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Investigation into the formation of heteronuclear
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Br or 1)
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Reaction of [RugC(CO),¢*~ with an excess of AgX (X = Cl, Br or I) affords
heteronuclear clusters of formula [{RusC(CO);6Ag-X},]*~ in 80% vyield, which
for X = I and X = Br/Cl were crystallographically characterised. The forma-
tion of the cluster was followed in solution using electrospray ionisation mass
spectrometry (ESI-MS), which revealed the presence of a wide range of clusters
with the general formula [{RusC(CO)Is}xAgyXZ](z""_y *9~ where x = 1 or 2,
y=1,2,30r4and z = 0, 1 or 2. The high yield of the product despite the
evident complicated solution speciation is attributed to selective crystallisation of
the observed compound driving the equilibrium toward this product.

KEY WORDS: Carbonyl cluster; ruthenium; silver; mass spectrometry; electro-
spray ionisation.

INTRODUCTION

Carbide-centred penta- and hexaruthenium carbonyl cluster have proven to
be excellent and stable precursors for systematic synthesis of organo-ligand
modified systems [1] and higher nuclearity heteronuclear clusters [2]; their
chemistry has been reviewed [3]. The use of mercury reagents to connect
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cluster units has been widely used [4] and successfully applied to the RusC
system. Specifically, the reaction of Hg(CF3;CO,), or HgCl, with two
equivalents of [RugC(CO)¢]*~ in CH,Cl, for 15 min affords [{RugC(-
CO);6}-Hg]*™ in high yield, in which two RugC units are held together by a
single mercury centre (Scheme 1) [5]. Using equimolar quantities of
Hg(CF;CO0,), and [RugC(CO);¢)*~ vyields an uncharacterised polymeric
material. The structure of a closely related thallium cluster, viz. [{RugC(-
CO)16}.T1]7, has also been reported [6]. Closely related to both [{RugC(-
CO);6}-Hgl*™ and [{RugC(CO)y6)-TI]™, and presumably the uncharacterised
polymeric material obtained from the reaction of [RusC(CO)¢]*~ with
Hg(CF5CO,),, at least in terms of structure, is the silver-bridged self-
assembled polymeric material [AgRugC(CO)4] .., isolated from the reaction
of [RugC(CO);6]*~ with AgNO; [7].

The copper connected cluster [{RugC(CO),4Cu,Cl},]*", an analogue of
those disclosed in this paper (see below) has been isolated from the reaction
of [RugC(CO);¢]*~ with an excess of CuCl in thf [8]. This cluster has been
shown to act as a precursor to high-performance, bimetallic nanoparticle
catalysts supported inside mesoporous silica [9]. The pentaruthenium-carbide

[Cu(NCMe),]CI
Q =Ru
@ = other metal
O = halide

[Pd(NCV

Scheme 1. Examples of heteronuclear cluster synthesis using [RugC(CO),¢]°~ as a precursor:
non-halide ligands omitted for clarity.
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cluster [RusC(CO);4)*~ has also been widely used as a precursor to
heteronuclear systems, usually involving capping of the square-face of the
cluster via redox condensation reactions to afford products with an
octahedral mixed-metal core [10]. However, reaction of [RusC(CO)4]>~
with three equivalents of AgBF, affords [{Ru6C(CO)16}2Ag3Cl]2_ in which
the AgsCl unit bridge the two ruthenium polyhedra via triangular faces [11].
[RugC(CO),¢]* also reacts readily with mononuclear metal fragments, such
as with PtCl,(COD) (COD = 1,5-cyclooctadiene) to produce PtRusC
(CO)16(COD) [12].

Heteronuclear clusters based on ruthenium systems, which contain one
or more non-Group 8 metal atoms remains an active area of research. The
presence of the other metals introduces a polarity into the cluster framework
that produces metal geometries not observed in homometal clusters, but
also has implications in catalysis [13]. Notably, recent attention has focused
on using these well defined and characterised heteronuclear clusters as
precursors to supported nanoparticle materials, which demonstrate some
impressive catalytic properties [14].

In this paper we structurally describe a new heteronuclear cluster and
examine the solution speciation over the course of the reaction using
electrospray ionisation mass spectrometry.

EXPERIMENTAL

All manipulations were performed under an inert atmosphere of dry
nitrogen using standard Schlenk techniques. Appropriate silver halides were
prepared from AgNOj by reaction with the potassium or sodium halides.
[BusyN],[RugC(CO);6] was prepared in two steps, first involving the synthesis
of RugC(CO);7 from Ruz(CO);, [15], followed by reductive decarbonylation
of RucC(CO);; to the required dianion using methanolic KOH, with
concomitant metathesis of the cation [16]. Infrared spectra were recorded on
a Perkin—Elmer 2000 FT-IR spectrometer. Electrospray ionisation mass
spectra were collected using a Micromass QTof micro instrument. Capillary
voltage was set at 2900 V, source and desolvation gas temperatures were at
40 and 100°C, respectively. Cone voltage was set at 5V for all spectra.
Samples were infused via syringe pump at 5-10 pL min~'. EDESI-MS
(/MS) spectra were collected using published procedures [17].

Synthesis of [{Ru6C(CO)16Ag2X}2]2_ (X =1, Br or Cl)

A 5-fold excess of freshly prepared AgX (5 mol equiv.) was added to
[BuyN]o[RugC(CO) 6] (60 mg) in thf (25 ml). The reaction mixture was
stirred at room temperature for 1-4 h, during which time IR spectroscopy
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indicated that the reaction was complete. The product was isolated by
precipitation and filtration through Celite following the addition of hexane
to the reaction mixture (yield, ca. 80%). IR vco (CH,Cly): 2046 (w, sh), 1991
(vs), 1942 (w). ESI-MS (MeOH).

Crystals of [BU4N]2[{RUGC(CO)16Ag21}2] and [BU4N]2[{RUGC(-
CO)16A2>X}5] (X = Br: Cl, 50: 50) were grown in a few days from thf-
hexane solution at 4°C.

Structural characterisation in the solid state

Relevant details about the structure refinements are compiled in Table I
and selected bond distances and angles are given in the figure captions. Data
collection was performed on a MAR325 IPDS at 140(2) K and data

Table I. Crystallographic data for [BuyN][{RusC(CO);sAg:X}5] (X = Cl and Br)

Compound [BuyN][{RusC(CO)16Ag>X}5] (X = Cl and Br)
Formula C34Ag4BrCIO32Ru]3'(C]6H36N)2'C4H80
Fw 3237.04
Crystal system Triclinic
Space group P1

A4 (A) 10.1035(17)
B (A) 14.227(2)
C(A) 16.658(4)

a (%) 82.877(15)
B 83.317(16)
v (°) 84.357(13)
Volume (A%) 2351.3(7)

Z 1

Dculc (g Cm_3) 2.286

i (mm™") 3.205
F(000) 1546

Temp (K) 140(2)
Wavelength (A) 0.71073
Measured reflns 15597
Unique reflns 7955
Unique reflns [1 > 2o(1)] 6388

No. of data/restraints/parameters 7955/55/582
R[I > 20(1)] 0.0411
wR2 (all data) 0.1226
GooF” 1.101

“R = T||F, |~ Fll[TIF,|, wR2 = {TIw(F,*~F)2)/TIw(F)1} .
> GooF = {TIW(F,>=F.2)2]/(n-p)}”* where n is the number of data and p is the number of
parameters refined.
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reduction was performed using CrysAlis RED [18]. The structures were
solved by Direct methods using SHELXS—-97 [19], and refined by full-matrix
least-squares refinement (against F°) using SHELXTL software [20]. All
non-hydrogen atoms were refined anisotropically while hydrogen atoms
were placed in their geometrically generated positions and refined using the
riding model. SIMU and DELU restraints were applied for the disordered
thf solvent molecule. Empirical absorption corrections were applied using
DELABS [21], and graphical representations of the structures were made
with Diamond [22]. CCDC 624233 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

RESULTS AND DISCUSSION

The heteronuclear clusters [{RusC(CO)16A2-X}5]" (X = CI, Br or I)
are readily prepared in good yield, ca. 80%, from the reaction of
[RugC(CO),¢]*~ with a 5-fold excess of AgX in thf. A characteristic peak
in the IR vco region at 1991 ecm™' corresponds to the product, and in situ
monitoring of the carbonyl stretches for the precursor cluster clearly shows
when the reaction has reached completion, typically between 1 and 4 h.
Crystals of the iodide containing cluster [{RusC(CO);4Ag->1},]>~ were grown
from thf-hexane solution at 4°C. Attempts to crystallize [{RugC(-
CO),6Ag:Br},]° from thf-hexane solution resulted in crystallisation of the
mixed halide species [{RusC(CO);4Ag-X}-]*~ (X = Br: Cl, 50: 50), due to
the presence of chloride impurities in the [RusC(CO)¢]*~ salt, prepared via
metathesis with tetrabutylammonium chloride.

The structures of [{RusC(CO);4Ag,1},]* and [{RugC(CO),6AgX ]
(X = Cl and Br) are shown in Figs. 1 and 2, respectively, key bond
parameters for [{RugC(CO)6Ag>X}-]*~ (X = CI and Br) are given in the
caption to Fig. 3. Due to the poor quality of the crystals of [{RusC(-
CO);6Ag,1},]*" only the gross structural features can be described and bond
lengths and angles should be treated with caution, however, the metal cores
of both clusters are closely related, as can be appreciated from Fig. 3 which
highlights the geometry of the metal polyhedral skeleton. Both structures
are based on two RugC octahedral units connected via a planar Ag4X, unit
(where X corresponds to iodide in [{RugC(CO);6Ag,1}5]*" and to Br/Cl in
the other cluster). The structural core is analogous to that observed in
[{RugC(CO),,Cu,Cl},]*~ [8]. Note that crystallography cannot distinguish
between Cl and Br disorder in the same anion and a mixture of Cl,_ and
Br,_ containing cluster anions disordered on the same site. In fact all three
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Fig. 1. Ball and stick representation of [{RugC(CO);sAg,I},]°"; counter cations are omitted
for clarity.
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Fig. 2. Ball and stick representation of [{RugC(CO)sAg,X},>" (X = Cl and Br). The
counter cations and solute are omitted for clarity. The Br and Cl atoms are disordered and
the disordered positions are omitted.

clusters may be present in the crystal, and the ESI-MS results reported later
in the paper lead us to suspect that this is probably the case.

One face of each RugC unit is asymmetrically capped by one of the Ag
atoms with the other Ag atom capping the triruthenium face in a manner
similar to that observed in [RugCu,C(CO);s(MeCN),] [23]. Such an
arrangement causes a distortion to the RugC octahedron in which the edge
bridged by both Ag atoms is elongated [3.1709(10) A] relative to the other
Ru-Ru vectors. The Ag-Ag distances linking the two RueC units
[3.7490(11) A] is longer than the distance of the two Ag atoms bonded to
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Fig. 3. Ball and stick representation of the bimetallic cluster core of [{RU6C(CO)16Ag2]}Z]
(left) and [{Ru6C(CO)16Ag2X}2]2' (X = Cl and Br) (right). Key bond lengths (A) and angles
(°) for [{RugC(CO)4AgX}H]> (X = Cl and Br) (the interstitial C is denoted by C36): Ru—
Rugye, 2.917; Ru—Ag,ye, 2.834; Ru—C36,,., 2.064; Agi—Agy, 2.9609(09); Agi—Ag#, 3.7490(11);
(Rufcolerminal)ave’ 1903> (Rufcobridging)aves 210& (C*Olerminal)avew 1134> (C*Obridging)avea
1.160, Ag—Bryye, 2.611; Ag—Clyye, 2.435; Ag;—Bri—Ago#, 91.8(2) ; Ago—Cli—Ag#, 100.7(7).

the same RugC unit [2.9609(9) A] and is beyond that which generally
constitutes a Ag—Ag bond. Such distortions are also present in the related
copper system [8] and even greater distortions have been observed in other
RugC-based clusters where sterically demanding ligands are purported to be
responsible for the elongation of one or more bond lengths [24].

Reaction insights from mass spectrometry

The reaction between AgX and [PPN][RusC(CO);¢] (PPN = bis-
{triphenylphosphino}imimium) was tracked using electrospray ionisation
mass spectrometry (ESI-MS) [25]. ESI-MS has made the analysis of high
nuclearity anionic clusters routine; it is a soft ionisation technique capable
of analysing complex mixtures, providing a single unfragmented peak for
each species present in solution [26].

Immediately after mixing of the cluster dianion and silver salt in THF,
a drop of the solution was extracted, diluted in CH,Cl, and a negative-ion
mass spectrum collected, using conditions suited to the analysis of sensitive
organometallic complexes (source and desolvation gas at ambient temper-
ature, very low cone voltage). The reaction solution was reexamined at
30 min intervals until no change in solution speciation was observed (about
1.5 h). Representative spectra are shown in Fig. 4. ESI-MS readily
discriminates between monoanionic and dianionic complexes (peaks in the
isotope patterns are 1 or 0.5 m/z apart, respectively), but the presence of any
neutral complexes will go undetected. For brevity and clarity, “©” is
henceforth used to represent RugC(CO) ;.

In the case of the reaction with silver iodide, at ¢t ~ 2 min, the solution
consists mostly of starting material, [@]*~ at 534 m/z (due to the very soft
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Fig. 4. Negative-ion ESI-MS from the reaction Agl + [PPN];[@®]. Peaks in the spectrum
correspond to A = [Agl,]", B = [0, C = [0AgCI*", D = [@Agl*, E = [HO],
F = [{0AghAel]”. G = [{OAILF /[0AgI],  H = [OPPN)], 1 = [OAgl] .
J = [O@AgI(PPN)]". The inset shows the experimental and theoretical isotope patterns for
[{®Ag,I},]*"; assignments of the other peaks in the spectrum were carried out on the same
basis. The broadness of the isotope pattern is a function of the presence of the large number
of polyisotopic metal atoms present.

ionisation conditions, a monoanionic peak is also seen at 1606 m/z due to
the dianion associated with the PPN monocation); some protonated cluster,
[HO], is evident at 1069 m/z. Also appearing is a peak at 651 m/z, which
may be readily assigned to [@AgI]*". A small amount of [@AgCI]*~ can also
be observed; the chloride ion is probably residual from the synthesis of the
[PPN],[0] (cf. the X-ray structure containing Cl and Br ligands). Also visible
in the spectra at low m/z are peaks due to I" and [Agl,]". A very small
quantity of [@Ag]™ can also be discerned in the spectrum (not labelled in the
figure).

After 30 min, [©]°" has diminished considerably, mostly replaced by
[O@AgI]*", now the base peak in the spectrum. New higher nuclearity species
have also appeared; these include [{OAg},AglI]*™ at 1292 m/z, [OAgI]™ at
1410 m/z, and [©Ags],] at 1646 m/z. After an hour, changes are essentially
in intensity rather than speciation. The starting cluster has nearly disappeared
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and over 95% of the intensity of the spectrum is due to derivatives of the
starting material bonded to differing amounts of Ag and I.

Interestingly, the nature of the peak at 1410 m/z changes, with the peak
changing from a 1- to a 2— ion (Fig. 5). Note the appearance of peaks
spaced at 0.5 m/z intervals in the lower spectrum, characteristic of a doubly
charged ion. This observation is entirely consistent with dimerisation from
[OAI]™ to [{OAg,I},]* (“monomer” meaning species with one RuC core,
“dimer” with two). The slight alternation in intensity of the neighbouring
peaks in the second pattern is indicative of incomplete dimerisation.

All clusters observed obey the general formula [@xAgyX_,](zx_y”)_
where x = 1 or 2, y =1, 2, 3 or 4 and z = 0, 1 or 2. Compounds
were identified by isotope pattern matching and by MS/MS studies.
Transition metal carbonyl cluster anions tend to fragment in a straightfor-
ward fashion by loss of CO ligands, but interesting processes such as

[OAg,I]
100 ~
80 4
60 - {OAg,I}1*
goljo
% J
40 -
20 -
1395 ' 14IOO ' 14|05 ' 14I1O ' 14|15 ' 14|20

m/z

Fig. 5. Negative-ion ESI-MS from the reaction Agl + [PPN],[®]; the isotope pattern of the
signal centred at 1410 m/z is shown. Top: after 1 h. Bottom: after 2 h.



312 Chisholm et al.

electron autodetachment [27] and cleaving of the cluster core [28] have been
observed to occur for dianions. For this reason, we investigated in particular
detail the dianions in the spectrum.

The energy-dependent (ED) ESI-MS/MS of [@AgI]>", the base peak in
the mass spectrum of the product mixture (see Fig. 4), was collected and is
shown in Fig. 6. EDESI mass spectra involve collecting data over the entire
range of available fragmentation energies and presenting this information in
the form of a contour map, in which the three dimensions are m/z, collision
energy and ion intensity [29]. Fragmentation is caused by collision-induced
dissociation (CID) with either N, or Ar gas [30].
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Fig. 6. Negative-ion EDESI-MS/MS of the ion [OAgI]*". A = [RugC(CO),Agll*™ (n = 7-

16), B = [RugC(CO)J>~ (n =9-16), C =1, D = [RuC(CO)Agl" (1 = 0-16),
E = [RugC(CO),I” (n = 0-10), F = [RugC(CO),Agl]” (n = 0-8).
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The spectrum is complicated, but readily explicable. At low collision
energy, only the parent dianion is seen, but at very slightly higher energies
peaks assignable to three different fragmentation pathways may be
observed: (a) loss of CO ligands to produce the series [RusC(CO),Agl]*~
(n = 7-16); (b) loss of I" to produce the series [RugC(CO),Ag]” (n = 0-16);
(c) loss of Agl to produce the series [RusC(CO),J*~ (n = 9-16). Series (a)
and (b), being dianions, undergo electron autodetachment (dianions have a
limited existence in the gas phase) [31] to produce the monoanionic series
[RugC(CO),Agl]” (n = 0-8) and [RusC(CO),]” (n = 0-10), respectively.
The latter series overlaps with [RugC(CO),Ag]” (n = 0-16), Ag being
approximately equal in mass to 4 x CO, so the [RusC(CO),]” (n = 0-10)
peaks are not immediately discernable in the EDESI map.

Loss of Agl or I” early in the fragmentation process both suggest that I
is not bonded to Ru, but only terminally through Ag. This assumption is
consistent with electron counting rules, as a bridging halide ligand donates
three electrons towards the electron count.

The other especially interesting MS/MS result is the fact that
[{®AgI},]*~ breaks apart asymmetrically to form the two monoanions
[©Ag;]1,]” and [©®Ag]™ (Fig. 7).

The first of these appears at 1646 m/z and is also apparent in the mass
spectrum of the product mixture, but the second, at 1176 m/z, is not. This
observation adds confidence to the assumption that each of the species seen
in Fig. 4 is a “real” compound rather than a fragment of some other
compound. If [@Ag;],]” was a fragment, we would expect to see it at the
same abundance as [@Ag]~, which is in fact absent from the top spectrum in

Agol}L1P~
100 [GAQal}o]

80
1 [GAg]”
60 —
°/° -
40 - -
| [©Agal5]
20 -]
0+
900 1000 1100 1200 1300 1400 1500 1600 1700
m/z

Fig. 7. Negative-ion ESI-MS/MS of the ion [{@AgI}.]*".
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Fig. 4 (though it does appear in trace amounts in the spectrum recorded
after 2 min).

The chloride system proved to be almost exactly analogous to the
iodide system, with the caveat that peak intensities varied somewhat
between the two systems. However, the identity of the base peak in the
spectrum and the relative concentration of the ion corresponding to the
crystallised product were the same.

Halide exchange

Exchange of halides in this system occurs with great facility, as
evidenced by the solid-state structures, and this phenomenon could be tested
with ease using ESI-MS. Addition of a small amount of [NMey]Br to the
product mixture from AgCl + [PPN],[0] resulted in significant changes to
the mass spectrum (Fig. 8).

The disappearance of all the dimeric species in the spectrum is
noteworthy; the spectrum is now dominated by the monomeric compounds
[O(AgX),]”” (n = 1 or 2; X = Cl or Br) (and the corresponding I-ions
where the dianion has paired with the NMes " counterion). The presence of
excess halide has cleaved any halide bridges and removed all species with a
superfluity of Ag over X.

The IR spectra and the high yield of the cluster both suggest clean
formation of a single product, however, the ESI-MS results suggest that the
solution speciation is really very complicated, even after the reaction reaches

[OAGCI®™  [OAgBr>™

100 —
7 \ / [©(NMe4)AgBr]™
80 — _
_ ©(NMe4)ACI
1 [0Ag:Cly” [ONMeAC | o (NMeg)AGSClT
60 [©Ag,BrCI* [6(NMe,)Ag,BrCI]”
% . 2—
° 20 ] [©Ag,Bry] Z [©(NMe,)AgoBryl~
20 |
0 .I i T I = T I T AA‘I
400 600 800 1000 1200 1400 1600 1800
nz

Fig. 8. Negative-ion ESI-MS of the solution resulting from reaction between AgCl +
[©]*~after 2 h followed by addition of [NMe4]Br. Note the near-statistical distribution of Br
and Cl and the absence of signals due to species with an abundance of Ag over halide.
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completion. IR spectra of clusters tend to feature broad, poorly resolved
peaks, and Kettle has shown that a spherical approximation of symmetry
allows rationalisation of the IR spectra of many higher nuclearity clusters
[32]. The mixture of clusters observed in the ESI-MS all share certain
characteristics: they all feature the [@]*~ core, their overall charge per
hexanuclear RugC core is usually 1—, and in cases where the charge is 2—, the
second charge is probably largely resident on the remote halide ligand and
will have correspondingly little effect on the stretching frequencies of the
Ru-bound CO ligands. So we would anticipate the clusters to have IR
spectra that closely resembled one another, and the net effect of the mixture
would be to have a broad peak with contributions from many clusters with
closely similar spectra. There would be a noticeable shift from the starting
material, [©]°", as this cluster carries a formal charge of 2— that must be
distributed directly on to the CO ligands, moving the average absorption to
lower wavenumber. In contrast, [AgI]*” is able to distribute some of the
charge density to the iodide ligand and hence the position of the peak should
move to a higher wavenumber.

The ESI-MS shows the crystallographically characterised product to
constitute perhaps 10% of the mixture, yet the product was isolated in 80%
yield. The identity of the counterion, [PPN] ™, is different from the [NBuy]
used in the crystallographic study, but it is unlikely that this plays a really
significant part in affecting the solution speciation. While it may be tempting
to acknowledge the fact that ESI-MS peak intensities are an unreliable guide
to concentration and attribute the discrepancy accordingly, in our experi-
ence the ESI-MS is a reasonably reliable guide to assessing the relative
concentrations of different but closely related species in a solution
containing a mixture of products [33]. The clue to a better explanation
may lie in the observations made in the halide exchange experiment, that is,
the rapid attainment of equilibrium, the facile interconversion of a complex
mixture of “dimeric” clusters into ‘“monomeric” ones, and of course, the
close relationships between the original “‘complex mixture”. In reality, this
mixture is dominated to a great extent by clusters that are [@AgX]*~ and
slight modifications thereof: loss/addition of Ag" or X~ and/or dimerisa-
tion. It is reasonable to assume that interchange between these species is
easy (and indeed, the fragmentation studies carried out using MS/MS point
to just how low-energy some of these processes are) and hence, removal of a
single species from solution (in this case, by preferential crystallisation)
ought to drive the equilibrium in the direction of this particular product. An
isolated yield of 80% is perfectly reasonable under this scenario. Redisso-
lution of product will not be expected to yield the same mixture of products,
because the absence of an excess of AgX will limit the number of possible
products.
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Conclusions

Reaction of silver halides with [RugC(CO),¢]*~ generates linked clusters
of formula [{RusC(CO)14Ag-X}-]>~ (X = I or Cl/Br) analogous to the
known heteronuclear copper/ruthenium clusters [{RusC(CO);¢Cu>Cl},]>".
ESI-MS reveals that the solution speciation at the completion of this
reaction is in fact rather complicated, with a variety of clusters present based
on a [RugC(CO),,Ag]” core, modified with different amounts of Ag" and/or
CI™ and present in either monomeric or dimeric form. The high yield of the
isolated and crystallographically characterised product, [{RusC(-
CO);6Ag,X},]*, is probably a function of a rapid solution equilibrium
being driven by selective crystallisation of the observed product.
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