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Partially-ligated anionic ruthenium carbonyl clusters react with alkenes, arenes, and alkanes in
the gas phase; the products undergo extensive C–H activation and lose dihydrogen and carbon
monoxide under collision-induced dissociation conditions. Triethylsilane and phenylsilane are
also reactive towards the unsaturated clusters, and oxygen was shown to rapidly break down
the cluster core by oxidative cleavage of the metal–metal bonds. These qualitative gas-phase
reactivity studies were conducted using an easily-installed and inexpensive modification of a
commercial electrospray ionization mass spectrometer. Interpretation of the large amounts of
data generated in these studies is made relatively straightforward by employing energy-
dependent electrospray ionization mass spectrometry (EDESI-MS). (J Am Soc Mass Spectrom
2009, 20, 658–666) © 2009 Published by Elsevier Inc. on behalf of American Society for Mass
Spectrometry
There are many examples of reactions between
molecules and metal cluster ions in the gas phase,
and the area has been well reviewed [1, 2]. Of

intense current interest are those systems in which
catalytic reactions (homogeneous or heterogeneous) are
modeled [3, 4]. The information gleaned from these
studies is particularly advantageous in systems where
little or nothing is known about reactivity. Interest in
the area stems from the fact that the chemistry of highly
reactive, metallic nanoparticles is fundamentally diffi-
cult to study, and it is high surface area metals and
metal oxides that are responsible for the most industri-
ally important heterogeneous catalytic reactions. Any
means of gaining insight into the mechanism of these
reactions may prove useful in designing more efficient
and more selective catalysts. The absence of surfaces,
solvents, and counterions make the gas phase a consid-
erably less complicated environment than that found in
solution. Just how good the correspondence is between
gas-phase and solution results is subject to active debate
[5–7], but there is little argument that the gas phase
benefits from the reduction in the number of variables,
especially when dealing with complicated systems. The
gas-phase reactivity of a wide variety of partially li-
gated clusters have been studied, including oxides
[8–11], hydrides [12], sulfides [13–15], carbides [16],
carbenes [17], phosphines [18]. and even some mixed
species [19, 20]. However, for the most part, the extent
of ligation is low and, correspondingly, so is the rele-
vance to solution chemistry. Homogeneous catalysis is
generally performed under conditions that are rela-
tively mild and in which the catalysts maintain a (near)
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complete coordination sphere, so the comparison with
nearly naked gas-phase metal clusters is somewhat
tenuous (though interestingly, may more closely ap-
proximate the conditions of heterogeneous catalysis,
which frequently involves unligated metal particles on
a surface) [21, 22].

Some work has also been done on partially ligated
carbonyl clusters; an early paper by Ridge [23] demon-
strated that the reactivity of [Co2]� and [Co2(CO)]�

towards (CH3)2CHBr was quite different, with [Co2]�

breaking the alkyl bromide into C3H6 and HBr and the
[Co2(CO)]� causing C–H bond activation. Another no-
table example by Ridge demonstrated that in a Fourier
transform ion cyclotron resonance mass spectrometer
(FTICR-MS), partially ligated cationic transition-metal
carbonyl clusters generated by electron ionization re-
acted readily with cyclohexane or 1-hexene, but that
anionic clusters generated by electron capture failed to
react [24]. Transition-metal carbonyl cluster anions pro-
vide excellent electrospray ionization mass spectra (ESI-
MS), and collision-induced dissociation (CID) can be
used to selectively remove some or all of the CO ligands
from the metal core [25]. We have used these properties
in the past to study the reactivity of [CoRu3]� with
methane and hydrogen using an FTICR-MS instrument
[26]. In this study, we describe some similar experi-
ments, this time with a simple modification of a com-
mercial Q-TOF instrument to allow gas-phase reactiv-
ity. The experimental setup is sufficiently trivial (and
the modifications readily reversible) that it can be
reproduced by a chemist without special expertise in
instrument building (provided, of course, they had
access to an ESI mass spectrometer).

We found that the anionic cluster [H3Ru4(CO)12]�

(1), after suitable activation via CID, reacted readily

with a variety of molecules in the gas phase including
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alkenes, arenes, alkanes, silanes, and oxygen. The de-
gree of unsaturation (CO loss) required to induce reac-
tivity varied greatly, depending on the substrate em-
ployed. Spectra are complicated, especially given the
dramatic changes evident as the amount of CID energy
is altered, but interpretation was made relatively
straightforward by application of EDESI-MS.

Experimental

[PPN][H3Ru4(CO)12] was made by a published method
[27]. Cyclopentene, 1-hexene, toluene, pentane, chloro-
benzene, and triethylsilane were purchased from Al-
drich and used as supplied (the toluene and pentane
were HPLC grade). Phenylsilane was prepared via
LiAlH4 reduction of trichlorophenylsilane (Aldrich,
Oakville, Canada). Oxygen and nitrogen (99.99%) was
purchased from Airgas (Calgary, Canada). Electrospray
ionization mass spectra were collected using a Micro-
mass QTOF micro instrument. Capillary voltage was set
at 2900 V, source and desolvation gas temperatures were
at 50 and 100 °C, respectively. The [PPN][H3Ru4(CO)12] salt
was dissolved in dichloromethane and was infused via
syringe pump at 5–10 �L min�1. EDESI-MS(/MS) spec-
tra were collected using published procedures [28, 29],
and processed using the program EDit [30]. The cone
gas inlet was spliced to allow the introduction of a
reactive gas, either by substituting the nitrogen for
another gas or by the simple expedient of allowing the
nitrogen to pass through a vial containing a volatile
liquid and entraining the vapor of the compound of
interest (Figure 1). The extra apparatus required on our
instrument consisted of a glass vial, a septum, two
stainless steel needles, and some flexible plastic tubing,
copper tubing, and an alternative source housing built

Figure 1. Schematic illustrating the point at wh
The reactive gas is either a volatile liquid entra

supplied from a cylinder.
to receive the reactive gases (see supporting information,
which can be found in the electronic version of this article,
for a photograph of all modifications). All modifications
were to the front of the instrument, leaving the inner
workings of the mass spectrometer untouched. This setup
can be facilitated on any similar instrument with inexpen-
sive and readily available materials.

The reactive gas was introduced by passing a stream
of nitrogen through the appropriate liquid and direct-
ing the saturated gas through the cone gas port. The
flow rate was �15 L h�1, compared with a desolvation
gas flow rate of 100 L h�1. Automation of the mass
spectrometer software to carry out the EDESI experi-
ments (ramping of the cone or collision voltage) was
achieved using the program Autohotkey (freely avail-
able from http://www.autohotkey.com/).

Results and Discussion

Ion-molecule reactions have been probed extensively
using mass spectrometry [31], and a wide variety of
experimental configurations have been employed, for
this purpose, of varying degrees of sophistication. For
reactions on an extended timescale, a trapping mass
spectrometer such as an FTICR-MS or a quadrupole ion
trap is generally used. Modifications of instruments to
enable the study of gas-phase reactions can be quite
elaborate and require considerable rebuilding and cus-
tomization. Chen, for example, has built triple quadru-
pole instruments with 24-pole reaction chambers to
facilitate polymerization reactions in the gas phase [32].
Gerlich uses a 22-pole ion trap to study a wide range of
ion-molecule reactions [33]. O’Hair has used a modified
ion trap instrument to probe a variety of reactions [34],
many with specific relevance to organometallic and

he reactive gas is introduced to the instrument.
in a stream of nitrogen gas (as shown) or gas
ich t
ined
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catalytic chemistry. Schroeder and Schwarz use a triple
quadrupole where reactive gases are introduced to the
collision cell for the purposes of ion-molecule reactions
[35, 36].

For the practicing organometallic chemist to apply
gas-phase reactivity to their own compounds, the bar-
rier to performing these experiments must be low. Any
modification to an instrument (particularly in light of
the fact that most mass spectrometers are a widely
shared resource) should be easy to perform, require no
special tools, expertise or apparatus, cost practically
nothing, and be readily reversible (or at least not
interfere with the routine operation of the instrument).
There should also be a way to interpret the results from
the experiments in a straightforward way that does not
require separate examination of a large number of
spectra. This article details simple ways of achieving
both of these ends.

A conventional electrospray ionization (ESI) source
[37] is designed to completely dehydrate a protein in a
fraction of a second using a combination of high tem-
perature, high flow rate of desolvating nitrogen gas,
and differential pumping. However, these sorts of con-
ditions are considerably more robust than those re-
quired to obtain satisfactory spectra of organometallic
species [38]; often, a room-temperature source and
desolvation gas are perfectly sufficient when spraying
solvents such as dichloromethane (“coldspray” sources
[39] operate at even lower temperatures) [40]. As a
result, a typical commercial instrument is greatly over-
specified for the purposes of desolvating organometal-
lic complexes, and this fact may be exploited in adapt-
ing the machine for the purposes of conducting ion-
molecule reactions. The differentially-pumped region at
the front end of the instrument is already used to carry
out collision-induced dissociation (CID) of ions, as the
mean free path length of the ions becomes sufficient
that ion-molecule collisions can be made energetic
enough to cause ion fragmentation [41]. However, (par-
tial) replacement of the collision gas (dinitrogen) with
an alternative gas permits ready investigation of ion
reactivity. The Z-spray source used on Micromass in-
struments allows introduction of what is described as
“cone gas” at precisely the region of interest; cone gas is
simply an auxiliary stream of nitrogen that may be
switched on at a user-selected flow rate to enhance the
desolvation capabilities of the source. The small modi-
fication is transformative in terms of turning the instru-
ment from an analytical tool into a laboratory capable of
studying the reactivity of any gas-phase charged spe-
cies. Similar experimental arrangements have been re-
ported elsewhere for slightly different purposes; Posey
was able to heavily solvate transition metals in the
gas-phase by introducing an auxiliary source of solvent-
laden dinitrogen at the electrospray source [42]. A
variety of solvents, including DMSO and DMF, typi-
cally unsuitable for ESI-MS [43], could be vaporized
and introduced to gas-phase ions for analysis in a

tandem mass spectrometer [44]. The exact experimental
details are not revealed, but since we are able to
reproduce their results on our instrumental set-up
suggests the two systems are likely to be similar.
Posey’s system was rediscovered by Vékey [45], who
also used saturated curtain gas to generate heavily
solvated ions (2 to 100 solvent molecules). Indeed, if the
solvent is water, the experiment is even easier, as the
source can simply be set up under “cold-flooding”
conditions (low temperature, high sample flow rate,
low desolvation gas flow rate) and ions, whether singly
or multiply charged, can be observed as highly hy-
drated species [46, 47].

We are interested in investigating reactions with
relevance to organometallic catalysis, especially for
reactions that are resistant to spectroscopic analysis by
other methods [48]. Transition-metal carbonyl clusters
are a good example of just such a system, as these
compounds lack diagnostic spectroscopic handles: 1H
NMR is usually uninformative due to the lack of
protons; 13C NMR requires isotopic enrichment even for
pure compounds, and fluxional processes often render
all 13CO environments equivalent on the NMR time-
scale; IR spectroscopy, while good for fingerprinting,
provides little informative structural detail on compli-
cated systems [49]. Little is known about the reactivity
of these compounds beyond observation of product
distributions, and even here, the best-characterized
products are those that form X-ray quality crystals.
There is a real need for a rapid means to screen the
reactivity of these compounds towards a wide range of
substrates without recourse to tedious purification and
full characterization.

The compound we chose to examine was the anionic
ruthenium cluster [H3Ru4(CO)12]� (1), prepared as the
[PPh3NPPh3]� (PPN) salt [27]. Cluster 1 has several
desirable features; it is easily prepared, charged (and
hence highly amenable to analysis by ESI-MS), contains
both hydride and carbonyl ligands (thus may undergo
interesting reactivity involving both types of ligand),
and is a catalyst for reactions including the water gas
shift reaction [50, 51], hydrogenation [52], and coupling
reactions [53]. The parent compound, H4Ru4(CO)12,
is also a well-known catalyst for a range of similar
transformations [54 –57].

Data Interpretation

Fragmentation of ionic, even-electron coordination
compounds under CID conditions is typically fairly
straightforward. Neutral monodentate ligands that can
be eliminated as stable molecules (L) are first to go, e.g.,
CO, phosphines (PR3), alkenes, dihydrogen, etc. Poly-
dentate ligands are much more difficult to remove and
are generally not eliminated as a single entity, instead
rearranging and departing as separate, smaller mole-
cules, sometimes in conjunction with other ligands.
Formally anionic ligands can be lost from the metal
center either as radicals, X· (with difficulty), or in

combination with another ligand, XY, in a reductive
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elimination (often a relatively low-energy process). For
the most part, the product ion contains the metal, except
in special circumstances where a ligand is identifiably
the site at which the charge resides [58].

Interpreting the MS/MS data of coordination com-
pounds is usually straightforward, especially when
dealing with mononuclear metal complexes containing
only a handful of ligands. The situation is, however,
much more complicated for compounds of higher mo-
lecular weight, such as metal clusters, which frequently
have a dozen or more ligands, and so choosing the
appropriate conditions to get a representative spectrum
containing all product ions is not feasible. Several
spectra can do the job, but a more elegant solution is to
collect data across the whole accessible range of fragmen-
tation energies and present all of these spectra simulta-
neously as an energy-dependent contour map [59]. This
type of presentation represents a three-dimensional
(3D) surface in which collision energy and m/z form the
x- and y-axes and ion intensity the z-axis. For example,
the transition-metal carbonyl cluster 1 fragments in the
source region of an ESI-MS with sequential loss of all 12
carbonyl ligands as carbon monoxide, and loss of two of
the hydride ligands as dihydrogen, to generate [HRu4]�

(Figure 2). The cone voltage represents the energy
imparted to the ions via collision-induced dissociation
(CID), and may be varied between 0 and 200 V. As such,
201 unique spectra can be collected for each sample of
interest, representing a substantial amount of data not
easily depicted in a traditional format. It is also clear
that to analyze any single cone voltage separately (three

Figure 2. The left-hand contour plot of [H3Ru4

as the cone voltage is increased. The three conv
of the ligand stripping process, at 10, 80, and 150
portrayal. Inset: structure of the anionic rutheni
atoms describe a tetrahedron; each Ru atom h

ligands bridge three of the six Ru–Ru bonds.
individual voltages are also shown in Figure 2) requires
discarding information that may be had from the re-
maining voltages. In this example, data from 198 other
voltages were ignored (accounting for 98.5% of the
data) in the three separate 2D mass spectra, whereas
all 201 voltages are concisely represented in the
contour map. Loss of 12 CO ligands is obvious and
peak assignment is simple. At low cone voltages, the
compound remains intact, but as the CID energy is
increased all of the CO groups are removed sequen-
tially. This map provides a baseline with which to
assess the degree of gas-phase reactivity in subse-
quent experiments.

Alkenes

1-Hexene reacts readily with unsaturated clusters
[H3Ru4(CO)n]�, generated from 1 via CID. The extent of
reaction depends dramatically upon the degree of un-
saturation; loss of three CO ligands results in apprecia-
ble reaction with one equivalent of 1-hexene, but further
CID increases reactivity to the point where two and
even three equivalents of 1-hexene can be added to the
cluster (Figure 3 contour plot). These reactions happen
simultaneously with CO loss and significant loss of H2.
Clusters adding one equivalent of 1-hexene (C6H12)
undergo extensive subsequent fragmentation via CO
and H2 loss to the point that the final product ion is
[HRu4C6]�, indicating no less than seven dihydrogen
(some of which may be eliminated as formaldehyde)
molecules are lost from the cluster. This result implies

2]� clearly shows the loss of twelve CO ligands
nal mass spectra at the right provide snapshots
te the number of product ions missing from this

arbonyl cluster [H3Ru4(CO)12]� (1) [27]. The Ru
ree terminally-bound CO ligands and hydride
(CO)1

entio
V; no
um c
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C–H activation on a massive scale and is in keeping
with observed intermolecular reactivity of completely
naked metal clusters with C–H bonds in the gas phase.

Making sense of this data is difficult in the absence of
a suitable method for simultaneous analysis of many
CID experiments. However, this application is a para-
digmatic example of the ability of EDESI-MS to make
data interpretation simple and intuitive (Figure 3).
Comparing the contour plot to the three separate spec-
tra, it is obvious how much data is discarded by just
taking snapshots of the CID process. The contour plot
shows precisely how many CO ligands must be removed
(through multiple energetic collisions in the source region)
before a gas-phase reaction occurs. It is quite clear that at
least three CO ligands must be lost before one 1-hexene
molecule can react with the activated cluster. Three series
of ions are present, each forming a sequence running from
bottom right to top left. The lowest series consists of
[H3Ru4(CO)n]� (n � 0–12), with the next two series
consisting of species resulting from the addition of one
[H3Ru4(CO)n(C6Hm)]� (n � 0–9; m � 2–12) or two
[H3Ru4(CO)n(C12Hm)]� (n � 0–8; m � 6–24) equivalents
of 1-hexene, with traces of a third molecule adding at
higher cone voltages. There are small amounts of the first
and second hexene adducts after loss of only two or three
CO groups, but they are considerably less intense than
after loss of three and four COs.

Some interesting features of the map can be ana-
lyzed in more detail by the application of MS/MS.
For example, upon selection of the peak at 742 m/z,
[H3Ru4(CO)9(C6H8)]� (the first ion formed by a gas-
phase reaction) and fragmentation by CID with Ar in

Figure 3. The negative-ion EDESI-MS of [H3Ru
assignments are available in the supporting info
challenge inherent in interpreting MS/MS data
the collision cell, up to three molecules of H2 are lost
from the cluster. This process is clearly visible in the
MS/MS product ion spectrum (see supporting informa-
tion) where the loss of 2, 4, and 6 m/z from the precursor
ion is observed. Because a maximum of one H2 could
come from the three original hydride ligands on the
metal cluster, this observation points to the facile nature
of the C–H activation process. The 1-hexene can be
removed from the cluster once bound, but only if
minimal H2 loss has occurred; this only occurs to a very
small extent with �CO and �H2 far preferred.

Two reactions that we looked for very carefully in
the MS/MS were the reductive elimination of hexane,
C6H14, or hexanal, C6H13CHO. Observation of these
neutral losses (86 and 114 Da, respectively) would
indicate that gas-phase hydrogenation or hydroformy-
lation had occurred:

Hydrogenation: �H3Ru4�CO�9�C6H12���

¡ �HRu4�CO�9�� � C6H14

Hydrogenation: �H3Ru4�CO�9�C6H12���

¡ �HRu4�CO�8�� � C6H13CHO

However, neither of these reactions appeared to
occur. The most obvious reason for this is that insertion
of the alkene into the Ru–H bond (followed by, for
hydroformylation, insertion of CO into the Ru–C bond)
must happen in order for reductive elimination to
occur; and insertion reactions are favored by high
pressure. Furthermore, apparently C–H activation and
elimination of H2 occur extremely quickly, a process

)12]�, collected in the presence of 1-hexene. Peak
tion. The conventional spectra clearly show the
t cone voltages.
4(CO
rma
that, again, would require a pressure of H2 to overcome.
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The intramolecular C–H activation of 1-hexene that
we do observe could happen in an enormous number of
different ways, given the large number of C–H bonds
and the presence of multiple metal centers; just one
possibility is outlined in Scheme 1.

Cyclopentene also reacted readily with [H3Ru4(CO)n]�,
with up to four equivalents of cyclopentene adding to
the cluster (supporting information). Just as in the case
of 1-hexene, extensive C–H activation and H2 loss
occurred, raising the interesting possibility that a cyclo-
pentadienyl ligand might be generated through rear-
rangement. Cyclopentadienyl ligands are generally re-
sistant to CID, however, with other ligands being
eliminated preferentially, had a cyclopentadienyl li-
gand been generated, we would have expected to
observe unusual stability for ions with �5 H; however,
we observed no such trend. This result may indicate
that multiple metal centers are involved in the C–H

H2C
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H H

H
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C
H

H H

H2
C

C
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CH3
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Scheme 1. Repeated intramolecular C–H activ
from the metal cluster. CO ligands are not shown

Figure 4. The negative-ion EDESI-MS of [H Ru
3 4

(left) and phenylsilane (right). Peak assignments are
activation. Also, given the high degree of H2 loss, it is
not possible to rule out C–C bond activation either. The
slightly higher extent of reaction for cyclopentene over
1-hexene may simply be steric in nature.

Silanes

Silicon–hydrogen bonds are reactive towards metal
compounds, undergoing facile oxidative addition to
unsaturated metal centers. As such, they are good
candidates for gas-phase reactions because of the avail-
ability of many volatile compounds containing the Si–H
bond. Triethylsilane, HSi(C2H5)3, proved highly reac-
tive (Figure 4). Loss of just one CO ligand from
[H3Ru4(CO)12]� prompted the immediate formation of
[H4Ru4(CO)11(SiEt3)]�, and loss of two CO ligands
generated [H5Ru4(CO)10(SiEt3)2]�. Further CID of both
of these products (MS/MS studies, see supporting
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information) results in reductive elimination of HSiEt3

and the reintensifying of the [H3Ru4(CO)n]� series.
Reactivity with phenylsilane showed the rapid addi-

tion of PhSiH3 after loss of one CO ligand. This product
ion, however, is more stable than the triethylsilane
analogue, and in MS/MS experiments loss of CO is
preferred to the reductive elimination of the silane. The
MS/MS experiment shows that H2 loss is facile, sug-
gesting Si–H bond activation occurs even more readily
than the C–H bond activation observed in the hydro-
carbon examples, as peak assignment of the highest
mass ion to add two equivalents of PhSiH3 requires
the elimination of three H2 molecules (see supporting
information).

The presence of two silyl ligands on the cluster is
interesting, because reductive elimination of a disilane
is possible—gas-phase dehydrocoupling of two silanes:

Dehydrocoupling: �H5Ru4�CO�10�SiEt3�2��

¡ �H5Ru4�CO�10�� � Et6SiSiEt3

As for a gas-phase catalytic reaction, we observed no
evidence pointing towards reductive elimination of
disilanes (see supporting information), indicating that
the bound silyl groups are remote from one another, a
reasonable assumption on steric grounds alone. As was
observed in the case of hexene, rapid loss of H2 and CO
seems to inhibit any other sort of reductive elimination
or ligand loss.

Arenes

Toluene is another unsaturated hydrocarbon but one
which forms complexes with transition metals in quite
a different way to alkenes. The normal bonding mode is
not �2- or �4- but rather �6-C7H8, where all six carbon
atoms of the aromatic ring are bound to the metal. As
such, aromatic rings occupy three coordination sites of
a metal and are six-electron donors. Many complexes
are known where three CO ligands are replaced by an
arene, the classic examples being Cr(CO)6, Cr(CO)3(�6-
C6H6), and Cr(�6-C6H6)2 [60]. Numerous clusters with
arene ligands are also known, such as Ru6C(CO)14(�6-
C6H6) or Os3(CO)9(�6-C6H6), and in some cases the
arene takes up a binding mode in which the ligand is
bound to a triangular metal face, as in Ru3(CO)9(�3-�2:
�2:�2-C6H6) [61]. As such, we were interested to find out
at what degree of unsaturation of the cluster an aro-
matic molecule would bind. The spectrum (see support-
ing information) revealed that toluene was certainly
less reactive than the alkenes, with substantially lower
intensities for all reaction products and only trace
quantities of double reactivity (the addition of two
toluene molecules to the cluster). Toluene appears to
react appreciably with [H3Ru4(CO)n]� only when n � 7,
i.e., at least five CO ligands have been lost from the
cluster. The fact that extra CO ligands need to be lost

beyond what would be expected electronically is
perhaps not surprising, as the removal of CO ligands
is expected to be from the cluster as a whole rather
than from three adjacent coordination sites becoming
free on a single metal center; as such, the increased
reactivity of the unsaturated compound is likely to be
diluted by the presence of multiple metal centers.
Chlorobenzene was even less reactive than toluene,
reacting with [H3Ru4(CO)n]� only when n � 1, i.e., at
least 11 CO ligands being lost from the cluster (see
supporting information).

Alkane

The high level of intramolecular C–H activation that
occurred during our studies of the reactivity of 1-
hexene and cyclopentene with [H3Ru4(CO)n]� led us to
consider whether an ion this reactive would participate
in the more challenging intermolecular C–H activation
[62]. An attempt with pentane as the reactive gas
showed that indeed this process did occur, provided the
cluster was sufficiently unsaturated. Pentane reacted
with [HRu4(CO)5]� (i.e., only after loss of seven CO
ligands) to generate [HRu4(CO)5(C5H7)]� (see support-
ing information). This product ion has already under-
gone extensive intramolecular C–H activation and H2

loss, and is subjected to further H2 and CO elimination
to form the carbonyl-free cluster core [HRu4(C5)]�. The
reactivity between [HRu4(CO)n]� (n � 5) and pentane is
in contrast to Ridge’s report that anionic clusters were
unreactive towards cyclohexane [24], but is consistent
with the reactivity of [CoRu3]� towards methane that
we observed in earlier FTICR studies [26].

Oxygen

The reaction of the cluster with molecular oxygen
produced perhaps the most dramatic results (Figure 5).
No reaction appears to occur until four CO ligands are
removed via CID, at which point the remaining CO
ligands are very rapidly replaced with oxygen and
broken down into heavily oxidized tri-, di-, and mono-
nuclear ruthenium complexes. The most stable product
in this oxidation is the [RuO3]� ion with trace amounts
of [RuO2]� and [RuO4]�, and to our knowledge this
represents the first observation of Ru(V) and Ru(VII) in
the gas phase.

The fact that oxidation results in rapid CO loss is
unsurprising considering that CO is a good ligand only
for low oxidation state metals [61]. Fragmentation to
lower nuclearity species is probably via loss of RunOm

(n � 1–3; m � 1–6); MS/MS studies on selected ions
such as [Ru4O4]� reveal formation of [RuO2]�, impli-
cating loss of Ru3O2. However, [RuO3]� (the ultimate
product ion in the EDESI-MS) is never observed as a
product ion in MS/MS studies (CID using Ar in the
collision cell), which suggests that formation of this
species requires fast fragmentation following a final

addition of O2 to the precursor ion.
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Gas-phase studies with molecular oxygen have typi-
cally been done in the positive ion mode with metals
coordinated by chelating ligands such as bipyridine [63].
Under CID conditions these oxygenated species generally
lose the O2 moiety; however, it is not possible to determine
whether the oxo group is bound in a coordinate fashion,
M(O2), or whether an electron-transfer process has oc-
curred to reduce the oxygen and oxidize the metal with
two oxygen atoms bound O�M�O. Our results sug-
gest that electron-transfer from the very low valent
ruthenium atoms to the O2 groups occurs to a signifi-
cant degree, accounting for the very abrupt loss of all
the remaining CO ligands from the cluster.

Conclusions

A simple, inexpensive method of introducing gases or
volatile liquids for reaction with gas-phase ions using a
electrospray ionization mass spectrometer has been
demonstrated. The reactivity of any gas-phase ion to-
wards any reasonably volatile molecule may be exam-
ined simply and easily by means of EDESI-MS. Vacant
coordination sites may be generated on the ions by
collision-induced dissociation, simulating the effect
of thermal activation and enhancing the reactivity of
ions to the point that they will undergo otherwise
unfavorable reactions. This process has been illus-
trated for the reaction of [H3Ru4(CO)n]� (n � 0 –12)

Figure 5. The negative-ion EDESI-MS of [H3Ru4(CO)12]�, col-
lected in the presence of oxygen. Peak assignments are available in
the supporting information.
with alkenes, arenes, alkanes, silanes, and oxygen,
each of which displays quite different reactivity.
None react with the unactivated, coordinatively sat-
urated cluster [H3Ru4(CO)12]�, but removal of the CO
ligands makes it reactive towards first silanes (at one
CO ligand removed), hexene and cyclopentene (two
and three), oxygen (four), toluene (five), pentane (at
seven CO ligands removed), and chlorobenzene
(eleven). The gas-phase reactivity bears most relevance
to solution chemistry when the extent of activation is
lowest, i.e., the fewest ligands are removed from the
cluster by CID. It is relatively easy to remove one or two
CO ligands from a cluster in solution by the application
of heat or light or by chemical means (e.g., oxidation
using N-trimethylamine oxide), but the conditions re-
quired to remove more than a couple of ligands would
be expected to result in extensive decomposition of the
cluster. Reductive elimination of alkanes, aldehydes, or
disilanes—the molecules of most relevance to classic
organometallic catalytic reactions—was not observed.
Further CID in the collision cell suggested that multiple
reductive elimination of dihydrogen (presumably fol-
lowing repeated intramolecular C–H activation) inhib-
ited any reactions of special relevance to catalysis.

The application of this method is expected to come
when chemists want to rapidly investigate the reactivity
of a new compound (e.g., a potential catalyst) against a
wide range of substrates. Instead of conducting a large
number of conventional reactions, a compound may
simply be investigated by ESI-MS under suitable con-
ditions that generate a single vacant coordination site
(i.e., the conditions most easily simulated in solution).
Introduction of various volatile substrates of interest via
the experimental setup described herein will allow
investigators to get a rapid, qualitative indication of
reactivity, and determine which reactions are worth
pursuing in conventional fashion.
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