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Intrinsic Gas-Phase Reactivity toward Methanol of Trinuclear Tungsten W3S, Complexes
Bearing W—X (X = Br, OH) Groups
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Electrospray ionization (ESI) tandem mass spectrometry is used to investigate the gas-phase dissociation of
trinuclear sulfide W3S, complexes containing three diphosphane ligands and three terminal bromine atoms,
namely, [W3S,(dmpe);(Br);]t (17) or hydroxo groups, [W3S4(dmpe);(OH)3]" (2) (dmpe = 1,2-bis(dimeth-
ylphosphanyl)ethane). Sequential evaporation of two diphosphane ligands is the sole fragmentation channel
for the 17 cation that yields product ions with one or two unsaturated W—Br functional groups, respectively.
Conversely, evaporation of one diphosphane ligand followed by two water molecules is observed for cation
2*. Complementary deuterium-labeling experiments in conjunction with computational studies provide deep
insight into the thermodynamically favored product ion structures found along the fragmentation pathways.
From these results, the formation of a series of cluster cations with W—Br, W—OH, and W=0 functional
groups either on saturated or unsaturated metal sites is proposed. The effect of the properties of these cluster
cations, among them chemical composition and coordinative saturation, on their reactivity toward methanol

is discussed.

1. Introduction

Group 6 oxides play a crucial role in heterogeneous catalysis,' ™

and current applications include the dehydrogenation and
isomerization of alkanes,’”’ alkene methatesis,®® and the
dehydration or oxidation of alcohols to alkenes or aldehydes,
respectively.!®!! The basis for such a wide spectrum of
applications relies on the variability of oxidation states, coor-
dination versatility, and rich structural diversity of the group 6
oxides. However, the details of the molecular mechanism of
many reactions occurring at the oxide surfaces during the
catalytic processes are not yet fully understood in part due to
the complexity of the catalyst surface and the possibility of
different sites of reaction. Mass spectrometric techniques have
recently emerged as a promising approach to obtain fundamental
insight into the complicated structures and chemical processes
of oxide materials.!>”!7 In particular the gas-phase generation
of group 6 oxide clusters has been extensively investigated and
many efforts have been devoted to divulge the fundamental
features of cluster ions with hydroxo M—OH, alkoxo M—OR,
and oxo M=O (M = group VI metal) functional groups which
are putative active species during the catalytic cycle occurring
on the heterogeneous surface.'"!8

ESI tandem mass spectrometry represents a versatile approach
to study the gas-phase ion chemistry of cluster group 6 oxo-
complexes. Complementary experimental techniques, such as
photoelectron spectroscopy or ion—molecule reactions, in
conjunction with computational methods are also employed to
obtain deep insight on the electronic and structural characteriza-
tion of the new gas-phase species generated.!*~> The formation
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of gaseous group 6 ions bearing terminal oxo, hydroxo, or
alkoxo functional groups is relatively straightforward with
ESI.2°28 For example, the electrospray ionization mass spectra
of mononuclear [MO,]>~ (M = Cr, Mo, W) anions in acetonitrile
or methanol reveals the presence of terminal hydroxo or alkoxo
[MO3(OH)]~ and [MO3(OCH3)] ™ anions, respectively.?*** How-
ever, ESI generation of higher nuclearity complexes with M=0,
M—OH, or M—OR groups with well-defined electronic and
molecular structures heavily relies on the availability of pre-
existing polynuclear entities in solution.*' = In this sense, the
isolation of cluster compounds with terminal hydroxo ligands
has remained a challenge mainly due to their strong tendency
to form polynuclear oxo-bridging through hydrolysis and
subsequent donation of the OH group lone electron pairs to the
empty coordination site of a second molecule.**

Recently, our group has reported the synthesis of the terminal
hydroxo complex formulated as [W3S4(dmpe);(OH)s]* starting
from the bromide [W3S;(dmpe);(Br);]* analogue.’®3® Each
trinuclear W3S, cluster unit contains one hydroxo or bromine
terminal ligand coordinated to a tungsten site in an overall Cs,
symmetry. Schematically, the trinuclear cluster [W3Sy-
(dmpe)3(X)s]* (X = Br, OH) complexes are shown in Chart
la,b.

Each trinuclear unit is composed of three tungsten atoms
defining an equilateral triangle, one capping sulfur atom and
three bridging-sulfide ligands (Chart la). The environment
around each tungsten site is filled by one bromine or hydroxo
group and one diphosphane ligand, which sterically hinders the
W—OH groups preventing its hydrolysis. The incomplete-
cuboidal W3S, unit is electron precise with six metal electrons
for the formation of three W—W bonds and a formal +4
oxidation state for the W atoms.’” The gas-phase reactivity
investigation of these complexes might be instructive as a way
to model the behavior of metal oxide surfaces due to several
reasons: (i) they present neighboring terminal hydroxo ligands
which might simulate the presence of these groups in the
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CHART 1: Representation of Trinuclear
[W3S4(dmpe);(X);]™ (X = Br, OH) Complexes®

“For clarity, one of the diphosphane ligands is omitted in part b.

heterogeneous solids, (ii) they possess well-defined molecular
and electronic structures and therefore facilitate product ion
structure assignments, and (iii) they additionally bears neutral
diphosphane ligands which can be readily removed in the gas
phase, leaving reactive unsaturated W—X (X = Br, OH)
functional sites that are pivotal groups to trigger the catalytic
activity of polynuclear systems such as tungsten polyoxometa-
lates.*® This latter point is reminiscent to that occurring in many
organometallic reaction sequences in the condensed phase, being
the metal—phosphane strength a useful parameter in the
evaluation of possible reaction mechanisms, especially in
catalysis.*

Herein, we present a comparative study on the gas-phase
dissociation of bromine and hydroxo-containing cluster com-
plexes of general formula [W3S4(dmpe);(X);]t (X = Br 17, OH
2%) using ESI tandem mass spectrometry. Each of these 17 and
2% cation precursors provides access to product ions with the
robust trinuclear W3S, cluster unit that possess W—Br, W=0,
and W—OH functional groups either on saturated or unsaturated
metal sites. Complementary ion/molecule reactions with metha-
nol as model substrate in conjunction with DFT calculations
are also carried out to unravel the fundamental reactivity of these
functional groups and determine which is the molecular basis
responsible of the methanol activation.

2. Experimental Section

2.1. General Procedures. Compounds [W3S,(dmpe);(Br);]-
PFs ([1]PF)* and [W3S,(dmpe);(OH);]PFs ([2]PFe)* were
prepared according to literature procedures. Deuteration of the
three hydroxo groups in cation 2% is carried out by incubation
of compound [2]PF¢ in CH3CN:D,O (1:1) mixtures for 5 min.
The H/D exchange is quantitative and only involves the labile
W—O0OH functional groups, as judged by the ESI mass spectrum
where the isotopic pattern agrees perfectly with an increase of
3 Da with respect to the nondeuterated 2% cluster cation.
Acetonitrile (HPLC grade, 99.8%), methanol (HPLC grade,
99.8%), CD;0D (99.8 atom % D), CH;0D (99.8 atom % D),
and CH;'30H (95 atom % O) 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 ¢L/min and a
capillary voltage of 3.5 kV was used in the positive scan mode.
The desolvation gas as well as nebulization gas was nitrogen
at a flow of 7.5 and 1.3 L/min, respectively. ESI mass spectra
of acetonitrile solutions of [1]PFs and [2]PF¢ recorded at low
cone voltages (typically U, = 20—30 V) promote the gas-phase
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formation of the pseudomolecular 1% and 2% cations. To
investigate their characteristic gas-phase dissociation, we studied
the collision-induced dissociation (CID) spectra of cations 1F
and 2*. For CID spectra, cations 17 and 2% (generated at low
cone voltages) were mass-selected by using the first quadrupole
(Q1) and interacted with argon in the hexapole collision cell
under multiple-collision conditions (typically 7 x 10* mbar)
at variable collision energies (Ejporaory = 0—60 eV) while
scanning Q2 to monitor the ionic products of fragmentation.
An isolation width of 1 Da was used in the first quadrupole
analyzer. Aimed at confirming the fragmentation pathways
proposed for the 11 and 2% cations, their fragmentation products
1a™, 2a™, and 2b* (see below) were generated by “in source”
fragmentation starting from 1" and 2% at different cone voltages
(typically in the U, = 30— 180 range) and subsequently subjected
to CID as described above.

The intrinsic ion—molecule reactivity of cations 1" and 2"
and their fragmentation (1a™, 1b™, 2a™, 2b*, and 2¢*) products
with methanol was also investigated. For ion—molecule reaction
studies, the species of interest were gas-phase generated at
different cone voltages (typically U. = 30 V for the 17 and 27
cations whereas U, = 90 V for the remaining species), mass-
selected with Q1, and interacted with CH30H in the hexapole
collision cell, while scanning Q2 to monitor the products of
ion—molecule reactions. An isolation width of 1 Da was used
in QI and the collision energy in the hexapole collision cell
was nominally set to a value of Ejuoraory = 0 €V to increase the
residence time of the ions in the collision cell and to ensure
that reactions take place at or near thermal energies. The neutral
volatile substrates were introduced in the collision cell as a part
of the collision gas at a pressure in the collision cell maintained
at approximately 2 x 107* mbar. At these conditions, the
primary ion beam is attenuated by ca. 20%, thus corresponding
to single-collision conditions.*! As previously reported,*>*
tandem mass spectrometers with a QhQ configuration are not
convenient for the determination of rate constants, and we refrain
from reporting absolute values herein; however, the relative rates
can be used to assess the trends in reactivity for the different
mass-selected species. Relative reaction rates for each species
were determined by correlating the reactivities to that of the
most reactive ion investigated (in the present study 2b™). For
this purpose, the amount of conversion of the mass-selected
species was determined as xp = Ip/} [;, where Ip stands for the
intensity of the mass-selected ion (that formally corresponds to
the amount of nonreacted precursor ion) whereas the } I; term
stands for the sum of intensities of all species in the ion—molecule
spectra (that represent the initial amount of the precursor ion).
The xp term was then inserted into k& = —In(xp) (Where k stands
for the reaction rate of each precursor ion and ¢ is the effective
reaction time in the collision cell).*>** Due to the difficulties in
having an accurate estimate about the effective length of the
collision cell and thus the effective reaction time, relative
reactions rates (k) are reported as the ratio between the k value
of a given species and that of the most reactive (2b™) species.
The experimentally observed relative rates were corrected for
contributions from mere fragmentation, which occurred in some
cases despite a collision energy nominally set to 0 eV. This
implies that the contribution of these fragmentation peaks is
taken into consideration in the ) I; term of equation xp = Ip/ I,
The relative rates reported in Table 1 are averages of three
independent measurements. Our experiments show that values
obtained for k., varied less than 10% for the cationic cluster
complexes studied.
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TABLE 1: Relative Reaction Rates k.. (%) and Branching
Ratios (%)" for the Condensation (Am = +14) and
Association (Am = +32) Reaction of Mass-Selected Product
Ions Generated from 1* and 2" with Methanol

mass-selected kel Am Am
cation (%) =+14 = +32

[W3S4(dmpe)s(Br)s]* (17)
[W3S4(dmpe)»(Br);]* (1at) 16 100
[W3S4(dmpe)(Br)s]* (1b™) 35 100
[W3S4(dmpe)3(OH)3]+ (2+)
[W3S4(dmpe),(OH);]™ (2a™) 60 75 25
[W3S4(dmpe),(OH)(O)]* (2b™) 100 100
[W3S4(dmpe)(dmpe - H)(O)]* (2¢¥) 22 100

@ Reaction rates k, relative to cation 2b*, which reacts with the
highest rate (see the Experimental Section). ® Branching ratios are
defined as the relative intenisities of the products of ion molecule
reactions corresponding to Am = 14 (condensation) and Am = 32
(association) normalized to = = 100.

2.3. DFT Calculations. The theoretical study used
[W5S4(PH3)¢(OH);]" as the molecular model for [W3Ss-
(dmpe)3(OH)3]t (27). This made attainable calculation times
possible without changing the cluster coordination environment
where phosphane and water elimination take place.** The
calculations were conducted with the Becke hybrid density
functional (B3LYP)* method as implemented in the Gaussian
03 program suite.*® The double-{ pseudo-orbital basis set
LanL2DZ, in which W, S, O, and P atoms are represented by
the relativistic core LanL2 potential of Los Alamos, was used.*’
Despite some shortcomings having been observed when apply-
ing the LanL.2DZ basis set to other metal containing systems,*®
we have recently reported that the B3LYP/Lanl.2DZ proved to
be a reliable tool for describing geometric, electronic structures
and energetic profiles of M3S, (M = Mo, W) cluster complexes
isostructural to those studied in this work.?>#* In the present
case, deviations less that 5% were observed for the experimen-
tally determined intermetallic distances in the [W3Ss(dmpe)s-
(OH)3]" cation and the model complex, namely [W3S4(PH;)s-
(OH);]". The geometry optimizations were performed without
any symmetry constraint followed by analytical frequency
calculations to confirm that a minimum had been reached.

3. Results and Discussion

This work is organized as follows: a discussion of the gas-
phase dissociation of cluster 17 and 2% cations upon CID
conditions is followed by a description of the plausible
fragmentation channels and product ion structures. For this
purpose, isotope-labeling experiments in conjunction with
theoretical calculation are employed. The section closes with
the study of the bimolecular reactivity of the product ions formed
with methanol aimed to elucidate the intrinsic reactivity of the
W—Br and W—OH groups present in trinuclear W3S, cluster
cations.

3.1. Gas-Phase Dissociation of 17 and 2. The ESI-MS
spectra of the trinuclear [1]PFs and [2]PF¢ complexes obtained
under gentle conditions, which means a low cone voltage (U,
= 20—30 V), gave as base peak the expected pseudomolecular
[M]* ions. The distinctive isotopic pattern displayed by these
ions (mainly due to the presence of W) actually facilitates
assignment of ion stoichiometry via comparison between
experimental and theoretical isotopic patterns. However, the
broad isotope pattern can also make small mass changes difficult
to detect (e.g., losses of small fragments or during isotope
labeling experiments). To circumvent this problem, the most
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prominent peak in the isotopomer pattern was mass selected
and used to study their characteristic gas-phase dissociation.
The CID spectra for the trinuclear 17 and 2% complexes are
shown in Figure 1.

The gas-phase dissociation of 17 consists first of a loss of
one diphosphane ligand to give the unsaturated [W3S,(dmpe),-
(Br);]* (1a™) (m/z 1219) at collision energies (CE) below
Eaboratory = 40 €V (eq 1). Gradually increasing the CE up to
Ejaporaiory = 60 eV enhances the fragmentation of a second
diphosphane ligand for the 17 cation to yield [W3S,(dmpe)Br3]*
(I1b") (eq 2). The proposed fragmentation pathway for the 1+
cation was further confirmed by investigating the CID spectra
of 1a*. Cation 1a™ can be generated by “in-source” fragmenta-
tion (typically at U. = 90V) and its CID spectra reveal the
exclusive formation of the 1b™ cation (see Figure S1 in the
Supporting Information).

[W,S,(dmpe);(Br),]" (1) —

[W,S,(dmpe),(Br),]" (1a") + dmpe (1)
[W,S,(dmpe),(Br),]" (1a") —

[W,S 4(dmpe)(Br)3]+ abhH+ dmpe (2)

The hydroxo-containing 27 cation first undergoes diphosphane
evaporation at identical conditions to that observed for 1"
(typically below Epporaory = 40 €V), followed by the evaporation
of two water molecules at higher collision energies. The initial
loss of one water molecule [2 — H,O]" (m/z 1163) is also
observed as a minor fragmentation channel at low collision
energies. Remarkably, the loss of a second diphosphane ligand
in 2% is suppressed in front of the most favorable evaporation
of two water molecules. To obtain further insights on the origin
of the two water evaporation processes, the gas-phase dissocia-
tion of the deuterated d*-2% homologue at the three hydroxo
groups was also investigated. CID spectra of d*-2" reveal,
besides the typical loss of one diphosphane ligand (eq 3), a first
loss of D,O (eq 4) ascribed to a deuterium migration between
neighboring W—OD groups. With regard to the fragmentation
channel involving a second water molecule, the experiments
with @-2" indicate that an additional terminal W—OD group
and one hydrogen atom from the diphosphane ligand are
involved (eq 5).

[W,S,(dmpe)y(OD);]" (d*-2") —
[W,S,(dmpe),(OD),]" (¢*-2a™) + dmpe (3)
[W,S,(dmpe),(OD),]" (d’-2a") —
[W,S,(dmpe)2(0D)O]" (d°-2b")+D,0 (4)
[W,S,(dmpe),(OD)O] " (d*-2b") —
[W,S,(dmpe)(dmpe-H)(0)]" (d’-2¢*) + HDO (5)

The proposed fragmentation pathway for 27 cation was further
confirmed by investigating the CID spectra of 2a™ and 2b™,
which can be generated by “in-source” fragmentation (typically
at U, = 90V). The CID spectra of 2a™ show the presence of
the 2b™ and 2¢* cations while CID of 2b* reveal the exclusive
formation of cation 2¢* (see Figure S1 in the Supporting
Information).

Hydrogen migration processes involving terminal O—H
hydroxo or C—H diphosphane ligands are precedent in the gas-
phase dissociation of transition metal complexes. On one hand,
the gas-phase dissociation of the [(cathecol)V(OH),]" cation that
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Figure 1. ESI mass spectrum (top) and product ion spectra at two collision energies, Ejporaory = 40 €V (middle) and Ejyporaory = 60 €V (bottom)
of mass-selected a) [W3S4(dmpe)s;(Br);]™ (17), and b) [W5S4(dmpe);(OH);]* (27).
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possesses two geminal hydroxo groups leads to the oxo
[V(cathecol)VO]* product ion with concomitant water evapora-
tion.>® With regard to the formation of the 2b™ cation according
to eq 4, proton migration must occur between hydroxo groups
that belong to different metal sites and consequently far from
each other; for instance, bond distances involving the oxygen
atoms from hydroxo group in cation 2% are ca. 5 A according
to X-ray diffraction experiments.® It is reasonable to hypothesize
that the presence of sulfur-bridged ligands connecting these
metal sites might facilitate such hydrogen transfer. A simplified
drawing of the hydroxo groups involved is shown in Sch-
eme 1.

On the other hand, hydrogen abstraction from the backbone
of mono- and diphosphane ligands is ubiquitous in the gas-
phase dissociation of palladium complexes.>!>* For example,
the gas-phase liberation of HBr is observed upon CID for the
[PdBr(P(Ph),(CH,)sP(Ph),)]™ cation and is proposed to occur
through diphosphane backbone C—H activation to afford
carbene-type product ions.>* We hypothesize that the fragmenta-
tion channel that leads to the product ion 2¢* (eq 5) switches
the diphosphane ligand coordination mode from bidentate to
carbene-type tridentate. Scheme 1b shows a simplified scheme
of the plausible diphosphane coordination mode in the product
ion 2¢*. This C—H activation mechanism would result in a
much more strongly bounded diphosphane ligand and therefore
can be invoked to account for the absence of a second
diphosphane evaporation in cation 2*. With the present experi-
ments it is not possible to distinguish the diphosphane C—H
group involved because of the presence of four nonequivalent
methyl groups and four hydrogen atoms from the ethylene-
bridged group. It must be stressed that no fragmentation of the
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W3S, cluster core is detected at our experimental condition,
revealing a high robustness of this trinuclear cluster unit. Before
addressing the effects of the properties of the new gas-phase
generated product ions (among them, ion composition as well
as its coordination number) on their reactivity toward methanol,
product ion structures are evaluated in the next section on the
basis of DFT calculations.

3.2. DFT Studies on Plausible Product Ion Structures.
Dissociation through the expulsion of neutral diphosphane
ligands observed for 17 and 2% is ubiquitous in isostructural
trinuclear molybdenum as well as cubane-type complexes,
namely [Mo3S4(dmpe);Cls]* and [Mo3(M'CO)S4(dmpe);Cl;]*
(M’ = transition metal), respectively.”> It is reasonable to
assume that the first diphosphane liberation occurs through an
equivalent mechanism for both 1% and 27, thus we have turned
to DFT calculations to gain further insights on the product ion
structures for the hydroxo 2a™ cation as a case of study. We
have used as a model system the trinuclear W5S, cluster bearing
two monophosphanes (PHj3) per tungsten site to optimize
reaction intermediate structures at the B3LYP/LanL.2DZ level.
Optimized 2™ and 2a™ geometries and diphosphane dissociation
energies are shown in Figure 2.

Removal of the first diphosphane ligand (2" — 2a™) requires
21.5 kcal mol™! and in general it is not associated to large
variations in the main geometric features within the W3S, cluster
core. The unsaturated tungsten atom in 2a™ presents shorter
W—W distances (ca. 0.04 A) than those involving saturated
tungsten sites, thus resulting in a slight distortion of the W3S,
unit. The most significant geometric difference between 2™ and
2a" has to do with the relative orientation of the terminal
hydroxo group attached to the unsaturated metal site, which in
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2a* (21.5)

Figure 2. B3LYP optimized geometries (left, front view; right, side
view) and diphosphane dissociation energies (kcal mol™").

2a™ appears located trans to the us-S capping sulfur atom leading
to a pseudotetrahedral unsaturated tungsten site.

Because of the overall C; symmetry for the 2a* cation, the
three hydroxo groups are not equivalent and, consequently, the
water evaporation process that leads to cation 2b™ might operate
through different proton migration processes. We have inves-
tigated three different proton migration processes: namely, (a)
proton migration from the W suuraea—OH group (Scheme 2 a),
(b) proton migration from one Wgyymea—OH group to the
Wnsaturaed—OH group (Scheme 2b), and (c) proton migration
between Wyraea—OH groups (Scheme 2c). Indeed, each of
these proton migration processes can involve two different
W—OH groups, thus resulting in a series of additional isomers
(labeled as 2b" in Figure 3). Figure 3 shows the calculated
structure of the two isomeric forms (2bn* and 2bn'"; n =1, 2,
3) for each intermediate.

According to the DFT calculations, two sets of isomers are
energetically favored mainly determined by the identity of the
ligand attached to the unsaturated tungsten site. [someric species
possessing W=0 (2b1" and 2b1'") and W—OH (2b3* and
2b3'") unsaturated groups are energetically favored in front of
those lacking such groups, namely 2b2% and 2b2'*. For
example, the energetic difference between 2b3% and 2b2'"
amounts ca. 20 kcal mol~!. Given the close energetic stability
between the 2bn* and 2bn'" (n = 1, 2, 3) pairs we will only
refer to them as 2bn* throughout the text. We have also
considered the possibility that formation of W=O groups might
produce decoordination of one arm of the diphosphane ligand.
To simulate this process we have investigated the thermody-
namics of the dissociation of one PH; in 2b2" and 2b3™ cations
(see the Supporting Information, Figure S2). Calculations show
that decoordination of one PH; produces a slight destabilization
of 3 kcal mol™! for the [2b2'-PH;]" and [2b3'-PH;]" resulting
species. Only the [2b3-PH;]™ cation is also slightly stabilized
(2 kcal mol™") without breaking the W3S, cuboidal unit.

Intermetallic distances of plausible 2b* intermediates (see
the Supporting Information) are all similar to that observed for
the cluster 2% and 2a* precursors (ca. 2.77 A), and only 2b1'*
shows a significantly longer W—W average distance (2.81 A).
Nevertheless, these values are still consistent with the presence
of single W—W bonds. In addition, hydroxo orientations and
W—OH interatomic distances also remain almost intact as
compared with 2* and 2a*. These results confirm our assump-
tion that the trinuclear W3S, cluster core is a very robust entity.
The mechanism for the formation of the 2¢* cation, which
contains a tridentate carbene-type diphosphane, from cation 2b™
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is expected to be complex due to the large number of potential
pathways. From one side, several isomeric forms for the 2b™*
cation need to be considered, and on the other side, various
hydrogen atoms (12 from CHj; groups and 4 from CH, groups)
can be a priori eliminated to produce the corresponding carbide.
All this together has refrained us from undertaking this
theoretical analysis.

3.3. Intrinsic Bimolecular Reactivity of W—X (X = Br,
OH, and O) Functional Groups toward Methanol. Aimed
to probe the intrinsic reactivity of the product ions formed upon
CID conditions, we generate them by “in-source” fragmentation
(typically at cone voltages in the U, = 90—180 V range). The
identity of the product ions generated either by CID or “in-
source” fragmentation shares common features. The most
significant difference is that “in-source” fragmentation spectra
present additional product ions ascribed to the gas-phase adduct
formation with adventious CH;CN present in the cone region.
Figure 4 shows the ESI mass spectra of cation 17 recorded at
U. =90 and 140 V to illustrate the “in-source” solvent adduct
formation.

Besides the abundant presence of product ions 1a™ (m/z 1219)
and 1b" (m/z 1069), prominent peaks due to solvent adduct
formation of the general formula [1a® + CH;CN]™ (m/z 1260)
and [1b" + nCH;CN]" (n = 1, 2) (m/z 1110 and 1151) are
clearly observed. Additional minor peaks centered at m/z 1175
and 1129 are also observed. These species are neither observed
upon CID of 1% nor match the expected m/z values for additional
adduct formation with CH3;CN molecules, therefore their origin
has to be associated to minor impurities present in the starting
[1](PFs) material. According to their mass-to-charge ratio, these
species are assigned to the mixed halide [W3S,Br,Cl(dmpe),]*
(mlz 1175) and [W3S4BrCly(dmpe),]t (m/z 1129) cations. This
halide scrambling has incidentally been observed as a minor
side reaction upon dissolving W3S, complexes in chlorinated
solvents used in its workup procedure.*’

At identical cone voltages to that used for the 17 cation,
product ions resulting from the hydroxo-containing 2* cation,
namely 2a*, 2b*, and 2¢*, also undergoes solvent adduct
formation in the cone region. The results of the reactions
between cations 1%, 2%, and their product ions with methanol
are collected in Table 1.

In the reaction of mass-selected 17 (m/z 1369) and 2" (m/z
1181) cations with CH3;0H, no reaction products are observed
in agreement with the absence of unsaturated tungsten sites.
The unsaturated ionic fragments that result from diphosphane
liberation were all found to undergo two different reaction paths
depending on whether methanol is simply associated or con-
densated with the concomitant water formation. Hence, the
reaction of the unsaturated 1a™ (m/z 1119) and 1b™ (m/z 1069)
cations with CH;0H exclusively produces molecular association
(Am = + 32) to afford the adducts [1a + CH;OH]*t (m/z 1151)
and [1a + CH;OH]" (m/z 1101), respectively. Neither for 1a™
nor for 1b* cations is there evidence of methanol cleavage in
the gas phase.

In the case of mass-selected 2¢™ cation (m/z 995) containing
a tridentate carbene-type diphosphane, an association adduct
with CH;0H (Am = + 32) is observed consistent with the
absence of terminal hydroxo groups in structure 2¢*. An increase
in the relative rate of adduct formation for 1b* with respect to
that of mass-selected 1a®™ and 2¢* ions (see Table 1) gives
support to the presence of additional vacant sites in 1b*. That
is, the presence of up to four vacant coordination sites in 1b*
cation in front of the two positions available in 1a™ and 2¢*
statistically favors coordination of neutral reagents.
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The 2a™ cation (m/z 1031) was generated from 2% by and elimination of hydroxo ligand as neutral water (see eqs 7

adjusting the cone voltage to U, = 90 V. Figure 5a shows the
spectra for the reaction of CH;OH (top), CD3;0D (middle), and
CH;'®0H (bottom) with mass-selected 2a™.

The reaction with CH;0H of the unsaturated 2a™ cation
reveals besides formal addition of CH;0OH condensation reac-
tions concomitant with the loss of H,O (Am = +32 — 18 =
+14) and the formation of terminal methoxo functional groups
(eq 6). To evaluate the plausible presence of other hidden
reactions due to isobaric overlapping and the intimate mecha-
nistic picture (O—H or C—O methanol cleavage) for the
condensation step, isotopic labeling studies were also performed
for CD;0D and CH;3'30H reacting with cation 2a™. These results
are consistent with binding of methoxo ligand from methanol

2 P9

2b1* (46.6)

’»:’J
,.‘\j»

2h2 (84.8)

..,12(? o, P :\R‘j’ e

4 9
2b3" (54.8) 2b3’" (49.9)

Figure 3. B3LYP optimized geometries and H,O dissociation energies
(kcal mol ™).

and 8). An homologous methanol cleavage mechanism has been
observed for the reaction with [CpZr—OH]" for which a “four-
center-four-electron” transition state has been proposed.’’

[W;S,(dmpe);(OD);] " (2a") —
[W,S,(dmpe),(OH,)(OCH),]" 4+ H,0 (6)
[W,S,(dmpe);(OD),]" (2a™)+CD,0D —
[W,S,(dmpe),(OH),(OCD,)]" + HDO (7)
[W,S,(dmpe),(OD),]" (2a™) + CH,"*OH —
[W,S,(dmpe),(OH),('"*0OCH;)]" + H,0 (8)

The characteristic bimolecular reactivity for the 2a™ cation
with methanol can be regarded as direct evidence of the presence
of unsaturated W—OH functional groups and can be subse-
quently used to corroborate the presence of such groups in the
closely related 2b* cation. Theoretical calculations suggest that
2b1* and 2b3" isomers possessing unsaturated W—OH and
W=0 functional groups, respectively (see Figure 3), are very
close in energy and that these two species are energetically
favored in front of the 2b2" cation. Therefore, ion—molecule
reactions toward methanol may provide crucial input for
structural determinations. We also consider the possibility that
2b™" ions generated in the ESI source may possess different
structures, not only due to isobaric interferences but also as a
consequence of collisional-induced rearrangements occurring

la*
1004 1221
[1a+ CH,CNJ*
% 1260
]
.
1175 1
0 s ST EEET TR SCIR M WA . —
+
100- 1069 1b
{1b + CH,CNJ* 1219
o] 1110
[1b + 2CH,CNJ*
1153 1262
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1050 1100 1150 1200 1250 1300 1350 1400

Figure 4. ESI mass spectra of compound [1]PF dissolved in
acetonitrile at cone voltages U, = 90 (top) and 140 V (bottom).
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Figure 5. Mass spectra showing the reaction of CH;0H (top), CD;0OD (middle), and CH3'30H (bottom) with mass-selected (a) 2a™ and (b) 2b™.

in the source region. Thus, it is reasonable to hypothesize that
a mixture of 2b17/2b3™ and 2b2" cations might be formed in
the ESI process provided that both sets of isomers are separated
by a reasonable barrier (typically 20 kcal/mol). Specifically, if
a mixture of isomeric ions is formed upon ionization, their ratio
is likely to depend on the ionization conditions and this latter
can be tuned by modifying the cone voltage, i e., the amount
of collisional activation to the formed cations. Hence, ion—molecule
reactions were carried out on product 2b™* (m/z 1013) cations
generated at different cone voltages (in the U, = 90—180 V
range) in order to allow for a deconvolution of the reactivities
of 2b1", 2b2*, and 2b3*.

The primary product ions upon reaction of 2b™ (m/z 1013)
(generated at U, = 90 V where the presence of isomeric 2b1*
and 2b3" cations is expected to be dominant) with CH;OH
correspond to the sole condensation of CH;0H (eq 9) concomi-
tant with the loss of H;O (Am = +32 — 18 = +14) (see Figure
5b). On the basis of the previously observed reactivity for the
2a™ cation, the bimolecular reactivity of 2b" is consistent with
the presence of (at least) one isomer with one terminal
unsaturated W—OH group and therefore corroborates that
product ion 2b3" is a prominent isomer present in the mass
selected 2b* (at m/z 1013) ion beam. Further insights are gained
from the reaction of 2b™ with CDOD or ®O-enriched methanol.

[W,S,(dmpe),(OH)O]" (2b¥) + CH,OH —
[W,S,(dmpe),(OCH,)O]" + H,O (9)
[W,S,(dmpe),(OH)O]" (2b¥) + CD,0D —
[W,S,(dmpe),(OCD,)0]" + HDO (10)
[W,S,(dmpe),(OH)O]" (2b™) + CH,'*OH —
[W,S,(dmpe),('"*OCH,)0]" + H,0 (11)
[W,S,(dmpe),(OH)O]" (2b*) + CH,"*OH —

[W,S,(dmpe),(OCH;)0]" + H,"*0 (12)

Upon reaction of 2b™ cation with CD;0D, besides the formal
condensation reaction according to eq 10, an additional bimo-
lecular reaction is observed that consists of the partial H/D
scrambling. The use of CH30D supports that this H/D scram-
bling comes from the alcohol deuterium atom. The reaction of
mass-selected 2b* with CH;3'30H proceeds according to eqs 11

and 12, where binding of methoxo ligand from methanol and
elimination of hydroxo ligand as neutral water competes with
the releasing of H,'%0 as a result of methanol C—O activation.
These labeling experiments are also consistent with the lack of
reactivity of the W=0 (present in isomer 2b1") groups toward
methanol. Identical bimolecular reactivity toward alcohols has
been reported for the hydroxo [W,Oq(OH)]™ anion, which
possesses both terminal hydroxo and oxo groups.*!

Aimed at gaining further insights on the methanol condensa-
tion step observed for 2a™ and 2b*, we have undertaken a
theoretical study of the energy profile for this reaction channel.
As mentioned above, ion—molecule reaction and DFT results
point toward the 2b3'" cation as thre dominant isomer in the
mass-selected 2b* ion beam, and therefore the computational
study was restricted to this cation. The calculated potential
energy profiles and the optimized geometries for all stationary
points for the reaction between the 2a™ cation and methanol
are presented in Figure 6. A similar mechanistic picture is also
applicable to the 2b3'* (see the Supporting Information, Figure
S3).

The initial step for the reaction between 2a™ and methanol
is the formation of the [2a-++CH;OH]" complex, which is bound
by 28.9 kcal/mol below the entrance 2a® + CH;OH channel.
In a following alcohol condensation step, a CH;O—H bond
cleavage occurs to give the [2d+++H,O]" isomer, which is 8.6
kcal mol~! more unstable than the previous intermediate. This
step proceeds via the transition state TS»,4 With an energy
barrier of ca. 13.3 kcal mol™!. The CH;0OH and OH arrangement
around the unsaturated tungsten site in TS;,2q define a four-
membered ring that closely resembles the “four-center-four-
electron” transition state proposed for the methane activation
by M;0y group 6 oxides.*® At this point, the water molecule in
[2d--+H,0]" readily dissociates to give the reaction products,
namely 2d* and H,O. Hence, the energetically favored forma-
tion of the [2a+++CH;OH]" complex can be considered as the
driving force of the reaction to give the condensation products
in an overall exothermic process (—3.6 kcal mol™!). Remarkably,
this mechanistic picture agrees with our experimental observa-
tion where the methoxo ligand from methanol coordinates to
the metal and the hydroxo group is eliminated as neutral water
(see eqs 7 and 8).

Despite both 2a™ and 2b™ cations having identical molecular
size (and consequently identical residence time in the collision
cell) and equivalent W—OH reactive groups and being isoelec-
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tronic, the relative rate of methanol condensation for the 2b™
cation is significantly faster than that of 2a™. This experimental
evidence is remarkable since the gas-phase generation of 2b*
may indeed result in a mixture of 2b1* and 2b3" isomers for
which only 2b3" is expected to contribute to the methanol
condensation pathway. However, it cannot be definitively ruled
out that the ion—molecule reactions may themselves also induce
structural rearrangements;*>® in particular 2b17 to 2b3*
isomerization may occur upon reaction with CH;OH as this step
essentially corresponds to a proton migration process. Steric
considerations are also likely responsible of the differences
found in the methanol condensation rates. As can be inferred
from Figures 3 and 4 (see above), the orientation of the
unsaturated W—OH groups in cations 2a* and 2b3" is quite
similar. However, for cation 2a%, the diphosphane ligands on
the neighboring tungsten sites cause the W—OH reaction site
to be sterically hindered. For the 2b3™ cation that results from
water elimination from 2a™, the unsaturated W—OH group is
surrounded by partially unsaturated neighboring tungsten sites
where the diphosphane ligands are rearranged as a consequence
of the water elimination, thus leaving less hindered unsaturated
W—OH sites.

We also investigate the effect of increasing the internal energy
deposited on the 2b™ cation (i.e., sampling at high cone voltages)
on its ion—molecule reaction with methanol. These results
indicate a decrease in the methanol condensation channel relative
to the adduct methanol formation and for example at U, = 180
V, methanol adduct formation is dominant (see Figure 7).

This experimental observation can be ascribed to the presence
of the 2b27 cation formed at high cone voltages either via direct
fragmentation from 2a™ or via isomerization of the 2b1" and
2b3" cations. In this sense, isomerization of 2b1" and 2b3™" to
yield 2b2" formally corresponds to the migration of a diphos-
phane ligand between tungsten sites. Such migration processes
involving phosphanes are precedent in the gas-phase ion
chemistry of gold complexes.f!

4. Conclusions

A combination of various experimental tandem mass experi-
ments allows a rather comprehensive description of the product
ions involved in the successive fragmentation of trinuclear
sulfides [W3S4(dmpe)s(Br)z]™ (17) and [W3S4(dmpe);(OH);]*
(2%) bearing diphosphanes and terminal W—X (Br and OH)
functional groups. The presence of these latter functional groups
heavily determines the preferred gas-phase dissociation. Deu-

100
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40
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Figure 7. Normalized fractions of adduct formation (---) and conden-

sation (—) upon reaction of mass-selected 2b™ ions (m/z 1012) with
CH;0H, generated upon ESI at variable cone voltages.

terium labeling experiments in conjunctions with DFT calcula-
tions at the B3LYP/LanL2DZ level are used to evaluate
plausible product ions structures. These results indicate that upon
gas-phase dissociation, each of these 1" and 2% precursor cations
generate an assortment of product ions having all of them a
robust trinuclear W3S, cluster unit that possess W—Br, W=0,
and W—OH functional groups either on saturated or unsaturated
metal sites. Ion/molecule reactions with CH;0H, CD;0D, and
CH;'80H are investigated in order to corroborate product ion
structures and to unravel the fundamental reactivity of these
functional groups aimed at determining the molecular basis
responsible for the plausible W3S -based methanol activation.
Our results show that ion—molecule reactions of W3S, cations
are strongly affected by the identity of the terminal W—X (X
= Br, OH) functional groups as well as the coordinative
saturation at the metal sites. In particular, the removal of one
diphosphane ligand upon CID conditions is common to 1* and
2% cations and is critical to generate reactive metal sites. This
gas-phase behavior is reminiscent of that generally observed in
the condensed phase for metal phosphane complexes in which
M—P decoordination—coordination is critical to trigger substrate
activation at the metal center.

In the present study, only unsaturated W—OH groups produce
methanol condensation at near thermal conditions to afford
methoxo W—OCHj; groups whereas the W—Br proved to be
inert. According to labeling experiments and DFT calculations
for those species bearing terminal W—OH groups, gas-phase
methanol cleavage occurs through a “ four-electron-four-
center” mechanism analogous to that reported for the methane
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activation mediated by group 6 (M30y; M = Cr, Mo, W) metal
oxides.’® Preliminary results show that W3S, cations bearing
methoxo groups can also be generated in the source region by
ESI of methanol solutions of the hydroxo 27" cation, which can
be subsequently subjected to collision-induced dissociation to
generate formaldehyde. These results prompt us to further
investigate the reactivity of different alcohols as well as other
M:Q4 (M = Mo, W; Q = S, Se) cluster units to obtain deeper
insights on the potential of trinuclear group VI complexes as a
model for the alcohol to aldehyde transformation. In this context,
further theoretical work will be done using other combinations
of pseudopotentials and basis sets aimed at comparing the results
with those obtained in the present work. The information gained
here extends the knowledge already gathered around the group
6 metal oxide reactivities, in particular it complements the
fundamental characteristics of the dinuclear homo- and hetero-
nuclear [M,04(OH)]~ (M = Mo, W) anions,?*?*3!33 or those
of the closely related trinuclear [W30Oq]™ anions, also with a
triangular arrangement of tungsten atoms.'%1%62
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