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a b s t r a c t

The anionic transition metal carbonyl cluster [H3Ru4(CO)12]− may be energized in the gas phase through
collision-induced dissociation (CID), which results in sequential loss of hydrogen and carbon monoxide
from the cluster. If this experiment is performed in the presence of iron pentacarbonyl gas, up to three
equivalents of the iron complex add to the tetranuclear ruthenium complex to give nearly-saturated
product clusters with cores containing five, six and seven metal atoms. Further CID reveals that the iron
atoms become intimately incorporated into the cluster core, and thus this process represents a method
for the gas-phase synthesis of mixed-metal clusters.
etlef Schröder.
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. Introduction

A classic example of a hard-to-study reaction is the build-up of
ransition metal carbonyl cluster compounds, a process which typ-
cally occurs at elevated temperature in solution between ligated

etal clusters and/or with mononuclear feedstocks [1]. A wide vari-
ty of different types of high nuclearity clusters can result [2], and
uch clusters have a possible role in nanoscience and nanotech-
ologies [3] as well as in catalysis [4]. However, the complexity
f the reacting mixtures mean that few techniques are equipped
o study the intermediate species formed on the way to the final
roduct. Capturing the build-up process spectroscopically is a real
hallenge: the complex mixture, combined with a lack of truly diag-
ostic spectroscopic handles (13C is not sensitive enough and copes
oorly with a mixture of similar compounds; �CO peaks are broad
nd not discriminatory enough), means that the final products are
sually the most thermodynamically stable species under the given
onditions used and are usually isolated by crystallization and char-
cterized by single-crystal X-ray diffraction [5]. Mass spectrometry
as been sporadically used to examine these mixtures, but not

n any systematic way, rather just as a collection of snapshots of

olution speciation [6].

Gas-phase ion-molecule reactions provide insight into chem-
stry that is not easily studied in solution [7]. The gas phase has the
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virtue of being free from solvent and hence ions are much more
reactive as the solvent does not have to be displaced as a prereq-
uisite initiation step for subsequent reactions to occur. Ions can be
activated through collision-induced dissociation (and/or other acti-
vation methods that deposit energy using photons or electrons),
which can be carried out in the same chambers in which reac-
tive molecules are introduced. Ion-ion reactions can be excluded
from consideration (these repel each other in the gas phase) as
can molecule–molecule reactions (whose products are neutral and
hence invisible to mass spectrometry), so the type of reactivity can
be tightly controlled.

Others have looked at the reactivity of volatile transition metal
organometallic molecules with ions in the gas phase [8], but the
field is dominated by self-clustering reactions between ions gener-
ated using electron ionization between metal carbonyls in the gas
phase and the residual metal carbonyl itself, using ion cyclotron
resonance ‘trapped-ion’ techniques [9]. In the negative ion mode,
Ridge showed that [Fe(CO)4]− reacts with Fe(CO)5 in the gas phase
to form [Fe2(CO)8]− with an efficiency of about 0.01 [10]. Fack-
ler illustrated that [Fe(CO)3]− reacted with Fe(CO)5 to generate
[Fe2(CO)6]− [11]. The reactions of mononuclear [Fe(CO)n]+ ions
with Fe(CO)5 harvesting a variety of higher nuclearity [Fex(CO)y]+

clusters up to x = 4 and y = 12 [12]. Other self-clustering studies have
included those with Ni(CO)4, [13] Co(NO)(CO)3, [14] Cr(CO)6, [15]

Re2(CO)10, [16] ReMn(CO)10 [17] and H2Os3(CO)10 [18]. Squires
detailed the reactivity of an extensive series of anions with Fe(CO)5
[19]. Freiser used the reaction between laser desorbed M+ ions
and the volatile organometallic molecules Fe(CO)5 and Co2(CO)8 to
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Fig. 1. Schematic illustrating the introduction of reactive molecules to the instru-
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enerate clusters such as [FeCo2(CO)6]+ and [CoFe(CO)4]+ [20]. Self-
lustering of metal carbonyls is also observed in laser desorption
onization (LDI) experiments, with large aggregate ions forming
rom gas-phase reactions in the laser plume generated during
nalyses of a wide variety of neutral Mn(CO)m clusters [21].
ononuclear precursors under LDI conditions can behave similarly

22], as can clusters under plasma desorption conditions [23].
We previously studied the gas-phase reactivity of

H3Ru4(CO)n]− (n = 0–12) with small molecules, including O2,
lkanes, silanes, alkenes and arenes [24]. Here, we extend those
tudies to the interaction of the cluster with the transition metal
rganometallic molecule Fe(CO)5, which is a stable liquid at
oom temperature. The motivation for these experiments was to
xamine cluster build-up reactions to learn about their structure
nd reactivity through MS/MS studies [25]. This would give insight
nto the order of reactivity in cluster formation in a manner that

ight parallel condensed phase reactions, in which precursors
ave been activated following loss of CO ligands.

Fe(CO)5 is a classic 18-electron organometallic complex with
ron in an oxidation state of zero; the low oxidation state is stabi-
ized by the strong synergistic bonding of the carbon monoxide
igands, which are weak �-donors but strong �-acceptor lig-
nds. It is highly fluxional thanks to the low energy of the Berry
seudo-rotation, and susceptible to a wide number of addition
eactions following CO dissociation to generate reactive, unsatu-
ated Fe(CO)4. Similar organometallic compounds include Ni(CO)4
nd Cr(CO)6, but the former is an extraordinarily toxic gas and cor-
espondingly dangerous to handle while Cr(CO)6 is a crystalline
olid with a low vapor pressure. Fe(CO)5 thus occupies a unique
osition among volatile organometallic compounds in being the
nly liquid known.

. Materials and methods

The cluster salt [PPN][H3Ru4(CO)12] (PPN = [Ph3PNPPh3], the
is(triphenylphosphine)iminium cation) was made by a published
ethod [26]. Iron pentacarbonyl was purchased from Aldrich and

sed as supplied. Electrospray ionization mass spectra were col-
ected using a Micromass QTof micro instrument. Capillary voltage

as set at 2900 V, source and desolvation gas temperatures were at
0 and 100 ◦C, respectively. A minimum of the [PPN][H3Ru4(CO)12]
alt was dissolved in dichloromethane and infused via syringe
ump at 5–10 �L min−1 in order to acquire a spectra consisting
f about 500 ion counts per second. EDESI–MS(/MS) spectra were
ollected using published procedures and processed using the pro-
ram EDit [27]. The reactive gas was introduced by passing a stream
f nitrogen through liquid Fe(CO)5 and directing the gas through
he cone gas port. The flow rate was approximately 15 L h−1, com-
ared to a desolvation gas flow rate of 100 L h−1. Incrementing
he cone voltage or collision voltage (for MS/MS experiments) was
utomated using the program Autohotkey (freely available from
ttp://www.autohotkey.com/).

. Results and discussion

To conduct these reactions, we used a previously-reported
ome-built gas-phase reactivity apparatus in which we introduced
he reactive gas into the cone region of the source of an electrospray
onization mass spectrometer (ESI-MS), as shown in Fig. 1 [24].
his set-up is similar to other modifications designed to produce
ighly solvated ions in ESI sources [28]. The voltages in the source

egion can be manipulated across a 200 V interval to influence the
xtent of in-source fragmentation (collision induced dissociation,
ID) from practically none (0–15 V) to complete consumption of
he precursor ion. For organometallic complexes, fragmentation in
ment. The volatile liquid is entrained in a stream of nitrogen gas, and directed to the
source region through a line intended for auxiliary desolvation.

ESI-MS consists primarily of loss of “L-type” two-electron donor lig-
ands as stable molecules, but other low energy processes are also
observed (for example, reductive elimination of two “X-type” for-
mally anionic ligands) [29]. For carbonyl clusters, fragmentation is
dominated by loss of carbonyl ligands as carbon monoxide, and the
production of unsaturated and partially-ligated clusters. If these
clusters begin as open frameworks, they can compensate for ligand
loss by forming additional M-M bonds (e.g. trigonal prismatic to
octahedral transitions), but clusters that are already structurally
compact (e.g. tetrahedral) cannot and therefore have vacant coor-
dination sites on their surfaces. This can lead to high degrees of
reactivity in extreme cases, e.g. [CoRu3]− reacts with methane to
form a variety of [CoRu3CxHy]− species, [30] in an example of
Fischer–Tropsch chemistry [31] in the gas phase.

The extent to which cone voltage can be modulated enables
hundreds of different experiments to be carried out at a given con-
centration of reactant gas. Presenting and interpreting these data is
complicated, because every different cone voltage changes the dis-
tribution of fragment ions and the products of those fragment ions
after gas-phase reactions. We have introduced tools to deal with
this complication, namely energy-dependent electrospray ioniza-
tion mass spectrometry (EDESI-MS) [32]. This technique involves
mapping the data as a three dimensional surface of cone (or colli-
sion) voltage against m/z, where ion intensity is displayed by means
of contour lines. This presentation enables the simultaneous inter-
pretation of nearly 200 experiments and separates the product ions
spatially in an intuitive format that is difficult to replicate by eval-
uating the 200 individual spectra. All spectra used to generate the
contour map are summed and the resulting spectrum plotted above
the map.

Before reacting Fe(CO)5 with the anionic cluster, we initially ran
a control experiment, whereby the Fe(CO)5 vapor was introduced

to the cone without any injected analyte. The capillary voltage was
still on, as was the desolvation gas (nitrogen). This experiment gave
only a very weak spectrum, and only under very high cone voltage
settings. Intensities were approximately two orders of magnitude

http://www.autohotkey.com/
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Fig. 2. ESI-MS of Fe(CO)5 that has been vaporized and introduced to the cone. Cone
voltage is set to 200 V. Ionization is expected to occur by reduction of a small amount
of the monomer to generate [Fe(CO)4]− , which goes on to react with further Fe(CO)5
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Fig. 3. EDESI-MS of the reaction of [H3Ru4(CO)n]− (n = 0–12) with Fe(CO)5(g). Bonds

assuming a capped octahedral geometry. Note that such a struc-
apor.

ower than needed for a high-quality EDESI-MS, so a single spec-
rum was accumulated for hundreds of scans at maximum cone
oltage in order to gain insight into what was going on (Fig. 2).

In this experiment, ions of the type [Fex(CO)y]− were observed.
he mononuclear species [Fe(CO)x]− (x = 2, 3 or 4) are presumably
enerated first by reduction at the charged capillary and concomi-
ant CO loss, and these unsaturated, ‘hot’ ions react energetically
ith the cool Fe(CO)5 vapor. Cluster buildup initially generates

Fe2(CO)x]− (x = 5–8), ions which are presumably related to the neu-
ral dimeric cluster Fe2(CO)9. Eight CO ligands is the most an anionic
imer of this sort can contain without rendering the cluster suscep-
ible to facile CO loss or cleavage of the Fe–Fe bond. Similarly, the
rinuclear clusters [Fe3(CO)n]− have a maximum of n = 11, related
o the neutral, saturated triangular cluster Fe3(CO)12. The absence
f a peak with n = 12 suggests the triangular structure is preserved
nd that no linear clusters are present. The final set of peaks cor-
espond to the tetranuclear clusters [Fe4(CO)x]− (x = 11–13), and
gain, a correspondence to the known solution chemistry of tetra-
edral iron clusters is observed. The neutral tetrahedral Fe4(CO)14
luster does not exist, but the [Fe4(CO)13]2− dianion does, so a tetra-
edral core is capable of accommodating up to 13 CO ligands. The

ack of clusters with n > 13 suggests that no open clusters (e.g. but-
erfly, square, linear) are produced (which could have n = 15, 16
nd 17, respectively). Overall, the pattern of reactivity is remark-
bly similar to that observed by Ridge and others in the EI-FTICR-MS
tudies alluded to earlier [9–11]. A referee characterizes our exper-
ment as “a negative ion chemical ionization experiment in which
he electrons emitted from the capillary are “pseudo” thermalized
ith the nitrogen drying gas”, and this seems to be a perfectly
lausible interpretation.

While the peaks observed in this experiment were of low
ntensity, it was abundantly clear that plenty of Fe(CO)5 was reach-
ng the gas phase and ionizing, so the reaction of Fe(CO)5 with
H3Ru4(CO)n]− (n = 0–12) was examined. This cluster was chosen
or a number of reasons: it has a mixture of hydride and carbonyl lig-
nds, providing multiple pathways for reactivity; it is large enough
hat the degree of unsaturation can be carefully controlled but small
nough that CID is an effective method for dissociation; and it is a
nown catalyst [33], implying a reasonably high level of reactivity,
specially when unsaturated.

At low cone voltages – below 25 V – no reaction was observed
etween the cluster and Fe(CO)5, and the only process observed
as sequential loss of CO ligands. As the CO ligands were stripped

ff at higher energies, the addition of one, two, and even three iron

toms was observed (Fig. 3). The difference between this reaction
nd those of the organic molecules previously studied [23] is that
e(CO)5 does not behave as a ligand, but rather it forms bonds with
in red are from ruthenium to iron, and bonds in blue are between iron atoms. Bonds
in black are between ruthenium atoms. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

the metal core and shares its carbonyls about the [Ru4Fen]− (n = 1,
2 or 3) framework.

An observation in Ridge’s Fe(CO)5 system was that more unsat-
urated metals were more reactive [10]. The more electron deficient
a cluster is, the greater its propensity to add another metal or
ligand. After loss of three CO ligands and one molecule of H2
from [H3Ru4(CO)12]−, the cluster [HRu4(CO)9]− has eight electrons
less than predicted by the effective atomic number (EAN) rule for
electron counting in clusters [34], corresponding to a fully vacant
coordination site per metal atom (Scheme 1).

This deficiency is sufficient to activate the cluster enough to
allow addition of one equivalent of Fe(CO)5, and with CO distribu-
tion about all of the metals, the product ion cluster [HRu4Fe(CO)14]−

is observed at m/z 854. This product ion only has a 2e− deficiency
compared to what we would expect for a capped tetrahedron, but
there is a hint of a species at m/z 882, which would correspond to the
electron precise version of this cluster, [HRu4Fe(CO)15]−. The fact
that the electron deficient cluster is much more abundant in the
EDESI map is likely a function of the greater reactivity of the more
unsaturated [HRu4(CO)9]− cluster versus [HRu4(CO)10]−, rather
than an indication of the relative stabilities of the two product
ions. Further reactivity with Fe(CO)5 generates [HRu4Fe2(CO)17]−,
which assuming a bicapped tetrahedral arrangement of metal
atoms, is electron-precise: the electronic requirements of the met-
als are met with this collection of metals, ligands, charge and
metal-metal bonding. A third addition of Fe(CO)5 occurs at even
higher cone voltages, but the gas-phase overall yield of these
three additions is barely 1%. Two structures are feasible for a
compact, seven-metal carbonyl cluster. The most common is the
capped octahedron, which has an electron count of 98 [35]. The
observed product ion, [HRu4Fe3(CO)18]−, has a total of 94 elec-
trons, making it unsaturated by the equivalent of two CO ligands
ture would require significant rearrangement of Ru–Fe bonds, and
such rearrangements are well-known to occur at high energies in
the gas phase [36]. Another possibility is a tricapped tetrahedron,
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Scheme 1. Reactivity of [H3Ru4(CO)12]− with Fe(CO
hich can be considered in this context because of the unsat-
ration of the cluster. Assuming that electron counting based
n the EAN rule can be applied, a tricapped tetrahedron should
ave 96 e (18e per metal atom made up of 96 e from charge,

ig. 4. EDESI-MS/MS spectra of the three base product clusters that form in the re
HRu4Fe2(CO)n]− (n = 0–17). Right: [HRu4Fe3(CO)n]− (n = 0–18). The ions n = 14, 17 and 18
he gas phase to generate larger nuclearity clusters.
ligands and metal electrons, and the rest from the 15 metal-metal
bonds). The observed cluster would only be electron deficient
by two electrons in this instance, or the equivalent of one CO
ligand.

action with [H3Ru4(CO)n]− (n = 0–12). Left: [HRu4Fe(CO)n]− (n = 0–14). Middle:
were the precursor ions mass selected in each case.
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Evidence for the newly bound iron atoms becoming part of
he embedded cluster core can be seen from the MS/MS fragmen-
ation patterns (Fig. 4). For each of the precursor ions selected
[HRu4Fe(CO)14]−, [HRu4Fe2(CO)17]− and [HRu4Fe3(CO)18]−) loss
f CO is the only fragment that is observed. At very high collision
oltages, where no further COs are observed to dissociate, peak
ssignment of the bare cluster corresponds to the tetraruthenium
ore plus the requisite number of iron atoms that were added as
e(CO)5. Had the iron been bound weakly to the cluster, and had the
arbonyl ligands not redistributed themselves onto the tetraruthe-
ium framework, then elimination of a neutral Fe(CO)5 molecule
ould have been expected. This dissociation is not observed, and

herefore we presume that the iron has become fully incorporated
nto the cluster with formation of new Ru–Fe and Fe–Fe bonds.

Build-up of iron clusters of the form [Fex(CO)n]− can also be seen
n this system, but only at very high cone voltages, where transla-
ional energies might be expected to parallel conditions of EI-MS.
otably, the relative abundance of [Fe(CO)3]− and [Fe(CO)2]− are
uite low at all voltages where [Fe(CO)4]− is observed. This low
bundance is attributed to their unsaturation and increased reac-
ivity with neutral Fe(CO)5 to make the higher mass clusters. All of
hese ions have uneven electron counts attributed to an initial 1e–

eduction of Fe(CO)5 vapor, with concomitant CO loss, that occurs
t the capillary.

. Conclusions

Clusters containing iron atoms may be readily synthesized in the
as phase by combination of the volatile molecule Fe(CO)5 with
n anionic metal carbonyl cluster. While the example described
erein involves a ruthenium cluster, there seems no reason why
his approach could not be extended to any other charged transition

etal cluster. The ability to synthesize nearly saturated product
lusters, and to strip these in turn of their ligands right down to
he bare metal core, promises to open a rich field of experimen-
ation of the gas-phase chemistry of ligated, mixed-metal clusters
ontaining iron.
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