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ABBREVIATIONS.

Me Methyl, CH

3

Et Ethyl, C2H5
Pr

Propyl, CBH7
Prt iso-propyl, C(H)(CH3)2
But Tertiary butyl, C(CH3)3
Ph Phenyl, C6H5
Cp C5H5, in and n5-bonding mode,

unless otherwise stated.

Tol Tolyl, C_H,CH

67473
Hal Halogen
dppm P(CGHS)Z-CHZ-P(Csﬂs)2
dppe P(C6H5)2-(CH2)2--P(C6H5)2
gppb P(C6H5)2-(CH2)H—P(C6H5)2
PPN N(PPH3)2
i.r, Infrared
n.m.r. Nuclear magnetic resonance
M Metal
L Ligand
A0 Atomic orbital
MO Molecular orbital
P.E. . Potential energy
CVE Number of cluster valence electrons
U Temperature factor
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Structural studies of polynuclear metal carbonyl derivatives.

G. Conole
Abstract

X-Ray structure analysis of fifteen metal carbonyl cluster compounds of
nuclearity three to seven have been carried out to investigate the effect
organo-fragments have on metal core geometry.

An orthometallated pyridyl ligand, bridges two non-bonded metal atoms in
each of the 'bridged-butterfly' clusters HRugC(CO),,(CcH,N) [Isomer A
(XR1), Isomer B (XR2)], and HRugyC(CO),,(C4H,N)(C4HGN) (XR3), with the
hydrogen ligand bridging the hinge M-M bond. In addition, for (XR3), a
second pyridine ligand bonds terminally to the bridging metal atom. A
bridging pyridyl group is also observed along an axial edge in both the
square pyramidal clusters HRusC(CO),,(CsH4N) [Isomer A and B (XR4)]. The
two pairs of isomers are the first examples of clusters differing only in
the orientation of a pyridyl ligand to be fully characterised.

The cyclohexadiene derivative RugC(CO),s(n*-CgHg) (XR5) is an octahedral
cluster with the cyclohexadiene group forming two w-bonds to two

adjacent metal atoms. This is compared to the structure of the linear
hexadiene analogue RugC(CO),s(n*-CgH,,) reported earlier.

The uy;n?-bonding mode commonly adopted by alkyne fragments is observed for
both mono- and disubstituted alkynes in the hexaruthenium clusters
RugC(CO), 5 (PhCCH) (XR6) and RugC(CO),s(MeCCMe) (XR7), and in the
heterometallic cluster RugC(CO),6 ,(PhCCH)(AuPEt,), (XR8), 'in all of which
the octahedral metal framework is maintained.

Rug (CO),3(n%-C0),(n®-CcH,Me;) (XR10) is isolated as an intermediate in
cluster build-up from Ru,(CO),, and yields RugC(CO),s(n®-CgH,Me,) (XR9)
and  HRug(CO), 3(n?-C0) (n”-CzH,Me,CH,) (XR11) in equal amounts. The
structures of these three hexanuclear clusters (XR9), (XR10), and (XR11)
give an insight into the mechanism of formation of octahedral
carbido-species. Also produced from this reaction is the decanuclear
carbido-cluster [HRu,,C(CO),,]”, and a product from a related reaction is
the decanuclear nitrido-cluster [Ru,;,N(C0),,]” (XRi12), which has been shown
to have a tetracapped octahedral framework and is isostructural with the

hydrido-cluster [HRu,o,C(CO),,] .

The interaction of alkyne fragments and some metal frameworks has been

investigated. The reaction of [HOs,(CO),,]” with mono-substituted
alkynes, followed by [AuPR,]", @gives the alkenylidene cluster
0s,(CO),,(PhCCH,) (AuPMe,) (XR13), whereas in its reaction with
. disubstituted alkynes the alkyne remains intact to give
HOs,(CO) o (MeCCMe) (AuPPh,) (XR14). Finally, a unique example of a high
nuclearity cluster with three intact alkynes on the cluster .surface has

been characterised; the heptanuclear cluster 0s,(CO),¢(MeCCMe) , (XR15),
has a previously unobserved metal framework and two different alkyne

bonding modes are present.
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CHAPTER ONE

An overview of organo-cluster chemistry.



Chapter 1 - An overview of organo-cluster chemistry.

Since the early sixties cluster chemistry, like organometallic chemistry,
has been rapidly developing. The aim of this research was to characterise
new organo-derivatives of metal carbonyl clusters by use of X-ray
structural analysis and to study the effect organo-fragments have»on metal

core geometries.

This introductory chapter outlines the theoretical background to cluster
compounds and considers both the range of hypothetical metal core
frameworks and the types of organic fragments, in terms of their potential
bonding modes. In Chapter 2 a review of pentanuclear clusters of ruthenium
and osmium is given and the X-ray structural analyses of five pyridyl
derivatives are reported. A possible mechanistic pathway is proposed for
the formation of these compounds from RuSC(CO)15. Chapter 3 begins with a
historical review of hexanuclear clusters and the X-ray structural analyses
of five compounds of this class of clusters are reported, including a
heteronuclear digold hexaruthenium derivative. The importance of cluster
compounds with respect to the Fischer-Tropsch synthesis is stressed in
Chapter 4, and the four structures reported there are believed to offer an
important insight into this area of catalytic chemistry. Two trinuclear
and one heptanuclear cluster are reported in Chapter 5, along with possible
mechanistic pathways for a number of heptanuclear ' reactions. Finally,
background crystallography and experimental details are presented in
Chapter 6 and the Appendices (A and B) list fractional atomic coordinates,

essential bond lengths, angles, and interpretations of the Patterson

syntheses.

1.1 Preliminary results.
In order to gain some insight into the reactivity of organo-fragments with
clusters, dinuclear species were studied in the early stages of the

1



project. These compounds are characterised by a constant metal core
geometry and so variation in hydrocarbon 1ligand bonding modes alone can
be analysed. A correlation of these dinuclear species was attempted to
obtain an insight into 'the effect dinuclear metal cores have on organic
fragments, before investigation of 1larger clusters, Related structures
previously reported had shown that unusual modes of bonding of organic
fragments can arise in such clusters,[1-4] and many of the fragments
identified for dinuclear complexes have not been reported for mononuclear

compounds.

All the dimolybdenum compounds characterised by X-ray structural analysis
have some form of organo-fragment bonded to the dimetal centre, and range
from relatively simple organo-derivatives, as found in
MoZ(QS—Cp)z(CO)(p-Pth)z(n?-MeCCMe) to more complicated structures such as
Moz(n?-Cp)z(p-Pth)(pz-né-Meozccacone). Most of these structural results
have already been published,[5-8] and will not be discussed further here.
The main part of the project involved higher nuclearity clusters where a

variety of metal frameworks are possible for any given number of metal

atoms and these form the basis of this thesis.

1.2 Theoretical aspects of cluster chemistry.

An understanding of the theoretical aspects of chemistry has usually
developed in parallel to synthetic discoveries. Some theoretical insights
arise from detailed quantum analysis, but quite often simple 'empirical
rules can be used to explain observed results and can often predict new
features. Examples of empirical rules that have proved particularly useful
include the concept of atomic orbitai hybridisation,[9] the Octet Law and

the Woodward-Hoffmann rules.[10]



The interest in the theoretical aspects of the enormous array of geometries
observed for cluster species is almost as diverse as the range of products
now known. A number of reviews have appeared, the most recent of which are

those by Mingos[11] and Owen.[12]

1.2.1 The Eighteen Electron Rule.

For any new class of molecule it is helpful to develop simple empirical
bonding concepts, or rules, that rationalise and predict which molecular
geometries represent realistic structures for members of the group. The
effective atomic number or eighteen-electron rule, revolutionised both
formal electron bookkeeping and understanding of the intermediate steps
involved in mononuclear organometallic reaction processes.[13-15] It is
discussed here not only because of its appiication to cluster electron
counting but also because it is often implicit in the alternative electron
counting theories discussed further on in this section. The effective
atomic number rule was introduced by Sidgwick for coordination compounds
but was of limited use. The modern version, frequently referred to as the
eighteen electron rule, was developed for organometallic compounds and is
nearly always obeyed for transition metals (particularly for those in the
middle of the transition series) in compounds with strong- r-acceptor

ligands.

The eighteen electron rule is derived from the fact that transition metals
have nine atomic orbitals [5xnd + (n+1)s + 3x(n+1)p, where n is the
principal quantum number and d,s,p are orbitals]. In organometallic
compounds these nine atomic orbitals give rise to 9 low lying molecular
orbitals of bonding or non-bonding charécter. Maximum kinetic stability
will result when 18 electrons fill these 9 1low lying orbitals. The
resultant separation between these orbitals and the associated antibonding

orbitals 1is large and therefore the eighteen electron rule is not usually

3



broken and is associated with kinetiec stability. Thus maximum kinetic
Stability is associated with all bonding and non-bonding orbitals being

filled and all anti-bonding orbitals being empty.

The application of the eighteen electron rule assumes that clusters are
held together by a network of (2c-2e) M-M bonds and is successful for
transition metal clusters containing up to, and including, five metal
atoms. This therefore determines the number of cluster valence electrons
(CVE) and can be expressed by the following formula,

CVE = 18M = 2E  or E = (18M - CVE)/2 (1)

where E is the number of edges in the cluster polyhedron and M denotes the

number of metal atoms.

In rare cases, multiple bonds are necessary to satisfy the 18e rule. For
example, the trinuclear cluster H2033(CO)10 has 46 CVE's and therefore four
M-M bonds are expected, and achieved by one double O0s-0s bond, This is
reflected both by a shortened bonding distance for the hydrido bridged
0s-0s bond and by the cluster's reactivity, with the observed addition

reactions across the M-M double bond being reminiscent of alkene

cﬁemistry.[16]

An interesting consequence of the eighteen electron rule, of fundamental
importance in cluster reactivity, is that addition of two electrons to a
cluster results in M-M bond cleavage. This feature can be illustrated for

M, and M_ cluster cores. The anion, [H3Ruu(CO)12]-,[17] has 60 CVE's which

y 5

g8ives the correct six edges required for the observed tetrahedral geometry.
Formally, the more open butterfly in Ruu(CO)12(PhCCPh),[18] with 62 CVE's
has only five edges and may be regarded'as an 'opened up' tetrahedron. Two
additional electrons results in the square geometry found in
IPu(CO)B(MeCOZCCCOZMe)u,[19] with 64 CVE's. This formal metal core opening

process is schematically illustrated in Figure 1.2/1.

Y
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Figure 1.2/1 Progressive M-M cleavage for an Mu core.

Similar relationships occur for pentanuclear species. The trigonal
bipyramidal cluster [035(00)15]2-,[20] has 72 CVE's and the correct nine
edges predicted by equation (1) (Figure 1.2/2). Addition of 2e causes
opening of the metal framework and the T4e cluster OsSC(CO)15,[21-22] has a
square pyramidal core. Attack by a 2e donor to this cluster breaks another
M-M bond to give a 'bridged butterfly' as in, for example, Os5C(CO)16

(Figure 1.2/2).[23]

-- 1

Figure 1.2/2 Progressive cleavage for an M5 core.

The eighteen electron rule breaks down for the most widely observed type of
hexanuclear cluster core, the octahedron. This has twelve edges and, by
the 18e rule, should have 84 electrons but metal carbonyl clusters are
almost invariably associated with 86 electrons. When 086(C0)18’ which has
84 electrons, was first synthesised an . octahedral geometry was assumed.
X-Ray structural analysis showed that this compound was not octahedral but
capped trigonal bipyramidal.[24] Significantly, on reduction with iodide an
octahedral metal framework was obtained in the dianion [056(C0)18]2-’ which

has 86 electrons (Figure 1.2/3).[25-2T]
5



Osg(CO)qg [036(00)13]2-

Figure 1.2/3 Reduction of 0s,(C0)., to [0s,(CO),1% .

6’18 6’18
In terms of the eighteen electron rule this was surprising because instead
of the extra two electrons causing bond rupture, a core rearrangment had
occurred but the number of M-M bonds (12) had remained the same. Adequate
explanation of this phenomenon and rationalisation of the stability of 86
electron octahedral species was provided by the polyhedral skeletal

electron pair theory (PSEPT).

1.2.2 The Polyhedral Skeletal Electron Pair Theory.
A quirk of chemistry is that the seemingly diverse areas of borane and

transition metal clusters should have amalgamated to produce a unifying

electron counting formalism.

The PSEPT states that a cluster polyhedron with n vertices is held together
by (n+1) skeletal electron pairs (S) [where S=(n+1)] and this theory was
first developed for boranes.[28-33] The simplest boranes. of the general
formula [Ban]z- form a series of polyhedral structures with n vertices.
Each boron atom uses 1le to'form a bond to its hydrogen atom, leaving two
electrons' available for cluster bonding. Overall these dianionic species
are observed to have (n+1) skeletal electron pairs with the nido- and
arachno-polyhedra requiring the same number of skeletal electron pairs as
the parent closo-polyhedron.[29] This conversion process is illustrated in

Figure 1.2/4 for the closo-species [B7H7]2-.
6



[B7H712" BgH10 BsH11
Figure 1.2/4 Conversion of a closo-core to nido- and arachno-cores.
Wade made the perceptive analogy between the isostructural borane and
transition metal compounds, recognising that the bonding pattern observed
in boranes was reproduced by metal carbonyl clusters, i.e., that n vertex

polyhedra require (n+1) skeletal electron pairs.[29]

For transition metal clusters this may be illustrated with the octahedral

dianion [036(00)18]2',[25-27] which has 0s(CO), groups at each vertex of

3
the fundamental polyhedron. Wade considered that each of these groups
contributes two electrons to the skeletal electron bonding, as each
_Skeletal metal uses 12 electrons for M-L bonding or housing of non-bonding
electrons. Therefore this dianionic species has the required 7 skeletal
electron pairs (S.E.P.) which exblains the generally derived 86 polyhedral
electron count (PEC) for octahedral species. As with boranes, nido- and

arachno- transition metal clusters require the same number of skeletal

electron pairs as the closo-species.

In summary, the skeletal electron pairs (S) are those left over ‘after 12e
have been assigned to each metal atom, and the number of vertices in the
fundamental polyhedron (n) will be one less than this, i.e. S-1. Removal
of either one or two metal atoms 'produces the corresponding nido- or
arachno-polyhedron respectively, whereas if extra metal atoms are present
these must occupy capping positions. Thus for H2Ru6(CO)18,[3M-35] the
number of CVE's is 86e (6x8 + 18+2 +2) minus 12x6, giving 14e or 7 skeletal

7



electron pairs (S.E.P.) and therefore the fundamental polyhedron has six

vertices and is octahedral.

The first theoretical justification of Wade's theory came from moleculer
orbital calculations by Mingos on the 86 electron octahedral cluster
[Co6(C0)1u]u'.[36] Further research was carried out by Lauher, who
performed extended Huckel calculations on a wide range of bare n-atom closo
transition metal clusters.[37] The results indicated that for an M6
cluster, of the 54 metal molecular orbitals (9 atomic orbitals from each M)
11 are highly antibonding in character, leaving 43 cluster valence
molecular orbitals (CVMO) and it is in these CVMO's that the 86 electrons
observed for an octahedral geometry are accommodated. For example, in the
dihydro cluster H2Ru6(CO)18,[34-35] 19 of the 43 CVMO's are used to
accomodate the ligand electrons (2x18 + 2 = 38 electrons in 19 electron
pairs), leaving 24 CVMO's to house the 48e from the d orbitals of the 6
futhenium atoms. Amongst the conclusions reached by Lauher was the fact

that the principal acceptor orbitals in transition metals are of s and p

character.[37]

For a general case, a polyhedron of n metal atoms has (2n-1) inaccessible
high-lying antibonding orbitals, leaving a total of [9n - (2n-1)] or (7n+1)
Occupied cluster valence MO's and thus a CVE of (14n+2). This 1is exactly
what Wade had deduced on empirical grounds, i.e., 12n electrons are used
for M-L bonding leaving (n+1) S.E.P. or [6n + (n+1)] occupied molecular
orbitals, Further calculations on nido- and arachno-clustgrs showed that
they are characterised by (14n+4) and (14n+6) valence electrons
respectively, i.e. an additional two or four electrons, exactly the
conclusion of the Wade empirical approach. Further ‘theoretical

Calculations in general agreed with these conclusions.[38-40]
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1.2.3 The Capping Principle.

The arguments outlined above explain the 86 electrons observed for all
octahedral cluster compounds, but they do not explain the capped trigonal
bipyramidal structure of the 84 electron compound 0s6(CO)18.[2M] Mingos
introduced the capping theory to explain this and other apparently

anomalous structures.[38, 41, 42]

The capping principle has proved to be invaluable in clusters of the iron
triad which are dominated by capped octahedral structures. It states that
capping a face of a polyhedron leads to no change in the number of skeletal
bonding MO's. This 1is because the frontier orbitals of the capping
fragment are matched in symmetry by orbitals of the parent cluster which
are already bonding.[38] Capping with a conical M(CO)3 fragment, therefore,
leads to an increase in the cluster valence electron count of 12 (since the
fragment has 12 electrons in non-bonding and metal-ligand bonding
orbitals). Thus, capped clusters are characterised by [(14n+2)+12m]
valence electrons, where n is the number of metal atoms defining the parent

core and m is the number of capping metal fragments.[11,42]

£ .
‘T\Jm_ =
/£
F
=[==
£
Al =

Capping Capped “Parent polyhedron
M-H polyhedron ‘orbitais of orbitals not

Ayand £ of 4yand £
symmetry symmetry

Figure 1.2/5 Molecular orbital diagram for the capping process.[38]
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Figure 1.2/5 is the interaction diagram for the capping process.[38] The
Strongest interaction is between the A, and E orbitals on the capping
fragment and the parent polyhedron. In each case a filled bonding orbital
of 1lower energy and an empty antibonding orbital of higher energy are

produced. The remaining 6 orbitals of the M(CO), fragment are involved in

3
ligand bonding and holding of non-bonding electrons, and do not participate
in bonding to the parent cluster. In all, as six orbitals have been added,

the CVMO increases by six. This justifies the fact that a capping group

adds twelve electrons to the cluster valence electron count.

McPartlin added two useful concepts in correlating the observed structures
of the iron triad., Firstly, that incomplete polyhedra could be capped and
Secondly, that capping could occur on already existing caps rather than on
the fundamental polyhedron.[U43-44] These additional concepts allowed a
correlation of all the known structures for osmium with S=7; addition, or
1oss, of a vertex results in gain, or loss, of 12e. The correlation matrix
for structures based on S=7 emphasises this connection and is illustrated
in Figure 1.2/6.[43] The beauty of this matrix lies in connecting the
@ultitude of possible geometries, and in showing the way different cores

are related.

Because pentanuclear clusters were important in this work (Chapter 2), a
corresponding matrix for structures with S = 6 was considered. This|matrix
gives the same polyhedra along all the diagonals (Figure 1.2/7), because
the fundamental polyhedron, the trigonal bipyramid, has a central triangle.
The possible structural isomers that occur for clusters derived from the
Octahedron (which contains a central square plane) are precluded. Of
interest in the appearance of the matrix for S = 6 is the capped trigonal
bipyramidal core (84 CVE) evident for 084(CO) q.[24]
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Flgure 1.2/6 Correlation Matrix for structures with S = 7.[43]
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By analogy, the next matrix up (with a CVE of 100e and therefore 8 S.E.P.)
could be considered to be based on a fundamental polyhedron which would
contain a central pentanuclear planar ring. Although this is observed for
boranes it has not sSo far been observed for transition metal clusters.
However, one important geometry in this matrix is the arachno- version of
this polyhedron which has 5 metal atoms (Figure 1.2/8). The pyridyl
clusters HRu_C(CO)._(C HuN)L [L=(CO) for (XR1) and (XR2) and L=(C5H5N) for

5 1375
(XR3)] discussed in Chapter 2 have this metal core framework.

-Q,

View on to the equatorial plane
of an arachno-core with 8 SEP.

Figure 1.2/8 The arachno-core for 8 skeletal electron pairs.

1.2.4 Polyhedral fusion.
The discovery of more complicated clusters with geometries consisting of

fused polyhedra prompted Mingos to devise a formalism that these cores

contain fused geometries sharing vertices, edges, or triangular
faces. [45-46]
h Polynedron A Polyhedron B
n atoms m atoms
+
Electron count a Electron count b
C J
commo- polyhedron (n+m-1) atoms foce shared polyhearon (n+m-3) atoms

edge shared polyhedron (n+m-2) atams
Electron count ¢ = g+b-16
Electron count C = g+b-44

Electron count ¢ = @+b-30
Figure 1.2/9 The condensation processes possible for metal clusters,[U5]
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Figure 1.,2/9 illustrates the three fundamental condensation processes. 1In
the first, the parent polyhedra (A) and (B) are linked through a common
vertex, whereas in the second and third cores the polyhedra are condensed
through either an edge or a triangular face.
"The total electron count in a condensed polyhedron is equal to the sum
of the characteristic electron counts for the parent polyhedra (A) and
(B), minus the electron count charaeteristiJ for the atom, pair of
atoms, or face of atoms common to both polyhedra."[U46]

1.2.5 The isolobal analogy for M(CO). and M(CO)u fragments.

3
The term 'isolobal' was first introduced by Hoffmann.[47] Two molecular
orbital fragments are termed isolobal if the number, symmetry properties,
approximate energy, shape of the frontier orbitals, and the number of
electrons in them are similar.[48] This is in part based on viewing the
frontier orbitals of the M.O. fragments; the highest occupied and lowest
unoccupied levels, i.e., the valence active orbitals.[49-50] Hoffmann and

Co-workers analysed a set of M(CO)n fragments (n=3-5), the most important

of which in the context of this work are M(CO)3 and M(CO)u.[48,51]

The initial starting point is to consider the metal in an octahedral
environment. Of the 9 atomic orbitals of a transition metal, six
€Quivalent hydrid orbitals are formed in anticipation of bonding to six

ligand groups, leaving three unhybridised d orbitals (dxz’ d__ and dyz)

Xy
(Figure 1.2/10). These 6 octahedral hybrids can then interact with up to 6
ligands but only interaction with 3 and U4 ligands respectively will be

discussed here.

T
The characteristic electron counts are; 18e for mononuclear, 34 for

dinuclear, and 48 for triangular arrays.
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2 = dee

Figure 1.2/10 The formation of 6 equivalent octahedral hybrid orbitals.[48]
Introduction of three two-electron donor ligands results in the formation
of 3 strong M-L -bonding orbitals and three anti-bonding orbitals, leaving
three of the hybrid orbitals untouched (Figure 1.2/11). Thus for an iron

triad fragment such as Os (CO), there are three highest occupied molecular

3

orbitals (HOMO's) containing two electrons. An 0s (CO) fragment is

3

therefore isolobal with a BH or a CH' fragment and this explains the

Connection between boranes and transition metal clusters.

&

it 1 ': I

K

, M w MLy
Figure 1.2/11 The MO diagram for interaction with 3 ligands.[48]

For example, the closo-octahedral anion [086(00)18]2-[25-26] po§sesses
Seven skeletal bonding molecular orbitals and is, therefore, analogous with
Species such as [B6H6]2'.[32] For this to be true the fragments M(CO)3 and’
BH must have the same frontier orbitals, each contributing three orbitals
and two electrons to skeletal bonding. Each skeletal metal atom in a
transition metal cluster, uses 6 atomic orbitals for metal-ligand (M-L)
bOnding and housing of non-bonding electrons. This leaves three dsp hybrid
orbitals for skeletal bonding. One "radial" orbital points towards the
Ceéntre of the polyhedron with two "tangential" orbitals 1lying on the
Surface of the cluster (Figure 1.2/12).
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Figure 1.2/12 Comparison of M(CO)3 and BH frontier orbitals.

In addition to M(CO), fragments, one of the X-ray structures discussed in

3

this work, Os (CO)1O(CPh=CH2)(AuPEt3) (XR13), contains an M(CO)u fragment

3
(Chapter 5) and_so this fragment is discussed here. From the octahedral
metal environment discussed above, if four ligand donors are introduced,
four strong M-L bonding and antibonding M.0.'s are formed, leaving two
hybrid orbitals (Figure 1.2/13). For Os (CO)H the lower orbital of e

3
Symmetry will contain two electrons, and as such is isolobal with CH2.

-

s

<
i
2

1t

M ML

Figure 1.2/13 The MO diagram for the interaction with 4 ligands.

£ 25
-

1.2.6 The isolobal connection between H and Au(PR3).
Mingos has considered both homo- and hetero-nuclear gold clusters both from
a theoretical and a structural viewpoint.[52-54] On symmetry grounds alone

an Au(PR.,) fragment would be anticipated to be 1isolobal with a conical

3
M(CO)3 fragment, since each has an outpointing a, hy(s-z) hybrid orbital
and a degenerate set of e orbitals (Figure 1.2/14).[54] But in the case of
the gold fragment, the latter are so high 1lying that their contribution
to bonding is negligible and the bonding of the Au(PRB) fragment is
dictated primarily by the a1 hy(s-z) orbital and is therefore isolobal with

hydrogen which has a single frontier orbital.
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Figure 1.2/14 An MO comparison of M(CO)3 and Au(PR3) fragments.,

In addition to being wuseful in relating seemingly very different
Structures, Stone suggested that Hoffmann's isolobal analogy could be used
as a predictive tool for the synthesis of novel clusters.[55] By the early
eighties this idea was being successfully employed in producing a wider
range of hetero-nuclear clusters, for example the trimetallic cluster
FeC03(CO)12AuPPh3,[56] and a number of ruthenium-gold clusters.[57] As
gold-phosphine groups can adopt the same types of bonding as hydride
ligands (terminal, M= and p3-bridging) they have been used as an indirect
way of deducing hydrogen atom sites in those cases where hydrides could not
be located directly by X-ray diffraction techniques. For example, bridging
Au(PR.) fragments are common  and the two pZ-AuPPh3 clusters

3

H0s3<c0)1o(AuPPn3) and Os3(CO)10(AuPPh3

to the dihydride H20s3(CO)9.[6O] Lauher and Wald illustrated the similarity

between the p3-H and the p3-Au(PR

)2,[58-59] can be directly related

3) units by the structural analysis of the

het i
erometallic cluster FeCo3(CO)12AuPPh3 3

triangular face of cobalt atoms in an analogous fashion to that reported

.[56] This has the AuPPh_ capping a

for the u3-hydrido ligand in HFeCo3(CO)9(P(OMe)3)3.[61] "

However, the simple analogy between hydrides and gold-phosphine groups
often breaks down when more than one gold atom is present. For example, in
the trigold clusters Ru3(CO)9(COMe)(AuPPh3
[57,62] the metal core geometry consists of a triangle

)3,[57] and

HR
uu(CO)12(AuPPh )

3"3"
and tetrahedron of ruthenium atoms respectively, with one triruthenium face
of the fundamental polyhedron capped by an Au(PPh3) group (which is then
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further capped on adjacent faces by the remaining two gold fragments), so
that these clusters contain gold-gold bonds a feature which does not occur
for hydrido ligands. The X-ray structural analyses of 3 heterometallic
clusters are presented in this work and will be discussed in Chapters 3 and

5, one of these clusters contains a gold-gold bond.

1.2.7 Alternative electron counting schemes.

Although the polyhedral skeletal electron pair theory (PSEPT) discussed in
Section 1.2.2 is the most widely used counting method in cluster chemistry,
Several alternative strategies (which can be related to PSEPT) have been

devised.

One of the most important of these is the topological electron counting
T
theory (TEC),[63-68] which is derived from Euler's theorem for polyhedra

and the effective atomic number rule.

For a polyhedron with V vertices, F faces, and E edges, Euler's theorem
States:[69]

E=V+F -2 (2)
Each metal atom is assumed to obtain the 18-electron valence shell
configuration, and all metal-metal bonds are considered as (2c-2e) bonds.
The total number of cluster valence electrons (CVE) is given by:

CVE = 18V - 2E (1)
The CVE will fill CVE/2 energetically low lying metal CVMO (cluster valence
Mmolecular orbitals) and so:

CVMO = CVE/2 = 9V - E (3).
Substitution of equation (2) in to equation (3) gives:

CVMO = 8V - F +2 +X (b)

where X is an adjustment factor accounting for delocalised systems.

1
This 1is often erroneously acredited to Euler, but was in fact
discovered by Descartes in 1619.[69]
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One interpretation of this is that the number of extra electrons in excess
of the 18e rule are characterised by X, alternatively X gives the number of
false M-M bonds required if each polyhedral edge is considered as a (2c-2e)
bond. Teo has defined the parameter X in terms of a set of rules,[63]

however these rules are more difficult to remember than those for PSEPT.

Mingos suggested that in fact PSEPT and TEC shared a common base and has
demonstrated that they can be algebraically interconverted.[65] Both
Teo,[66] and Mingos,[67] have discussed the similarities and differences of
the two approaches. To conclude one of the possible advantages of TEC is
that it can account for double bond character which is not explicit in any

of the alternative electron counting techniques.

King showed that graph theory can be applied, with some success, to the
study of polyhedral boranes and transition metal clusters.[70] The chemical
bonding topology in metal clusters can be represented by a graph in which
the vertices correspond to the atoms or orbitals participating in bonding
and the edges correspond to bonding relationships. An adjacency matrix A
(yhere Aij is an element in the ith row and jth column of the matrix) of
such a graph can be defined as follows:

0 if i=j
Aij = 1if i and j are connected by an edge

0 if i and j are not connected by an edge
The method is based on the Huckel approximation and in a comparison of
Polygonal Can systems (such as benzene) and polyhedral boranes King stated
that Can systems can be considered as two-dimensional aromatic systems,

Whereas the polyhedral boranes may be considered as three-dimensional

aromatic systems.[70]

In the surface harmonic tensor theory, Stone provided a detailed
theoretical analysis which unified previous individual calculations.[71-73]
As with other theoretical and empirical methods, Stone concluded that an n
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vertex system requires (n+1) skeletal electron pairs. Maximisation of bond
energies is achieved in polyhedra with the maximum number of triangular
faces and this accounts for the general observation of mainly triangulated

faces in clusters compounds.

To conclude, theoretical aspects of cluster chemistry have been, and
continue to be, widely studied.[11-12] The empirical PSEPT has proved a
considerable success and can be used with ease to explain observed
Structural geometries. However one drawback is that higher nuclearity
clusters often have a number of alternative geometries with the same CVE
and PSEPT can not be used to predict which of these metal frameworks will

occur,

1.3 A rationale for geometric flexibility.

Clusters have been defined as molecules which contain two or more metal
atoms joined together, Part of their interest 1is that even with low
Nuclearity clusters, geometrical flexibility introduces an extra dimension
into the potential chemistry of these species. In order to rationalise
many of the results in this project a new method of indexing geometric

flexibility has been developed and will be discussed in the following

Pages,

For simple trinuclear compounds, very few alternative frameworks are
available. Figure 1.3/1 illustrates the successive cleavage of M-M bonds,

leading to cluster degradation.

Figure 1.3/1 Trinuclear degradation.
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Addition of one more metal atom to the cluster framework introduces a
greater degree of flexibility and fwo of the most commonly encountered
shapes for tetranuclear species are the butterfly and the tetrahedron.
Figure 1.3/2 illustrates successive bond breaking for a tetranuclear core
geometry and shows that two alternative metal cores can arise from the

butterfly core. ‘ ,/\\

Figure 1.3/2 Metal cores available for an M, cluster.

PPOgPessing to pentanuclear clusters, a surprisingly complex range of
alternative geometries may be envisaged. From the most triangulated
Pentanuclear geometry (the trigonal bipyramid), successive cleavage of
metal bonds 1leads to the creation (in principal) of a wide variety of
metallic networks, which provide a diverse range of potential frameworks
for organo-fragments to interact with. Each metal-metal bond broken is
ai‘ilcompanied by the addition of two electrons to the total valence count.
The corollary of this is that as electron count increases, due to addition
of pairs of electrons, so the geometry begins to open out, with the
Pesulting framework depending on the type and number of metal-metai bonds
broken. Ultimately, this procedure would lead to five non-bonded metal

atoms, 1linked only by ligand coordination.

In virtually all known chemical examples, the trigonal bipyramidal
Polyhedron has the 72 electrons predicted by PSEPT (Section 1.2). The
Mmetal bonds in a trigonal bipyramid (I) fall into two distinect categories,
€quatorial-axial bonds and equatorial-equatorial bonds (Figure 1.3/3).
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\ N
Trigonal bipyramid (I) \

Figure 1,3/3.

Square pyramid (III)

Cleavage of an equatorial-axial bond, with addition of 2e, leads to a The
edge-bridged tetrahedron (II) (Figure 1.3/3). This cluster has four

distinet types of metallic bond, two more than the precursor (I) (Figure

1‘3/3)0
. +2e
Trigonal Bipyramid (I) — Edge-Bridged Tetrahedron (II)
M-M
T2e cleavage The

Alternatively, breaking one of the three equatorial-equatorial bonds in (I)
8ives g4 square pyramidal species (III) (Figure 1.3/3). Again one
Metal-metal bond is broken, so two electrons are added to the cluster, also

- Making this a 74 electron species.

+2€

Trigonal Bipyramid (I) ——— Square Pyramid (III)
M-M
T2e cleavage The

This Square pyramid (III) is more symmetrical than (II), and, as such, has

°nly two different types of M-M bond: apical-basal and basal-basal.

The process of M-M cleavage outlined for (I) can be repeated with
Structures (I1) and (III). From the edge-bridged tetrahedron (II),
cleavage of any of the three different categories of bond in the
tetrahedron 1leads to a bridged-butterfly (Figure 1.3/4). If one M-M bond
is broken, a statistical (U4:1:1) ratio of hinge-wingtip (IV), wingtip (V),
and hinge-bridged (VI) butterflies would be expected. Alternatively,
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fission of either of the triangular edges leads to a spiked tetrahedron

(VII).,
«<—
.——» *
Hinge-wingtip
bridged butterfly (IV)
Basal-basal
Cleavage
— p -«
' .
Wingtip bridged Hinge-wingtip
butterfly (V) bridged butterfly (Iv) |______
Edge-bridged
tetrahedron (11) Square
pyramid (III)
Hinge bridged Basal-axial
butterfly (VI) Wingtip Cleavage
bridged butterfly (V)
e
Spiked
tetrahedron (VII)
Figure 1.3/4, Figure 1.3/5.

The hinge-wingtip (IV) and wingtip bridged (V) butterflies can
alternatively be obtained from the square pyramid (III) (Figure 1.3/5),
With (IV) and (V) being obtained by cleavage of a basal-basal and a
ba-Sal-axial bond respectively. As no alternative types of metallic bond
are present in (III), structures (VI) and (VII) can not be obtained from a

Square pyramidal precursor.

The hinge-wingtip bridged butterfly (IV) [obtainable from either (II) o?
(II1)] has, 1ike (II), four different types of metallic bond (Figure
1.3/6). It can therefore generate four alternative new geometries by one
bond cleavage, and these 78 electron species are shown in Figure 1.3/6.
The bow tie geometry (X) can only be obtained if the unique hinge-tip bond
of (IV) is cleaved, whereas the hinge or tip spiked butterflies, (VIII) and
(IX), and the edge-bridged square (XI) can all be produced if two separate
bonds are broken.
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Hinge spiked
butterfly (VIII)

Tip spiked
butterfly (IX)

—
Tip spiked
S butterfly (IX) -

Hinge-wingtip N Edge bridged Square WIngtI;; bridged
bridge butterfly [ (Envelope) (XI) butterfly (V)

(1v) ’
Bow tie (X)
-
e

Edge bridged square Diagonal bridged
(Envelope) (XI) square (XII)

Figure 1,3/6. Figure 1.3/7.

The wingtip-bridged butterfly (V), has three distinct type‘ of M-M bonds,
and can therefore create three 78 electron geometries (Figure 1.3/7).
These are the (previously noted) spiked-butterfly (IX), and the
edge-bridged square (XI) but the diagonal bridged square (XII) is new.

They arise in the ratio of 2:4:1 repectively.

The hinge-bridged butterfly (VI) generates the hinge spiked butterfly
(VIII) and the diagonal-bridged square (XII) in the ratio 6:1 (Figure
1.3/8) when one M-M bond is broken. Both the tip and hinge . spiked
butterflies (VIII and IX) can be produced from the spiked tetrahedron
(VII), but alternatively a cluster of lower nuclearity (XIII) may result
(Figure 1.3/9): and thus cluster degradation is beginning to occur. Such
Non-bonding geometries will always begin to arise once M-M bonds with a
°°nnectivity of only two are present in the precursor molecule.
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Hinge spiked
butterfly (VIII)

Hinge spiked
butterfly (VIII)
— ‘_——_———
Hinge bridged

butterfly (vi) L__, Tip spiked Spiked
butterfly (IX) tetrahedron (VII)

Diagonal bridged
square (XII) @o

Pyramid + non-bonding
. atom (XIII)
Figure 1.3/8. Figure 1.3/9.

Figures 1.3/10-15 show how progressive cleavage leads to further
Overlapping of structural types, and to a fascinating array of structures

T
Such as the n,m spiked triangle, the coat hanger, and the crown.

Table 1.3/1 1lists reported structures for the iron triad which have the
geometries discussed above. There are no known clusters with interstitial
atoms which have a trigonal bipyramidal (I), an edge—bridged) tetrahedral
(II), or a - spiked tetraﬁedral (VII) metal core. All three of these
geometries have at 1least one tetrahedral fragment and the 1lack of
interstitial atoms can be attributed to the fact that the tetrahedral
Cavity is not large enough to accommodate even small atoms such as carbon
and nitrogen. This 1is because the metal-ligand(interstitial) contacts
Would be too close and this can be demonstrated by consideration of a known
trigonal bipyramid cluster, 0s5(co>16.[7u] From the mean of the 0s-0s bonds
(ca. 2.8 R), an approximate central position inside one of the
tetrahedrons may be calculated, giving a mean hypothetical
OSmium-interstitial atom distance of 1.7 A. As a normal osmium-carbide
distance is ca. 2.0 R, a value of 1.7 Z would be extremely unfavourable,

HOWever, hydrogen atoms in tetrahedral sites are known, particularly

T(wher'e n and m refer to spiked atom positions on the triangle)
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—> 1,2-dispiked triangle Butterfly + non-
(crown) (X1V) bonding atom (XVIII)

, /\ > «—]
/ 4\\

‘ 1-spiked 1-dispiked triangle /
square (XV) (coat hanger)  (XIX) 7
— .
, Tip spiked
Hinge spiked I A \A/ butterfly (IX)

butterfly (VIII) 1,1-dispiked ]

triangle (XVI) 1,2-dispiked triangle
crown (XVI)
...
e —
Butterfly + non-
bonding atom (XVII) 1-spiked
Figure 1.3/10 sgEArs LRV Figure 1.3/11

A\
Coat hanger (XIX)
w N\
N \,
trt=displked 1,2-dispiked triangl
— ,2-dispiked triangle
triangle (XVI) (Crown) (XIV) p—
Bow tie (X) L Edge bridged square
< (enveiope) (XI)
1-dispiked triangle

(coat hanger) (XIX)Pentagon (XX)

o

1-spiked square (XXI)

Figure 1.3/12 Figure 1.3/13
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Metal-core geometry

Trigonal bipyramid
(1)

EdEe~bridged
- tetrahedron

(I1)

- Square pyramid
(I11)

Table 1.3/1

Structure

0s5(CO0) 44

Ha0s5(C0) 15

[HOs5(CO) 5]~
[0s5(C0)151°"

Hp0s5(C0) 14(PEts)
Hy0s5(C0) 13(PEtg) {P(OMe) o}
[10s5(C0) 5]~
Hy0s5(CO) 14 (C5HEN)

Hy0s5(C0) 1
[Hs0s5(C0)15L]1”

Hs0s5(C0) 15{P(0Me3)}
Hg0s5(C0) 14(CgH4N)
HpOs5(CO) 15(C5H5N)P
HOs5(C0) 13 (PhNCgH4N) (PEt3)
0sg(C0)15{CC(H)Ph}

M5C(CO) 15

RusC(CO)q4 (PPhg)
HRu5C(CO) 13 (C5H4N)
RugC(CO)q3(dppb)
RusC(C0)13(PPhg)s

HoRusC (CO) 1, {PhoP(CHy),PPhy}
[0s5C(C0)14]2”
0s5C(C0)q14{Au(PPhg)}s
RusC(C0)4(NO) (AUPEt3)
HRu5C(CO) 13 (PPhy)
HaRusC(CO) 11 (PPhy) (PMePhy)
HRu5C(CO) 12 (PPhg) (SEt)
Rus(CO)13(-CCPh) (PPhy)
HaRug(CO) 13 (-PCCH2PPh2) (PPhy)
[RusN(CO) 41~

Rus(C0)15(PR)?

Refs.

74,75

20
76,20,77
20

73

78

79

30

81,20
20
20
80
80
82
83

21,22,84,85
84,85
This work
86

85

85

23

23

87

88

89

90

91,92

93

94,95

96




Metal-core geometry

Square pyramid

(II1)

Hinge-wingtip
bridged butterfly
(IV)

Wingtip Bridged
butterfyy

(V)

Spikeq tetrahedron
(VIII)

Table 1.3/1 continued

Structure

HOS5C(CO)13{0P(OM€)0P(OME)2}
0s5(C0)15(CH30P)
RUS(CO)lz(PPh)(CCHz-i—PP)(Pphz)

Ru5(CO)14(CNBut)2
0sg(C0)13(PhCCPh) 5

Rug (€0)13(CoPPhy) (PPhy)
HRug (CO)13{CC(i)PPhy} (PPhy)

Rus (CO) 12 (-CCPh){PhCCCCPh} (PPhy)

RU5(CO)13(—C2PPh2P)(Pphz)

[0s5C(CO) 15117
HM5C(CO) 14 (C5HgN)©
HRusC(C0)13(C5H4N) (C5H5N)
RugC(CO)5(MeCN)

0s5C(C0) 16
HOs5C(C0) 14 (CO2EL)
0s5C(CO)15(dppe)
Hy0s5(C0)15(CCPh)
HOs5C(CO)13{O0P(OMe)5}{P(0Me)}
RusC(CO) 15{Au(PPhg)]}Cl1
RusC(CO)q4{Au(PPhgy)}Br
RugC(C0O)q4{Au(PPhy} (MeCO)
RugC(CO)q3{Au(PPhs} (CsHs)
HRusC(CO) 14 (SEL)
HRugC(CO) 15 (SEt) (PPhg)
RusC(CO) 131 (PPhg) {Au(PPh3)}
HRugC (CO) 1o (PPhy) (PPh) 3
HOs5C(CO)14{OP(OMe)2}

”085(C0)13(thC6H4N)

Refs.

97
98

100
101
89
89
102
103

22
104,This work
This work
35

23
105,106
107

101

108

109

109

110

110

90

90

90

99

111

112



Metal-core geometry

Edge—bridged square
(envelope)

(XI)

Bow tje

(X)

DiaEOHal—bridged
"~ SqQuare

(X11)

Coat hanger

(XIX)

. SPiked square

(XV)

Notes s

Table 1.3/1 continued

Structure

Rus(C0)13(CgHy) (PPh)

Rug (CO) 14(S) (HCoPh)

Rus(CO) 15 (CCHoR) (PPhy) (PPh)
Rus(C0) 12 (CCR) (NaCPhy) (PPhy)d
0s5(C0)q5{CC(H)Ph}

HOs5 (CO)qg(PhNCgH4N)

HOs5 (CO)15{PhNCGH4N} (PEt,)

USS(CO)lg
0Us5(C0)17(HCCH)

0s5(C0) 16{P(0Me)3}3
HRus(CO)13(C2Ph) (PPh2)2

085C(C0)14(C02M€)I
0s5C(CO) 13512

HRUSCU ( CO) 18pph3

Rug (CO) 15 (CCR) {NC(O)NCPhy } (PPh2)

{Rug (C0)3(Cp)3}{Rug(CO)3(Cp)g}

Rug (CO) 1, (NPh) {N(Ph)C(0)C(Cp)CPh}

R = CgH,, CH,, CH,CH, and CH,CqHg

a;
b; Proposed structure
c;
d;

M = Ru or Os
R = Ph, pri

Refs.

113
114
99
115
83
112
82

116,117
118
117
119

105,106

105

120

115
121
122




7

Equatorial edge-bridged
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Fi
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amongst the higher nuclearity species (some examples are discussed in

Chapter 4),

In contrast to tetrahedral geometries, structures based on the square
pyramidal framework (III) predominately have semi-interstitial atoms, such
as the us-coordinate carbido-atom in the pentanuclear cluster MSC(CO)15
(M = Fe, Ruor 0s),[21,22,84,85] or the M, -phosphorus atom in
RUS(CO)13(Mu-q?-CCPh)(pu-PPh2).[96] No examples of the hinge-bridged
butterfly (VI) have been reported, whilst wingtip-bridged butterflies (VI)
are relatively common (Table 1.3/1) and these pentanuclear clusters will
form a major part of the discussion in Chapter 2. Finally, of the
T6e-species a wide variety of reported clusters have a hinge-wingtip

bridged butterfly geometry, and Table 1.3/1 shows that these often contain

multi-coordinating organo-fragments.

Table 1,3/1 shows that of the six potential 78e-species (geometries VIII to
XIII), only clusters based on the bow tie (X) and the two bridged square
frameworks (XI) and XII) have been reported in the literature. Frequently
these complexes contain highly coordinated organo-fragments which have both
the electronic and geometric flexibility to hold such open frameworks
together. It is interesting that neither of the spiked butterflies (VIII
and IX), nor structure (XIII), have so far been reported. These may

require unusually versatile ligands to accomodate the cluster shape.’

The situation is progressively more complicated for higher nuclearity
cores, Figure 1.3/16 illustrates the initial process of M-M cleavage for
the M6 triangulated cluster. The most common metal framework for M6
Olusters, the octahedron, is not included in this scheme, as cleavage of
Just one of the octahedral bonds leads immediately to a very open
Structure, Often octahedral reactions are characterised by metal core

r‘eamr-angements. Similarly, for M, cores a totally triangulated framework

.
2l



is a bicapped trigonal bipyramid. This has not so far been observed but
could exist in two alternative forms (Figure 1.3/17). The most common

heptanuclear cores observed are discussed in Chapter 5.

This section has shown the wide range of metal core geometries that are
available even with relatively 1low nuclearity clusters. These metal
frameworks provide a diverse and flexible range of surfaces for

organo-fragments to interact with.

1.4 M-L bonding modes for organo-ligands on cluster surfaces.

The major area of interest in this thesis is the interaction of metallic
clusters with small organic fragments. Whereas there are only a limited
number of M-L bonding modes available for organo-mononuclear complexes,
greater flexibility is available with multinuclear clusters. In fact
dicarbon-fragments bonded to metal clusters show the most diverse range of

coordination modes known for any ligands to date (Section 1.4.2).

This section classifies the range of theoretically possible structural
features adopted by these fragments according to ligand type and the number
Of metal atoms involved in coordination. Only dicarbon fragments are
reviewed, but most larger organo-fragments, aromatic derivatives, and many
hetero-atom species can be considered as multiple forms,of these dicarbon

fragments.

Interest in organo-cluster chemistry has expanded rapidly in the 1last
decade.[123-124] Some of this can be attributed to purely acedemic
€Xcitement in a new class of compounds and in the bonding modes they adopt.
In addition, there is an important correlation between these clusters and
the modes of interaction of organic fragments with metal surfaces, so they
M3y be used as models for the chemisorption of small molecules on metal
Surfaces, Clusters are more accessible to chemical scrutiny than bulk

25



Matrix 1.4/1 n}-Coordination bonding modes.

Matrix 1.4/2 n2-Coordination bonding modes
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metals and factors such as carbon triple bond activation and reduction can
be monitored more effectively on cluster surfaces. Another potential use
of organo-clusters is as templates for organic synthesis and the use of
metal clusters, which can 'mould' organic fragments, may ultimately yield

alternative pathways for the synthesis of novel organic materials.

1.4,1 Naming of fragments.
In theory nine forms of dicarbon ligand can be envisaged for bonding to a

cluster surface (Table 1.4/1).

Table 1.4/1 Prospective organic ligands.

No. of electrons | No. of R
Ligand Name donated groups
nzc-cna Alkyl(yl) 1 5
RC—CR, Alkylidene 2 4
c—cna Alkylldyne 3 3
ch:ﬂlz Alkene 2 4
RC=CR, Alkenyl 1or3 3
l::i:ll2 Alkenylidene 2or 4 2
RC=CR Alkyne 2o0r 4 2
C=CR Alkynyl 1, 3, or 5 1
= Dicarbide 2,4, 0r 6 o

Saturated alkanes (C2R6) are not included as they have no electrons
available for bonding to the metal core. The nomenclature adopted in Table
1.4/1 is dependant on the number and position of the substituent (R)
groups, the degree of bond multiplicity, and the number of electrons
available for cluster bonding. Matrix 1.4/1 shows the forms of qr-bonding
Possible for organic fragments, the corresponding forms for n?-coordination
are illustrated in Matrix 1.4/2. These matrices are purely schematic and

do not specify M-M linkages (a variety of frameworks are possible for

Clusters containing 4 or more metal atoms).
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The degree and type of bonding illustrated in these matrices is specified
by three prefixes.
a) Ligands can bond to one or more metal atoms, and this is denoted by
the prefix Ry (where n is the number of metal atoms bridged).
b) Either one (qf-) or both (q?-) carbon atoms may be coordinated to
the cluster core.
¢) In this thesis the number of M-C contacts is denoted by 6m (Where

m = No of M-C contacts).

It should be stressed that u and & are not totally independent. For
€Xample, a coordination mode such as pij61 is impossible since 61 implies

only 1 M-C contact and au implies at 1least 2 M-C contacts. These

2
'impossible' forms are blocked out of Matrices 1.4/1 and 1.4/2 and, indeed,

for q}-coordination only the diagonal elements of the matrix occur,

A full analysis of all the possible q?-bonding modes would be complicated
and in this discussion the matrix for n?-coordination is only considered in
a truncated form (namely that which is chemically sensible), O6-values of
greater than six have not been considered. This gives a 6x6 matrix (36
Sﬁructures) but, as a consequence of the dependency of u and 6, a number of

forms are precluded.

For a given number of metal atoms (M) the total number of forms 4is 2M,
Since each metal can never be attached to more than two carbon atoms. It
is evident from Matrix 2 that all elements to the left of the diagonal are
Z2ero, because a value of‘pn implies a b-value of at least n. For‘ﬁ alope
the o-value is dominant and the structure on the diagonal does not occur.
Because all elements to the left of the diagonal are zero (M-1) is
Subtracted from 2M for each row. Thus, an overall formula [2M-(M-1)j or
M1 accounts for the total number of connection types. (For the unique
Case of M=1, only 1 structure occurs.)
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The restriction of the total &-coordination to 6 is accounted for by
Subtracting (2M=-6) (the difference between the total number of
coordinations and the restriction) from metal systems containing four or
more metal atoms. Thus for M>3 the number of possible forms is given by

2M= (M=1)-(2M-6) or T-M.

In addition to these structures, isomers occur for o-coordination forms
above 3. Figure 1.,4/1 illustrates the isomeric forms for 8“ 8 and shows

there are two isomers for 6u and 65, three for 66 and 67, four for 68’ ete.

KT KR KT AR KR ART
AN ANRANT AR AR R AT
57a 67b b7¢ %  bgp bgc baq

Figure 1.4/1 Dicarbon fragment isomers.

It is possible to obtain the correct number of isomers by returning only
the integer part of 6/2. By inspection the forms allowed for any given
Number of metal atoms can be determined by considering two features (Table
1.4/2), Firstly, the total number of M-C contacts (6) must always be
greater than or equal to the number of metal atoms. (For example, the
isomer 6Ha is not allowed for metal systems with more than four metal
atoms,) Secondly, the number of M-C contacts (b) from one carbon atom must
be less than or equal to the total number of metal atoms and therefore the
isomer 66a is not allowed for metal systems with 1less than five metal
atoms,

Table 1.4/2 Allowed isomeric fragments.

6
6ua Sub 65a 65b 66a B6b 6c
M=3  yes yes yes
M=y yes yes yes yes yes yes
M=5 yes yes yes yes yes
M=6 yes yes yes
g = No., of metal atoms

n = No. of M-C contacts
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Thus the general formula on simplification becomes:

Total number of structures= (7-M)+i

M = No. of metal atoms (M>3)

i = No. of additional isomers

1.4,2 Structural Review of dicarbon fragments.

The simplest form of bonding, the p1nj61 mode, has only been observed in
the dinuclear compound Ptz(CZPh)Z(SiMe)Z(PR3)2 (1) (Figure 1.4/2).[125] Of
the two alkynyl ligands in (1), one bridges the Pt bond in a &,f-fashion,

whilst the second donates to only one Pt atom, through a o-bond.

/c/Ph
c
Phap
Ptz(CCPh )2(S| Mez)(PPh3)2
/01 ppha (1) [125]
c2
/ SiMez
Ph

Figure 1.4/2 The n1n161 bonding mode.

The terminal bonding mode adopted by the alkynyl ligand in (1) is probably
due to the steric hindrance by the remaining substituents in this
‘complex.[125] In contrast, this terminal mode is the standard form of
bonding for the carbonyl ligand. The rarity of this type of bonding for
dicarbon fragments is probably a consequence of the ease with which an

unsaturated C=C bond can interact with other metal atoms in the cluster.

The uijbz bonding mode is relatively common for dinuclear and trinuclear
Species; the latter are illustrated in Figure 1.4/3. The alkynyl cluster
083(00)9(CCPh)2 (4) merits further comment. The two alkynyl groups bond
differently, the first acts as a’5e donor, bonding to all three osmium
atoms in a p3q?653 fashion, whereas the second alkynyl group bridges an
0s-0s  bond (pan}SZ) and although normally this bonding mode would be
Considered as a 2e in this cluster the authors assigned it as a 3e

donor,[128] This gives a C.V.E. of 50 and as such only two 0s-0s bonds are
Present. In comparison CO ligands are also often found bridging M-M bonds.
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Ph
|

Me,PhP  Ph clz
‘,’ &1
1 / .
7N p mo
/ \\ e, : N
1%\——————’2 K c|>/O
N S/
e /
Hosa(CO)qo[C:é(Ph)PMozPh] RU3(CO)6(CCtBU)2(PPh2)2L 033(CO)Q(CCPh)2
e (3) [127] L = PhyPC,But (4) 28]
S PhH,C2 2 Etzmu)clz
/ sl /c1
1 2
1 1
HO84(C0)4o(CCH,R) / )
) 3[129;0 n ‘ZCHM H2084(CO)¢2[C(H)CH,PhH] HO83(C0)4g[C(H)CH=NEt5]
T (6) [130] ; () [131,132]

Figure 1.4/3 The erJSZ bonding mode.

The only type of ligand which has been observed to cap a triangular face of
a cluster ().13r1,183) is the alkylidyne group (Figure 1.4/4). This suggests
that the presence of R groups on the « -carbon atom would be sterically
unfavourable. The ).13-capping mode has been reported for a number of
carbonyl clusters, but is less common than the terminal or pz-bridging

Modes discussed above.

t
Hqc2 BuM,C2 c2
. 1 c1
R \ .
"= —H
L2 N\ 1 3 Ph
1 i \ ;
' |
OMe
H3Ru3(CO)g(CMe) H3Ru3(CO)g(CCH,tBU) 083(CO)g(CPh)(COMe) % . -
Ph
(8) [133) (9) [134) (10) [138) %
3
|
Ph
ey 087(C0)15(CPh),
“c2m,
(13) [138)
\
Tk
|
chy Ph
Osg(C0)yg(CMe), 0Osg(CO)yg(CPh);

(1) [136) ‘ (12) 131

Figure 1.4/Y4 The p3q163 bonding mode.
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Cmpd.
(1
(2)
(3)
(4)
(5)
(6)
(7
(8)
(9)
(10)
(1)
(12)
(13)
(11)

(12)

Ref. Ligand Mode

125
126
127
128
129
130

131,132
133
134
135
136
137
138
136

137

a alkyl(yl)

b alkylidene
¢ alkylidyne
i) Mean value

i

g

A4 rLl‘(’1
}‘2“152
”2“162
nzrcﬁa
»anﬁz
pzrc 5,
}erﬂﬁz
“3“163
}1311.163
}13rﬂ 63
}1311,163
)13n,1é3
p3m163
»un,léu

1
b,

M1-C1
2.01(1)
2.096(10)
2.22(1)
2.113(15)
1.966(22)
2.11(2)
2.15(3)
2.086(10)
2.116(5)
2.120(12)
2.10(7)
2.025(40)
2.12(1)1)
2.2U(7)

2.120(32)

M1-Cc2

d benzylidyne
e- alkene
f alkenyl

1

Table 1.4/3 bond lengths for q}-coordination ( 3).

M2-C1

2.103(10)
2.185(9)
2.251(17)
2.020(24)
2.15(2)
2.16(3)
2.078(12)
2.098(5)
2.126(13)
1.95(7)

2.069(37)

2.17(7)

2.242(35)

g alkenylidene
h alkyne
i alkynyl

M3-C1

2.086(10)
2.091(5)
2.139(13)
2.14(7)

2.165(36)

2.13(7)

2.185(37)

M3-C2 M4-C1 M4-Cc2

2.19(7)

2.195(37)

ci-c2
1.20
1.356
1.19(1)
1.198(19)
1.528(28)
1.60(3)
1.42(3)
1.511(20)
1.525(9)
1.458(18)
1.470(42)
1.45(1)1)

1.535(38)



Alkynyl ligands can bond in a punjéu bonding mode and this frequently
Ooccurs with square pyramidal metal frameworks. Examples are found in the

hexanuclear clusters 0s (CO)16(CR)2 (where R = Me (11)[136] and R = Ph

6
(12)[137]) (Figure 1.4/5).

€1"  Osg(CO)yg(CMe)y 'i‘ Osg(CO);4(CPN)y
Nyc2 (11) [138) ‘ (mie2  (12) (1an)

Figure 1,4/5 The punaéu bonding mode.
Thus for the q}-bonding mode, fragments without any substituents on the
=carbon atom are prevalent namely; alkynyls (.CCR), alkenylidenes

(:C:CR2), and alkylidynes (:C-CR,). This suggests that for n}-coordination

3
Substituents on the o -carbon atom are sterically unfavourable. Important
Structural parameters for compounds (1)-(13) are tabulated in Table 1.4/3.
TPiS shows that the C1-C2 bond length in these ligands increases in the
order alkynyl (ca. 1.20 K), alkenylidene (1.356 R), benzylidene (range

1-“5(1)-1.470@2) K), and alkylidyne (range 1.511(20)-1.60(3) R).

wﬁereas most dicarbon fragments on clustef surfaces adopt n?-coordination,
c“t‘."bOHYl ligands rarely adopt bonding modes which involve coordination of
the oxygen atom. The simplest example of q?-bonding for dicarbon
f"‘aguxents, in which both carbon atoms are bonded to one metal atom
(“1Q?52), has been reported for the alkene clusters HOs3(CO)9(H20=CH2)(SMe)

(14),01397 and RugC(CO) - (MeHC=C(H)C(H)=CHMe) (15) (Figure 1.4/6).[140]

Me
HCA
HpC1——c2u,
He
2
1
HC2
/
e
HO83(CO)g(HaC=CH2)(SMe) Me RUEC(CO)yg5(MOCH=CH-CH=CHMe)

(14) [139) (15) [140)
Figure 1,4/6 The )J.,n,262 bonding mode.
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The only known example of the pzn?Sz coordination is observed for two of
the substituted alkynes in Ir'u(CO)B(COZMeCCCOZMe)u (16) (Figure 1.4/7).[19]

The remaining substituted alkynes are discussed further on in this section.
R

R Ir4(CO)g(RCCR)4
2 R=COpMe
1 (16) [19]

Fi R 2 R .
gure 1,4/7 The pzn,bz bonding mode.
Both alkenyl and alkynyl ligands display pzn?83 bonding, as reported for

both trinuclear and tetranuclear cluster species (Figure 1.4/8).

A A\
/\ :/ \,
/ \ / \\
/ \ /
/ \ //// \ /
1 2 1 2
n/ / /:1_ | L
L' HO83(C0)yg(CH=CH,) " \u _pn HO84C0)1o(PhCCHPN) ” H3084(CO)y {(CH=CHPh)
\. an (e, 142) \ (18) [143) 084(C0)yq¢(PhC=CHa)L (20) [145]
L] (19) (144) fan’
/" L=y 4-n3-0g-8C(Ph)=C(H)CCCOMe L)
2
n,r\ el ?
1 2 Po(CCPR)(SiMagHPPhy); EV\M\" HO83(CO)y(PEa)L
(-]
[ sine, PPNy (1) [123] tt—ea ™ GG

% Fqt ory (21) [148)

m
Figure 1,4/8 The pzn?63 bonding mode.
There are no examples of the pzn?Sua bonding mode for the iron triad but

both of the alkyne ligands in the platinum cluster Pt_(PEt

3 3)u(PhCCPh)2 (22)

adopt this bonding mode (Figure 1.4/9).[147]
P'{ /Ph Ph Ph

C ,/c//

Pt3(PhCCPh)a(PEt3)s

1 (22) [147]
(Etap)z 2 2 (PEta)z

Figure 1.4/9 The y,n6,  bonding mode.

The M3n363 bonding mode has only been reported for two triosmium clusters,

H2083(00)9(HC=CNEt2) (23),[148] and HOs (CO) 4 (CF C=CHCF3) (24) (Figure

3 3
1-’4/10).[1119] In both these clusters the organo-ligand 1lies almost
per'Dendicular' to an 0s-0s bond, in a similar orientation to that adopted by
the M3n§65a bonding mode discussed below.
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Se1—c27
Ph Ph
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HRUa(m)g(Pth)L Ph
i, Rug(C0)2(CCPh)(PPho)L
L=PhCCCCPh
(29) [102] i) ri
Osg(CO)¢3(PhCCPh) Os5(CO)q7(HCCH)
(31) [101) (32) [118]
1 2
D e a——r
/ N
e re
083(CO)7(CgHg)(MeCCMe) V
(33) [181] O8g(CO)g(MeCCMe)
(34) [136) '
*\n——ez )
P _m
Te—\— : "\1:1——1:2/'n ™Ner—re2
1 — 2 1 —_ 2
' ’
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(38) [153)

Figure 1.4/11 The p3q?bua bonding mode



FqaC /
22—t . \cz—-—m\“
2 2
3 3
H2083(CO)g(HC=CNEt,) HOs3(C0)1(CF3CCHCF3)
(23) [148] (24) [149]

Figure 1.4/10 The p3r€83 bonding mode.

The most common of all the bonding modes for dicarbon fragments Qu3n?8ua)
1s adopted by a variety of alkyne clusters (Figure 1.4/11). This is often
referred to as the 'parallel' bonding mode as a result of the orientation
of the organo-group to the cluster core. In contrast, the alternative
p3“?8Hb bonding 1is relatively rare, but has been reported for the
alkenylidene cluster 0s((CO),,(C=CHPh) (38) and for the substituted

all:snylidene cluster H,0s (CO)9(C=CHOEt) (39) (Figure 1.4/12).

3
\
2—¢1 Ete
L \ ‘e2—c1
—N
1

3 3 1

O8g(C0),q(C=CHPh) H2083(CO)g(C=CHOEY)

(38) (a3] (39) [150]

Figure 1.4/12 The )13rfsub bonding mode.

The‘u3n?85a or 'perpendicular' bonding mode is adopted by both alkynyl and
alkyne. ligands (which donate 5e and U4e respectively) and has been compared
o the parallel bonding mode discussed above (Figure 1.4/13). The
Perpendicular (p3n?85a) bonding mode has been described as consisting of
16- and 211 -bonds, and by this description alkynes have been misleadingly

aSsigned as five electron donors (impossible for an alkyne derivative which
may donate only two or four electrons).[124]
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2 — 2 — 2 — g 2 y,
PhCC
3
[Rug(co)g(cctau)l- HRuz(CO)g(CCtBU) HRu3(CO)gCCtBU)(PPh,OEY) Os3(CO)g(CCPh)2
(40) [158] (41) [156) (42) (167) 4) [128)

Figure 1.4/13 The p3n?65a bonding mode.

There are no known organo-clusters which contain the p3n?66 coordination
lmode, Geometrically the 3 M-C contacts from each carbon atom can not be
Symmetrical - at least one weaker interaction to one of the metals will
rfesult, An alternative form would be for the fragment to cut

Perpendicularly through the M. triangle, enabling symmetrical »3n?66

3
Coordination (effectively two joined pa-capping carbon atoms),

The two remaining substituted alkynes in the square planar cluster (16) cap
the open square face of the metal core in a‘uun?éua bonding mode (Figure
4/14), This is the only known example of this type of bonding and thus
in (16) the 4 substituted alkyne groups adopt two unique bonding modes.
Interestingly, as yet there are no examples of the alternative pungbub

bonding mode.

Iry(CO)g(RCCR),

R=CO,Me
(18) [19)

Figure 1.4/14 The punfaua bonding mode.
Two alkynyl clusters with very different metal core geometries have been

Peported which exhibit pun?6 bonding, the pentaruthenium cluster

5a
HRuS(CO)13(CCPh)(PPH2)2 (u3),0119] and the hexaosmium cluster
H036(00)17(CCEt) (44),0152] (Figure 1.4/15).
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Et_ 1

c2—1
’ —
8
HRU§CO)y 3(CCPh)(PPh,), HOeg(CO), 7(CCE?)
(43) [119] (44) [152]

Figure 1,4/15 The‘nun?SSa bonding mode.
The alternative pun?65b isomeric form appears to be more common and 1is

adopted by a number of clusters (Figure 1.4/16).

Ph

/ )
1—C2
1—
2,
——
H20e5(C0)y5(ccPh) Ru4(CO)y(C=CHPFI)(OH)(PPh,)  O85(CO)y5(C=C(H)Ph)
(45) [101] (48) [158) (47) [83]

Figure 1.4/16 The‘pun?BSb bonding mode.

The.uuq?86a bonding mode is adopted by alkyne or alkynyl organo-clusters
and is frequently observed in the cleft of an Mu butterfly arrangement
(Figure 1.4/17), wheras the alternative,pun?66b bonding mode has not so far

been observed.

Oeg(Co), 5(PhccPh), Ru4(CO)q2(MeCCMe) 08,(C0)4 2(HCCH) Oeg(CO)4 7(HCCE?)
N t1o1) = (48) [140) (49) [159) (50) [152]

Figure 1.4/17 The pungésa bonding mode.

To data the Jg- OF jg- bonding modes have only been observed for the
dicar'bide (CC) fragment, in a semi- or totally encapsulated form. This is
ore common for higher nuclearity cobalt and rhodium clusters.[160]

35



1.5 Conclusion.
This chapter has reviewed three major aspects of cluster chemistry;
a) electron counting procedures and the effect the number of skeletal
electron pairs have on the metal core framework,
b) the variety of metal core frameworks observed,

¢) the types of organic ligands and bonding modes possible.

It is evident that these three features are inextricably entwined. The
Study of metal core frameworks (Section 1.3) has shown that even with
felatively low nuclearity clusters (M =5 to 7) an enormous array of
8eometries are available and that very open clusters can be held together
by organo-fragments (Table 1.3/1). Section 1.4 illustrates that these
Organo-fragments can bond to cluster surfaces in a large number of
different ways but (surprisingly) so far bonding is restricted to 4 or less
Metal atoms. The X-ray structures reported in this work provide an

OPportunity to see if the trends discussed in this chapter are continued.
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, Table 1.4/4 Bond lengths for n_z-coordination ( Ao).

Cmpd. Ref. Ligand Mode M1-C1 M1-C2 M2-C1 M2-C2 M3-C1 M3-C2 M4-C1 M4-Cc2 Cil-C2
(14) 139 e )1111_282 2.23(4) 2.23(4) 1.42
(15) W0 e pn’h, 2.30(1) 2.27(1) 1.37(2)
2.31(1) 2.31(1) 1.42(2)
(16) 19 b pn’s, 2.127(9) 2.095(T) 1.278(11)
(17) 11,142 p2x€63 2.107(3) 2.273(3) 2.362(3) 1.396(3)
(8 w3t e 2.1 2.34(4)  2.44(H) 1.40(5)
(19) 1wy f pzn?63 2.16(2) 2.29(2)  2.29(2) 1.42(2)
(20) W5 f ‘p2n383 2.154(10) 2.151(13) 2.299(13) 1.356(13)
() 125 i pzq?63 1.96(1) 2.14(1)  2.47(1) 1.26(1)
(21) w6 ¢ p2:€-63 2.16(3) 2.24(3)  2.20(3) 1.51(1)
(22) W7 .pzxfsua 2.07(2)1) 1.34(3)
(23) W8 n p3n?63
(24) 149 f p3n?63 2.11 2.06 2.19 1.54
(25) 126 h }13!\,2.61‘8‘ 2.127(18) 2.064(17) 2.226(15) 2.252(16) 1.411(23)

(26) 126 n p3n?6ua 2.132(19) 2.127(19) 2.247(20 2.293(19) 1.423(28)



Cmpd.

(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)

Ref. Ligand Mode

150
114
102
102
101
118
151
136
152
153
154
83

150
155

156

h

h

2
p3rL R
P3l'1, %

2
pgn by,

”3“25%
p3m26,‘a
P3m26,,a
}13n.26ua
p3r36ua
P31'L2 6
P3f\. 2
A3n 6,",
P3n,25
Pty

2
'3 3“’ 853.

M1-C1
1.86(5)
2.04(1)
2.168(7)
2.138(7)
2.09(2)
2.10
2.14(1)
2.13(2)
2.25(4)
2.33(2)
2.182(8)
2.161(3)
2.06(2)

1.95(2)

1.947(3)

" M1-C2

M2-C1

1.95(3)
2.01(2)

2.18(2)

2.207(3)

M2-C2
2.08(3)
2.07(1)
2.118(8)
2.159(6)
2.15(2)
2.21
2.09(1)
2.13(2)
2.16(4)
2.07(2)

2.070(9)

2.24(2)

2.268(3)

M3-C1
2.32(4)
2.29(1)
2.118(8)
2.192(6)
2.21(2)
2.30
2.18(1)
2.18(2)
2.25(4)
2.10(2)
2.293(9)
2.09(3)
2.21(2)

2.16(2)

2.214(3)

o
- Table 1.4/4 (continued) Bond lengths for q?-coordination (A4).

M3-C2 M4-C1 M4-c2
2.45(5)
2.31(1)
2.2T4(T)
2.202(6)
2.24(2)
2.17
2.27(1)
2.20(2)
2.09(5)
2.21(2)
2.188(8)
2.34(3)
2.43(2)

2.24(2)

2.271(3)

c1-c2
1.40(5)
1.43(2)
1.415(11)
1.397(9)
1.39(4)
1.36
1.44(2)
1.36(2)
1.35(6)
1.37(2)
1.439(10)
1.42(4)
1.39(2)
1.27(3)

1.315(3)



Cmpd.
(42)
%)
(16)
(43)
(44)
(45)
(46)
(47)
(31)
(48)
(49)
(50)

a alkyl(yl)

b alkylidene
¢ alkylidyne
i) Mean value

Ref. Ligand Mode

157
128
19

119
152
101
158
83

101
140
159

152

i

i

2
u3n,65a
u 26
3“’ 5a
2
”u“~5ua
2
'”u“'ésa
2
J“ll""é‘Sa
25
TR Y
2
Py 8y,
2
Py by,
ny6e
MMQ?BGa
2
b,

2
PHQ’SGa

Table 1.4/4 (continued) Bond lengths for n2-coordination ( Z).

M1-C1 Mi1-c2
1.946(4)
1.922(18)
2.136(7)
1.985(4) 2.296(4)
2.09(2)

2.11(3)

2.237

2.033(1)
2.17(2)

2.16(1)

2.19(3)

2.16(2)

d benzylidyne
e alkene
f alkenyl

M2-C1 M2-C2

1.194(4) 2.252(4)

2.240(17) 2.297(17)

2.117(8)

2.168(4)

2.04(2)

2.21(3)

2.183

2.081(2)
2.22(2)
2.24(1)
2.22(3)
2.15(2)

g alkenylidene

h alkyne
i alkynyl

M3-C1
2.209(4)

2.235(17)

2.35(2)
2.22(3)
2.178
2:171(2)
2.27(2)
2.27(1)
2.16(3)

2.23(1)

M3-C2
2.243(4)
2.283(19)
2.161(7)

2.28(3)

2.22(2)

2.22(3)

2.43(1)

M4-C1

2.12(3)
2.105
2.415(2)

2.30(2)

2.24(3)

2.34(2)

M4-Cc2

2.120(7)

2.096(4)

2.11(2)
2.20(3)

2.267

2.265(2)

2.23(2)

2.11(3)

2.32(2)

c1-c2
1.320(6)
1.333(22)
1.446(9)
1.367(6)
1.49(3)
1.415
1.51(3)
1.46(3)
1.45(1)
1.55(4)

1.45(2)



CHAPTER TWO

Organo-fragments on pentanuclear clusters.



Chapter 2- Organo-fragments on pentanuclear clusters.

There is currently much interest in the rearrangement reactions of metal
clusters, and in the extended interactions that are possible between
unsaturated ligands and arrays of metal atoms.[91,161,162,163] Clusters may
Prove useful in interpreting modes of interaction between small molecules
and metal surfaces, and hence lead ultimately to a better understanding of
heterogeneously catalysed reactions. Pentanuclear clusters are large
enough to exhibit a wide range of core geometries, but, at the same time,

Small enough in cluster terms to be amenable to planned synthesis.

This chapter begins with a review of pentanuclear clusters, their synthesis
and reactivity. In Section 2.3 the X-ray structural analyses of 5 clusters
Containing pyridyl ligands are reported and a structural comparison is made
Lo related pentanuclear clusters., A mechanism for the formation of these 5
Structures from RuSC(CO)15 is proposed.

2.1 Routes reported for the formation of pentanuclear clusters.

Numerous techniques have been used to prepare pentanuclear clusters, some
r;I‘Olf‘e fortuitous than others. Historically the most important methdd was by
builg up synthesis, but recently routes to pentanuclear clusters by

deSf‘adation of higher nuclearity clusters have been reported.

2.1.1 Build-up synthesis.

Trinuclear complexes can serve as precursors, not only to pentanuclear
°1U8ters, but to a range of high nuclearity clusters and metal core
Eeometrjeg containing from 4 up to 20 metal atoms have so far‘ been
r'ep°l"t"t-2d.[16u] Table 2.1/1 illustrates a selection of pentanuclear clusters
that have be synthesised from trinuclear precursors., One of the earliest

Stratesies used in cluster synthesis was pyrolysis and although

Pentanuclear derivatives have been obtained from Os (CO)12,[165,166] the

3
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Table 2.1/1 Pentanuclear clusters from trinuclear precursors.

-

Reactant Product Synthesis Refs.
0s3(C0) 4 0s5C(CO) 135 a 22,161
0s5(C0)16 a 74,165
Hy0s5(C0) 15 b 166
Hy0s5(C0) 16 b 166
0s55(C0) 15 ¢ 168
083(C0)y;P{OMe}s  Os5(CO)qs5{POMe} a 98,108
HOs5C(CO) 14 {OP(OMe)2} a 108,111
HOs5C(C0)15{OP(OMe)OP(OMe)p} 2 97,108
HOS5C(CO)15{OP(OMe),}{P(OMe)g} a 108
083(C0) 1y (CgHyN)  HOS5C(CO)q4(CslyN) a 104
[HOs5(C0) 151" a 104
H0s3(C0) g(SCeH5)  0s55(C0) 15 d 169
Ruz(Co)yq(cNBut)  Rug(CO)q4(CNBub), e 100
Ru3(C0) 11 (Ph,PCCP)  Rug(CO)13(CCPh) (PPhy) £ 92
HRuS(CO)g(Pth) RusP(CO) 1 (PPhg) £ 170
Ru3(C0) 14 (PPhg) Rus (CO)13(PPh) (CgH4) g 113
Ru3(C0)g(HCoPh) (S) RusS(CO)14(HC2Ph) h 114
H2033(00)10 HOsg(CO) 13(PhNCgH4N) i 112
© g Pyrolysis
b; Hy0/Vacuum
Ci Sg/Vacuum
d; CO/Heat
€ No/Heat
f: Heptane/Heat
€, Toluene/Heat
hi Ru(co)g5/Heat

1 Ph-NHNH-Ph/Heat



Futhenium analogue Ru (C0)12 gives only hexanuclear derivatives (these are

3
discussed in Chapter 3).[167] However, it can be seen from Table 2.2/1 that
Pentaruthenium clusters can be produced from activated triruthenium
Clusters such as Ru3(CO)11(CNBut).[100]

2.1.2 Cluster degradation.

An alternative route to M5 clusters involves degradation of higher
Nuclearity clusters. Carbonylation, vacuum pyrolysis, or treatment with
base can yield pentanuclear derivatives from hexanuclear precursors (Table
2.1/2). For example, the interstitial nitrido-compound [RuéN(CO)16]- gives

the square pyramidal cluster [Ru N(CO)1u]-, a route which is, as yet, not

5
available to pentanuclear osmium clusters since no hexaosmium

Nitrido-species have been isolated.[95]

Table 2.1/2 Cluster degradation.

Reactant Product Synthesis Refs.
[RugN(C0)16]~ [RugN(C0)14]~ a 95
[0s5(C0)q5]2" b 76
OSSC(CO)15 C 21
a; CO
b; KOH/MeOH

c; Vacuum pyrolysis

2.2 Cluster reactivity.
The chemical behaviour of pentanuclear clusters can be broadly classified

as either involving nucleophilic or electrophilic attack by an incoming

ligang,
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2.2.1 Nucleophilic attack on clusters.

Ligands such as co, PR3, alkenes, alkynes, 1iodide, pyridine (and 1its
derivatives) may be regarded as soft nucleophiles. The reaction of these
types of ligands with pentanuclear clusters have been widely studied and
Usually give addition or substitution products.[162] Reactions pathways
which result in cluster breakdown are less common, and will not be

discussed.

The bridging properties of ligands are of particular importance in the
control of metal core geometry. Halides, for example, may coordinate as
terminal 1e donors or bridge two metal atoms as 3e donors. Similarly,
Pyridine is a 2e donor when terminal, but orthometallation of its (-carbon
(with transfer of hydrogen to the metal core) creates a 3e bridging pyridyl
1iSand, along with a 1e donation from the generated hydrogen atom, which

adopts a bridging site.

L=I", 22 MecCN,85
00,23 dppe,1°7 ,ROH,93

M5C(CO)15 M5C(CO)qsL
(1a=Ru, 1b=0s) (2-6)

Figure 2.2/1 Cluster opening on addition of nucleophiles.

. One of the simplest types of nucleophilic reaction 1is addition., This
P®Sults in an increase in the number of cluster valence electrons (CVE),
and for each pair of electrons added cleavage of an M-M bond occurs.
Additicn reactions therefore result in opening of the cluster framework,

and in some cases may ultimately lead to cluster breakdown (Section 1.3).

For €xample, the Tle square pyramidal clusters MSC(CO)15 [M=Ru (1a) or Os
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(1b)] undergo a range of addition reactions, which lead to opening of the
cluster framework. In the parent species, cleavage of one axial bond leads
to the 76e bridged butteffly derivatives (2-6) (Figure 2.2/1). Structures
of this type are discussed in more detail in Section 2.3, where the results

of the present work are reported.

Another example of nucleophilic addition occurs when the dihydride
H2035(00)15 (7), which has a trigonal bipyramidal framework, reacts with

Nucleophiles such as I-, P(OMe) CO, and pyridine to give adducts of the

3’
form Hzoss(C°)15L (8-12) (Figure 2.2/2).[20] Cleavage of an
aXial-equatorial bond in the trigonal bipyramid (7) gives the observed
edse-bridged tetrahedral metal framework. The iodine atom in
.[H2085(CO)15I]' (9) adopts an axial position on the bridging osmium,
Whereas the trimethylphosphite group in cémplex (12) adopts an equatorial
POsition., This difference in site preference can be attributed to the
8reater steric bulk of the phosphite ligand. Pyridine is intermediate in
Size between I~ and P(OMe)3, and the complex H2055(00)15(C5H5N) (11) 1is

believed to exist in two isomeric forms, with the pyridine either axially

Or equatorially coordinated.[80]

>

L=I", P(OMe)s, CO,20
CsHgN,80 PPh3, PEt3,20

Ho0s5(CO)¢5L
Ha0s5(CO)q5

= - (9), PR3 (10
(7) L=CO (8), I~ (9), PR3 (10)

CgHgN (11), P(OMe)3 (12)

F

uo



One of the products of this reaction, the phosphite derivative (12), can
undergo subsequent elimination of a carbonyl ligand. This reduces the CVE
and has the reverse effect on the polyhedron, resulting in framework
closure,[78] Effectively, the edge-bridged tetrahedral cluster (12)
decarbonylates yielding the trigonal bipyramidal cluster

H2085(00)1R{P(0Me3)} (13) (Figure 2.2/3). 1In this process of metal core

geometry closure the phosphite has been retained in preference to a

carbonyl 1ligand. An axially coordinated P(OMe), would be expected from a

3

Simple closure process, whereas in fact the phospite ligand in (13) bonds
to an equatorial metal atom. Thus, the mechanism appears to proceed by
Pearrangement of the metal core to an intermediate square pyramidal
8eometry with the phosphite on a basal site, which can then close to give
the observed product. The phosphite cluster (13) can be subsequently

Substituted by a second phosphorus 1ligand PR (R = Et, OMe) to give

3

13{P(OMe)3}(PR3) (14), in which the added ligand is bonded to an

axial osmium atom (Figure 2.2/3).[781]

-Co .
¥ (OMe), — P(OMe),
/ PRy
(OMe)q
Ry

H
20850(00)1 5{P(OMe)3} HZ0s5C(CO)44{P(OMe)3} Ho085C(CO)y 3{P(OMe)3}
¥l S5 (14)
Mechanism

P(nue)3

—_— — %(.*)3
F
igure 2.2/3 Metal framework closure.
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The reaction of the trigonal bipyramidal cluster HZOSS(CO)15 (7) with
Pyridine merits further comment, as a total of U4 products have been
Characterised from it. In addition to the two isomeric products referred
to above, a substituted product H2055(00)1M(CSH5N) (15) and an adduct with

a bridging pyridyl 1ligand H OSS(CO)IM(CSHHN) (16) are formed (Figure

3
2.2/4), The substituted product H,08;(C0),, (C.HCN)  (15) retains the
trigonal pyramidal metal core of the parent dihydride (so the CVE 1is
unchanged), with one of the -equatorial carbonyl 1ligands having been
directly replaced by a terminally bonding pyridyl ligand.[80] In the second
Product H3055(CO)14(C5HMN) (16), the pz-pyridyl is bonded through the
nitrogen atom to the edge-bridging osmium, with the o< -carbon atom bonded to

the apex of the tetrahedron (Figure 2.2/4). All three hydrides in (16)

bridge axial M-M bonds of the tetrahedral core.

S

H2085(C0)44(CgHyN) H3085(C0O)q4(CgH4N)
(15) (16)

Figure 2.2/4 The pyridine and u,-pyridyl clusters (15) and (16).

Although reactions classified as substitution which leave the CVE uﬂchanged
Would not be expected to effect the metal framework, for many cluster
Peactions it is difficult to establish whether substitution occurs via an
d8sociative or ~dissociative mechanism due to the absence of kinetic data
and the infrequent isolation of any intermediate products.[162] Therefore
substitution may occur by more complicated mechanisms, involving M-M bond
bpeakaSe and re-formation. A superficially simple mechanism is provided by
the reaction of the carbido-cluster RuSC(CO)15 (1a) with

tr'iphen}'l‘phosphine. This initially gives the monosubstituted compound
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RuSC(CO)1u(PPh3) (17) and subsequently the disubstituted product

RuSC(CO)13(PPh3)2 (18) (Figure 2.2/5).[85] Although the square pyramidal

g8eometry of the parent compound is retained, and these reactions could be
Seen simplistically as direet carbonyl substitution, by analogy with

0SSC(CO) (1b), Ru C(CO)15 (1a) 1is thought to react via an associative

15 5

- lMechanism, The reaction process proceeds by addition of the PPh3
accompanied by M-M bond cleavage, followed by loss of a carbonyl ligand
With re-formation of an M-M bond.[85] Much clearer evidence for this type

Of mechanistic pathway has been found from the present work and will

be discussed in Section 2.4.

c PPhg PPhg c
— — > PPh
PPh 3
-CO 3 _co
i PPhq
RusC(co)ys  (1a) RUSC(CO)14(PPhg  (17) RU5C(CO)13(PPh3)y

(18)

Figure 2.2/5 The mono- and disubstituted phosphine clusters (17) and (18).

Direct substitution of carbonyl ligands is often difficult, so activation
of trinuclear clusters with labile ligands (such as acetonitrile) is now a
well established synthetic strategy.[171] Similarly, the pentanuclear
Cluster 055(C0)15(MeCN) (19) undergoes a series of nucleophilic
displacement reactions with a variety of alkynes and phospho-derivatives
(Figure 2.2/6), which could not be obtained directly from the binary

“arbonyl cluster.[162]
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RCCR

R=Ph, Et, Me

HzOSs(C0)1 4(RCCR)
HeCN
L=Pph3\
H2055(CO)15CN P(Oph)g, P(0M9)3
(19)
H20s5(CO)q4(L)

Figure 2.2/6 The reactions of the activated cluster 085(C0)15(M8CN) (19).
Substitution reactions can also occur after nucleophilic attack at a
Carbonyl ligand. An example of this 1s the reaction of the square

PYramidal cluster 085C(C0),; (1b) and its iodo-analogue 0s.C(CO) (20)

15I2
With aleohol (Figure 2.2/7).[105] The complex (20) has an unusual bridged
Sduare geometry which appears to activate the cluster, as (20) reacts with
leohols under milder reaction conditions than (19). It has been proposed
that, in both of these reactions initial nucleophilic attack by RO~ _occurs
At the C-atom of one of the carbonyl ligands attached to the bridging

°Smium, followed by 2e donation from the carbonyl O-atom to an adjacent

osmiym atom.[105]

Finally, in some cases, reaction with nucleophiles does not result in
8ddition or substitution but leads to cluster reduction. For example, the

treatment of 085(00) with potassium hydroxide does not 1lead to hydroxy

16
Coordination byt gives the dianion [055(00)15]2-.[162]
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OsgC(CO)15 HOs5C(C0)1 4(COOR)
(1b)

R = Et
RO
c.
ROH
. —_ 1
r.t.
0s5C(CO) 45l 0sgC(CO)14(COOR)I
(20) R = Me

Figure 2.2/7 Comparison of the reaction of (1b) and (20) with ROH.

2.2.2 Electrophilic attack on pentanuclear clusters,

One of the most important types of electrophilic reaction is protonation.
An €Xample of simple addition, without change in metal core geometry, is

the protonation of the dianion [OsS(CO) ]2-, which gives the mono-hydride

15

[H°35(C0)15]— and the dihydride H,08(C0), . respectively.[76] The dihydride

B D
1s not deprotonated by I~, whereas the higher nuclear analogues are readily
deDPOtOnated under such conditions. This fact can be attributed to the
incPease of Lewis acidity with cluster size. Protonation does not increase
the electron density of the cluster and so, on these grounds, would not be
®Xpecteq to undergo metal core transformation. Despite this, many higher
nuClearity clusters (where alternative geometries of the same electron
°°“nf are of comparable energy) undergo cluster core rearrangement on

Drotonation.[162]
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The most widely studied group of electrophilic reagents are cationic
heterometallic species [MRn]-, where M is typically gold, silver, or copper

and R is an alkyl or aryl group. One important example, which involves

Solid  state isomerism, is the reaction of the nitrosyl anion
[RUSC(CO)13(NO)]- with [AuPEtBJ-, which gives isomers of
RUSC(CO)i3(NO)(AuPEt3) (21) (Figure 2.2/8).[87] 1In the first isomer the
g1ld triphenylphosphine ligand asymmetrically caps one face of the Ru5
Square pyramid, whilst in the second isomer the AuPEt3 group bridges an
®dge of the pyramid (Figure 2.2/8).[87]
PPhafu PPhgafu
NO NO
Isomer (21a) Isomer (21b)

figgpe 2.2/8 Solid state isomers of RuSC(CO)13(NO)(AuPEt3) (21).
2.2,3 Organic reactions of pentanuclear clusters.

The behaviour of polynuclear clusters towards organic reagents is
Particularly interesting but, in comparison with simple inorganic species,
Péaction pathways are generally more complex. As such, the division of
these reactions as nucleophilic or electrophilic is too simplistic, so the

®action of pentanuclear clusters with organo-groups is considered here as

3 Separate classification.

TS Yeaotion of the bow-tie cluster 0s,(C0) o (22) with mono-substituted
Alkynes gives an organo-cluster 055(00)17(HCCR) (23) (Figure 2.2/9).[118]

2
- The bOnding mode adopted by the alkyne ligand in this cluster (p3q,ﬁ is

the

ua)
MOost commonly reported form of bonding for dicarbon fragments (Section

Ty, The reaction of (22) with ethyne gives an additional product, the

t
“franuclear cluster 0s),(CO),,(HCCH) (24), in which the alkyne interacts
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With the cleft of the metal core butterfly,T-donating to the wingtip metal
atoms and ¢ -bonding to the hinge bond atoms (uuq?b6a).[159] This mode of
b°nding is also relatively common and has been established for a number of

tetranuclear butterfly complexes (Section 1.4).[172]

HC
/ \
. HCCR -~ CR
+

Os5(C0)4q
(22)

035(C0)1 7(HCCR

0s4(CO)¢5(HCCH)
(23)

(24)

Figure 2.2/9 The reaction of 0s;(C0),g (22) with alkynes.
Both these forms of alkyne interaction are observed in the product from the

Peaction of the trigonal bipyramid H

2OSS(CO)15 (7) with disubstituted
lkynes,[101] Treatment of (7) with PhCCPh gives the disubstituted product
os5(C0)13(PhCCPh)2 (25) (Figure 2.2/10). This T6e-species is illustrated
ln Figure 2,2/11 and has the relatively unusual hinge-wingtip bridged

butterf‘ly arrangement of metal atoms (Section 1.3).[101]

In Contrast, the reaction of (7) with the monosubstituted acetylene PhCCH
8ives H2085(00)15{CC(H)Ph} (26), in which the metal core has the more
Conmon wingtip-bridged butterfly geometry (Figure 2.2/10).[101] Thus with
m°n°-substituted, alkynes a 1,2-hydrogen shift has occurred, which is
dCcompanied by M-core rearrangement. The bonding mode adopted by the
Acetylene ligand (Pu“?ssb) is relatively unusual (Section 1.4) and can be
descr‘ibed as involving ff-donation to the bridging osmium atom with the two
r"3"1~'=lix'1ing electrons being involved 1in a (4-c,2-e) bond to three other M
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PhCCPh
/ T 1/:rn Osg(C0)¢3(PhCCPh),

(25)
\ / Ph

PhCC}\

H2035(00)1 5
(m H20s5(C0)45{CC(H)Ph}

(26)

Flgure 2.2/10 The reaction of H20$5(CO)15 (7) with alkynes.

This mode of interaction is also observed for the alkenylidene fragment in
os5(C°)15{CC(H)Ph} (27) and occurs in the cleft of the 'butterfly' segment

of the edge-bridged tetrahedral metal core (Figure 2.2/11).[83]

/Pll
AN
H

0s5(C0)¢5{CC(H)Ph}
(27)

Flgure 2.2/11 03, (C0) | {CC(H)PR} (27).

Mdition of the 3e donor diphenylphosphine to the (74e) square pyramidal
Complex gy (CO).._(n n?u -C,Ph)(u-PPh_) (28) gives the 78e bow tie cluster
5 1374 6b "2 2

HRuy (CO) 2

5 13(puq,b6a-02Ph)(PPh2)2 (29) (Figure 2.2/12).[119] Although the
m .
etal core has been transformed, the alkenyl group still adopts a pun?h6
bOnding mode. The complex (28) can also react with diphenylbutadiyne, with

t
he acetylene 1ligand in (30) contributing 4e in a pseudo-parallel mode of

bonas
Onding (p3n?hua) and the alkyne carbons 1lying almost parallel to a

n .
ON-bonding edge of an open triangle.

48



PhyP AN

PPh,

HRU5(CO)1 3(C2Ph)(PPh2)g
(29)

PhC=CC=CPh

Rug(C0)1 3(CCPh)(PPh2)

(28) \\\\

-CO 4

Rug(C0);3(PhCCPh)(CCPh)

(30)
Figure 2.2/12 The bow tie and hinge-wingtip bridged clusters (29) and (30).

An unusyal edge-bridged square geometry is exhibited by the organo-cluster

RU5(CO), 3 (ny-PPR) (pg-n’-CcH,)  (31) (Figure 2.2/13).[113] This has an

6 Y
1, ~benzyne ligand bonded in a psq?as bonding mode by forming 3 T-bonds to

the meta] triangle and 2 6-bonds to the remaining 2 M atoms. Muetterties

‘has compared this molecule to a step-site on a (111) metal surface.[173]

N

RUS(CO)13(“4-Pph)(u5'rL6‘CsH4)

(31)
Figure 2.2/13 The edge-bridged square cluster Ru 5(C0) {3 (PPR)(CGH,) (31),

The substituted alkenyl cluster Ru (CO)13(p5-C2PPh P)(p-PPh ) (32),[103]
also Shows an interesting mode of ligand interaction (Figure 2.2/14), The
C

prhz group contributes seven electrons to the electron count of the

hinse-wingtip bridged butterfly- two via the phosphorus atom, and five via

the C

unit, This C, fragment may be considered as o -donating to three
2 gm

2
Meta] atoms, and asymmetrically 1ff-donating to a fourth. Hydrogenation of

the Substituted alkenyl ligand in (32) results in the stepwise absorption
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of three molécules of hydrogen, with transfer of one hydrogen to the .
cluster framework and one to the w-carbon at each stage (Figure 2.2/14),
This 1leads to the formation of clusters containing ps-vinylidene (33),
methylidene (34), and carbide (35) ligands. Overall, the coordinated
PS-CCPPh

ligand is converted into a carbide and a MePPh, group. The metal

2 2
Core geometry is maintained throughout hydrogenation, until absorption of
the third and final molecule of hydrogen causes closure to a square
Pyramidal core. This sequential process illustrates the potential metal
Cluster cores have in activating organo-fragments. In contrast, the same
cluster undergoes extensive rearrangement on reaction with carbon monoxide,

resulting in the formation of the more open 'coat-hanger' metal core

8eometry (Section 1.3).[174] u\
c—PPh,

N

Ha
—_—

H
Ph; _ Fiiy
RU5(C0)1 3(5-CCPPh,)(u-PPh,) HRuUg(CO)y 3(U5-CCHPPh,)(u=-PPhy)
(32)

(33) le

H—c
Pepn, ) / \/rrqz
=
Ho \\
‘—_
Ph,
H3RU5C(CO)11(PMePh2)(u-PPh2) H3RU5(CO)13(“5'CCH29H2)(M-PPh2

Fy (35) (34)

8ure 2,2/14 Hydrogenation of Ru5(00)13(C2PPh2P)(p-PPhZ) (32).

2.2.4 Conclusion.

This Section has reviewed a variety of pentanuclear reactions and shows
that many of the organo-fragments and metal core frameworks discussed in
ChapteP 1 have been reported. It also highlights the lack of mechanistic
data available for reaction pathways. In subsequent sections, 5 X-ray
Stpuctures are reported which are believed to offer an insight into one

Particular reaction pathway.
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2.3 The interaction of RusC(CO) . (1a) with pyridine.

Metal cluster isomers are relatively rare in the solid state but several
have noy been structurally characterised. These have previously involved
different sites for hydride or other monodentate 1ligands,[17,87,175]
alternative metal framework polyhedra,[87] or isomersism of an
Organo-ligand.[150] An example closer to the structures discussed in this
Section is provided by the capped trigonal bipyramidal cluster

HOsG(CO) -C HMN)’ which has a pz-pyridyl ligand bridging an 0s-0s

16 412-Cs

®dge.[176] As there was evidence of disorder of the site of pyridyl
attachment, Pearsall synthesised the related cluster
Hos6(C0)16(p2-C5HuNMe).[176] However, this too appeared to be disordered
SUggesting the possibility of two isomeric forms for both clusters. More

Conclusive evidence for the presence of solid state isomerism has been

acheived in the present study.

2.3.1 Synthesis.

fhe clusters discussed in this section were synthesised at Cambridge
University by Tom Dutton. The reaction of the pentanuclear carbido cluster
RUSC(CO)15 (1a) with an excess of pyridine was shown by spectroscopic
techniQues to give an equimolar mixture of two compounds formulated as
(C_.H,N), (XR1) and (XR2), along with

14 “55y
traces of a disubstituted product HRuSC(CO)

1somers of tpe hydride HRu C(CO)
13(C5H)_‘N)(CSH5N), (XR3). Both
isomeps (XR1) and (XR2) were shown to undergo quantitative thermal
deearbonylation to give the same product, HRuSC(CO)13(C5HuN) (XR4). This
Was r‘ecar-bonylated quantitatively under mild conditions, to regenerate
€qua) Proportions of (XR1) and (XR2) (Scheme 2.3/1). The X-ray structural
analyses carried out in this project characterised five different products,
demonstpating that HRuSC(CO)13(CSHuN) (XR4) consisted of two isomers, a
fesult Not predicted by spectroscopy. Interestingly, these isomers were

e
ha”acterised in one crystal in a 3:1 ratio. The overall molecular
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geometry of all five clusters characterised will be discussed, and then
Compared to similar structures described in the 1literature. From
consideration of the structural results a mechanism is proposed for the
reaction pathway. Preliminary results of this reaction have already been

Published.[177]

CsHsN
RUSC(CO)1 5_'__» HRU5C(CO)1 4(C5H4N) —’—) HRU5C(CO)1 3(C5H4N)(C5H5N)

(1a) (XR1) (XR2) (XR3)

+CO ||-CO +CQ| -CO

HRUSC(CO)1 3(C5H4N)

(XR4)
Isomer A and B

Scheme 2.3/1.
2.3.2 Overall description of the molecular structures.
The Molecular structures of all the products identified from the reaction

of Pyridine with RuSC(CO)15 (1a) are illustrated in Figures 2.3/1-3.

In both isomers of HRUSC(CO)1M(C5HuN) (XR1) and (XR2), and in the
disUbstituted cluster HRuSC(CO)13(CSHuN)(C5H5N) (XR3), the metal core has
OPened oyt to give a wingtip bridged butterfly arrangement (Figures 2.3/1
and 2.3/2 respectively), whereas both Isomer A and B of HRuSC(CO)13(CSHuN)
(XRy) have maintained the square pyramidal geometry of the precursor
(Figure 2.3/3). . The wingtip atoms of the butterfly unit in (XR1), (XR2),
ad (XR3) are bridged by the fifth ruthenium Ru(5), which is connected to
the hinge atom Ru(4) via a bridging pyridyl ligand, which results from an
°”thometa11ation reaction. In these three structures the hydride bridges
the hinge bond Ru(1)-Ru(4); the hydride ligand in both isomers of (XR4)

lies along an axial bond of the square pyramid.
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052

Figure 2.3/1 The molecular structure of HRuSC(CO)lu(CSHuN) Isomer A (XR1) and Isomer B (XR2).

Only the O-atoms of the carbonyl ligands have been labelled for clarity.



. 033 .\\' 032

i
8ure 2.3/2 The molecular structure of HRuSC(CO)13(C5HMN)(C5H5N) (XR3).

Only the O-atoms of the carbonyl ligands have been labelled

for clarity.
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Figure 2.3/3 The molecular structure of HRuSC(C0)13(05HuN) Isomer A and Isomer B (XR4).

Only the O-atoms of the -carbonyl ligands have been labelled for clarity.



Table 2.3/1 Bridge-butterfly structures; metal-metal bond lengths (X).

HRuSC(CO)13(X) [X=CO (XR1) Isomer A, (XR2) Isomer B, or Py (XR3)]
(XR1) (xr2) (@) (XR3)
Mean(b) Molecule 1 Molecule 2 Ave.(C) Mean(b) Mean(b)

HINGE~TIP
Ru(1)-Ru(2) 2.877(1) 2.853(2) 2.866(1) 2.860 2.870(1)
Ru(1)-Ru(3) 2.882(1) 2880 2.864(1) 2.853(1) 2.859  2-859 2.876(1) 2873
Ru(2)-Ru(}) 2.833(1) 2.824(2) 2.814(2) 2.819 2.807(1)
Ru(3)=-Ru(4) 5.823(1) 2828 2.803(1) 2.815(1) 2.809 2.814 2.818(1) 2-813
TIP-BRIDGE
Ru(2)-Ru(5) 2.876(1) 2.894(2) 2.899(2) 2.897 2.903(1)
Ru(3)-Ru(5) 2.876(1) 2-876 2.899(1) 2.898(1) 2.899 2.898 2.875(1) 2889
HINGE
Ru(1)-Ru(}) 2.895(1) 2.830(1) 2.838(2) 2.834 2.83Y 2.886(1)
NON-BONDING
Ru(1)...Ru(5)  4.055 4.050 B.046  4.0u8 4.010
Ru(2)...Ru(3)  3.944 3.949 3.953  3.951 3.972
Ru(4)...Ru(5)  3.572 3.593 3.599  3.596 3.575
Notes

(a) Isomer B (XR2), consist of 2 independent molecules in the asymmetric unit.
(b) Mean values, taken for similar bond distances.

(c) Average bond lengths for the 2 independent molecules of Isomer B, (XR2).
(d) Standard deviations on all metal-metal bond distances is 0.001 A,



o
Table 2.3/2 Square pyramids; metal-metal bond lengths (A).

: i)

HRu5C(CO)13(C5HuN) (XR4)
BASAL-BASAL

(XR4a) (XRl4a/b) Mean
Ru(1)=Ru(2) 2.864(1) 2.888(1) 2.876 i1)
Ru(1)-Ru(3) 2.904 (1) 2.870(1) 2.888 2.874
Ru(2)=Ru(5) 2.846(1) 2.867(1) 2.857
Ru(3)-Ru(5) 2. 747 (1) 2.725(1) 2.736
BASAL-APICAL
Ru(1)-Ru(4) 2.892(1) 2.875(1) 2.88Yy
Ru(2)-Ru(l) 2.811(1) 2.830(1) 2.821 ii)
Ru(3)-Ru(4) 2.863(1) 2.875(1) 2.869 2.862
Ru(5)-Ru(4) 2.894(1) 2.898(1) 2.896
DIAGONAL
Ru(1).Ru(5)  4.02 4.02 4.02 y.01111)
Ru(2).Ru(3) 4.01 4,00 4.01
Notes

i) (XRY4) consists of two independent molecules in the asymmetric unit,
the second molecule is a mixture of two isomers. All bond lengths
this molecule represent averages between Isomers A and B. These
isomers differ only in the orientation of the bridging pyridine ligand.
ii) Mean value of three similar basal-basal or basal-apical bonds.
iii) Mean value for non-bonding diagonal lengths.



The type of isomerism identified in these compounds results from two
different orientations of the bridging pyridyl ligand (Figures 2.3/1 and
2.3/3) and is a new type of isomerism not previously confirmed by X-ray
Structural analysis. In HRuSC(CO)1u(C5HuN) the nitrogen atom coordinates
to the bridging ruthenium Ru(5) in Isomer A (XR1) but to one of the hinge
Puthenium atoms Ru(4) in Isomer B (XR2) (Figure 2.3/1). For the second

isomerie pair, Isomer A and B of HRuSC(CO) (CSHMN) of (XR4), it 1is the

13
Orientation of the pyridyl ligand relative to the‘pz-hydride which differs.
In both these isomers the hydride ligand bridges an axial edge on the
far-side of the pyramid from the pyridyl ligand, with the nitrogen atom

IYins either 'trans' in Isomer A or 'cis' in Isomer B to this hydride

(Figure 2,3/3).

Bssential bond lengths for the bridged butterflies (XR1), (XR2), and (XR3)
are Presented in Table 2.3/1, with the bond 1lengths for the square
Pyramida) isomers of (XR4) in Table 2.3/2. The Ru-Ru bond lengths for all

three bridged butterfly structures are comparable, 1lying in the range

o

2.823(1)-2.895(1) A for (XR1), 2.803(1)-2.899(1) A for (XR2) and

2°807(1)-2.903(1) K for (XR3) (Table 2.3/1). The two M(hinge)-M(bridge)

n°n‘b0nding distances might be expected to be similar, but the presence of

the ﬂz-pyridyl ligand causes marked shortening and in all three clusters

the Ru(4)..,Ru(5) distance is ca. 0.05 K shorter than Ru(1)...Ru(5)
(Tabie 2.3/1). Table 2.3/2 compares the M-M bond lengths for the two
Molecules in the asymmetric unit of HRuSC(CO)13(C5HuN) (XR4) and shows a
Wlder range of Ru-Ru bond lengths [2.725(1)-2.904(1) A] than found for the
three bPidged butterflies discussed above. The diagonal bond 1lengths for

t
he Square pyramidal cluster isomers in (XRU4) are all comparable (Table

2.3/2) .
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In Isomer A of HRuSC(CO)1u(C5HuN) (XR1) the C-atom of the pyridyl ligand is
bonded to one of the metal atoms of the hinge bond [Ru(4)-C(1) 2.080(5) K]
with the N-atom attached to the bridging metal atom Ru(5) ([Ru(5)-N
2.169(4) R]. The site of the C- and N-atoms are reversed in the two
independent molecules in the asymmetric unit of the second isomer of
HRUSC(CO)1M(C5HMN) (XR2) [mean values for the two molecules in the
aSymmetric unit, which are chemically equivalent, are given]; Ru(4)=N
2.135(12) K and Ru(5)-C(1) 2.112(11) R]. The pz-pyridyl in the
disubstituted cluster HRuSC(CO)13(C5HMN)(05H5N) (XR3) adopts the same mode
of bonding as seen for Isomer A (XR1) and has very similar metal-ligand
bond distances Ru(4)-C(1) 2.083(8) A and Ru(5)-N(1) 2.168(6) A. In (XR1)
and  (XR3) the Ru-C bonding distance is shorter than the Ru-N distance,
Whereas for the second isomer of HRuSC(CO)1u(CSHMN) (XR2), where relatively
Poor data results in high e.s.d.'s, these two bond lengths are not
Significantly different. The second pyridyl ligand in (XR3) bonds
terminally through the nitrogen atom Ru(5)=N(2) 2.212(7) K, a distance
Which is ca. 0.1 K longer than any of the Ru-N distances for the
By=pyridyl 1ligand discussed above. This is perhaps surprising as a
t;"minally bonded pyridyl ligand might have been expected to have a shorter

M-N bond length than a u,-pyridyl M-N bond length.

The Pyridyl 1ligand lies along an axial edge 1in both isomers of
HRUSC(CO)13(CSHHN) (XR4), lying 'trans' in Isomer A and 'cis' in Isomer B
With respect to the'pz-H ligand (Figure 2.3/2). Values for molecule (a) in
the asymmetric unit refer to Isomer A, whereas molecule (b) is a 50/50
miXtUr’e of Isomer A and B. Due to the large e.s.d.'s in this determination
the difference between the metal-carbon and metal-nitrogen bond lengths,
Ru(3a)-c(1a) 2.100(11) A, Ru(5a)-N(a) 2.117(9) A respectively, is not
Significant. Not surprisingly, there is no significant difference evident

for these bonds in the second "molecule" of the asymmetric unit which
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]
Contains a 50/50 mixture of both isomers, Ru(3b)-C(1b)/N(b) 2.083(10) A

and Ru(5b)-N(b)/C1b) 2.102(10) Z.

The  dihedral angle between the 'wings' of the butterflies
(Ru(1)-Ru(2)-Ru(4) and Ru(1)-Ru(3)-Ru(4)] in all 3 bridged butterflies were
found to be very similar, 106.6° for (XR1), 107.0° (mean value) for (XR2),
and  108,4° for (XR3). This might have been expected for the isomeric pair
(XR1) and (XR2) and its observation for (XR3) is further evidence for the
similar'ity -of all three structures. Table 2.3/3 compares the M-C(carbide)
distances for the three bridged butterfly clusters and shows that a similar
trend is adhered to by all three.

Table : °
2.3/3 M-C(carbide) distances for (XR1), (XR2), and (XR3) ( A).

R (XR1) (xr2)’ (XR3)
Ru(;)-c 2.102(5) 2.085(14) 2.113(8)
Ru( )=C 1.975(5) 1.982(12) 1.978(8)
Ru(ﬁ;—c 1.969(5) 1.970(13) 1.995(8)
Rug -C 2.030(5) 2.034(14) 2.023(7)
5)-C 2.089(5) 2.091(16) 2.050(8)

i) Mean value of the 2 independent molecules in the asymmetric unit.
ALl five structures retain the interstitial carbido-atom, an indication of
the importance this central atom plays in the reaction pathway.
The distribution of the carbonyl ligands is the same in both isomers of
HRUSC(CO)1M(C5HMN) (XR1) and (XR2). The disubstituted product

13°7°5
£ ;
hat One of the carbonyl groups on the bridging ruthenium atom is replaced

HRuSC(CO) (C HMN)(CSHSN) (XR3) has a similar coordination sphere except

b : .

Y a terminal pyridyl ligand (Figure 2.3/2). The distribution of CO-groups
i .

1 both isomers of (XRU4) is the same, a fact that allows the two isomers to
0

CUpY the same site in the unit cell in a 50:50 ratio. For all five
St

PuCtUPeS, the M-(carbonyl) bond lengths lie in the range [M-C(carbonyl)
1,

81*9(19)-1.972(110 R and C-O(carbonyl) 1.12(3)-1.178(18) K] and all
M<c.
-0 bong angles are in the range [M-C-0 17&.2(8)-179.7(5)03, values
deViati o] .

ng from 180 being normal for cluster compounds.[178] These values

ar
€ listed in Appendix A.
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The shortest intramolecular distance in (XR1) is between the lpz-hydride
ligand and the carbido-atom [H...C 2.41 Z], and in (XR2) it is between the
Pz-hydride ligand and a neighbouring carbonyl group [Ha...C(11a) 2.47 R].
In  contrast one of the H-atoms of the terminal pyridyl ligand is the
Shortest intramolecular distance in (XR3) [H(6)...0(21) 2.48 R]. For the
Square pyramidal cluster (XRY4) the shortest intramolecular contact is

between the hydride ligand and a neighbouring carbonyl group [Ha...C(41)
2.49 K]_

2.3.3 Structural comparison of the bridged butterflies.
To interpret the effect that different ligand spheres have on the bridged
butterfly metal framework, HRuSC(CO)1u(C5HuN) Isomer A (XR1) and Isomer B

(XR2), and the disubstituted cluster HRuC(CO) 5 (CcHN) (CHGN)  (XR3)  will
be Compared to thirteen clusters with related cores (Table 2.3/4). The M-M
bong lengths of the reported structures are listed in Table 2.3/5 and these
are Classified as 'hinge', 'hinge-wingtip', and 'wingtip-to-bridge' bonds.
The clusters have been grouped in Table 2.3/4 according to three structural

featupes described below and are illustrated in Figure 2.3/4. The effect

éf these three factors on M-M bond lengths will be discussed.

3) The effect of a terminal ligand on the bridging metal atom.

The Simplest examples of bridged butterflies are the derivatives of the
type MSC(CO)1SL, where L is a terminal ligand coordinated to the bridging
hMeta) atom. (In Figure 2.3/4 L is denoted by R for a ligand that lies trans
to a carbonyl ligand and R' when it lies trans to an M-M bond.) These are
the OSmium derivative 055(00)16 [L=CO] (2),[23] the acetonitrile complex
R“SC(CO)15(MeCN) (3),[85] the iodide anion [0s;C(C0) 117 (4),[22] and the
diphe"Y1Dhosphine (dppe) cluster 0s.C(CO),;(dppe) (5).[107] Despite the
if‘f’el"ences in L a similar pattern for the M-M bond lengths can be seen for

al
1 four derivatives (Table 2.3/5), with the hinge bonds [M(1)-M(4)] being
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Table 2.3/4 Bridged butterfly clusters.

Cluster

0s5C(C0) 16 (2)
RugC(C0)q5(MeCN) (3)

[0ssC(C0) 15117 (4)
Os5C(C0)15(dppe) (5)
RugC(C0),5C1(AuPPh3) (36)
HRu5C(C0),4(PPhs) (SEt) (37)
HOs5C(C0),3{O0P(0Me),}{P(OMe)3} (38)
RugC(C0),4(C5Hg) (AuPPhy)  (39)
HOs5C(C0),4(C5H4N) (40)
HOs5C(C0)14(CO5EL) (41)
HRusC(C0)14(SEt) (42)
RusC(C0)44(MeCO) (AuPPhg) (43)
RusC(CO)4Br(AuPPhy) (44)

Categories References

a 23
a 85
a 22
a 107
a,b 109
a,b,c 90
a,b,c 108
a,b 110
b,c 104
by C 105.106
b,c 90
b,c 110
b,c 109

The atomic numbering of all reported complexes in this section

have been reassigned for ease of comparison.

Categories: a) Additional ligand on bridging metal atoms.

b) Bridging group on hinge M-M bond.

c) Bridging group across non-bonding metallic contact.

R=NCMe, R'=CO (3)
R=I, R'=CO (4) %

LN
\

4
R=R'=CO (2) /

R=CO, R'=dppe (5) \

.\“5 -

0C R R=cl, x=AuPPh; (36)
co

R=CO, R’'=PPhj, X=H,

Y = SEt (37)

R=CO, R'=P(OMe), X=H,
Y = O(PMey (38)
R=R'=CO, X=H,

Y = CgHy4N (40)
R=R'=CO, X=H, (41), (42)
Y = COzEt (41)

Y = SEt (42)

R=R’=CO, X=AuPPh,,

Y = MeCO 43)
R=R’=CO, X=AuPPh,,

Y = Br (44)

Figure 2.3/U4 Clusters with bridged butterfly M-cores.



Table 2.3/5 Bond lengths (A) for the clusters listed in Table 2.3/4.

M-M 0s5C(C0)161  RusC(CO)15(L) [0s5C(CO)351]1” 0s5C(CO)1s5(L)
(2 (3) (4) (5)
Hinge-tip
M(1)-M(2) 2.901(2) 2.873(3) 2.921(1) 2.909(1)
M(1)-M(3) 2.194(2) 2.886(3) 2.903(1) 2.897(1)
M(2)-M(4) 2.913(2) 2.887(3) 2.896(1) 2.897(1)
M(3)-M(4) 2.914(1) 2.888(3) 2.899(1) 2.884(1)
Tip-bridge
M(2)-M(5) 2.916(1) 2.886(3) 2.934(1) 2.947(1)
M(3)-M(5) 2.917(2) 2.873(3) 2.933(1) 2.996(1)
Mean 2.913(2) 2.882(3) 2.914(1) 2.982(1)
Hinge
M(1)-M(4) 2.752(1) 2.720(3) 2.748(1) 2.761(1)
M-M HRusC(CO)13(L)(L') HOs5C(C0)13(L)(L')1 HOs5C(CO)14(PY)
(37) (38) (40)
Hinge-Tip
M(1)-M(2) 2.843(1) 2.870(2) 2.896(1)
M(1)-M(3) 2.830(1) 2.876(2) 2.902(1)
M(2)-M(4) 2.818(1) 2.884(2) 2.860(1)
M(3)-M(4) 2.821(1) 2.874(2) 2.853(1)
Tip-bridge
M(2)-M(5) 2.921(1) 2.965(2) 2.912(1)
M(3)-M(5) 2.972(1) 2.943(2) 2.908(1)
Mean 2.868(1) 2.901(2) 2.889(1)
Hinge
M(1)-M(4) 2.864(1) 2.898(2) 2.927(1)
M-M HOss5C(CO)14(CO2Et) HRusC(CO)14(SEt)  RusC(CO)y5{X}*
(41) (42) (36)
Hinge-tip
M(1)-M(2) 2.889(1) 2.852(1) 2.928(4)
M(1)-M(3) 2.885(1) 2.858(1) 2.820(4)
M(2)-M(4) 2.857(1) 2.851(1) 2.847(5)
M(3)-M(4) 2.865(1) 2.813(1) 2.826(4)
Tip-bridge
M(2)-M(5) 2.916(1) 2.916(1) 2.315(4)
M(3)-M(5) 2.931(1) 2.902(1) 2.903(4)
Mean 2.391(1) 2.865(1) 2.857(5)
Hinge
M(1)-M(4) 2.921(1) 2.853(1) 2.968(4)
M-M RusC(C0)13(CsHg) {X} RusC(CO)4(MeCO){X} RugC(CO),4Br{X}
(39) (43) (44)
Hinge-tip
M(1)-Mm(2) 2.880(1) 2.867(3) 2.849(3)
M(1)-M(3) 2.844(1) 2.879(3) 2.866(3)
M(2)-M(4a) 2.839(1) 2.817(3) 2.826(3)
M(3)-M(4) 2.867(1) 2.822(3) 2.829(3)
Tip-bridge
M(2)-M(5) 2.905(1) 2.881(3) 2.892(3)
M(3)-M(5) 2.890(1) 2.880(3) 2.877(3)
Mean 2.871(1) 2.858(3) 2.857(3)
Hinge
M(1)-M(4) 2.894(1) 2.989(3) 2.951(3)
L = MecN (3), dppe (3), PPhg (37), OP(OMe)2 (38); L' = SEt (37),

P(OMe), (38): X

Au(PPhsy);

i) Mean of

2 molecules in asymmetric unit.



ca. 0.2 A shorter [2.752(1) (2), 2.720(3) (3), 2.748(1) (4), and
2.761(1) Z (5)] than the mean of the remaining 6 M-M bonds [2.913(1) (2),

2.882(1) (3), 2.914(1) (4) and 2.922(1) A& (5)1.

The ligand orientation at the bridging metal atom in these complexes is of
imDor'tance, since it causes variation of M-M bond lengths in the framework.
The terminal ligand L can either lie cis or trans to an M-M bond at the
bridging atom, a factor that can be related to their f-acid character. If
tontact to the carbide atom is ignored, the bridging metal atom has a
distorteq octahedral environment (Figure 2.3/4). In both clusters (3) and
(4) the ligand L (MeCN and I  respectively) lies trans to a carbonyl group,
Whereas in (5) the diphenylphosphine 1ligand is trans to an 0s-0s bond
(Figure 2.3/4)., The result of this is that M(wingtip)-M(bridge) distances
in (3) ang (4), are equal within experimental error, whereas, in contrast,
Fhe diphenylphosphine cluster (5) has the M(wingtip)-M(bridge) distance
trans tq it 0.049 Z longer (>350), at 2.996(1) R, than the other
(2-947(1) K) (Table 2.3/5), indicating a trans influence for the

Phosphorys ligand.[179] The site preference arises from the strong-r-acid

?ature of the dppe ligand, which renders a site trans to a carbonyl 1ligand

Unfavourapie,

The hinge-bridged clusters (36), (37), and (38) also have an additional
bridgins ligand on the hinge bond (Figure 2.3/4). Significantly, only the
omplex of the chloro-ligand (36), which cannot act as a =-acceptor, has
this ligand 1ying trans to a carbonyl. Both the derivatives (37) and (38),
Which contain strong fM-acceptors, have phosphorus ligands trans to one of
the Metallic bonds (Figure 2.3/4). As the cyclopentadiene ligand in the
“erivatiye (39) replaces all three of the facial-type carbonyls, this
Qlustep is not considered in this category. It is of significance that in
the Present study this pattern of 4f-acceptor 1ligands 1lying ¢trans to a

m : :
Stallie bond in preference to one of the carbonyl ligands is also seen for
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HRUSC(CO)13(c534N)(05H5N) (XR3), which has a terminally coordinated
Pyridine 1ligand on the bridging ruthenium atom (Figure 2.3/3) and this is

therefore consistent with pyridine having some 1f-acceptor character.

b) The effect of a bridging ligand (on the hinge bond).

Only le-donor ligands such as H and AuPR3 have been found bridging the
hinge bond of a butterfly metal core framework (clusters (36)-(4d4) -Figure
2:2/4), 3 My-hydride is known to cause M-M bond lengthening and in
Clusters is often cited as evidence for the presence of this ligand (which
€an not readily be located directly by X-ray structural analysis).[180-182]
For €Xample in the osmium derivative (40) the hydride-bridged hinge bond is
0.038 K (>270) longer than the mean (2.889(1) K) of the remaining six
Metallic bonds (Table 2.3/5). In the carboxy-derivative (41) the pZ-H
bpidSed hinge bond [M(1)-M(4) 2.921(1) K] is 0.01 Z (>70) shorter than
ote of the M(wingtip)-M(bridge) bonds [M(3)-M(5) 2.931(1) R]- For the
Fridgins thiol complexes (37) and (42), and in the phosphite derivative
(38)’ the mean of the two M(wingtip)-M(bridge) bonds [2.947(1) (37),
2,954 (1) (38) and 2.909(1) A (42) is longer than the u,-hydride bridged

hinge bong [0.083 for (37), 0.061 for (38), and 0.056 A for (42)1.

In tpe Present work Isomer A HRU5C(CO)1M(C5HRN) (XR1), 1like its osmium
anal°3ue (40), has the H-ligand bridged hinge bond bond 0.034 K.(>2Mc)
longer than the mean of the remaining six M-M bonds (2.861(1) Z) (Table
2'3/1)- The hinge bond in its isomer (XR2), which is also H-bridged, is
somewhat incongruous, being one of the shortest metal bonds in the

st
TUcture Ru(1)-Ru(4) 2.834(2) A (Table 2.3/1). It is 0.061 A (>270)

Sho o
Pter than the comparative bond in isomer (XR1) (2.895(1) A) (Table

2%

3/1)- Finally, in the disubstituted cluster (XR3) the H-bridged hinge
b ' .

d is 0.017 K (>120) longer than all M-M bonds except one of the
M(w' .

lngt1D)-M(bridge) bonds (Ru(2)-Ru(5) 2.903(1) K) (Table 2.3/1).
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In the Au(PPh3) bridged compounds (36), (43), and (44) the hinge bond is
longer [by 0.11 (36), 0.13 (43), and 0.09 A (43) (Table 2.3/5)] than the
Mean of the other six bonds. In contrast in the unusual cyclopentadienyl
derivative (39), the AuPPh, bridged hinge bond [M(1)-M(4) 2.894(1) A7 is
longer than all other bonds except both of the M(wingtip)-M(bridge) bonds

(mean 2.898(1) K] to which it is comparable. In pZ-AuPPh clusters (36),

3
(43) ang (44), the hinge bond is significantly longer than the H-bridged
bond in the hydrido compounds, which may be a consequence of the steric

bulk of the gold triphenylphosphine group.

o
Table 2.3/6 Ru-Au bond lengths ( A).

(36)* (39) (43) (4)
Ru(1)-py 2.769(4) 2.750(1) 2.764(3) 2.850(2)
Ru(4)_ay 2.826(3) 2.780(1) 2.721(32) 2.633(2)

1) Mean of the 2 independent molecules in the asymmetric unit.
Table 2.3/6 shows the ruthenium-gold distances for the gold-bridged
~derivatives. In the cyclopentadienyl complex (39) the Ru-Au bonds are
Comparable in length, whereas for the other three clusters a marked
asymmetfy is evident. Comparisons of this type are not possible for

Pydpido clusters where H-atom sites are often inferred by indirect methods.

©) The effect of a bridging ligand spanning two non-bonding metal atoms.

The thirg and possibly most significant factor effecting metall;c bond
lensths in these bridged butterflies is the presence of a bridging group or
Liganq across one of the non-bonding M-M distances. These metal atoms can
Slther be linked by one atom of the bridging group [clusters (37), (42) and

)3 or tuo [elusters (38), (40), (41), and (43)].

F k3

1gure 2.3/7 is a view on to the equatorial plane of the bridged butterfly
m
Stal Core. When no bridging ligand is present [(2), (3), (4), (5), (36),

ki (39)1, the two hinge-bridging atom M-M distances [M(1)-M(5) and
M(n)‘M('S)] are virtually identical (Table 2.3/7). The presence of a
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Table 2.3/7 The effect of a bridging group on M(hinge)-M(bridge).

No bridging groups.

(2)1 (3) (4) (5)
M(1)-M(5) 3.999 3.967 4.022 4.021
M(4)-M(5) 4.029 3.957 4.007 4.064
x 139.5(12) 138.3(9) 139.9 135.7(7)
B 140.5(14) 139.6(9) 138.7 142.8(7)
¥ 80.9(9) 82.0(7) 81.4 81.5(5)

One atom spanning M(4)-M(5).

(37) (42)

M(1)-M(5) 4.109 4.132
M(4)-M(5) 3.438 3.410
« 112.8(2) 110.2

B 159.3(3) 162.2

y 87.38(2) 87.5

Two atoms spanning M(4)-M(5).

(38)1 (4) (41)

M(1)-M(5) 4.044 4.080 4.101
M(4)-M(5) 3.757 3.626 3.604
« 126.2(10) 120.6(13) 119.0

B 148.1(10) 150.2(13) 152.4

¥ 85.7(6) 89.4(10) 88.5

Isomer A (XR1), Isomer B (XR2), and (XR3).

(XR1) (XR2)1
M(1)-M(5) 4.05 4.05
M(4)-M(5) 3.57 3.60
« 120.3(2) 121.4(7)
B 150.8(3) 151.7(8)
> 89.0(2) 87.0(2)

(36)1 (39)
3.900 3.877
3.971 3.312

135 134
135.5 139
89.8 87
(44)
4.055
3.403
111.7
155.7
92.5
(43)
4.012
3.537
118
148
93
(XR3)
4.01
3.58
122.7(4)
148.8(4)
88.5(3)

a) Mean of 2 independent molecules in the asymmetric unit.

4 1

View on to the equatorial plane
of an arachno-core with 8 SEP.

Figure 2.3/7 View onto equatorial plane.



Table 2.3/8 M-C(Carbide) bond lengths ().

M-M 0s5C(C0O)1g RUSC(CO)ls(L) [OSSC(CO)15I]- 085C(C0)15(L)
(2)1 (3) (4) (5)
M(Wingtip)-C
M(2)-C 1.95(2) 1.961(17) 1.995(12) 1.99(1)
M(3)-C 2.02(2) 1.968(17) 1.978(12) 1.97(1)
M(Hinge)-C
M(1)-C 2.13(2) 2.076(18) 2.108(12) 2.14(1)
M(4)-C 2.12(3) 2.068(18) 2.108(12) 2.09(1)
M(Bridge)-C
M(5)-C 2.16(2) 2.158(18) 2.174(12) 2.20(1)
M-M RugC(C0)q15{X} HRu5C(CO)13(L)(L') HOsgC(CO)13(L) (L")
(36)1 (37) (38)1
M(Wingtip)-C
M(2)-C 1.93(3) 2.011(5) 2.009(19)
M(3)-C 1.91(3) 1.979(5) 1.980(19)
M(Hinge)-C
M(1)-C 2.14(2) 2.091(5) 2.148(19)
M(4)-C 2.08(3) 2.041(5) 2.114(18)
M(Bridge)-C
M(5)-C 2.14(2) 2.086(5) 2.099(18)
M-M HOs5C(C0)13(Cs5Hs) {X} HOs5C(CO)14(Py)) HOsg5(CO)14(CO2EL)
(39) (40) (41)
M(Wingtip)-C
M(2)-c 2.001(5) 1.97(3)
M(3)-C 1.980(5) 2.01(3) Range:
M(Hinge)-C
M(1)-c 2.111(6) 2.11(3) 1.959-
M(4)-C 2.115(6) 2.06(23) 2.112(16)
M(Bridge)-C
M(5)-C 2.023(6) 2.12(3)
M-M HRllsC(CO)14(SEt) RUSC(C0)14(MGCO){X} RUSC(C0)14BI‘{X)
(42) (43) (44)
M(Wingtip)-C
M(2)-C 1.969(5) 1.906(24) 1.99(1)
M(3)-c 1.990(5) 1.977(18) 1.98(1)
M(Hinge)-C
M(1)-c 2.075(5) 2.080(18) 2.06(1)
M(4)-c 2.049(5) 2.035(19) 2.02(1)
M(Bridge)-C
M(5)-c 2.108(5) 2.087(18) 2.09(1)
L = MecN (3), dppe (5), PPhg (37), OP(OMe)2 (38); L' = SEt (37)

P(OMe), (38); X = Au(PPhgy); i) Mean of 2 molecules in asymmetric unit.



bpidsing group significantly shortens the distance betwéen the non-bonding
metal atoms which it spans. This is corroborated by the angles at the
central carbido atom. The ¥ -angle (which subtends to the hinge bond) is,
38 expected, the smallest angle, the two other angles & and /3 are unequal
With the « -angle on the side of the bridging group markedly reduced as a
direct consequence of the presence of this ligand (Table 2.3/7). The
difference is heightened when only one atom 1links the two metal atoms.
These trends are also observed in the present work in Isomer A (XR1) and
Isomer B (XR2) of HRu_C(CO),, (C_H

5 14757y
HRu_c
5 (00)13<CSHMN)(CSH5N) (XR3) (Table 2.3/7).

N), and in the disubstituted cluster

A trend is also apparent in the M-C(carbide) distances of these structures.
In al1 of the reported compounds described here, the M(wingtip)-carbide
distances are the shortest (Table 2.3/8). This trend is also followed by

the three structures reported here (XR1), (XR2), and (XR3) (Table 2.3/3).

It is Perhaps surprising that this trend is adhered to by all of the
Complexes, considering the differences in the 1ligand spheres of the
c°mpOunds. This suggests that the M-carbide contact is essential to the
integrity of the bridged butterfly structure and thus the M-carbide
distances tend to remain constant, leaving ligand differences to distort
Other bond parameters in the structures. Indeed, to date no non-carbido

W 3 .
ingtlp bridged butterflies have been reported.

2'3'“ Structural comparison for the clusters with square pyramidal cores.

The SQuare pyramidal geometry observed in the isomers of HRuSC(CO)13(CSHuN)
(XRH) is the more commonly found of thé two possible metal cores for a Tlde
SPecies (Taple 1.3/1). Figure 2.3/2 illustrates Isomer A and Isomer B of
HRu50(00)13(C5HMN) (XR4). Here, these isomers are compared to tﬁree

el
USters which have similar structural features, i.e., a bridging ligand

al
Ong One of the metal-metal bonds and at least one bridging hydride along
One
Of the metallic edges (Figure 2.3/5).
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Table 2.3/9 Square pyramidal clusters.

Cluster Categories References
H3RugC(CO) 11 (PPhy) (PMePhy) (34) a,b 89
HRu5C(C0)45(PPhy) (45) a,b 88
HRu5C(C0),, (PPhg) (SEt) (46) a,b 90

The atomic numbering of all reported complexes in this section
have peen reassigned for ease of comparison.
Categorijes: a) Bridging ligand along one of the M-M bonds.

b) us-H along an M-M bond.

Figure 2.3/5 Clusters with square pyramidal M-cores.

7 :

th"l@?

PPh
PPh,, PPh, SEt 3

H3RU5C(CO)11(u-PPh2)(PMePh2) HRu5C(CO)43(u-PPh2) HRU5C(CO)4 5(W-SEt)(PPh )
(34)89 (45)88 (46)%0

Table 2.3/10 Bond lengths (A) for square pyramidal clusters.

(1)i (34) (45) (46)

Basa]-Basa]

M(1)-m(2) 2.832(2) 2.9014(7) 2.878(1) 2.882(1)
M(1)-M(3) 2.851(2) 2.8948(7) 2.873(1) 2.945(1)
M(2)-M(5) 2.802(2) 2.8347(5) 2.886(1) 2.858(1)
M(3)-M(5) 2.819(2) 2.8391(6) 2.721(1) 2.698(1)
Basal-Apjcal .

M(2)-M(3) 2.837(2) 2.8391(6) 2.866(1) 2.791(1)
M(2)-M(5) 2.846(2) 2.8934(6) 2.786(1) 2.851(1)
M(3)-M(4q) 2.859(3) 2.8820(6) 2.882(1) 3.024(1)
M(4)-M(5) 2.879(2) 2.8347(5) 2.944(1) 2.899(1)

1) Mean of 2 molecules in asymmetric unit.



A number of similarities are evident. Firstly, the non-hydrido 1ligand
bridges a basal bond and no example of a bridging group along an axial bond
was found, indicating that such a conformation may be unfavourable in these
types of structures. Secondly the bridging hydrido-atom in all the
Monohydride structures spans an axial edge on the far-side of the pyramid
from the other bridging ligand. Even in the trisubstituted complex (34)
all three hydrides are on axial bonds, strongly indicating that in these

types or compounds hydrides bridge axial bonds in preference to basal

bonds,

Table 2.3/10 shows the M-M bonds lengths for the reported structures and

the

Parent cluster RuSC(CO) Since there is such a variation in bond

15° .
length, on1y general conclusions can be drawn. In the parent carbide
RUSC(CO)15 (1a) the average of the four axial bonds is slightly shorter, at
2'826(2) K, than the average of the basal bonds 2.855(2) R-[SSJ In all
Shree reported ligand bridged structures (34), (45), and (46) the ligand
bridged basal bond is markedly shortened with respect to the three

"ridged basal bonds (Table 2.3/10). Similarly in both isomers of

HRu50<00)13(csaum (XR4), the pyridyl bridge basal bond [Ru(3)-Ru(5)

]
2736 A, mean value] is significantly shorter than the mean of the

"*Maining three basal bonds (Table 2.3/2). In both the phosphido cluster
(45) and  thiol cluster (46), as the hydrido-bridged bond M(1)-M(4) is not
e longest axial bond, evidence for the correct hydride sites was obtained
fron Potential minimisation techniques and the distortions in the carbonyl
*Phere distribution.[88,90] This pattern is also evident for (XR4) (Table

2. ’
3/2) With the same techniques being used to locate the hydride position

(c ;
hapter 6). In (46) the bond trans to the axially coordinated

rj o
pheny1Dh08phine is the longest in the structure M(3)-M(4) 3.024(1) A,

Ue .
to the trans influence of the terminal phosphorus ligand.[179]
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2.4 Mechanistic Analysis.

One of the most challenging aspects of cluster chemistry is mechanistic
analysis, Cluster reaction mechanisms are extremely difficult to study
because of their complexity - intermediates are often hard‘to envisage and
have rarely been isolated. The reaction of pyridine with the pentanuclear
carbide RuSC(CO) (1a) has provided a opportunity to characterise an

15

interrelateq range of products.

In this section work by Johnson and Rodger will be discussed,[183,184] and
USed as g guide to develop a possible mechanism for the formation of the

PYridyl derivatives reported in this chapter.

Johnsonp and Rodger classified the possible rearrangment mechanisms
availaple to transition metal clusters according to a number of selection
Tules. These restrict the symmetry (and hence geometry) changes that are
POSsible in each step of any reaction. Thus reaction pathways can be
Studied in two separate parts,

a) The first stage, from geometrical and symmetry arguments, elicits all
Potentially feasible reaction mechanisms for systems of a given
geometry,

®) The secong stage, a refinement, involves quantitative calculations on

SPecific systems to determine which of these geometrically feasible

Peactions is the most likely pathway.

As Cluster energy depends on the fine electronic structure, only the most
qualitative general conclusions about mechanisms can be made. However this
In itselr can be advantageous, as it allows general trends to be
foPmUlated, which may then be supported by detailed quantum analysis on
individual systems of interest. Clusters have certain features which
sGDarate

them from mononuclear complexes, and these distinctions have a

Pr . ;
®foung effect on reaction pathways. One important aspect 1is the
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difference in mass between the metal atoms in the metal polyhedron and the
atoms in the surrounding ligand system. This allows most normal modes of
the system to be classified as largely metal, Mm’ or largely ligand, Ln’
based. Thus metal core rearrangement, to a first approximation, can be
Studied in isolation, followed by consideration of the effects of ligand
Motion., 1In general, the latter alter the relative energetics and so may be
included in the quantum analysis stage of the study. The other important
feature of clustérs is the comparatively short range nature of metal-metal
inter‘actions. This can be used as a criterion for deciding which

Postulated mechanisms are most likely to be energetically feasible.,

Keppert compared atom-atom interactions in the core of transition metal
Clusters Wwith those found in closo boranes, and found that M-M interactions
Were Shorter in range.[185] In an alternative interpretation, Wolley's
'°°he31Ve energy' gives a wuseful empirical figure for metal-metal
inter'aCtiOn energy in systems with high connectivity.[186] Thus, if the M-M
i“tEPaction is short range, then it 1is energetically expensive to

simultaneously break or significantly stretch many M-M links.

Johnson and Rodger proposed the following three hypotheses.
) In order to determine possible mechanisms, metal polyhedron
r‘ear'r‘angements can be considered in isolation from ligand motion, the
- effect of ligand motion being on the relative energetics of postulated
Mechanisms, |
®) Rearrangement reactions of Mm (metal atoms in a polyhedron) proceed by
Successive breaking and formation of single M-M links,
®) The Point symmetry of a reacting system is the highest symmetry

Consistent with 1) the atom-atom linkages present in the system, and

ii) reactant and product geometry.
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From the above Johnson and Rodger concluded that this type of approach
Would be 1less appropriate for systems with lower connectivity, where
Next-nearest neighbour distances would be small (i.e. it should only be
USed for clusters with nuclearity 5 or higher). In addition, an axiomatic

feature of the theory 1is that Mm rearrangements will in general be

Multi-step,

2.5 A reaction pathway for pyridyl addition to pentanuclear clusters.

The Structural characterisation of all products of the reaction of pyridine
With the carbido-cluster RuSC(CO)15 (1a) provides a opportunity to
SPeculate on the possible reaction pathway. In Section 1.3 part of the
fAetwork of metal core geometries available to pentanuclear clusters, via
succeSSive addition and 1loss of -electron pairs, 1is 1illustrated. The
Str"-‘Qt'-ur‘ally characterised compounds, (XR1) - (XRY4), discussed in this
Chaptep involve the interaction of pentanuclear carbido-clusters with
P¥ridine, As a bifunctional ligand, pyridine can either bond terminally,
- bridse two metals with transfer of hydrogen to the metal framework. In
?hese molecules the central C-atom can be considered as an anchoring

'Pivot about which the metals rotate as the M-M bonds break and reform.

2:5.1 Proposed mechanism.
The neta) atom environments in a square pyramidal geometry, such as

HuSC(CO)15, are either axial or basal.,

Nucle°Dhilic attack, through the lone pair of electrons on the pyridine

nit”°8en, can occur at either of these sites, but is more likely to occur

oty basal ruthenium atom for the following reasons;

e Ru50(C0)15 has a polyhedral electron count of 74 electrons, having
Seven skeletal electron pairs and as such is a nido-octéhedron. It can
therefore be considered as more 'electron deficient' at the basal metal

atoms %
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Figure 2.5/1 Initial products from reaction of

_Py Ru5C(CO)15 (1a) with pyridine.

Basal-axial cleavage Basal-basal cleavage

M(4)-M(5) M(1)=M(4) ‘ M(2)-M(4) or M(2)-M(5) or  M(1)-M(2)

M(3)-M(4) VM(3)—M(5) M(1)-M(3)

Wingtip bridge butterflies



b) Perhaps more importantly, no complexes have been reported in which
Nucleophilic addition or substitution has occurred at an apical atom.

Attack by the pyridine ligand at a basal ruthenium atom, leads to an
unstable intermediate, 'RuSC(C0)15(CSH5N)', a 76 electron species (Scheme
2.5/1), The next step, in which the pyridine swings over to occupy a
bridsing position with orthomeiallation, loss of a carbonyl ligand, and
Concomitant M-M bond fission, is crucial. A number of alternative
Structyres are possible, but only two isomers are formed (Figure 2.5/1).
In Section 1.3 the metal core geometries for a pentanuclear cluster were
discussed. From a square pyramidal core only two alternative geometries
are Possible; a wingtip bridged butterfly and a hinge-wingtip bridged

bUtterfly (Figure 1.3/5).

é) Axial-basal bond cleavage.

A terminal pyridine can swing over to bridge either Ru(4)-Ru(5) or
Ru(“)‘R‘«l(S). In both cases an axial-basal bbnd is cleaved and one carbonyl
3880ciated with the pyridyl bridged metal atom is lost. The isomers differ
énly in the attachment of the pyridyl ligand: in (XR1) the N-atom is

bondeq to a bridging ruthenium, whilst in (XR2) it is bonded to a hinge

aton Y

Cleavase of either of the other two axial-basal bonds, Ru(2)-Ru(4) or
Ru(3)-Ru(l4), would also give a wingtip-bridged butterfly metal core
ge°metPY, in which the pyridyl ligand spans across the outer wingtip atoms
d the hydride 1lies along the hinge bond (Figure 2.5/1). A possible
feason Why this alternative isomer has not being detected is that the
ste"ic Strain of such an arrangement would make it unfeasible. A review by
Cartyrgy

considers the parameters associated with some tetranuclear

Utterflies and, although these will naturally be more flexible in nature
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Ru(4)-Ru(5) breaks Isomer A (XR1) Ru(4)-Ru(5) forms Ru(2)-Ru(4) breaks
CO lost from Ru(4) CO lost from Ru(5) Ru(2)-Ru(3) forms

(XR4) Isomer A

2
/7\\ 5
o~ . Excess
- I——“
/ Pyridine

—
1/ \

RU5C(CO)15 (1a) "RUSC(CO)15(PY)"

(XR4) Isomer B

Ru(1)-Ru(4) breaks Isomer B (xR2) Ru(1)-Ru(5) forms Ru(3)-Ru(5) breaks Interconversion of Isomer A and B

CO lost from Ru(5) CO lost from Ru(1) Ru(2)-Ru(3) forms occurs by hydride migration from
one AXIAL-BASAL edge to another

Scheme 2.5/1 Proposed mechanism for the formation of HRug(CO)44(CgHy4N) Isomer A (XR1) and
Isomer B (XR2) and HRug(CO)43(CgH4N) Isomer A and B (XR4).



than their pentanuclear bridged analogues, some interesting trends are
evident, The dihedral angle between the two triangular faces in these
butterflies varies considerably depending on the 1ligand sphere, ranging

from extremely shallow in Ruu(CO) (PPhZ)(CCBut) (176.930), with an

13
a8sociated long wingtip-wingtip distance (5.259 K),[91] to close contact
°f the two wingtip-wingtip metal atoms (2.802 K) in Ruu(CO)13Cl(PPN)
accompanied by an almost perpendicular dihedral angle of 91.00.[187] In
Comparison, wingtip-wingtip distances of ca. 3.9 A with dihedral angles of
bat, 1070 (Table 2.3/1) are reported for the 3 bridged butterfly structures
(XR1), (XR2) and (XR3) discussed in Section 2.3, in addition no examples of
3 ligand bridging a non-bonding contact of this type has been reported.
The actual separation of non-bonded metal atoms bridged by a pyridyl ligand
in the reported structures is ca. 3.6 K (Table 2.3/1), and restricting the
Outer wingtip atoms to such a short distance (which would be required in

the Unobserved isomers) would presumably impose a prohibitive degree of

Strain on the overall metal core geometry.

b> Basal-basal bond cleavage.

In 8ddition to the four axial-basal bonds in RuSC(CO)15 (1a), there are

four basal-basal bonds. Cleavage of these, in principle, 1leads to

altepnative hinge-wingtip bridged butterflies. One isomer, achieved by
b’eaking either Ru(2)-Ru(5) or Ru(3)-Ru(5), has the pyridyl spanning a
wingtip-bridging atom distance (Figure 2.5/1). Conversely, cleavage of
RU(a)-Ru(u) or Ru(3)-Ru(4) would lead to the pyridyl ligand bridging across

a
hinge-bridging distance (Figure 2.5/1). (The latter can also be

de ;
Seribeq as a wingtip-wingtip distance, depending on which part of the

e :
tal Core is taken as the butterfly. If such structures require

-definig s
lnlthh, a sensible precedent would be to define the hinge bond as that

brj g
dgeq by a hydride or isolobal analogue, as all known examples have this

are s .
Ngement.) A Lnown structure with the hinge-wingtip bridged core is
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RUS(CO)12(CCPh)(PhC:CC:Ph)(PPhZ).[102] This has a wingtip-bridging atom
distance of 3.628(7) K with the alkyne, PhC=CC=CPh spanning these two
Detal atoms and an alkenyl group bonding to all five metal atoms (p5q?65).
In comparison, a bridged pyridyl structure may be too 'floppy' to exist as

a stable isomer.

Thus, the parent square pyramid Ru5C(CO)15 (1a) can be converted to
isomerie wingtip-bridgéd butterflies by fission of 2 different apical-basal
bonds (Scheme 2.5/1). Cleavage of either of the remaining two apical-basal
b°“ds, or any of the four basal-basal bonds, would respectively, lead to
alternative wingtip-bridged or hinge-wingtip bridged butterflies (see

above), None of these structures have been observed in this reaction.

Decarbonylation of the isomers (XR1) and (XR2) yields the square pyramidal
1somers of (XR4), with the pyridyl spanning a basal-basal edge. Formation
of a metal-metal bond, Ru(4)-Ru(5) in Isomer A (XR1) or Ru(1)-Ru(5) in
Isomer B (XR2), converts the bridged butterfly geometry of these isomers
-back into 3 square pyramid, with the pyridyl bridging an axial-basal bond
(SCheme 2+571)% An alternative square pyramid can be generated by
Slmultaneoys M-M bond cleavage and formation, resulting in the pyridyl
bridgins a basal-basal bond. Interconversion of these isomers is possible
by Simple hydride migration from one axial-basal bond to another, The

overal) proposed mechanism for this reaction 1is illustrated in Scheme

2.5/1,

2,
6 Coneclusion and summary.

. both isomers of HR“5C(CO)1H(C5HHN) (XR1) and (XR2) and in the

d ; i :
isubStltuted cluster (XR3), the hydride ligands bridges the hinge bond of
t .
e butterfly. A comparison with other bridged butterflies shows that this
is .
the fule and no exceptions were found, with related clusters with

is :
Oloba} 80ld-phosphine ligands adopting the same bonding mode.
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The ligand spheres of all three bridged butterfly clusters (XR1), (XR2) and
(XR3) are very similar and this feature is reflected in comparable M-M and
M-C(carbide) bond lengths. Distinction of M-C and M-N bond lengths 1is
Observed in (XR1) and (XR3) but is not significant in (XR2) due to the
relatively high e.s.d.'s in this structural determination. Comparison of
these structures with clusters with related cores was considered in Section
2.3.3. This showed that variation in ligand spheres causes marked bond
Variation, the most significant of which is observed for structures with

M, -ligands across the M(hinge)-M(bridge) distance.

The latter part of this chapter dealt with a possible mechanism for the
Peaction pathway of all products from the reaction of RuSC(CO)15 (1a) with
Pyridine, From the structural results, the pathway is proposed to occur by
a Series of M-M cleavage and re-formation steps and this process provides a
§°°d illustration of how metal framework geometric flexibility
distinguishes the reactions of clusters compounds from their mononuclear

Counterparts,
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CHAPTER THREE

Derivatives of octahedral hexaruthenium clusters.



Chapter 3- Derivatives of octahedral hexaruthenium clusters.

The range of hexanuclear clusters is immense, and an understanding of their
Peactivity, reaction pathways, and the bonding involved in such species is
only now starting to emerge.[187-190] The combination of such compounds
With small organic fragments is a particularly important area of current
Pesearch and has uncovered novel cluster geometries and several unexpected

Modes of bonding for small organic fragments.[189]

The X-ray structures reported in this chapter are all based on the
Predominent  octahedral geometry. Octahedral frameworks have only
tr#anSulated faces and so the type of organo-bonding observed for
Octahedral clusters will be comparable to that found for trinuclear
lusters, Alternative metal core frameworks, which can give rise to
Unusua] organo-fragments, and probably provide a closer analogy to metal

Surfaces, are discussed in the Chapter 4.

This Chapter begins with a review of the range of hexanuclear cores
°bsepVed with particular attention to organo-clusters. The introduction to
Cﬁaptep 4 concentrates on the relationship clusters have to play with
Tespect to metal surfaces and, importantly, to catalytic processes. These
features are helping to develop our understanding of the mechanisms of

r : :
®actions on heterogeneous surfaces and catalysis.

3.1 Historical Review.
The first octahedral cluster was structurally characterised as iong ago as
1963°[191] It had been known since 1943 and formulated as Rh,(C0),,. X-Ray
stpuctm‘e analysis showed that there were six rhodium atoms occupying the
®Orners of an octahedron and that the correct formulation was Rh6(C0)16 (1)
(Figure 3.1/1)., Twelve of the sixteen carbonyl ligand are terminal with
s PeMaining four adopt H3-bridging modes above four tetrahedrally related
3Ces of tpe octahedron.
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oc:

Rhe(CO)16 (1)

Figure 3.1/1 The octahedral metal core of Rh6(CO) (1).

16

In Succeeding years a range of clusters with octahedral geometries were
Feported; Cog(CO) ¢, [192] its related anionic derivatives
[C°6(CO)15]2',[193] and [Co6(CO)1u]u-.[192] And at about this time a
Putheniym cluster, subsequently shown to be Ru6C(CO)17 (2),[194] was
Wrongly assigned as Ru6(CO)18.[195] Although the osmium analogue of this

Cluster was later synthesised, Ru6(CO)18 has never been isolated.

The first reported examples of hexanuclear clusters containing interstitial

“rbides were discovered from  the pyrolysis of Ru3(CO)12 with

a
reneS-[167,196,197] This reaction revealed a number of hexanuclear

r g
Utheniyp clusters such as Ru C(CO)17 (2) and Ru6C(CO)1u(arene) [arene =

6

C6H5Me3 (3), m-C_H,Me_ or C HSMe].[167,196,197] These ruthenium compounds

6472 6

W
€re a1y electronically related to the rhodium species (1) and the basic

ores of (2) and (3) are illustrated in Figure 3.1/2.[167,194,196,197] The

x-
Pay  structure analysis of the mesitylene derivative Rusc(C0)1u(CSH3Me3)

( .

3) established that the arene q?-bonds to one of the ruthenium atoms,
do ;

Nating ge to the number of cluster valence electrons (CVE), with the
in L

terstltlal carbido-atom acting as a 4e donor.[197] This gives a CVE of

6
v Characteristic of octahedral species. The octahedral carbido-dianion

(R -
uBC(CO)16]2 was not reported for more than a decade and both the [MeuN]+

ang
the [PhuAs]+ salts have been structurally characterised.[198,199] The

[(Me +
UN] Salt is 1isostructural with its iron analogue and has three
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ug'bf‘idging carbonyl 1ligands,[198] whereas the [PhuAs]+ salt has four

Hy,=bridging carbonyl groups.[199]

co

RUGC(CO)«” (2) RUGC(CO)14(CSH3MG3) (3)

Figur
€ 3.1/2 The metal cores of Ru6C(C0)17 (2) and Ru6C(CO)1u(CSH3Me3) (3).

The origin of carbido-species has been the object of some discussion.

Lewis identified the source of the carbido-atom in Ru6C(CO)17 (2) as

Originating from a coordinated carbonyl group by heating Ru (CO)12 in a

3
8
®aled tube such that no other source of carbon was present.[165] In

c e o . . . . .
°ntPast, Chini discovered that the carbido-atom in the trigonal prismatic
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