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Collision induced dissociation experiments of the alkoxo [W3S4(dmpe),(0)(OCH,CHs)]* tungsten (IV)
cation reveal that aldehyde elimination is the dominant reaction pathway. Complementary deuterium
labelling experiments give support to a hydrogen transfer mechanism, where the hydrogen atom
exclusively originates from the a-position of the alkoxo ligand. On the basis of DFT calculations, two
competitive mechanisms are proposed: one of them involving a proton transfer from the a-position of
the alkoxo ligand to an oxygen atom of the vicinal W=0 group; the other corresponding to a hydride
transfer mechanism from the a-position of the alkoxo ligand to the geminate tungsten center. The calcu-
Tungsten clusters . . [T
Alkoxo ligands lated energy profiles show that the former is thermodynamically favoured and the second is kinetically
ESI favoured, with small energy differences between the two reaction paths; in consequence, both mech-
CID anisms compete under our experimental conditions. The proton transfer mechanism occurs through
Ion-molecule reactions a seven-membered transition state structure while hydride transfer takes place through a four-center
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structure defined by the metal and the oxygen, carbon and hydrogen atoms of the ethoxo group.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal oxides are widely used as heterogeneous catalysts for the
production of bulk industrial chemicals and are characterized by
high selectivities and activities. The basis for such a wide spectrum
of applications relies on the variability of oxidation states and rich
structural diversity of metal oxides where functional groups such as
metal-oxo (M=0), hydroxo (M-OH) or alkoxo (M-OR) are key inter-
mediates involved in the C-H or O-H bond activation processes of
organic substrates. For example molybdenum and tungsten oxides
are employed in a variety of catalytic reactions that include the
selective oxidation of alcohols to aldehydes or the dehydrogena-
tion and isomerization of alkanes [1,2]. However, the mechanistic
details of many reactions occurring at the oxide surfaces are not
yet fully understood in part due to their irregular composition
under real catalytic conditions, so that much effort is being spent
to analyse their complex structure and their activity and to subse-
quently tailored-design improved catalysts in terms of activity and
selectivity.
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There is a consensus opinion that the surface structure of bulk
transition metal oxides can be viewed as an assemblage of polynu-
clear M, 0 species, of different n size and n/x stoichiometries,
which are considered the simplest model for the interaction of
active sites on an oxide surface with organic molecules [3,4]. One
way to address the study of these model M;,0x polynuclear species
relies on their transfer to the gas-phase in a controlled environ-
ment, and in this context, tandem mass spectrometric techniques
have emerged as a promising approach to obtain fundamental
insight into the structure and intrinsic reactivity of Mo,Ox species
[5-10].

Schwarz and co-workers reported that gas phase activation
of methanol can be achieved by MX; (M=Fe, Co, Ni, X=Br, I)
species using mass spectrometric techniques. Selective C-H vs. O-H
bond activation depends on the nature of transition metal M. Iron
complexes exhibit an alcohol functional group activation that is
explained by the formation of the [Fe-OCH3|* gas phase ion. In con-
trast, nickel complexes showed C-H bond activation by generation
of the hydroxymethyl [Ni-CH,OH]* cation. Cobalt complexes seem
to be less bond selective and both [Co-CH,OH]* and [Co-OCH3]*
are generated in gas phase [11].

Clusters with well defined structures are excellent models for
catalytic studies, and size effects seem to be crucial in deter-
mining their reactivity. O’Hair’s group first demonstrated that
dimeric [Mo,0g(OH)]~ anions efficiently catalyze the gas-phase
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Fig. 1. Proposed structure of the W309 model catalyst unit (left) and structure of
the cuboidal W5S4Lg trinuclear cluster (right).

transformation of methanol to formaldehyde while its mononu-
clear [MoO3(OH)]~ congener does not [12]. Recently, Schwarz,
Schroder et al. have also shown pronounced cluster size effects
on the gas-phase reactivity of bare vanadium cluster cations, V,*
(n=1-7), towards methanol [13]. Gas phase tungsten (VI) oxide
trimers with a proposed W3(w-0)304 structure deposited over TiO;
surfaces have also been investigated as models for the catalytic
oxidation of alcohols [14]. In this particular case, 2-propanol is
efficiently converted to propene.

During the past decade the research of our group has been
focused onto the chemistry of group 6 cluster complexes con-
taining the cuboidal M3(3-S)(-S)3 core (M=Mo, W), which is
topologically related to the W3(j.-0)30g unit, as seen in Fig. 1. These
similarities lead us to investigate the activation of alcohols medi-
ated by W3(3-S)(u-S)3 complexes containing terminal hydroxo
and oxo groups.

In 2008 we reported the capability of the electrospray ioniza-
tion (ESI) generated [W3S4(dmpe),(OH)O]* cluster species towards
methanol activation through formation of methoxo complexes
[15]. A combination of deuterium-labelling experiments with com-
putational studies allow us to conclude that activation occurs at the
methanol O-H bond which reacts with the hydroxo group of the
cluster with the concomitant water release, as represented in Eq.

(1).

2. Experimental
2.1. General procedures

Compound [W3S4(dmpe)3(OH)3 |PFg was prepared according to
literature procedures[15]. Acetonitrile (HPLC grade, 99.8%), ethanol
(HPLC grade, 99.8%), CH3CD,OH (98 at.% D) were obtained from
Aldrich and used without further purification.

2.2. Mass spectrometry

Electrospray ionization (ESI) and tandem mass experiments
were conducted on a Quattro LC (quadrupole-hexapole-
quadrupole) mass spectrometer with an orthogonal Z-
spray-electrospray interface (Waters, Manchester, UK). Sample
solutions were infused via syringe pump directly connected to the
ESI source at a flow rate of 10 wL/min and a capillary voltage of
3.5kV was used in the positive scan mode. The desolvation gas as
well as nebulization gas was nitrogen at a flow of 7.5L/min and
1.3 L/min, respectively. The formation of an assortment of W3Sy
cations featuring unsaturated tungsten sites as well as alkoxo
groups has been previously proved by ion-molecule reactions
(IMR) of the hydroxo W3S, cations with alcohols [15]. In the
present work, we investigated the formation of these species in
the source region to subsequently investigate their characteristic
gas phase reactivity via collision induced dissociation (CID) exper-
iments. For this purpose, ESI mass spectra of ethanolic solutions
of [W3S4(dmpe)3(OH);]PFg were recorded at high cone voltages
(typically U. 70-100V) to promote the gas-phase formation of
W3S, cations bearing ethoxo groups. CID spectra on the generated
ethoxo cluster derivatives were performed with argon at various
collision energies, ranging from Ej,, =5 to 20 eV. The collision gas
pressure was maintained at approximately 6 x 10~4 mbar. The
most intense precursor peak of interest was mass-selected with
Q1 (isolation width 1Da), interacted with argon in the hexapole
cell while scanning Q2 to monitor the ionic fragments.
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According to our investigations gas-phase methanol cleavage
occurs through a four-electron-four-center mechanism similar
to that reported for group six oxides mediated methane acti-
vation [16]. The resulting [W3S4(dmpe),(OCH3)O]* species can
also be generated in the mass spectrometer in source region by
injecting methanol solutions of the hydroxo [W3S4(dmpe)s;(OH)3]*
cluster ion. These in source generated species can be subse-
quently subjected to collision-induced dissociation experiments
to generate formaldehyde. When ethanol solutions of the
[W3S4(dmpe)3(OH)3|* cation are used instead, the corresponding
ethoxo [W3S4(dmpe),(OCH,CH3)O]* ions are generated. To get a
deeper inside on the alcohol activation by these hydroxo W3S,
cuboidal complexes we decide to investigate the mechanism of
the aldehyde release from the ethoxo [W3S4(dmpe),(OCH,CH3)O]*
complex combining collision induced dissociation experiments
with computational studies. The results of this study are pre-
sented in this article and they clearly illustrate the potential
that arises from combining experimental data with theoretical
calculations.

(1)

2.3. DFT calculations

The theoretical study used [W3S4(PH3)4(0O)(OCH,CH3)]* as
molecular model for [W3S4(dmpe),O(OCH,CH3)]*. This made
attainable calculation times possible without changing the cluster
coordination environment where aldehyde production reaction
takes place. The calculations were conducted with the Becke hybrid
density functional (B3PW91) [17,18] method as implemented in
the Gaussian 03 program suite [19]. Transition metal atoms were
represented by the relativistic effective core potential (RECP) from
the Stuttgart group and its associated basis set [20], augmented by
an f polarization function (Mo: @ =1.043; W: «=0.823)[21].Pand S
atoms were represented by the relativistic effective core potential
(RECP) from the Stuttgart group and the associated basis set [22],
augmented by a d polarization function (P: «=0.387; S: «=0.503)
[23]. A 6-31G(d,p) basis set was used for all the other atoms (H,
C, O) [24]. The geometry optimizations were performed in gas
phase without any symmetry constraint followed by analytical
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frequency calculations to confirm that a minimum or a transition
state had been reached. The nature of the species connected by
a given transition state structure was checked by optimizing to a
minima from slightly altered TS geometries along both directions
of the transition state vector. We have considered only Gibbs free
energies for the discussion, but we provide electronic energies in
Supporting Information for all species. In all cases, we have verified
that no change of mechanism results from the consideration of
Gibbs free energies.

3. Results and discussion

This work is organized as follows: a discussion of the gas-phase
elimination of aldehyde from cluster [W3S4dmpe,(0)(OCH,CH3)]*
cation upon CID conditions is followed by a description of the
plausible reaction mechanisms. For this purpose, isotope-labelling
experiments in conjunction with theoretical calculations are
employed.

3.1. Gas-phase ESI study of acetaldehyde elimination from
[W3S4(dmpe),0(0OCH,CH3)[*

Ethoxo [W3S4(dmpe),O(OCH,CH3)]*  species can  be
easily obtained from ethanolic solutions of salts of the
[W3S4(dmpe)3(OH)3]* hydroxo cluster under electrospray ion-
ization conditions. Fig. 2 exemplifies the ESI mass spectrum of
ethanol solutions of compound [W3S4(dmpe)3(OH)3|PFg at high
cone voltages where besides the hydroxo species at m/z=1013
and m/z=1031, the corresponding ethoxo-terminated species, at
m/z=1041 and m/z=1059 are clearly observed.

CID mass spectrum of mass selected of
[W3S4(dmpe),O(OCH,CH3)]* (m/z 1041) resulted in a mass
loss of 44 Da, associated to the elimination of neutral acetaldehyde
to give [W3S4(dmpe),O(H)]* (see Fig. 3), as represented in Eq. (2).
Isotope labelling experiments using deuterated ethanol gener-
ates [W3S4(dmpe),0(0OCD,CH3)]* (m/z 1043) under electrospray
condition that losses 45 Da when subjected to collision-induced
dissociation in the mass spectrometer, as shown in Fig. 3. This is
in agreement with a mechanism involving hydrogen transfer from
the a-position followed by acetaldehyde elimination (Eq. (3)).

[W3S4(dmpe)2O(OCH2CH3)]+ i [W3S4(dmpe)2O(H)]+ + CHgCHO
(2)
[W3S4(dmpe)20(D)]+ + CH3CDO

(3)

[W3S4(dmpe), 0(OCD,CH3)]* —
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O’Hair et al. have observed that the ditungstate [W,0g(OBu)]~
anion is unable to generate butanal, in contrast with its molyb-
denum congener, and that upon collision activation the tungsten
anion undergoes non-redox elimination of alkene. The authors
attribute this contrasting behaviour to the expected weaker oxidiz-
ing power of tungsten species compared to those of molybdenum
[12]. Only in the case of the [W,0g(OCH3)]~ anion, for which alkene
elimination is not possible due to the absence of a -hydrogen,
formaldehyde elimination has been observed. However, aldehyde
elimination is seen for the heterobimetalic [CrWOg(OBu)]~ anion.
These observations indicate that the presence of the stronger oxi-
dant chromium in the mixed metal dinuclear species dominate the
tendency of tungsten to eliminate alkene [25]. The trends towards
aldehyde elimination observed for the mononuclear trisoxo alkoxo
complexes of chromium, molybdenum and tungsten (VI) are also
consistent with the expected oxidizing power of the respective
metal centers (Cr>Mo>W) [26].

Our results clearly indicate that although the oxidizing power
of the metal attached to the alkoxo group is important to deter-
mine its selectivity towards aldehyde vs. alkene transformation,
the nuclearity of the metal model employed also plays a determin-
ing role. In particular we have found that trimetallic tungsten (IV)
alkoxo complexes selectively generate aldehydes in spite that the
oxidizing power of tungsten (IV) is lower than that of tungsten (VI).
However, as previously mentioned in the introduction, exclusive
formation of propene is observed for the catalytic dehydration of
2-propanol mediated by tungsten trioxide trimers (WO3)3 (repre-
sented in Fig. 1) deposited over silica. At this point it is important
to remark that elimination of acetaldehyde from the mass selected
gas phase generated [W3S4(dmpe), O(OCH,CH3)]* cation, requires
CID conditions, which is indicative that aldehyde elimination is the
rate limiting step in the alcohol activation process.

Two mechanisms are compatible with the experimental and
theoretical studies obtained for the aldehyde elimination from the
dimolybdate [Mo;0g(OCHRy)]~ anion: (1) transfer of hydrogen
from the a-position to an oxo group and two electron reduction
of the dimolybdate center, and (2) transfer of hydride from the
a-position directly to the metal center. DFT calculations indicate
that at least two isomers may result from aldehyde elimination,
[Mo,V0s5(0OH)]~ and [HMo,"'0g]", resulting from mechanisms 1
and 2, respectively. The fact that the catalyst can be regenerated
with nitromethane gives support to the first mechanism because
no redox reaction is expected for the intermediate in its maximum
oxidation state. In contrast, the hydride [HW,Y'0g]~ is exclusively
postulated for tungsten based on DFT calculations and its lack
of reactivity towards nitromethane [12]. To get a deeper insight

(H30)a /—\ + H;Ch
B Wiat 1 HO-\ P~ (C“a)_|
0 s7 i (0, 57 \
\\L/ W ( ~ | / S W
/ /” s NOCH,CH, \ \OCHZCH3
®e,  © (Hsc)1
m/z = 1041 m/z = 1059
100 16
1013 1181
% “ \( 1059 | r
0 "““"W‘w—f’hJ I‘“J,JA}J ‘IMH ‘w l"jj “W Wm IM ﬂl"'\-umwm miz
L . L S W T
1000 1025 1050 1075 1 100 1125 1150 1 175 1200

Fig. 2. ESI mass spectrum of [W3S4(dmpe)s(OH); |PFg in ethanol at U. =100V.
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Fig. 3. CID mass spectra of mass-selected [W3S4(dmpe), O(OCH,CH3)]* (top) and [W3S4(dmpe), O(OCD,CH3)]* (bottom) recorded at Ej,p =15 V.

into the aldehyde elimination mechanism from the tungsten (IV)
[W3S4(dmpe), 0(0OCH,CH3)]* cation, we have undertaken a the-
oretical study using DFT methodologies as detailed in the next
section.

3.2. DFT mechanistic study of aldehyde elimination from
[W354(dmpe),0(OCH,CH3)[*

Calculations were carried out on the model complex
[W3S4(PH3)40(0OCH,CH3)]* where the two diphosphine lig-
ands have been replaced by four monodentated PH3 phosphines,
a common simplification in this kind of systems [27-29]. Two
different isomers very close in Gibbs free energy to each other
(ca. 0.5kcalmol~1), represented in Fig. 4, have been found. The
mechanisms for the acetaldehyde elimination from both isomers
are analysed in the present work.

As previously mentioned, acetaldehyde elimination from
[W3S4(dmpe), 0(0OCH,CH3)]* is the only observed channel in our
CID experiments. The process is represented in Eq. (4).

[W3S4(dmpe),0(0CH,CH3)]" <5 [W3S,(dmpe),O(H)]™  (4)
e —OCHCH; P

J\_ -] > . i & FY
by of 2,
<9
@ '}\“J . a7
3 @
AR v
3, %7 A, ’
R (0.0 kcal/mol) R’ (0.5 kcal/mol)

Fig. 4. B3PW91 optimized geometries and relative Gibbs free energies for the two
most stable [W3S4(PH3)40(OCH,CH3)]* isomers.

Different structures are compatible with the experimental
[W3S4(dmpe), O(H)]* formulation. Scheme 1 shows the six more
stable [W3S4(PH3)40(H)]* isomers (labelled as P followed by a
number). A prime symbol is used for the cluster products (P’) arising
fromR'. All structures have been calculated as singlet ground states.
Calculated energies for the triplet and quintuplet ground states are
higher and we have focused our study on the fundamental singlet
state.

Optimized structures for P1 and P1’ present a marked distor-
tion from an equilateral triangle disposition of the metal centers,
with two metal-metal distances between 2.7 and 2.8 A and a third
one close to 2.4 A. Longer distances are marked with discontinu-
ous lines in Scheme 1. The metal-oxygen bond lengths for P1 and
P1’ are 1.939 and 1.949 A, respectively, similar to those reported
from X-ray data for tungsten-hydroxo cluster compounds [27]. The
three metal atoms in P2, P2/, P3 and P3’ define a less distorted
triangle with tungsten-tungsten distances ranging between 2.63
and 2.95 A. The longer metal-metal distance is found for the bond
approximately trans to the W=0 group in the P3’ structure. The
equivalent bond lengths in P2, P2’ and P3 are 2.83,2.94 and 2.81A,
respectively. The values of the W=0 distances in P2, P2/, P3 and
P3, between 1.71 and 1.75A, agree with its double bond charac-
ter. The higher metal-sulphur distance deviations are associated to
the W-.-S bonds, where the bond lengths vary from 2.3 to 2.6 A
for all the structures. In P1 and P1’, the longest length corresponds
to the W-p.-S bond linking the sulphur atom with the unsaturated
W(PH3 ), group, and in P2 the longest length corresponds with the
W-p-S bond trans to the metal-oxo group.

Structures P1 and P1’ are compatible with a proton transfer
reaction mechanism, while the remaining structures correspond
to a hydride transfer mechanism. These mechanisms parallel those
reported by O’Hair for the aldehyde elimination by alkoxo dimolyb-
denum species, mentioned in the previous section [12]. Fig. 5
presents the different energetic profiles linking the reactants (R
or R’) with the cluster products (P and P’) plus acetaldehyde.
Relevant numerical values are listed in Table 1. All transition
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structures (labelled as TS) connecting R and R’ with their cor-
responding products have been calculated except for P1. In this
case the stereochemistry of R made the transition state calcu-
lation unfeasible for a hydrogen transfer mechanism due to the
large separation between the a-hydrogen at the ethoxo moiety
with respect the oxo group. An inspection of the thermodynam-
ics shows that conversion of R and R’ into P1 or P1’ (mechanism
1) plus acetaldehyde are endothermic processes. In the case of
mechanism 2, the energies corresponding to the formation of
P2’ and P3’ hydrides are 6.2 and 16.3 kcalmol~!, respectively,
higher than reaction energy for P1'. Similarly, the reaction ener-
gies for obtaining P2 or P3 hydrides are 1.1 kcalmol~! lower and
7.2 kcal mol~! higher than the reaction energy for P1. These results
show thatin all cases the hydrogen transfer reactions are endother-
mic, and the most thermodynamically favourable processes are
associated to the formation of the P1/, P1 and P2 cluster products. In
spite of the endothermic character calculated for all reactions, the
high energetic experimental conditions are sufficient to generate
acetaldehyde in the collision cell.

All transition structures (TS) are linked to the cluster products P
and P’ through intermediate adducts (labelled as PC), as illustrated
in Fig. 5. In the structure of these intermediates, the carbonylic oxy-
gen of the leaving aldehyde interacts with the tungsten atom to
which the ethoxo group was formally bound. In a following step
along the reaction coordinate, the acetaldehyde leaves causing an
increase in the free energy. Although the acetaldehyde departure
causes an entropy increase, and this fact would reduce the Gibbs
free energy, the enthalpic term dominates, and a net increase in
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Fig. 5. Energetic profiles linking the reactants (R or R’) with the products (P and P’)

plus acetaldehyde. The relative Gibbs free energies are calculated with respect to

the R energy.

the products of acetaldehyde elimination from R (top) and R’ (bottom). The key
ne of the tungsten centers is shown for P1. (For interpretation of the references to

Gibbs free energy has been calculated for the acetaldehyde depar-
ture steps.

Regarding the study of the intramolecular hydrogen transfer
mechanisms, only one transition structure has been obtained for
each of the reactions described above. For the thermodynami-
cally most favourable reactions previously described, TS1’ and TS2
have been optimized as transition states (see Fig. 6). As mentioned
above, the putative TS associated to the hydrogen transfer from R
to P1 could not be found because of the high interatomic distance
between the reaction centers.

TS1' is associated to the a-hydrogen transfer from alkoxo lig-
and to W=0 to give PC1’, where PC1’ is the adduct between RC=0
and the tungsten center, as explained. Similar a-hydrogen abstrac-
tion mechanisms from an alkoxo ligand by neighboring terminal

=0 centers have been described by other authors for molybde-

num complexes [12,30,31]. On the other hand, TS2 corresponds
to an a-hydrogen transfer from the alkoxo ligand to the tung-
sten atom in geminal position to give the PC2 adduct. A similar
mechanism has been reported by Gregoriades et al. for the study
of methanol to formaldehyde oxidation on mononuclear models of
silica-supported molybdenum [31]. Activation free energies of TS1’
and TS2 (see Fig. 5) show that a-hydrogen transfer to geminate
tungsten atom is 8.4kcalmol~! lower. However, the thermody-
namics of the reaction shows an opposite trend: formation of P1’
is 1.1kcalmol~! more favourable than formation of P2. On the
other hand, the energies of the product adducts, 25.0 (PC2) and
29.2 kcalmol~1 (PC1’), are close to each other.

From these results, we can conclude that the preferred processes
are associated to a proton transfer from alkoxo ligand to the W=0
group through a TS1’ transition state to give P1’ and acetaldehyde,
and to a hydride transfer to the geminate tungsten center via the
TS2 transition structure to give P2 and acetaldehyde.

A more detailed description of the transition structures, shows
that the transition state eigenvector of TS1’ represents a hydro-
gen transfer to a vicinal W=0 group, with an imaginary frequency

of v=1495icm~!. An inspection of the geometry of TS1’ shows a
seven-membered transition state structure, similar to that reported
by Goddard III in the study of the a-hydrogen abstraction reaction

Table 1
Relative Gibbs free energies (G) to R (kcal mol~'). Reaction energies (Gg) and activa-

tion energies (AG # ) are also given in kcal mol-'.

Species G Gr AG#* Species G Gr AG*#
R 0.0 R’ 0.5

TS1 - TS1 43.0 42.5
PC1 - PCT 29.2 28.7

P1 44.5 44.5 P1’ 42.8 423

TS2 34.1 34.1 TS2 375 37.0
PC2 25.0 25.0 PC2 27.6 271

P2 434 43.4 P2 49.0 48.5

TS3 45.8 45.8 TS3' 51.5 51.0
PC3 9.3 9.3 PC3’ 38.5 38.0

P3 51.7 51.7 P3 59.1 58.6
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in Mo30g(OCH,CHCH,)[30]. The O-H distance in the forming bond
is 1.244 A, while the a-C-H distance has increased from 1.095 in R’
to 1.483 A. The C-0 bond distance slightly increases, from 1.428
to 1.461 A, keeping the sp3 nature of the C-0 alkoxo bond. These
bond distances indicate that the hydrogen abstraction is almost
complete in TS1'. Moreover, the W-0 bond at the acetaldehyde for-
mation site elongates from 1.836 to 1.871 A while the W=0 bond
at the hydrogen accepting site elongates from 1.744 to 1.845A,
which is consistent with the transformation of a W-0 o-bond to
a O — W coordination, and of a W-O m-bond to a W-0 o-bond,
respectively. Furthermore, the distance between the two reduced
tungsten atoms slightly decreases from 2.794 to 2.670A, and the
remaining intermetallic distances do not show important changes.

In the case of TS2, the eigenvector represents a hydrogen
transfer to a geminate W atom (with an imaginary frequency of
v=97.3icm~!) in a four-center structure defined by the metal, the
oxygen, carbon and hydrogen atoms from the ethoxo moiety. An
analysis of the interatomic distances shows that the a-C-H dis-
tances of the ethoxo group elongates from 1.097 in R to 2.222 A in
TS2 and the W-0 bond increases from 1.843 to 2.159 A. The W-H
bond in the acetaldehyde formation reaction decreases from 3.484
to 1.756 A. It is worth noting that in this case, the C-O bond dis-
tance decreases from 1.428 in R to 1.257 A, in agreement with the
development of sp? character of the reactive carbon-oxygen bond.
Regarding to the intermetallic distances, no substantial changes are
observed.

An inspection of the geometries of the intermediates, PC1’ and
PC2, illustrated in Fig. 7, shows W-0 interatomic distances of 1.931
and 2.142 A for PC1’ and PC2, respectively, which are associated to
a 0 — M donor interaction.

The C=0 bonds for PC1’ and PC2 show distances of 1.270 and
1.234 A, respectively, characteristic of aldehyde compounds. In the
case of PC2, the W-H interatomic distance of 1.720 A is usual for DFT
optimized metal-hydride bonds in tungsten cluster compounds
[27,28,32]. With regard to the intermetallic distances of PC1’, the
distance between the two reduced tungsten atoms elongates in
0.158 A from TS1’ to PC1'. This distance becomes the longest, and
the remaining W-W bonds are ca. 2.78 A. In relation to the inter-

metallic distances for PC2, no substantial changes are observed
between TS2 and PC2.

4. Conclusion

The picture that is emerging from collision induced dissociation
experiments of the alkoxo [W3S4(dmpe),(0)(OCH,CH3)]* tung-
sten (IV) cation reveals acetaldehyde elimination is the dominant
reaction pathway. This process consists in a hydrogen transfer
mechanism, in which the hydrogen atom exclusively originates
from the a-position of the alkoxo ligand. On the basis of DFT cal-
culations, two competitive mechanisms are proposed: one of them
involving a proton transfer from the a-position of the alkoxo ligand
to an oxygen atom of the vicinal W=0 group; the other corre-
sponding to a hydride transfer mechanism from the a-position
of the alkoxo ligand to the geminate tungsten center. The energy
profiles point out that the former is thermodynamically favoured
and the latter is kinetically favoured, with small energy differences
between the two reaction paths; in consequence, both mechanisms
are competitive under our experimental conditions.
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