CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200700619

Gas-Phase Reactivity of Metavanadate [VO;]™ towards Methanol and
Ethanol: Experiment and Theory

Tom Waters,*'* " Anthony G. Wedd,""! and Richard A. J. O’Hair*!>"!

Abstract: The gas-phase reactivity of
the metavanadate anion [VO;]~ to-
wards methanol and ethanol was exam-
ined by a combination of ion—-molecule
reaction and isotope labelling experi-
ments in a quadrupole ion-trap mass
spectrometer. The experimental data
were interpreted with the aid of density
functional theory calculations. [VOs]~
dehydrated methanol to eliminate
water and form [VO,(W-OCH,)]",

[VO,(OH),]". The calculations predict-
ed that important intermediates in
these reactions were the hydroxo
alkoxo anions [VO,(OH)(OCH,R)]”
(R: H, CH;). These were predicted to
undergo intramolecular hydrogen-atom
transfer to form [VO(OH),(n'-
OCHR)]~ followed by n'-0—n*-C,0
rearrangements to form [VO(OH),(n*-
OCHR)]~. The latter reacted further
to eliminate water and generate the
product [VO,(n>~OCHR)]~. This major

edly different from that observed pre-
viously for [NbO;]~ containing the
heavier Group 5 congener niobium. In
that case, the major product of the re-
action was an ion of stoichiometry [Nb,
O;, H,]™ arising from the formal dehy-
drogenation of methanol to formalde-
hyde. The origin of this difference was
examined theoretically and attributed
to the intermediate alkoxo anion
[NbO,(OH)(OCHj;)]~ preferring hy-
dride transfer to form [HNbO,(OH)]~

which features an [v-C,0-OCH,]*~
ligand formed by formal removal of
two protons from methanol and which
is isoelectronic with peroxide. [VO;]~
reacted with ethanol in an analogous
manner to form [VO,(W-OCHCH;)],
as well as by loss of ethene to form

reactions

Introduction

Transition-metal-oxide catalysts are employed in a variety of
catalytic oxidation processes of significant importance to
global chemical industries.!! A quarter of the most impor-
tant organic chemicals are produced by heterogeneous oxi-
dation catalysis, and more than a third of worldwide catalyst
production is based on oxides.”! Bulk or supported vanadi-
um oxides are important in a number of heterogeneous cata-
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is mark-  with loss of formaldehyde. This con-

trasts with the hydrogen-atom-transfer

. gas-phase pathway observed for [VO,(OH)-
transfer (OCHy)]™.

Iytic reactions and are the focus of sustained research ef-
forts.” They are employed as catalysts for reactions such
as the oxidation of sulfur dioxide to sulfur trioxide, butane
to maleic anhydride and methanol to formaldehyde.**! In
addition, discrete vanadium-oxo and —peroxo centres are
active in many oxidation reactions observed in solution./®”!
The molecular structure and reactivity of active sites on
metal-oxide catalysts has been a particular focus.'>*!1]
However, detailed mechanistic studies are often hampered
by factors such as the dynamic nature of the catalyst surface
and its inhomogeneity. Furthermore, important reactions
appear to occur at localized reaction sites (such as surface
defects or adsorbed reactant molecules), and such sites
might exhibit significantly different reactivity from that of
the bulk oxide. A proper understanding of these differences
is vital in order to understand their specific functions.
Gas-phase studies of isolated transition-metal-oxide clus-
ter ions can provide molecular-level insights into the funda-
mental reactivity of clusters of known stoichiometry under
well-defined experimental conditions.'*!¥ Such insights can
help us to understand related reactions occurring at oxide
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surfaces. Accordingly, a primary aim is to identify new
modes of reactivity and bonding in the gas phase that might
be relevant to condensed-phase chemistry. To this end, the
reactivity of a range of cationic and anionic vanadium oxide
centres towards neutral reagents, such as alkanes, alkenes
and alcohols, has been examined."*? In particular, studies
of the reactivity of the vanadium oxide cluster ions with al-
cohols is driven by the industrial applications of heterogene-
ous vanadium oxide catalysts in the oxidation of methanol,
and the likely intermediacy of vanadium alkoxide species in
other oxidation reactions mediated by vanadium oxides. %
Heavier niobium and tantalum gas-phase clusters have also
been examined,® 2?3 again in the context of the cata-
lytic application of niobium and tantalum oxide surfa-
ces.’*] The majority of these gas-phase studies have been
supported by theoretical calculations,??*?"3!:3240-42]

We recently described the gas-phase catalytic oxidation of
methanol to formaldehyde with the mononuclear metavana-
date anion [VO;]™ as catalyst and dioxygen as terminal oxi-
dant.™ The 2e~ oxidation of the alcohol was linked to the
4e” reduction of dioxygen. A key step in the process was
the reaction of [VO;]~ with methanol to eliminate water and
form [VO,(W*-OCH,)]", with an [n*-O,C-OCH,]*" ligand
which may be regarded formally as doubly deprotonated
methanol or as 2e -reduced formaldehyde. This ligand is
isolelectronic with the peroxo ligand O,>", and was crucial
in linking the 2e~ oxidation of two equivalents of methanol
to the 4e~ reduction of dioxygen.”"!

Herein, we describe aspects of the reaction of [VO;]™ and
methanol in more detail, and include the equivalent reaction
with ethanol. Reaction pathways were examined by kinetic
and isotope labelling experiments, and experimental data
were interpreted with the aid of detailed density functional
theory (DFT) calculations. The reaction of [VO;]~ with
methanol follows a different course to that reported previ-
ously for [NbO;]~,* and likely explanations for this differ-
ence are offered. Finally, the relevance of the present obser-
vations to the mechanism of similar reactions at metal-oxide
surfaces is discussed.

Results and Discussion

Electrospray ionization of NaVOj; in acetonitrile/water solu-
tions provided access to the metavanadate anion [VO;]™ and
the dihydroxodioxo anion [VO,(OH),]”.[**! Polynuclear
oxovanadium centres were also observed (e.g. [V,0,]*~ and
[V5;05(OH)J*") but are not discussed here. The present work
describes the gas-phase reactivity of the anion [VO;]” to-
wards methanol and ethanol. Relevant spectra are presented
in Figures 1 and 2, respectively, and summarized in Table 1,
while schemes outlining the observed reactions and m/z
values of relevant species are included in Scheme 1.

Reaction of [VO;] with methanol: Spectra for the reaction

of [VO;]~ and methanol are presented in Figure 1. The ob-
served reactions are summarized in Table 1, Scheme 1a and
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Figure 1. Mass spectra illustrating reaction of [VO;]~ (m/z: 99) with
methanol (¢ = ~1x10" moleculescm™>, reaction time=30ms). The
peaks at m/z: 117 and 140 are assigned to addition of background H,O
and CH;CN, respectively, to m/z: 99. a) Reaction with CH;OH to form
[V, Os, Hy]™ (m/z: 101), [VO,(n-OCH,)]” (m/z: 113) and [VO,(OH)-
(OCH,)]™ (m/z: 131). Some of the signal at m/z: 131 is also due to addi-
tion of water to m/z: 113, while the signal at m/z: 145 is due to the addi-
tion of CH;OH to m/z: 113. b) Reaction with CD;OH to form [V, O;, H,
D], [V, Os, D,]” (m/z: 102 and 103, respectively), [VO,(n>-OCHD)]",
[VO,(m*-OCD,)]” (m/z: 114 and 115, respectively) and [VO,(OH)-
(OCD3)]™ (m/z: 134). The signals at m/z: 132/133 and m/z: 149/150 are
from the addition of H,0O and CD;OH, respectively, to m/z: 114/115.
c) Reaction with CH;®OH to form [V, O, H,]~ (m/z: 101),
[VO,("-BOCH,)|~ (m/z: 115) and [VO,(OH)(POCH,)]" (m/z: 133).
Some of the signal at m/z: 133 is also due to the addition of water to
m/z: 115, while the signal at m/z: 149 is due to the addition of CH;"*OH
to m/z: 115. The weak peaks at m/z: 113 and 147 are due to CH;'°OH
impurity in the CH,"*OH sample (95 % atom '*O).

Equation (1). [VOs]™ (m/z: 99) reacted with methanol to
form the major product ion at m/z: 113 of stoichiometry [V,
O;, C, H,]™ with loss of neutral water [Eq. (1b)]. A product
ion at m/z: 101 of stoichiometry [V, O;, H,]|™ arising from
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Figure 2. Mass spectra illustrating the reaction of [VO;]™ (m/z: 99) with
ethanol (c=~1x10"" moleculescm >, reaction time=30ms). Some of
the signal at m/z: 117 is due to the addition of background H,O to m/z:
99, while the signal at m/z: 140 is due to addition of background CH;CN
to m/z: 99. a) Reaction with CH;CH,OH to form [V, O;, H,]™ (m/z: 101),
[VO,(OH),]” (m/z: 117), [VO,(W-OCHCH,)]~ (m/z: 127) and
[VO,(OH)(OCH,CH,;)]~ (m/z: 145). Some of the signal at m/z: 145 is
also due to the addition of background H,O to m/z: 127, while the signal
at m/z: 173 is due to the addition of CH;CH,OH to m/z: 127. b) Reaction
with CH;CD,OH to form [V, O;, H, D]™ (m/z: 102), [VO,(OH),]” and
[VO,(OH)(OD)]" (m/z: 117 and 118, respectively), [VO,(n-OCHCH;)]~
and [VO,(W>-OCDCH,;)]” (m/z: 127 and 128, respectively) and
[VO,(OH)(OCD,CH,)|~ (m/z: 147). The signals at m/z: 145/146 and m/z:
175/176 are from the addition of H,O and CH;CD,OH, respectively, to
miz: 127/128. c) Reaction with CD;CH,OH to form [V, O;, H,]” (m/z:
101), [VO,(OH)(OD)]™ (m/z: 118), [VO,(W>-OCHCD;)]" (m/z: 130) and
[VO,(OH)(OCH,CD;)]~ (m/z: 148). The signal at m/z: 117 is due to the
addition of background H,O to m/z: 99. Some of the signal at m/z: 148 is
also due to the addition of background H,O to m/z: 130, while the signal
at m/z: 179 is due to the addition of CD;CH,OH to m/z: 130.

loss of neutral formaldehyde was also observed, but with
much lower yield [Eq. (1a)]. Some of the signal at m/z: 131
arises from direct addition of methanol to [VO;]~ (m/z: 99)
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Table 1. Observed primary product ions, neutral losses and branching
ratios for ion—molecule reactions of [VO;]~ with labelled methanol and
ethanol. See also Figures 1 and 2 and Scheme 1.

Neutral reagent Product ion (m/z) Neutral loss Branching ratio [%]®

CH;OH™" 101 —H,CO 1
113 -H,0 99
CD;OH 102 -D,CO 1
103 —~DHCO 1
114 D,0 22
115 DHO 76
CH;"*OH 101 ~-H,C*O 2
115 -H,°0 98
CH,CH,OH"™ 101 —CH,;CHO 1
117 ~CH,CH, 44
127 -H,0 55
CH;CD,0H 102 —CH,CDO 1
117 —~CH,CD, 45
118 ~CH,CDH 13
127 -D,0 6
128 ~DHO 35
CD;CH,0H 101 —CD;CHO 2
118 -CD,CH, 31
130 -H,0 67

[a] Intensities are normalized to sum of 100 %. Direct addition of the al-
cohol to [VO;]™ is not included in branching ratios. Intensities were cor-
rected to account for secondary reactions with alcohol and background
water (see Scheme1). [b] Rates of reaction with CH;OH and
CH,CH,OH were measured as 2.5 and 2.7x 10~ moleculecm™>s~!, re-
spectively, corresponding to unit efficiency.

[Eq. (1c)]. The ions at m/z: 117 and 140 are due to the addi-
tion of background water and acetonitrile, respectively, to
[VO;]~, while the ions at m/z: 131 and 145 arise from secon-
dary reactions involving addition of water and methanol, re-
spectively, to the primary product ion at m/z: 113 (Fig-
ure 1a). Each of the secondary reactions was verified inde-
pendently by multistage mass spectrometry (MS?®) experi-
ments (data not shown).

VO, (m/z : 99)+ CH,OH 1

[V, Oy, Hy]" (m/z: 101)+ CH,O (12)
[V, 05, C, Hy" (m/z: 113)+ H,0 (1b)
. [VO,(OH)(OCH,)|~ (m/z : 131) (1c)

The rate constant for the reaction between [VO;]~ and
methanol was measured as 2.5x107° moleculescm™s™,
faster than the calculated ion—-molecule collision rate (1.9 x
10~ moleculescms™!) and corresponding to unit efficiency
within experimental error.*”! The rapid formation of [V, O,
C, H,]™ (m/z: 113) implies the absence of energetic barriers
in the reaction pathway above the energy of the entrance
channel [VO;]™+ CH;0H.

The reaction was also carried out with the labelled metha-
nols CD;OH and CH;"®OH to provide insights into the reac-
tion mechanisms and clarification of the different reaction
pathways (Figure 1, Table 1). Reaction with CD;OH result-
ed in the predominant loss of DHO to form [V, Os;, C, D,]~
(m/z: 115), but with some loss of D,O to form [V, O;, C, H,

Chem. Eur. J. 2007, 13, 8818 —8829
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Scheme 1. Reaction schemes summarizing the sequence of reactions observed between [VO;]™ and a) methanol and b) ethanol.

D]~ (m/z: 114; Figure 1b, Table 1). The predominant loss of
neutral DHO indicated that the hydroxyl hydrogen and a
methyl deuterium of CD;OH are incorporated into product
water. The observed loss of D,O indicates some label scram-
bling and incorporation of two methyl deuterium atoms into
product water. The peaks at m/z: 132 and 133 are consistent
with addition of background water to the primary products
at m/z: 114 and 115, respectively, while the peak at m/z: 134
can only arise from the direct addition of CD;OH to [VO;]~
(m/z: 99). The weaker peaks observed at m/z: 102 and 103
are consistent with the loss of both CD,0 and CHDO, and
formation of [V, O;, H, D]™ and [V, O;, D,]”, respectively.
Losses of CD,0 and CHDO are again consistent with some
label scrambling between the hydroxyl hydrogen and methyl
deuterium atoms in reactant CD;OH.

Reaction with CH;®OH resulted in the clean formation
of [V, %0,, B0, C, H,]~ (m/z: 115), indicating that the
oxygen atom of methanol is retained exclusively on product
[V, O;, C, H,]™ and that an oxygen atom of parent [VO;]™ is
lost with neutral water (Figure lc, Table 1). The peak at
m/z: 133 is consistent with both the addition of background
water to the major product ion at m/z: 115 and/or with
direct addition of CH;'®*OH to [VO,]~ (m/z: 99).

Reaction of [VO;]~ with ethanol: The reactivity of [VO;]~
towards ethanol was examined for comparison with that of
methanol, and spectra are presented in Figure 2. The ob-
served reactions are similar to those for methanol, and are
summarized in Table 1, Scheme 1b and Equation (2). The
product at m/z: 101 is assigned to an ion of stoichiometry
[V, O;, H,]” with loss of neutral acetaldehyde [Eq. (2a)].
The ion at m/z: 117 is assigned to [VO,(OH),|” formed by
formal dehydration of ethanol and loss of ethene [Eq. (2b)].
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This reaction was not observed for methanol. Although a
small component of the signal at m/z: 117 might be formed
due to direct addition of background water to [VOs]~, rate
measurements and isotope labelling experiments indicate
that the majority is formed from reaction with ethanol (Fig-
ure 2b,c). The product ion at m/z: 127 of stoichiometry [V,
O, C,, Hy]™ arises from formal dehydration of ethanol
[Eq. (2¢)], and is presumably analogous to product [V, O,
C, H,]™ (m/z: 113) generated from reaction with methanol.
Finally, the product ion at m/z: 145 arises from the direct
addition of ethanol to [VOs]™ [Eq. (2d)] and from the addi-
tion of background H,O to the primary product at m/z: 127.

[VO,]~ (m/z: 99) + CH,CH,OH

— [V, 04, Hy] (m/z: 101) + CH,CHO (22)
. [VO,(OH),| (m/z: 117) + GH, (2b)
[V, 05, Gy, Hyl™ (m/z: 127) + H,0 (20)
— [VO,(OH)(OCH,CH,)]" (m/z : 145) (2d)

The rate constant for the reaction between [VO;]~ and
ethanol was measured as 2.7 x 10~ moleculescm s ™!, again
faster than the calculated ion-molecule collision rate con-
stant (1.9x107° moleculescm>s™") and corresponding to
unit efficiency within experimental error.*”? The rapid rate
implies the absence of energetic barriers in the reaction
pathway above the energy of the entrance channel [VO;]™+
CH,CH,OH.

The reaction was also carried out with the labelled etha-
nols CH;CD,OH and CD;CH,OH (Table 1, Figure 2). Reac-
tion with CH;CD,OH resulted in the loss of CH,CD, and
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CH,CDH to form ions [VO,(OH),]” and [VO,(OH)(OD)]~
at m/z: 117 and 118, respectively (Figure 2b, Table 1). Loss
of CH,CDH suggests exchange of hydroxyl hydrogen and
methylene deuterium atoms of CH;CD,OH prior to loss of
ethene, consistent with similar observations for CD;OH.
Similarly, product ions observed at m/z: 127 and 128 were
consistent with loss of D,0O and DHO to form [V, Os;, C,,
H,]™ and [V, O;, C,, H;, D], respectively, again consistent
with exchange prior to loss of water. Reaction with
CD;CH,OH resulted in product ions at m/z: 117 and 118
(Figure 2¢). The latter is assigned to [VO,(OH)(OD)]" aris-
ing from direct loss of CD,CH,, while the ion at m/z: 117 is
presumed to arise from direct addition of background water
to [VO;]™ rather than from reaction with CD;CH,OH. This
assumption was supported by kinetic measurements (forma-
tion of ion m/z: 117 independent of CD;CH,OH pressure)
and by the fact that the product at m/z: 117 was also ob-
served in the reaction with CD;CD,OD (data not shown).
The product ion at m/z: 130 is assigned to [V, O;, C,, H,
D;]™ arising from clean loss of H,O. The absence of signal
m/z: 128/129 indicates no exchange of methyl deuterium
atoms of CD;CH,OH into neutral water.

Theoretical investigation of observed ions: The products
from the reaction of [VO;]” and CH;OH were assigned to
ions of stoichiometry [V, O;, H,]™ (m/z: 101) and [V, Os, C,
H,]™ (m/z: 113), resulting from elimination of formaldehyde
and water, respectively [Eq. (1a,b)]. Equivalent ions [V, O,
H,]™ (m/z: 101) and [V, O;, C,, Hy]™ (m/z: 127) were also
observed in the reaction with ethanol, from the loss of acet-
aldehyde and water, respectively [Eq. (2a,c)]. Initial theoret-
ical calculations were aimed at addressing the stability of
different structural isomers of these unknown product ions.
Results are presented in Figure 3.

[V, Os, H,]~ (m/z: 101): Two isomers were examined: the
anion [HVO,(OH)]” with a hydrido ligand (formally
VY(d%) and singlet and triplet states of the dihydroxo anion
[VO(OH),]” (formally V™(d%)). Calculations indicated
[HVO,(OH)]- was favoured over the triplet state of
[VO(OH),]- by 0.36eV, and over the singlet state by
0.77 eV (Figure 3a).

[V, O;, C, H,]” (m/z: 113): A number of singlet and triplet
isomers were considered. The isomer [VYO,(n*-OCH,)]”
was favoured (Figure 3b). This features an [n*-C,0-OCH,]*~
ligand formed by formally removing two protons from meth-
anol, and which is isoelectronic with peroxide. The ligand
can also be considered as 2e-reduced formaldehyde. Metric
parameters are consistent with such a formulation (e.g. C—
0, 1.39 A; ¢f. CH;-OH, 1.42 A, and CH,=O, 1.20 A). This
isomer was predicted to be favoured over other singlet and
triplet isomers by at least 0.6 eV (Figure 3b).

[V, O;, C,, H,]” (m/z: 127): Singlet and triplet isomers were
considered for this product formed in the reaction of [VO;]~
and ethanol. The most stable isomer was predicted to be the
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Figure 3. Structures and relative energies (AE, eV) for different isomers
of ions of stoichiometry: a) [V, O;, H,]|™ (m/z: 101), b) [V, O;, C, H,|~
(m/z: 113) and ¢) [V, Os, C,, H,]™ (m/z: 127). Energies are relative to the

most stable isomer in each case, and only isomers predicted to lie within
~0.8 eV of the most stable isomer are shown.

anion [HVYO,(OCH=CH,)]" containing a hydrido and a
vinoxo ligand (Figure 3c). The next most stable isomer was
[VYO,(W*-OCHCH;)]™ (containing the [n*-C,0-OCHCH,]*
ligand), which was predicted to be only 0.35eV higher in
energy. This species is equivalent to the most stable isomer
[VYO,(1*-OCH,)]™ of the major product formed in the reac-
tion of [VO;]” and methanol (Figure 3b). A number of
other isomers were predicted to be about 0.8 eV higher in
energy.

Potential-energy surfaces for interaction of [VO;]” and
CH;O0H: The major product in the reaction of [VO;]~ and
CH,OH was assigned to [VO,(n>-OCH,)] (Figure 3b). Cal-
culations were aimed at addressing the formation of this ion
and the minor product ion [V, O, H,]™ (Figure 3a), as well
as rationalising the observed isotope labelling and kinetic
data for the reaction. The minimum-energy pathway calcu-
lated for the reaction of [VOs;]~ with methanol to form
[VO,(n>-OCH,)]  is presented in Figure 4a. The structures
of key intermediates are presented in Figure 4b.

The reaction is proposed to proceed via the key inter-
mediates [VO,(OH)(OCH;)]~ (3) and [VO(OH),(v’-

Chem. Eur. J. 2007, 13, 8818 —8829
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with CH;OH. The reaction pathway to form [VO,(W-OCH,)]~ (7) is
shown in black, while the pathways to form different isomers of [V, O,
H,]” (8, 9) are shown in grey. b) Structures and energies for key inter-
mediates (minima, transition states). Energies are quoted relative to the
separated reactants [VO;]”+CH;OH (relative energy: AE, eV).

OCH,)]” (5), which are interrelated by the formal transfer
of a proton from the methoxo ligand of 3 (to form the [n*-
OCH,]*" ligand) to an oxo ligand (to form a second hydroxo
ligand in product 5; Figure 4b). This might proceed either
by direct proton transfer or by intramolecular hydrogen-
atom transfer followed by electron transfer. Both pathways
were examined theoretically and are described in more
detail below. The hydrogen-atom-transfer pathway is pre-
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dicted to be favoured, and so is described first. The experi-
mental observation of other products [Eq. (1)] is also ration-
alized by the key intermediates 3 and 5.

The reaction begins by coordination of methanol to the
coordinatively unsaturated metavanadate ion (1—2), fol-
lowed by almost barrierless deprotonation of methanol by a
terminal oxo ligand (TS2-3) to generate the methoxo centre
[VO,(OH)(OCHj;)]~ (3, Figure 4a). Anion 3 is the most
stable species on the potential energy surface. It can under-
go intramolecular hydrogen-atom transfer of a methyl hy-
drogen to a terminal oxo ligand (TS3-4) to generate
[VO(OH),(n'-OCH,)]” (4) with an n'-O-OCH, ligand. The
transition state TS3-4 exhibits singlet restricted—unrestricted
instability and is spin contaminated ($*=0.18), suggesting a
single determinant approach is inappropriate. The problem
is more pronounced for product 4 ($*=0.82), suggesting it is
best described as a singlet diradical, that is, a formally
V™(d") centre with a ketyl radical-anion ligand, formally
[n'-OCH,] . This interpretation is supported by the calculat-
ed C—O bond length (e.g. C—0, 1.32 A; cf. CH;—OH, 1.42 A
and CH,=0, 1.20 A). The 1'-O ligand of 4 can rearrange to
the n*-O,C ligand of [VO(OH),(n*-OCH,)]” (5), which is
predicted to be slightly more stable (Figure 4). We have not
attempted to calculate a barrier for this n'-O to n*-O,C rear-
rangement. Proton transfer between the two hydroxo li-
gands of 5 (TS5-6) leads to [VO,(n>-OCH,)(OH,)]~ (6), with
a coordinated water molecule, followed by loss of water to
form product [VO,(n>-OCH,)]” (7). The C—O bond length
in product 7 is consistent with the presence of a formal
VY(d° centre and the [7*-O,C-H,COJ*" ligand, isoelectronic
with peroxide (C—O, 1.39 A; cf. CH,~OH, 1.42 A and CH,=
0O, 1.20 A). The energies for each of the transition states in-
volved in the transformation 1—7 are predicted to be signif-
icantly below that of the entrance channel for separated re-
actants [VO;]”+ CH;OH (Figure 4a), consistent with the ex-
perimental observation that the reaction occurs at the ion—
molecule collision rate.

Alternative pathways for loss of water from intermediate
[VO,(OH)(OCHj)]” (3) were also examined, including
formal proton transfer from the methoxo ligand to an oxo
ligand with direct formation of the [n>-C,0-OCH,]*~ ligand
(TS3-5, Figure 4). The transition state for this pathway was
predicted as about 0.5 eV higher in energy than that for the
hydrogen-atom-transfer pathway described above, and so is
not considered further.

A minor product ion at m/z: 101 of stoichiometry [V, Os,
H,]~ was observed, arising from the formal dehydrogenation
of methanol to formaldehyde [Eq. (1a)]. The structure of
this ion could not be examined experimentally because of
the low intensity in which it was formed (Figure 1). The
most stable isomer for product [V, O;, H,]~ was predicted to
be the hydrido anion [HVO,(OH)|™ (9, Figure 3a). This
anion might be formed by concerted hydride and proton
transfer from CH;OH to the metal centre and an oxo ligand
of [VOs]~, respectively (Figure 4b, TS2-9). The transition
state for this pathway was calculated to be about 0.7 eV
higher in energy than that for the hydrogen-atom-transfer
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pathway described above (Figure 4a, TS2-9). Alternatively, 9
might be formed instead by intramolecular hydride transfer
from the coordinated methoxo ligand of intermediate
[VO,(OH)(OCHj;)]™ (3) to the metal centre (Figure 4b, TS3-
9). The transition state for this process is lower than that for
direct H*/H™ transfer (TS2-9), but is still about 0.5eV
higher in energy than the hydrogen-atom-transfer pathway.

Singlet and triplet isomers of the dihydroxo centre
[VO(OH),]~ (*8 and *8, respectively) were also suggested as
isomers for the ion of stoichiometry [V, O;, H,]~, and calcu-
lated as 0.36 and 0.77 eV higher in energy than the hydrido
isomer [HVO,(OH)]~ (Figure 4a). These might be formed
by direct loss of formaldehyde from intermediates
[VO(OH),(n'-OCH,)]" or [VO(OH),(n*-OCH,)]" (4 or 5,
respectively). Loss of formaldehyde to form singlet
[VO(OH),]” ('8) is predicted to be higher in energy than
the entrance channel [VO;]” 4+ CH;O0H, and so is not expect-
ed to occur (Figure 4a). In contrast, formation of triplet
[VO(OH),]~ (°8) is predicted to be below the energy of the
entrance channel, suggesting that this process might be ob-
served experimentally.

Accordingly, the ion at m/z: 101 of stoichiometry [V, O,
H,]- might be assigned to either the hydrido anion
[HVO,(OH)]" (9) or to triplet [VO(OH),]~ (*8), both
formed by formal dehydrogenation of methanol by [VO;]~
(Figure 4). The calculations predicted loss of formaldehyde
by these pathways to be energetically competitive with that
for loss of water to form [VO,(n*>-OCH,)]” (7, Figure 4a).
However, the latter pathway is significantly favoured experi-
mentally (~100:1, Figure 1a, compare relative intensities of
m/z 113 and 101). This discrepancy is most likely due to the
tight transition state leading to hydride transfer and forma-
tion of [HVO,(OH)]™ (TS2-9, Figure 4), as well as loss of
formaldehyde from singlet [VO(OH),(OCH,)]” (4 or 5) in-
volving surface crossing to triplet [VO(OH),]” (*9) and
therefore being hindered kinetically.*!

Isotope labelling experiments with CD;OH indicated
some exchange of the hydroxyl and methyl hydrogen atoms,
resulting in loss of mixtures of DHO/D,O and CD,O/
CHDO (Figure 1b). The reaction pathway of Figure 4 pro-
vides a plausible explanation for these observations. The
proposed intermediates 3, 4 and 5 and the transition states
separating them are all predicted to be significantly below
the entrance channel [VO;]™+ CH;OH and the exit channels
for both loss of water or loss of formaldehyde (7 and *8 or 9,
respectively, Figure 4a). This indicates that H/D exchange
between methyl and hydroxyl hydrogen atoms should be
possible by means of interconversion between intermediates
3 and 4, for example, for reaction with CD;OH: [VO,(OH)-
(OCDy)]” (3)—[VO(OH)(OD)(1'-OCD,)] (4)—
[VO,(OD)(OCD,H)]~ (3)—[VO(OD),(n'-OCDH)]~ (&4).
Accordingly, formation of H/D exchange intermediates 4
and 4’ accounts for loss of both DHO/CD,O (from 4) and
D,O/CHDO (from 4').

Potential-energy surfaces for the interaction of [VO;]” and
CH;CH,0H: The major products in the reaction of [VO;]~
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and CH;CH,OH were assigned to [VO,(OH),]” from elimi-
nation of ethene and [V, O;, C,, H,]™ from loss of water
[Eqg. (2)]. The most stable isomer of the latter was predicted
to be the anion [HVO,(OCH=CH,)]” with a hydrido and a
vinoxo ligand, which was 0.35 eV more stable than [VO,(n’*-
OCHCHS;)]~ which features the [?-O,C-OCHCH,)]* ligand
(Figure 3c). A minor product [V, O;, H,]™ was also observed
arising from loss of acetaldehyde, and is presumably equiva-
lent to that observed in the methanol reaction. Calculations
were aimed at addressing the formation of the major ions
[VO,(OH),]” and [V, Os, C,, H,], as well as the likely struc-
ture of the latter. The minimum-energy pathway calculated
for reaction of [VO;]™ and ethanol is presented in Figure Sa.
The structures of key intermediates (minima, transition
states) are presented in Figure 5b.

Similar to the methanol reaction, the major products in
the ethanol reaction are proposed to arise from the inter-
mediate alkoxo anion [VO,(OH)(OCH,CH;)]” (11), the
most stable species on the potential energy surface
(Figure 5). Anion 11 can undergo intramolecular hydrogen-
atom transfer to form [VO(OH),(n'-OCHCH,;)]~ (11—12),
followed by rearrangement to [VO(OH),(n*-OCHCH,;)]~
(12—13) and loss of water to form [VO,(W-OCHCH;)|
(13—15). However, [HVO,(OCH=CH,)]” (16) was predict-
ed to be 035eV more stable than product [VO,(n*
OCHCH,;)]~ (15, Figure 3c). Calculations predicted the bar-
rier for conversion of 15 into 16 to be about 1.1 eV (TS15-
16, Figure 5). However, the formation of 15 from [VO;]™+
CH;CH,0OH is predicted to be only weakly exothermic
(~0.4 eV), and so product [VO,(n*-OCHCHj;)]" is unlikely
to have sufficient energy for further conversion into [HVO,-
(OCH=CH,)]~ (Figure 5). This result indicates that the
product ion of stoichiometry [V, O, C,, H,]™ observed ex-
perimentally is likely to be [VO,(W-C,0-OCHCH,)]~ (15)
and not the more stable isomer [HVO,(OCH=CH,)]™ (16).

The alternative product in the ethanol reaction is
[VO,(OH),]- (17) arising from loss of ethene [Eq.(2b)].
This might be formed by means of intramolecular $-hydro-
gen transfer from intermediate [VO,(OH)(OCH,CH;)|™ to
an oxo ligand (TS11-17, Figure 5). The channel involving
loss of ethene is predicted to be favoured thermodynamical-
ly over that involving loss of water (products 17 and 15, re-
spectively, Figure 5). However, the transition state for loss
of ethene (TS11-17) is predicted to occur at a similar energy
to that for hydrogen-atom abstraction to form
[VO(OH),(n'-OCHCHj;)]~ (TS11-12), as well as that to
form [VO(n'-OCHCH,)(OH,)]” (TS13-14) en route to loss
of water (Figure 5). The similar energy for these transition
states is consistent with the similar branching ratios ob-
served experimentally for these pathways.

Isotope labelling experiments with selectively deuterated
ethanol provided insights into the mechanism of reaction.
Reaction with CH;CD,OH led to exchange of the hydroxyl
hydrogen and methylene deuterium atoms prior to loss of
water or ethene (e.g. reaction with CH;CD,OH resulted in
loss of both DHO/D,0 and CH,CD,/CH,CDH). Such ex-
change is presumably facilitated by a mechanism equivalent
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to that proposed for the methanol case above, that is,
[VO,(OH)(OCD,CH;)] (11)—[VO(OH)(OD)('-
OCDCH,)|~ (12)—[VO,(OD)(OCHDCH,;)]~ 11)—
[VO(OD),(n'-OCHCH;)]~ (12). The clean loss of H,O
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upon reaction with CD;CH,OH (formation of ion at m/z:
130, Figure 2¢) confirms that the protons of water originate
from the hydroxyl and methylene hydrogen atoms of
CD;CH,OH, and that methyl hydrogen atoms (deuterium)
are not involved in this exchange.

Comparison of the reactivities of [VO;]- and [NbO;]™ to-
wards CH;OH: The gas-phase reactivity of [NbO;]~ towards
CH,;0OH was examined previously by Fourier-transform ion-
cyclotron resonance mass spectrometry.f**! The major
product [Nb, O; H,]” arose from dehydrogenation
[Eq. (3a)]. Dehydration to form [Nb, O;, C, H,]” was a
minor pathway only [Eq. (3b)]. This result contrasts with
the equivalent reaction for [VO;]™ described here, in which
the major pathway was dehydration, and dehydrogenation
was observed as a minor pathway only.

[NbO;]™ (m/z: 141) + CH;0H

3a
— [Nb, O;, H,]™ (m/z 143) + CH,O (3a)

— [Nb, O, C, ] (m/z 155) + H,O (3b)

The reactivity of [NbO;]~ towards CH;OH was examined
theoretically (Figure 6), and may be compared with that of
[VO;]~ (Figure 4). The alkoxo anion [NbO,(OH)(OCH,)]~
(18) is about 3.2 eV more stable than the separated reac-
tants [NbO;]~ and CH;OH, and is again presumed to be the
key intermediate in this reaction. Intermediates involved in
the formation of 18 are analogous to those for [VO,(OH)-
(OCH;)]™ (3, Figure 4), and so are not included in Figure 5.
The major pathways for decomposition of 18 were predicted
as: 1) transfer of a methyl hydrogen atom to an oxo ligand
to directly form [NbO(OH),(n>-OCH,)]~ (19; formally
proton transfer, TS18-19) and 2) transfer of a methyl hydro-
gen atom to the Nb centre to form [HNbO,(OH)]™ (23) and
formaldehyde (formally hydride transfer, TS18-23). Both
pathways are shown in Figure 6. Similar pathways were also
calculated for [VO,(OH)(OCH;)]” and are included in
Figure 4. The favoured pathway for [VO,(OH)(OCH;)]”
was predicted to involve hydrogen-atom transfer to initially
form [VO(OH),(n!-OCH,)]", followed by rearrangement to
[VO(OH),(W*-OCH,)]” (n'-O—1*-C,0) and elimination of
water to give product [VO,(n-OCH,)]~ (3—7, Figure 4).
An equivalent hydrogen-atom transfer pathway for
[NbO,(OH)(OCHs;)]~ was not located, with all attempts in-
stead converging to the proton-transfer pathway for direct
formation of [NbO(OH),(1*-OCH,)]” (TS18-19). This result
indicated that the proton-transfer pathway is likely to be
favoured over the hydrogen-atom-transfer pathway for
[NbO,(OH)(OCH,)].

Transition states for the proton- or hydride-transfer path-
ways for [NbO,(OH)(OCHs;)|™ are approximately equal in
energy (i.e. Figure 6, TS18-19 and TS18-23). However, the
lowest-energy exit channel is associated with hydride trans-
fer and loss of formaldehyde (23+ H,CO). In contrast, exit
channels arising from intermediate 19 (following proton
transfer) are much higher in energy, for example, 21+ H,O
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or 224+ CH,O. This finding indicated that hydride transfer
to form 23+ CH,O should be preferred for [NbO,(OH)-
(OCH,;)] . The theoretical preference for hydride transfer is
in agreement with the experimental results, in which the
dominant product ion was [Nb, O;, H,]™ from dehydrogena-
tion of methanol to formaldehyde.” This earlier study as-
signed product [Nb, O;, H,]” to the dihydroxy centre
[NbO(OH),]” (22). However, the present calculations sug-
gest that the alternative hydride isomer [HNbO,(OH)]™ (23)
is favoured on both kinetic and thermodynamic grounds.
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Comparison with previous theoretical results: The mecha-
nism of alcohol oxidation at oxovanadium fragments has
been examined previously.”324%% Model systems ranged
from mononuclear vanadate centres, such as [VO(OCH;);],
to larger systems designed to mimic supported vanadate
centres (for example, [VO{OM(OH),};]; M: Si, Ti, Zr). The
consensus mechanism involves condensation of CH;OH at a
vanadium centre to form a VYO(OCH,) fragment, followed
by net transfer of a proton and two electrons from the me-
thoxo ligand to generate a V'"(OH) fragment and formalde-
hyde. Recent studies on the model system [VO(OCHS;);]
suggest that the latter step occurs by formal hydrogen-atom
transfer via a biradical intermediate [V'V(OH)(OCH,)-
(OCH,;),] (Scheme 2a).[*! This can decompose further by
loss of formaldehyde to form triplet [V™(OH)(OCHs;),].
[VO,(OH)(OCH3;)]™ of the present study was also proposed
to undergo an equivalent hydrogen-atom transfer
(Scheme 2b). However, the present experiments indicate
that product [VIVO(OH),(n'-OCH,)]™ does not dissociate by
loss of formaldehyde, but rather by loss of water to form
[VO,(W*-OCH,)]". This alternative reaction is presumably
favoured, as the intersystem crossing necessary for loss of
formaldehyde is avoided (i.e. singlet [VO(OH),(n!-OCH,)]”
to triplet [VO(OH),]").

The relevance of a previous gas-phase study on the radical
cation [VO(OCH;);]" was questioned on the basis of the
significant electronic differences between cation [VO-
(OCH,);]* and neutral VO(OCHS;);.[* The major differen-
ces were: 1) the transition state for hydrogen transfer in
cation [OV(OCH,);]* was stabilized significantly due to the
presence of a radical methoxo ligand, 2) the reaction for
[OV(OCH;);]* was more exothermic due to the formation
of a stable V'Y product centre (cationic [V'Y(OH)(OCH,),]*
rather than neutral [VI"(OH)(OCH,),], and 3) the entire re-
action for [VO(OCHj;);]* can proceed on the doublet sur-
face, without the need for surface crossing. These problems
are avoided in the present work for [VO,(OH)(OCH,)|~
(Scheme 2b) as: 1)it is a closed-shell singlet molecule,
2) the product from loss of formaldehyde is the V™™ centre
[V"O(OH),] ", and 3) surface crossing is required for loss of
formaldehyde to form triplet [V'"O(OH),]”. Accordingly,
the experimentally observed loss of water from intermediate
[VO,(OH)(OCH;)]™ reinforces the importance of competing
pathways in the reactions of VO(OCHj;) fragments and the
role of spin and coordination environment in determining
reactivity.

Hydrogen-atom transfer pathways have been proposed
previously as the initial step in the oxidation of hydrocar-
bons by a number of high-valent metal oxo reagents, for ex-
ample, MnO,~ and RuO,["™ The reactions proceed by
transfer of H* to an oxo ligand and e~ to the metal centre,
that is, proton-coupled electron transfer. The intramolecular
hydrogen-atom transfer pathways proposed here for
[VO,(OH)(OCH;)]™ and previously for [VO(OCHS,);]*"! are
equivalent intramolecular processes. In these cases, protona-
tion of an oxo ligand and 1e~ reduction of the V" centre
generates a stable V'V centre with a coordinated ketyl radi-
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cal-anion ligand (e.g. [VIYO(OH),(n'-OCH,)]"; Figure 4,
Scheme 2b). This ligand can then either dissociate as the al-
dehyde (e.g. to form [V"O(OH),]”) or remain bound to the
metal centre, allowing for an alternative reaction to occur
(e.g. loss of water to form [VVO,(n*-OCH,)]").

The [W-O,C-OCHR]* ligands proposed for [VO,(n*-
OCH,)]” and [VO,(1*-OCHCH,;)] have been observed pre-
viously for some related organometallic species.’* For ex-
ample, the complex Cp,V(1*-0,C-OCH,) (Cp: n’-CsH;) was
prepared by reaction of paraformaldehyde with vanadocene
Cp,V.P>%! Equivalent ligands have been observed for the
heavier congeners niobium and tantalum,””* as well as for
siloxide-supported centres, for example, [(fBusSiO);Ta(n*
0,C-OCH,)].”** Such complexes are relevant to the cata-
lytic reduction of carbon monoxide, for which coordinated
1?-0,C-OCH, ligands are possible intermediates.”**** The
present work demonstrates the formation of a 1’-0,C-OCH,
ligand at a vanadium centre by hydrogen-atom transfer
from a methoxo ligand.

The present gas-phase reactions might be relevant to the
reactivity of alcohols at supported mononuclear vanadium
oxide sites.”®! Recent studies suggest that such sites involve
isolated tetrahedral M-VO(OH), fragments that are pro-
posed to undergo condensation with methanol to generate
M-VO(OH)(OCHj;) species (M: catalyst support, e.g. SiO,,
ALOj;, Nb,Os, Zr0,).2) The methoxo ligand of the latter
may then be oxidized and lost as formaldehyde. Intermedi-
ate [VO,(OH)(OCHj;)]™ of the present work is structurally
similar to these M-VO(OH)(OCHj;) fragments, suggesting
its reactivity might be relevant. In particular, a mechanism
similar to the hydrogen-atom transfer pathway proposed for
[VO,(OH)(OCH;)]™ to generate a 1’-C,0 ligand might also
occur at supported vanadium oxide sites. Such intermediates
may dissociate through loss of formaldehyde or water, as
observed in the present work, or undergo further decompo-
sition. Preliminary studies indicate that collisional activation
of [VO,(n*-OCH,)]™ results in decomposition by means of
decarbonylation to form the dihydride [(H),VO,]” [Eq. (4)],
suggesting a possible role of such n>-C,0 ligands in the over-
oxidation of methanol to carbon monoxide.
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[VO,(W-OCH,)]” (m/z: 113) —
[(H),VO,]” (m/z: 85)+ CO

Conclusions

The gas-phase reactivity of the metavanadate anion [VO;]~
towards methanol was examined by multistage mass spec-
trometry experiments and DFT calculations. [VO;]~ dehy-
drated methanol to eliminate water and form [VO,(n*
OCH,)]", which features an [1>-C,0-OCH,]*" ligand formed
by formal removal of two protons from methanol and which
is isoelectronic with peroxide. Theoretical calculations indi-
cated that the reaction occurs by addition of methanol to
form the methoxo anion [VO,(OH)(OCH;)]™, followed by
hydrogen-atom transfer to form [VO(OH),(n'-OCH,)] .
The rearrangement 1'-O—1>-C,0 then occurs to form
[VO(OH),(n*-OCH,)] . The latter may eliminate water or
aldehyde to generate products [VYO,(W>-OCHR)]" or
[V"O(OH),]”, respectively, with loss of water dominating
experimentally. Equivalent reactions were also observed for
ethanol, as well as dehydration to form [VO,(OH),|” and
ethene. The major product observed in the reaction of
[VO;]~ with methanol is different from that observed for
the heavier niobium analogue [NbO;]~ described previously.
The latter dehydrogenated methanol to form an ion of stoi-
chiometry [Nb, O;, H,]™. The present calculations indicate
that this occurs by means of hydride transfer from inter-
mediate [NbO,(OH)(OCH;)]” to form [HNbO,(OH)] .
Comparisons of the present work with previous studies sug-
gest that [*-C,0-OCHR]*" ligands should be considered as
plausible intermediates in a number of catalytic processes
occurring at vanadium oxide centres.

Experimental Section

Reagents: CH;OH (HPLC grade) and CD;OH (99 atom % D) were ob-
tained from Aldrich and used without further purification. CH,;""OH
(95 atom % '80) was obtained from Isotec. CH;CH,OH (HPLC grade),
CD;CH,OH (98atom% D), CH;CD,OH (98atom% D) and
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CD;CD,OD (99.5 atom % D) were obtained from Aldrich and used with-
out further purification.

Mass spectrometry: Mass spectrometry experiments were conducted with
a modified Finigan LCQ quadrupole ion-trap mass spectrometer
equipped with a Finnigan electrospray ionization source. Mass selection
and collisional activation were carried out by using standard isolation
and excitation procedures and the “advanced scan” function of the LCQ
software. The instrument was modified to permit introduction of neutral
reagents into the ion trap, thus allowing the measurement of ion-mole-
cule reaction rate constants. The modifications and experimental proce-
dure have been described in detail previously.”) Reaction efficiencies (¢)
were calculated by dividing the experimentally determined rate constant
(kexp) by theoretical predictions of ion-molecule collision rate constants
(ko)

Theoretical calculations: DFT calculations were carried out with the
hybrid B3LYP functional,**®! by using the Gaussian 03 program.! The
B3LYP functional has been used previously for a range of vanadium
oxide systems, and was shown to give reasonable agreement with avail-
able experimental data as well as with higher-level theoretical calcula-
tions, [1:20:23:24.27.3L.32.67-70] Caculations were carried out by using the 6-311%
*G** basis sets for H, C and O, and the SDD effective core potential
(ECP) and associated basis sets were used for V.Yl The use of an ECP
basis set for V was chosen to allow for direct comparison with the heavi-
er Nb centres. Stationary points were characterized by frequency calcula-
tions, and unscaled zero-point energies are included for all species. Carte-
sian coordinates and energies of optimized geometries are included in
the Supporting Information.

An important reaction pathway in the interaction of [VO;]~ and alcohols
involved hydrogen-atom transfer, and intermediates for these pathways
exhibited singlet restricted-unrestricted instabilities, indicating problems
with the single determinant wavefunction. These intermediates were ap-
proximately modelled by the broken-symmetry DFT approach,>!
based on a procedure used previously for related vanadium oxide centres
that were proposed to react by similar hydrogen-atom transfer path-
ways.?*# Projected low-spin energies for broken-symmetry solutions
were obtained by spin-projection methods from single-point triplet and
broken-symmetry singlet energies at the broken-symmetry singlet geome-
tries; the energies used in these calculations are detailed in the Support-
ing Information.***77! Spin expectation values S* are indicated in the
text for these species where appropriate.
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