characterization the reaction can evolve through paths 1 and 2, yielding s/t-4
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Path 2.Starting at the s-4 intermediate, the H(3)atom attached
to the V atom migrates to the O(1) atom of the vanadyl moiety
via s-TS5. This displacement produces a noticeable increment
of the hydrogen charge being transferred up to 0.35 au. After
s-TS5, the interaction between the formed water molecule and
the V atom yields the s-7 complex. From the s-7 product
complex, two possible exit channels are available: ¢prnd
a cationic product s-Prod-f¢in which the V atom is bounded
to all three carbon atoms and the terminal oxygen atom,
oL overcoming a barrier of 35.9 kcal/mol, or (ii) s-V(QFt and
propynaldehyde, surmounting a very high barrier of 97.9 kcal/
mol. All the attempts carried out to localize a similar s-TS5
but in the t state have been unsuccessful.

Paths 3 and 4These reactive channels start at s/t-8 minima

CP4 CP5 and present the same type of stages as those of paths 1 and 2,
Figure 3. Structure of the crossing points, CP1, CP2, CP3, CP4 and respectively. Althou_gh both routes _have be_en Stqdied in s and
CP5, found at B3LYP/6-311G(2d,p) level. Values of the total energies t SPIN states (see Figure 2b), no spin crossing points have been
(au): CP1,—1210.951 15; CP2;-1210.917 25; CP3-1210.91332;  found along these paths.
CP4,—1210.914 15; CP5;-1210.886 54. Following path 3, a transition structu¢g/t-TS6) is found, as

indicated by the presence of one imaginary frequency of 1432i/

(see Figure 1a), assuming that the interaction between V and1485i cnt?, respectively. The charge of the H(2)atom being
the two C atoms is preserved, or it can follow paths 3 and 4 if transferred remains constant until the product complex s/t-9 is
the V atom is detached from C(1) and C(2) atoms, to obtain reached. From s/t-9, the isolated fragments &Hd s/t-10) can
s/t-8 (see Figure 2b). Therefore, at the s/t-TS3 the reaction be directly obtained by overcoming an energy barrier of 10.2/
bifurcates into two downhill pathways passing through avalley 3.1 kcal/mol, respectively. Finally, the products,(iolecule
ridge inflection point. s-4 and s/t-8 can be considered as the and s/t-VO™ and propynaldehyde) can be directly obtained by
branching points and the order of stability order is as follows: surmounting barrier heights of 48.5 and 42.5 kcal/mol, respec-
t-8 < s-4 < t-4 < s-8. Due to the larger stability of s-4 with tively.
respect to t-4 (2.2 kcal/mol), a second spin inversion along paths Reaction path 4 starts at s/t-8 minima and a transition structure
1 and 2 must occur at this stage via the CP2 point. The geometry(s/t-TS7) leads to the product complexes s/t-11. From s-11, two
of CP2 is depicted in Figure 3. In contrast, paths 3 and 4 remain possible products can be formed: (y®land a cationic product,
on the triplet PES without spin crossing processes. s-Prod-d¢, in which the vanadium atom binds to terminal

Path 1. Starting from s/t-4 minima, there is a hydrogen carbon and oxygen atoms and (ii) propynaldehyde and s-
migration from the O(1) atom of the vanadyl moiety to the H(3) V(OHy)™. However, an alternative product can be obtained from
atom attached to vanadium. The corresponding transition t-11: HO and t-Prod-f¢, in which the vanadium atom is
structures s/t-TS4 present imaginary frequencies of 1504i/1544icoordinated to three carbon atoms and one oxygen atom. In
cm ! and the H(2)atom being transferred carries a positive t-Prod-fc" there is some double-bond character between C(1)
charge of 0.37/0.32 au, respectively. Due to the larger stability 21d C(2) as indicated by an interatomic distance of 1.285 A.
of t-TS4 with respect to s-TS4 (4.4 kcal/mol), a third intersystem For the s-Prod-destructure, the C(1)C(2) distance decreases
crossing (CP3) should appear on this PES region. The geometryf© 1.203 A, typical of triple &-C bonds. NBO analysis shows
of CP3 (see Figure 3) is very similar to that of the previous & negative charge on C(1) 6f0.35 due to its interaction with
crossing point. In CP3, the distance-¥(3) has been elongated v atom. . . . .
and the H(3) atom is closer to the H(2) atom compared to CP2 Path 5. Starting at t-3 intermediate, an |ntermqlecular
and also to s/t-4. s/t-5 product complexes are obtained after TS4,ydrogen transfer from H(4)to O(1)atoms takes place via t-TS8,
and the recently formed hydrogen molecule is still interacting With the transferred hydrogen atom carrying a moderate positive
with the vanadyl moiety. Since s-5 is 1.6 kcal/mol more stable charge of 0.14 au. This transition structure leads to the t-7
than t-5, a fourth crossing point (CP4) appears in the region pr_oduct complex, V\{he_re the formed water molecule interacts
between the transition structures s/t-TS4 and s/t-5 intermediatesWith the V atom (similar to s-7 from path 2). From the t-7
The geometry of CP4 is depicted in Figure 3, being geo- complex, two po§S|bIe proqlucts can be formegDtand t-Prod-
metrically and energetically closer to t-5 than to s-5. fc* by overcoming a barrier of 35.7 kcal/mol, or s-V(@H

From s/t-5 product complexes, the isolated fragmentarid and propynaldehyde_ by surmounting a b_arrler qf 65'5 keal/mol.
s/t-6 can be directly obtained by overcoming a very low-energy All the attempts carried out to characterize a similar t-TS8 but

barrier of 3.5/1.4 kcal/mol, respectively. t-6 is 0.5 kcal/mol more in the s state have been unsuccessful.

stable than s-6 and a fifth crossing point (CP5) is found along 4. Conclusions

this step. The geometry of CP5 is shown in Figure 3, presenting

geometric and energetic values intermediate between s-6 and To gain further insight into reaction mechanism of the gas-
t-6 minima. The C(1)-C(2) distance is 1.256 A (1.209 A) in  phase ior-molecule reaction of Vg (*A1/2A") with propyne,

s-6 (t-6) and 1.226 A (1.234 A) in CP5 (MECP). Also, the an exhaustive theoretical survey on the complicated singlet and
C(2)—V distance is 2.096 A (2.483 A) in s-6 (t-6) and 2.206 A  triplet PESs has been performed by means of density functional
(2.229 A) in CP5 (MECP). The H(40O(2) distance is 1.248  theory calculations at the B3LYP/6-311G(2d,p) level. This study
A (1.238 A) in CP5 (MECP) and 1.293 A (1.230 A) in s-6 provides a theoretical support for the molecular mechanisms
(t-6). Finally, H, molecule, propynaldehyde, and s/t-V@ations of the title reaction, as well as thermochemical and kinetic
can be directly obtained from s/t-6, surmounting very large information on the oxidation processes. Five reaction pathways
barrier heights of 63.6 and 37.5 kcal/mol, respectively. have been characterized: paths 1 and 3 correspond to elimina-
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