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Structural studies of polynuclear .etal 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 HRu sC(CO)14(C sH.N) [Isomer A 
(XRl), Isomer B (XR2)], and HRu sC(CO)13(C sH.N)(C sHsN) (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 HRu sC(CO)13(C sH.N) [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 Ru 6 C(CO)lS(n·-CsHe ) (XR5) is an octahedral 
cluster with the cyclohexadiene group forming two 1T-bonds to two 
adjacent metal atoms. This is compared to the structure of the linear 
hexadiene analogue RuSC(CO)lS(n4-CsHl0) reported earlier. 

The u3nz-bonding mode commonly adopted by alkyne fragments is observed for 
both mono- and disubstituted alkynes in the hexaruthenium clusters 
Ru s C(CO)ls(PhCCH) (XR6) and Ru 6 C(CO)lS(MeCCMe) (XR7), and in the 
heterometallic cluster Ru 6 C(CO)1.(PhCCH)(AuPEt 3)z (XR8), 'in all of which 
the octahedral metal framework is maintained. 

RUS(CO)13(nz-CO)z(ns-CsH3Me3) (XRIO) is isolated as an intermediate in 
cl~ster build-up from RU ::,(CO)lZ and yields RuSC(CO)lS(ns-C6H3Me3) (XR9) 
and: HRu6(CO)13(nz-CO)(n7-CsH 3Me zCHz) (XRll) in equal amounts. The 
structures of these three hexanuclear clusters (XR9), (XRIO), and (XRll) 
give an insight into the mechanism of formation of octahedral 
carbido-species. Also produced from this reaction is the decanuclear 
carbido-cluster [HRu 10 C(CO)Z4]-' and a product from a related reaction is 
the decanuclear nitrido-cluster (Ru 1oN(CO)z.1- (XR12), which has been shown 
to have a tetracapped octahedral framework and is isostructural with the 
hydrido- cluster [HRu 1oC(CO)z41-. 

The interaction of alkyne fragments and some metal frameworks has been 
investigated. The reaction of [HOs 3 (CO)11]- with mono-substituted 
alkynes. followed by [AuPR 3]+, gives the alkenylidene cluster 
OS3(CO)10(PhCCHz)(AuPMe 3) (XR13), whereas in its reaction with 
disubstituted alkynes the alkyne remains intact to give 
HOs 3 (CO)9(MeCCMe) (AuPPh 3 ) (XR14) . Finally, a · unique example of a high 
nuclearity cluster with three intact alkynes on the cluster .surface has 
been characterised: the heptanuclear cluster OS7(CO) ls(MeCCMe) 3 (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 Ru
5

C(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 Appendice~ (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 



project. These compounds are characterised by a constant metal core 

geometry and so variation in hydrocarbon ligand 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 larger 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 dime tal centre, and range 

from relatively simple organo-derivatives, as found in 

M02(q5_CP)2(CO)(P-PPh2)2(~2-MeCCMe) to more complicated structures such as 

5 6 
M02(~ -CP)2(P-PPh2)(P2-~ -Me02CC2C02Me). 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 orbital hybridisation, [9] the Octet Law and 

the Woodward-Hoffmann rules.[10] 
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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.[13-1S] It is 

discussed here not only because of its application 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 

~ut 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 strong1«-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 character. Maximum kinetic stability 

will result when 18 electrons fill these 9 low lying orbitals. The 

resultant separation between these orbitals and the associated anti bonding 

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

3 



broken and is associated with kinetic 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 = IBM - 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 H
2
0s

3
(CO)10 has 46 CVE's and therefore four 

M-M bonds are expected, and achieved by one double Os-Os bond. This is 

reflected both by a shortened bonding distance for the hydrido bridged 

Os-Os bond and by the cluster's reactivity, with the observed addition 

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

cnemistry. [ 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 

M4 and M5 cluster cores. The anion, [H3RU4(CO)12]-,[17] has 60 CVE's Which 
~ 

gives the correct six edges required for the observed tetrahedral geometry. 

Formally, the more open butterfly in RU4(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 

Ir4 (CO)8(MeC02CCC02Me)4,[19J with 64 CVE's. This formal metal core opening 

process is schematically illustrated in Figure 1.2/1. 
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Figure 1.2/1 Progressive M-M cleavage for an M4 core. 

Similar relationships occur for pentanuclear species. The trigonal 

bipyramidal cluster 2-[Os5(CO)15] ,[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 74e cluster OS5C(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)'6 

(Figure '.2/2).[23] 

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 8~ electrons but metal carbonyl clusters are 

almost invariably associated with 86 electrons. When OS6(CO)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 [OS6(CO)18]2-, which 

has 86 electrons (Figure '.2/3).[25-27] 
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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 

~lectron 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 [B H ]2- form a series of polyhedral structures with n vertices. 
n n 

Each boron atom uses 1e to (orm 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 pai~s as 

the parent closo-polyhedron.[29] This conversion process is illustrated in 

Figure 1.2/4 for the closo-species [B
7
H

7
]2-. 
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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 2-[Os6(CO)18] ,[25-27] which has Os(CO)3 groups at each vertex of 

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 explains 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. 

number of CVE's is 86e (6x8 + 18+2 +2) minus 12x6, giving 14e or 7 skeletal 
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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 

[C06 (CO)14 J4-.[36J Further research was carried out by Lauher, who 

performed extended Huckel calculations on a wide range of bare n-atom closo 

transition metal clusters. [37J 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,[34-35J 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 

ruthenium atoms. Amongst the conclusions reached by Lauher was the fact 

that the principal acceptor orbitals in transition metals are of sand p 

character. [37J 

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)J or (7n+1) 

Occupied cluster valence MO's and thus a CVE of (14n+2). This is 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)J occupied · molecular 

orbitals. Further calculations on nido- and arachno-clusters showed that 

they are characterised by (14n+4) and valence electrons 

respectively, i.e. 

conclusion of the 

an additional two or four electrons, exactly the 

Wade empirical approach. Further theoretical 

calculations in general agreed with these conclusions.[38-40J 
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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 OS6(CO)18.[24] 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 is 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 cluster~ 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] 

c· 
A'" ] 

c 

C· 

C 

A, 
C ( 

c 
C 
A, 

Capping Capped 
M-H polyhedron 

Parent ~Iyhedron 
'Or bl tots of orbi tal 5 not" 
A, and C of AI and £ 
syrnmetry 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 ~ and E orbitals on the capping 

fragment and the parent polyhedron. In each case a filled bonding orbital 

of lower energy and an empty anti bonding orbital of higher energy are 

produced. The remaining 6 orbitals of the M(CO)3 fragment are involved in 

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. [43-44] These additional concepts allowed a 

correlation of all the known structures for osmium with S=7j addition, or 

loss, 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 

multitude 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 OS6(CO)18.[24] 
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By analogy, the next matrix up (with a CVE of lODe 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 so 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
5

C(CO)13(C
5
H4N)L [L=(CO) for (XR1) and (XR2) and L=(C

5
H

5
N) for 

(XR3)] discussed in Chapter 2 have this metal core framework • 
. .. ··0 ... , . ' 

············0 

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. 

~he discovery of more complicated clusters with geometries consisting of 

fused polyhedra prompted Mingos to devise a formalism that these cores 

contain fused geometries sharing 

faces. [45-46] 
Rll~roo A 

n atoms 

@ 
Electron count 0 

+ 

vertices, 

Rll~ron B 

m atoms 

@ 

edges, 

Electron count b 
~---------------------_v~ _____________________ ~J 
/ ~ 

or triangular 

~- DOlyhedrOn (n+m-I) atoms 

1 
face shored DolyhedrOn (n+m-31 atoms 

eoge shored DolyheOron (n+m-21·otCJT'6 
Electron count c • o+b-16 

ElectrOn count c • o+b-44 

Electron count c • o+b-30 
Figure 1.2/9 The condensation processes possible for metal clusters.[45] 
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Figure 1.2/9 illustrates the three fundamental condensation processes. In 

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 characteristid for the atom, pair of 

atoms, or face of atoms common to both polyhedra."[46] 

1.2.5 The isolobal analogy for M(CO)3 and M(CO)4 fragments. 

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) fragments (n=3-5), the most important 
n 

of which in the context of this work are M(CO)3 and M(CO>4.[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 

equivalent hydrid orbitals are formed in anticipation of bonding to six 

ligand groups, leaving three unhybridised d orbitals (d , d and dyz > xz xy 

(Figure 1.2/10). These 6 octahedral hybrids can then interact with up to 6 

ligands but only interaction with 3 and 4 ligands respectively will be 

discussed here. 

characteristic electron counts are; l8e for mononuclear, 34 for 

dinuclear, and 48 for triangular arrays. 
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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)3 there are three highest occupied molecular 

orbitals (HOMO's) containing two electrons. An Os (CO)3 fragment is 

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

connection between boranes and transition metal clusters. --

t2t .------<+ - : /f-l. 
... l. 
... l. 

Ml \. M 

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

2-[os6(CO)18] [25-26] For example, the closo-octahedral anion possesses 

seven skeletal bonding molecular orbitals and is, therefore, analogous with 

Species such as [B6H6J2-.[32J 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 

centre of the polyhedron with two "tangential" orbitals lying on the 

Surface of the cluster (Figure 1.2/12). 

13 



/~ ~ ~ 

It-tI ~ r J ~ 0 ",- ' ,,--
SPz Py 

y 
Px J--, radial tangential 

~ ~ 
~ 

OC 

~ 
tI 

\ X Oc-tt 
/ 

OC 

"'- "'-
dz

2spz dyzpy dxzpx 
radial tangential 

Figure 1.2/12 Comparison of M(CO)3 and BH frontier orbitals. 

In addition to M(CO)3 fragments, one of the X-ray structures discussed in 

this work, OS3(CO)10(CPh=CH2 )(AUPEt3 ) (XR13), contains an M(CO)4 fragment 

(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.O. 's are formed, leaving two 

hybrid orbitals (Figure 1.2/13). For OS3(CO)4 the lower orbital of e 

symmetry will contain two electrons, and as such is isolobal with CH
2

• --
=~ 

WJ:h=' i=l ~ 
- I _ I 

Iz. _ : = : ,/L 

~L/t-L 
: MLL L tot 

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

1.2.6 The isolobal connection between Hand AU(PR
3

). 

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
3

) fragment would be anticipated to be isolobal with a conical 

M(CO)3 fragment, since each has an outpointing a 1 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 lying that their contribution 

to bonding is negligible and the bonding of the Au(PR
3

) fragment is 

dictated primarily by the a 1 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(PR
3

) fragments. 

In addition to being useful 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 

FeCo3(co)12AUPPh3,[56J and a number of ruthenium-gold clusters.[57J As 

gold-phosphine groups can adopt the same types of bonding as hydride 

ligands (terminal, ,112- and ,u3-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 

fragments are common and the clusters 

HOs 3(CO),O(AUPPh
3

) and OS3(CO),O(AUPPh
3

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

t~ the dihydride H20S
3

(CO)g.[60] Lauher and Wald illustrated the similarity 

between the ,u3-H and the ,u3-AU(PR3) units by the structural analysis of the 

heterometallic cluster FeCo3(CO)'2AUPPh3.[56] This has the AUPPh
3 

capping a 

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

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 and 

HRU4(CO)'2(AUPPh
3

)3,[57,62J the metal core geometry consists of a triangle 

and tetrahedron of ruthenium atoms respectively, with one triruthenium face 

of the fundamental polyhedron capped by an AU(PPh
3

) 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 (eVE) is given by: 

eVE = 18v - 2E (1) 

The eVE will fill eVE/2 energetically low lying metal eVMO (cluster valence 

molecular orbitals) and so: 

eVMO = eVE/2 = 9V - E (3). 

Substitution of equation (2) in to equation (3) gives: 

eVMO = 8v - F + 2 + X (4) 

Where X is an adjustment factor accounting for delocalised systems. 

T This is 
discovered 

often erroneously acredited 
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 

Qonding 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 

(Where Aij is an element in the ith row and jth column of the matrix) of 

SUch a graph can be defined as follows: 

o if i=j 
1 if i and j are connected by an edge 
o if i and j are not connected by an edge 

The method is based on the Huckel approximation and in a comparison of 

Polygonal C H systems (such as benzene) and polyhedral boran~s King stated 
n n 

that C H systems can be considered as two-dimensional aromatic systems, 
n n 

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+l) 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.[11-12J 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 eVE 

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 is 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. 

- - L .... ····· 
.•.. -

......................... . :.: ... : ... 
." . ............................. ... .. . 

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 two 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 M4 cluster. 

Progressing to pentanuclear clusters, a surprisingly complex range of 

alternative geometries may be envisaged. From the most triangulated 

~entanuclear geometry (the trigonal bipyramid), successive cleavage of 

metal bonds leads 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 

a~companied 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 

resulting framework depending on the type and number of metal-metal bonds 

broken. Ultimately, this procedure would lead to five non-bonded metal 

atoms, linked 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 

metal bonds in a trigonal bipyramid (I) fall into two distinct categories, 

equatorial-axial bonds and equatorial-equatorial bonds (Figure 1.3/3). 
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Edge-bridged tetrahedron (II) 

Trigonal blpyramld (I) 

Figure 1.3/3. 
SQuare pyramid (Ill) 

Cleavage of an equatorial-axial bond, with addition of 2e, leads to a 74e 

edge-bridged tetrahedron (II) (Figure 1.3/3). This cluster has four 

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

+2e 
Trigonal Bipyramid (I) ----~. Edge-Bridged Tetrahedron (II) 

M-M 
72e cleavage 74e 

Alternatively, breaking one of the three equatorial-equatorial bonds in (I) 

gives a square pyramidal species (HI) (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. 

+2e 
Trigonal Bipyramid (I)------~. Square Pyramid (Ill) 

72e 
M-M 

cleavage 74e 

This square pyramid (Ill) is more symmetrical than (II), and, as such, has 

only 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 (II) and (Ill). From the edge-bridged tetrahedron (II), 

Cleavage of any of the three different categories of bond in the 

tetrahedron leads to a bridged-butterfly (Figure 1.3/4). If one M-M bond 

is broken, a statistical (4:1:1) 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) • 

Hlnge-wingtip 

~-
l-_

br'<5"Y (IV) ~ Basal-basal 
Cleavage 

t---~ 
Edge-bridged 

tetrahed ron (II) 

F~gure 1.3/4. 

Wlngtip bridged 
butterfly (V) 

~ 
Hinge bridged 
butterfly (VI) 

tetrahedron (VU) 

Hlnge-wingtip 
bridged butterfly (IV) 

(j7 Basal-axial 

Wlngtip Cleavage 

bridged butterfly (V) 

Figure 1.3/5. 

Square 
pyramid (III) 

The hinge-wingtip (IV) and wingtip bridged (V) butterflies can 

alternatively be obtained from the square pyramid (Ill) (Figure 1.3/5), 

with (IV) and (V) being obtained by cleavage of a basal-basal and a 

basal-axial bond respectively. As no alternative types of metallic bond 

are present in (Ill), structures (VI) and (VII) can not be obtained from a 

square pyramidal precursor. 

The hinge-wingtip bridged butterfly (IV) [obtainable from either (11) or 

(Ill)] h as, like (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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Hlnge-wlngtlp 

bridge butterfly 
(IV) 

Figure 1.3/6. 

Hinge spiked 
butterfly (VIII) A _ Tip spiked 
~ butterfly (IX) 

Tip spiked ~ 
butterfly (IX) ~ 

I><1 
Bow tie (X) 

Edge bridged Square 

(Envelope) (XI) 

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

Figure 1.3/7. 

Wlngtlp bridged 
butterfly (V) 

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 

connectivity of only two are present in the precursor molecule. 
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Hinge bridged 
butterfly (VI) 

if-
Hinge spiked 
butterfly (VIII) 

~ 
Diagonal bridged 
square (XII) 

if-
Hinge spiked 
butterfly (VIII) 

¥ ~ 
Tip spiked Spiked 
butterfly (IX) tetrahedron (VII) 

~/ . 
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 

l' 
SUch as the n,m spiked triangle, the coat hanger, and the crown. 

Table 1.3/1 lists 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 tetrahedral (VII) metal core. All three of these 

8eometries have at least one tetrahedral fragment and the lack 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 is because the metal-ligand(interstitial) contacts 

Would be too close and this can be demonstrated by consideration of a known 

trigonal bipyramid cluster, OS5(CO)16.[74] From the mean of the Os-Os bonds 

(ca. 2.8 
o 
A) , an approximate central inside position one of the 

tetrahedrons may be calculated, giving a mean hypothetical 

Osmium-interstitial atom 
o 

distance of 1.7 A. normal osmium-carbide As a 

distance o 
is ca. 2.0 A, a value 

o 
of 1.7 A would be extremely unfavourable. 

However, hydrogen atoms in tetrahedral sites are known, particularly 

t (where n and m refer to spiked atom positions on the triangle) 
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Figure 1.3/10 
square (XV) 

Figure 1.3/11 

Coat hanger (XIX) 

Bow tie (X) 

'lJ 1, 1-displ ked 
triangle (XVI) 1 ,2-dispi ked triangle l (Crown) (XIV) 

'-dlspiked 'rlangl. b 
(coat hanger) (XIX) 

Pentagon (XX) 

1-spi ked square (XXI) 
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Figure 1.3/12 Figure 1.3/13 

~~Xx 
Diagonal bridged 
Square (XII) 

<) 
1-spiked square (XV~ .<> 

Figure 1.3/14 

(observed) 
Figure 1.3/15 



Table 1.3/1 

Metal-core geoaetry Structure 

Trigonal bipyramid OsS(CO)16 

(I) H20s5(CO)15 

Edge-bridged 

tetrahedron 

(II ) 

Square pyramid 

(I II) 

[HOs5 (CO) 15 r 
[Os5(CO)13]2 -

H20sS(CO)14(PEt3J 

H20s 5 (CO)13(PEt3 ){P(OMe) 3 } 

[IOs5 (CO)15]

H20s5(CO)14(C5HSN) 

H20s 5 (CO) 16 

[H20SS(CO)15I]

H20s5(CO)15{P(OMe3)} 

H30sS(CO)14(C5H4N) 

H20S5(CO)15(C5H5N)b 

HOs5(CO)13(PhNC6H4N)(PEt3) 

OS5(CO)15{CC(1I)Ph} 

M5 C(CO)15 

RU5C(CO)14(PPh3) 

HRu5C(CO)13(CSH4N) 

RU5C(CO)13(dppb) 

RU5C(CO)13(PPh3)2 

H2RuSC(CO)12{Ph2P(C1I2)2PPh2} 

[OsSC(CO)14]2-

OS5C(CO)14{Au(PPh3 )}2 

RU5C(CO)13(NO)(AuPEt3) 

HRu5C(CO)13(PPh2) 

H3Ru5C(CO)11(PPh2)(PMePh2) 

HRu5C(CO)12(PPh3)(SEt) 

RuS(CO)13(-CCPh)(PPh2) 

H2Ru5(CO)13(-PCCH2PPh2)(PPh2) 

[RuSN(CO) 14]-

RU5(CO)15(PR)B 

Refs. 

74.75 

20 

76 , 20.77 

20 

73 

78 

79 

80 

31,20 

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 



Table 1.3/1 continued 

Metal-core geoaetry Structure Refs. 

Square pyramid HOs5C(CO)13{OP(OMe)OP(OMe)2} 97 

( I II ) OS5(CO)15(CH30P ) 98 

RU5(CO)12(PPh)(CCH2-i-Pr)(PPh2) 99 

Hinge-wingtip RU5(CO)14(CNBut)2 100 

bridged butterfly OS5(CO)13(PhCCPh)2 101 

( IV) RU5(CO)13(C2PPh2) (PPh2 ) 89 

HRuS (CO) 13 {CC (11) PPh2 } (PPh2 ) 89 

RU5(CO)12(-CCPh){PhCCCCPh}(PPh2) 102 

RU5(CO)13(-C2PPh2P) (PPh 2) 103 

Wingtip Bridged [Os~C(CO)15Ir 22 

butterfly HM5C(CO)14(C5H4N)C 104,This work 

(V) HRu5C(CO)13(C5H4N)(C5H5Nl This work 

RU5C(CO)15(MeCN) 35 

OsSC(CO)16 23 

HOs5C(CO)14(C02Et) 105,106 

OS5C(CO)15(dppe) 107 

H20s5(CO)lS(CCPh) 101 

HOsSC(CO)13{OP(OMe)2}{P(OMe)3} 108 

RU5C(CO)15{Au(PPh3}}Cl 109 

RU5C(CO)14{Au(PPh3}}Br 109 

RU5C(CO)14{Au(PPh3}(MeCO) 110 

RU5C(CO}13{Au(PPh3}(C5H5) 110 

HRu5C(CO)14(SEt) 90 

HRu5C(CO)13(SEt)(PPh3) 90 

RU5C(CO)13I(PPh3){Au(PPh3)} 90 

IIRu5C(CO)10(PPh2)(PPh)3 99 

HOS5C(CO)14{OP(OMe)2} 111 

SPiked tetrahedron 1I0s5(CO)13(PhNC6H4N) 112 

(VI II) 



Table 1.3/1 continued 

Metal-core geo.etry Structure Refs. 

Edge-bridged square RU5(CO)13(C6H4)(PPhl 113 

(envelope) RU5(CO)14(S)(HC2Ph) 114 

(XI) RU5(CO)12(CCH2R)(PPh2)(PPhl 99 

RU5(CO)12(CCR)(N2CPh2)(PPh2)d 115 

OS5(CO)15{CC(H)Ph} 83 

HOs5(CO)13(PhNC6H4~) 112 

HOs5(CO)15{PhNCnH4~}(PEt3) 82 

Bow tie OS5(CO)19 11B.117 

(X) US5(CO)17(HCCH) 118 

OS5(CO)lB{P(OMe)3}3 117 

HRu5(CO)13(C2Ph)(PPh2)2 119 

D' . lagonal-bridged OS5C(CO)14(C02MeII 105.10B 

sqU~re OS5C(CO)15I2 105 

(XII) 

Coat hanger HRu5Cu(CO)13PPh3 120 

(XIX) 

s , -
. ' ' Plked square RU5(CO)13(CCR){NC(0)NCPh2/(PPh2) 115 

(XV) {Ru3(CO)3(Cp)3}{ Ru2(CO)3(Cp)2} 121 

RU5(CO)12(NPh){N(Ph)C(0)C(Cp)CPh} 122 

Notes:_ 

U; R ~ C6 HS' CH 3 • CH zCH 3 and CH ZC6 Hs 

b; Proposed structure 

C; M Ru or Os 

d; R '" Ph. Pr 1 
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Equatorial edge-bridged 
trigonal bipyramld 
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Ure 1.3/17 The 2 alternative M cores for a totally triangulated heptanuclear cluster. 



amongst the higher nuclearity species (some examples are discussed in 

Chapter 4). 

In contrast to tetrahedral geometries, structures based on the square 

pyramidal framework (Ill) predominately have semi-interstitial atoms, such 

as the ~5-coordinate carbido-atom in the pentanuclear 

(M = Fe, Ru or Os),[21,22,84,85] or 

2 
RU5(CO)13(P4-~ -CCPh)(P4- PPh2).[96] No 

the P4-phosphorus 

examples of the 

atom in 

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 

76e-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 

Clusters, 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 

rearrangements. Similarly, for M7 cores a totally triangulated framework 
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is a bicapped trigonal bipyramid. This has not so far been observed but 

could exist in two alternative forms (Figure 1.3/17). 

heptanuclear cores observed are discussed in Chapter 5. 

The most common 

This section has shown the wide range of metal core geometries that are 

available even with relatively low nuclearity clusters. These metal 

frameworks provide a diverse and flexible range 

organo-fragments to interact with. 

of surfaces for 

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 

decade.[123_124] Some of this can be 

expanded rapidly in the last 

attributed to purely acedemic 

eXcitement 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 

may 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 '1}-Coordlnatlon bonding modes. Matrix 1.4/2 '1,2-Coordlnatlon bonding modes 

°1 ~ b3 b4a 

I·' 
°2 b3 b4a - b4b bsa bSb Osa beb 6ac 

- -
C2 C1--e2 

111 1 1 V C1 111 

• C2 

112 I 
C1---1:2 I C1--C2 

1Xr 1121 C1 1 1 l~ ~"e 
C2 
I 

113 I 
C1--c2 C1--C2 C1-1:2 C2-C2 Wr C1 1\ 1 lVl 11V JW "'31 I~\ 

C2 
I 

114 I 
C1--C2 C1--e2 C1-C2 C1 C1--1:2 C1---1:2 C1--C2 

"'41 /j~ J\ j~ 11\ 1 J~ ~ J~ JM~ lM 
C1--t:2 C1--C2 C1-C2 C1---1:2 C1---1:2 

115 I Jhj\ l~l lM~ j~\ l~ ' 
C1--t:2 C1-1:2 C1--C2 

116 I Il\ jh jl~ l\ jl~ \ 



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 Ilgands. 

No. of electrons No. of R 
Ligand Name donated groups 

Alkyl(yl) 5 

Alkylldene 2 4 

Alkylldyne 3 3 

Alkene 2 4 

Alkenyl 1 or 3 3 

Alkenylldene 2 or 4 2 

RC=CII Alkyne 2 or 4 2 

C=CII Alkynyl 1, 3, or 5 

Dlcarblde 2, 4, or 6 o 

Saturated alkanes (C
2

R
6

) 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 
-.)0 

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 ~-bonding 
2 Possible for organic fragments, the corresponding forms for ~-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 p (where n is the number of metal atoms bridged). 
n 

b) Either one (~1_) or both (~2_) carbon atoms may be coordinated to 

the cluster core. 

c) In this thesis the number of M-C contacts is denoted by b (where m 

m = No of M-C contacts). 

It should be stressed that p and 6 are not totally independent. For 

example, a coordination mode such as P2~1&1 is impossible since °1 implies 

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

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

for ~1-coordination only the diagonal elements of the matrix occur. 

A full analysis of all the possible ~2_bonding modes would be complicated 

and in this discussion the matrix for ~2-coordination is only considered in 

a truncated form (namely that which is chemically sensible), a-values of 

greater than six have not been considered. This gives a 6x6 matrix (36 

structures) but, as a consequence of the dependency of p and 0, a number of 

forms are precluded. 

For a given number of metal atoms (M) the total number of forms .is 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 

zero, because a value of p implies a &-value of at least n. 
n 

I 
For ~ alone 

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)] or 

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 o-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 7-M. 

In addition to these structures, isomers occur for a-coordination forms 

above 3. Figure 1.4/1 illustrates the isomeric forms for b
4

_
8 

and shows 

there are two isomers for 04 and 65 , three for 06 and °7, four for °8 , etc. 

C1---1:2 

IV\ 
648 

C1-C2 

//\ / 
64b 

C1-C2 C1--C2 

//\ /\ 17\\ / 
6S& °Sb 

C1-C2 C1---1:2 C1---1:2 

//\ //\ //\\ /\;1/\\ / 
66& 66b b6e 

C1--C2 C1---1:2 C1---C2 

1/\\ 11\ 111"" /\ A\\ I 
C1-C2 C1-C2 C1---C2 C1-C2 

//\\ /J~ ;11~ 11\ //A~ /\ AI~ I 
67& Cryb 07e 68& 

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 (0) must always be 

greater than or equal to the number of metal atoms. (For example, the 

isomer 04a is not allowed for metal systems with more than four metal 

atoms.) Secondly, the number of M-C contacts (0) from one carbon atom must 

be less than or equal to the total number of metal atoms and therefore the 

isomer 06a is not allowed for metal systems with less than five metal 

atoms. 
> 

Table 1.4/2 Allowed isomeric fragments. 

°4a °4b °5a °5b 

M:3 yes yes yes 
M:4 yes yes yes yes 
M:5 yes yes 
M:6 

M = No. of metal atoms 
El 

No. of M-C contacts n = 

28 

66a 

yes 
yes 
yes 

b6b 

yes 
yes 
yes 

yes 
yes 



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. 

1 The simplest form of bonding, the ~,~ 0, mode, has only been observed in 

the dinuclear compound Pt2(C2Ph)2(SiMe)2(PR
3

)2 (1) (Figure 1.4/2).[125] Of 

the two alkynyl ligands in (1), one bridges the Pt bond in a o,~-fashion, 

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

Pt2(CCPh)2(SIMe2)(PPh3)2 

(1) [125] 

1 Figure 1.4/2 The ~1~ 0 1 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.[125J 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 1 & 1 f di 1 d u2~ 2 bonding mode is relative y common or nuc ear an trinuclear 

Species; the latter are illustrated in Figure 1.4/3. The alkynyl cluster 

OS3(CO)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 P3~205a fashion, whereas the second alkynyl group bridges an 

Os-Os bond ()l2q} ( 2 ) and although normally this bo nding mode Would be 

considered as a 2e in this cluster the authors assigned it as a 3e 

donor.[128J This gives a C.V.E. of 50 and as such only two Os-Os bonds are 

present. In comparison CO ligands are also often found bridging M-M bonds. 
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tau 
I 

C2 
I 
1 

HOS3{CO)10[C:C(Ph)PMe2Ph] 

(2) [126] 

RU3{ CO)S{ CCtBu )2{ PPh2)2L 

(3) [127] L: Ph2PC2But 

1 ."..-----,,-2 
1 

HOS3{CO)10{CCH2R) 

(S) [129] R: CHMe2 , 
Figure 1.4/3 The )J2rt °2 bonding mode. 

0s3( co )g{ CCPh )2 

(4) [128] 

1tf<::::------=F 

/ 
HOS3{CO)10[C{H)CH:NEt2] 

(7) [131,132] 

The only type of ligand which has been observed to cap a triangular face of 

a cluster 1 
()J3~03) 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 mode has been reported for a number of 

c~rbonyl clusters, but is less common than the terminal or )J2-bridging 

modes discussed above. 

H3RU3{CO)g{CMe) 

(8) [133] 

\ 
'\-

I 
CH, 

Cse{CO)le{CMe)2 

(11) [136] 

H3RU3{CO)g{CCH2tBU) 

(9) [134] 

I 
p" 

~ 
C2 
I 

C1 

1~' 7 
aMt L 

OS3{CO)9{CPh){COMe) ~!~::::"'-.'--:"-' ... --...:----)t--3c: 
(10) [135] p" p" 

I 

p" 

087(COllS(CPh)4 

{131 [138] 

OSe{CO)le{CPh)2 

(12) [137] 

Figure '.4/4 The )J3rt '03 bonding mode. 

30 



1 0 
Table 1.4/3 bond lengths ror ~ -coordination ( A). 

Cmpd. Rer. Ligand Mode M1-C1 M1-C2 M2-C1 M1-C2 M3-C1 M3-C2 M4-C1 M4-C2 C1-C2 

(1) i 1 
2.01(0 125 Jl

1
Q,6

1 1.20 

(2) 126 
1 

2.096 ( 10) 2.103(10) g )l2Q, 62 1.356 

(3) i 1 
2.22 (0 2.185(9) 127 ).Ill &2 1.19(1) 

(4 ) 128 i 1 
2.113(15) 2.251( 17) 1 • 198 ( 19 ) J.l2 I\, 62 

1 
1.966(22) 2~020(24) (5 ) 129 c )l2I\,62 1.528(28) 

(6) 1 
130 b )l2I\, 62 

2.11(2) 2.15(2) 1.60 (3) 

(7) 1 
2.15(3) 2.16(3) 131,132 g )l2l'\. 62 1. 42 (3) 

(8) 1 
2.086 ( 10) 2.078(12) 2.086(10) 133 c ).I3n, 6

3 1.511 (20) , 

134 
1 2.116(5) 2.098 (5) (9) c )l3l'\. 63 

2.091<5 ) 1.525 (9) 

(10) 135 d 1 
)l3I\, 6

3 
2.120(12) 2.126(13) 2.139 ( 13) 1.458(18) 

( 11) 136 c )l3nJ &3 2.10(7) 1.95 (7) 2.14(7) 

1 
2.025(40) 2.069(37) 2.165 (36) (12) 137 d Jl

3
rt 6

3 1.470(42) 

(13) 138 
1 

2.12(Oi) 1.45 ( 0 i) d )l3tt 63 

( 11) 136 
1 

2.24(7) c )l4rt &4 2.17(7) 2.13(7) 2.19(7) 

( 12) 137 d )l4l'L
1
&4 2.120(32) 2.242(35) 2.185 (37) 2.195 (37) 1. 535 (38) 

a alkyl(yl) d benzylidyne g alkenylidene 
b alkylidene e-alkene h alkyne 
c alkylidyne f alkenyl i alkynyl 
i) Mean value 



Alkynyl ligands can bond in a bonding mode and this frequently 

occurs with square pyramidal metal frameworks. Examples are found in the 

hexanuclear clusters OS6(CO)16(CR)2 (where R = Me (11)[136] and R = Ph 

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

Figure 1.4/5 

" 0ee(CO'le(CM·'2 
laC2 (11) [13e1 

1 The )J4l'\, 64 bonding mode. 

0ee(CO)Ie(CPIII2 

(12) [137.1 

Thus for the ~1_bonding mode, fragments without any substituents on the 

-carbon atom are prevalent namely; alkynyls (.CCR), alkenylidenes 

(:C=CR
2

), and alkylidynes (:C-CR
3

). This suggests that for ~1-coordination 

substituents on the r:X -carbon atom are sterically unfavourable. Important 

structural parameters for compounds (1)-(13) are tabulated in Table 1.4/3. 

This shows that theC1-C2 bond length in these ligands increases in the 

order o 
alkynyl (ca. 1.20 A), alkenylidene 

o 
(1.356 A), benzylidene 

1.45(1)-1.470(42) 
o 0 

A), and alkylidyne (range 1.511(20)-1.60(3) A). 

(range 

~ereas most dicarbon fragments on cluster surfaces adopt 2 It -coordination, 

c~rbonYl ligands rarely adopt bonding modes which involve coordination of 

the oxygen atom. The simplest example of fl2 -bonding for dicarbon 

fragments, in which both carbon atoms are bonded to one metal atom 

(u1~262)' has been reported for the alkene clusters HOS
3

(CO)9(H2C=CH2 )(SMe) 

(14),(139] and RU
6

C(CO)'5(MeHC=C(H)C(H)=CHMe) (15) (Figure 1.4/6).[140] 

"' 

H0s3(CO)g(H2C: CH2)(SMe) 

(14) [139} 

Figure 1.4/6 The )l ~26 bonding mode. 
1 2 
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the only known example of the P2~02 coordination is observed for two of 

the substituted alkynes in Ir4 (CO)8(C02MeCCC02Me)4 (16) (Figure 1.411).[19] 

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

Figure 1.4/7 

" . 
Ir4(CO)a(RCCR)4 

R=C02Me 

/ 1 (16) [19] 

----\--L~ 
c--

/ 
R 2 R . 

The )l2rt 02 bonding mode. 

Both alkenyl and alkynyl ligands display P2rt203 bonding, as reported for 

Qcth trinuclear and tetranuclear. cluster species (Figure 1.4/8). /\ /\ &1 
1 2 1 1 I /~ • ~. \ ~/ \ 1 //'" C2~ 

./ C1 ~1 C1, / . ~----=-I 

.r ~ HOa3(CO),O<CH=CH2) " ' CI--ftI Ho.,co),O(PhC=CHPh) " 
~ (11) ["', '42) I (18) ['43) ee,(CO),,(PhC=CH2)L 

Figure 

· (,.) [,,,) 

L.,.,-n3-oe-SC(Ph)=C(H)cC~Me 

1 

(Y~· 
C1-Q ..... 

Fae ' CFa 

H,o.,(CO),,(CH=CHPh) 

'Cl (20) [''') 
I .... 

" 
HOe,(COl,O<P£t3lL 

LzCFJCCHCI'3 

(21) [''') 

there are no examples of the )l2rt204a bonding mode for the iron triad but 

both of the alkyne ligands in the platinum cluster Pt
3

(PEt
3

)4(PhCCPh)2 (22) 

adopt this bonding mode (Figure 1.4/9).[147] 

Ph Ph Ph Ph 
\ / \ _/ 
C /C'" 

. Figure 1.4/9 The )12~04a bonding mode. 

Pt3( PhCCPh )2(PEt3)4 

(22) . [147] 

The ),13n.70
3 

bonding mode has only been reported for two triosmium clusters, 

H20S3(CO)9(HC:CNEt2) (23),[148] and HOS/CO)10(CF
3

C:CHCF
3

) (24) (Figure 

1.4/10) • [ 149] In both these clusters the organo-ligand lies almost 

perpendicular to an Os-Os bond, in a similar orientation to that adopted by 

the )l3rt205a bonding mode discussed below. 
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~
C1:;C2 

1 - 2 

I 

HOI3(CO)gL 

L=HCCPM·2Ph 

(25) [12«5] 

Y'c1~{- EtI'C1~2' w" cl" 

V · ~ 1 - 1 - 21 12 

I I . 

HOI3(CO)9L 

L=MeCCCH2PM·2Ph 

(2«5) [12«5] (27) [150] 

L=HCCPh 

1<~' 
.h y,"" 

1 Z 

1 

HRu3(CO)9(PPh2)L 

L=PhCCPh 

(29) [102] 

0s5(CO)13(PhCCPh) 

(31) [101] 

1 .... -- _----:.2 

(33) [151] 

1 

1 

L=PhCCCCPh 

(30) [110] 

OsS(CO)17(HCCH) 

(32) [118] 

1 __ --__ 1 

Ose( CO)1 s( MeCCM.) 

(34) [138] 

1 

(35) (152] 

RU3(CO)7(PhCCPh)L 

L=PhC(H)=C(Ph )CCtBu 

(38) [153] 

0s3(CO)1O<PhCCPh) 

(37) (154] 

2 Figure 1.4/11 The ~3~ b4a bonding mode 

'. 



"I 

2 -==::::::::::...-

3 

H20s3(CO)9(HC=CNEt2) 

(23) [148] 

Figure 1.4/10 The ~3~63 bonding mode. 

HOs3( CO)1 O( CF 3CCHCF 3) 

(24) [149] 

The most common of all the bonding modes for dicarbon fragments 

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 
2 

P3~54b bonding is relatively rare, but has been reported for the 

alkenylidene cluster OS6(CO)20(C:CHPh) (38) and for the 

al~nYlidene cluster H20s
3

(CO)g(C:CHOEt) (39) (Figure 1.4/12). 
, 
~\ 

I 
.----~ ..... -- ..... -----,.1 

(38) [83) (39) (1150) 

Figure 1.4/12 The P3~~64b bonding mode. 

substituted 

The )l3rt05a or 'perpendicular' bon~lng mode is adopted by both alkynyl and 

alkYne, ligands (which donate 5e and 4e respectively) and has been compared 

to the parallel bonding mode discussed above (Figure 1.4/13). The 

perpendicular ( t1 n2c ) bonding mode has been described as consisting of .1"'3'" °5a 

10'_ 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 ~wo or four electrons).[124] 
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It- . 

2 __ -

[ RU3(CO)9(Cct eu)]

(40) [155] 

2-=,,--\ 

I 

HRu3( CO)g(CCteu) 

(<41) [158] 

HRu3( CO )sCC teu)( PPh~Et) 

(<42) [157] 

Figure 1.4/13 The P3~2&5a bonding mode. 

There are no known organo-clusters which contain 

t .. 
\ 

:-&f 
3 

083( CO )g( CCPh)2 

(<4.) [128] 

mOde. 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 

result. An alternative form would be for the fragment to cut 

perpendicularly through the triangle, enabling symmetrical 

Coordination (effectively two joined P3-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 ~4~204a bonding mode (Figure 

_1.4/14). 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 

bonding mode. 

examples of 

/ • • 
Figure 1.4/14 The P4~b4a bonding ~ode. 

Ir.(CO)a(RCCR). 

~M. 

(18) [19) 

the alternative 

Two alkynyl clusters with very different metal core geometries have been" 

reported which exhibit P4~65a bonding, the pentaruthenium cluster 

~RU5(CO)13(CCPh)(PPH2)2 (43),[119] and the hexaosmium cluster 

HOS6(CO)11(CCEt) (44),[152] (Figure 1.4/15). 
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I 

HRuSCO ),3( CCPh )(PPh2)2 

(43) (119] 

HOee(CO)17(CCEt) 

(44) (152] 

Figure 1.4/15 The P4~265a bonding mode. 

The alternative P4~65b isomeric form appears to be more common and is 

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

H~S(CO)'S(CCPh) 

(45) (101] 

RU4(CO),0(C=CHprl)(OH)(PPh2) 

(48) (158] 

OIS(CO)'S(C=C(H)Ph) 

(47) (83] 

Figure 1.4/16 The P4~205b bonding mode. 

1he P4~206a bonding mode is adopted by alkyne or alkynyl organo-clusters 

and is frequently observed in the cleft of an M4 butterfly arrangement 

(Figure 1.4/17), wheras the alternativep4~266b bonding mode has not so far 

been observed. 

OeS( co ),3( PhCCPh)2 

(31) , (101] 
RU4(CO),2(MeCCMe) 

(48) (140] 

.' 

Figure 1.4/17 The ~4~2&6a bonding mode. 

I 

0I4(CO),2(HCCH) 

(49) (159] 

1 

0Ie(CO)'7(HCCEt) 

(50) (152] 

To data the P5- or P6- bonding modes have only been observed for the 

dicarbide (CC) fragment, in a semi- or totally encapsulated form. This is 

more common for higher nuclearity cobalt and rhodium clusters.[160] 
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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, 

c) 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 

~elatively low nuclearity clusters (M =5 to 7) an enormous array of 

geometries 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. 



V 
2 0 

Table 1.4/4 Bond lengtbs f'or It. -coordination ( A). 

Cmpd. Hef'. Ligand Mode M1-C1 M1-C2 M2-C1 H2-C2 M3-C1 M3-C2 M4-C1 M4-C2 C1-C2 

(14 ) 2 
2.23(4) 2.23(4) 139 e Jl l 11b2 1.42 

2 (15 ) 140 e 
Jl1I\.. °2 

2.30 (1) 2.27 (1) 1.37 (2) 

2. 31{ 1) 2. 31C 1) 1.42(2) 

(16) 2 
1. 278( 11 ) 19 h )l211b2 2.127(9) 2.095(7) 

( 17) 141 t 142 2 
2.362(3) f 

)l2l'\. °3 
2.107(3) 2.273(3) 1.396(3) 

(18 ) 2 
143 f 

)l2l'\. °3 
2.11(4) 2.34 (4) 2.44(4) 1.40(5) 

(19) 144 f 2 
2.16(2) 2.29(2) 2.29(2) 1.42(2) )l2rt °3 J 

2 
2.154 (10) 2.151(13) 2.299(13) (20) 145 f )l2l'\, °3 1.356(13) 

(1) 2 
1.96( 1) 2. 14 ( 1) 2.47(1) 1.26( 1) 125 i )l2I\, &3 

(21) 146 2 2.16(3) 2.24(3) 2.20(3) 1.41(4) f )l2Il &3 

(22) 147 h )l2Q,2&4a 2.07 (2)i) 1.34 (3) 

(23) 148 h 
2 

)l311 &3 

(24 ) 149 2 
2.06 1.54 f )l3I\.. &3 2.11 2.19 

(25 ) 126 2 
2.064(17) 2.226(15) 2.252(16) h )l3~ b4a 2. 127 ( 18 ) 1.411(23) 

(26) 126 h 2 
1.423(28) )l3~ b4a_ 2. 132, ( 19) 2.127(19) 2.247(20 2.293(19) 



. . 20 
Table 1.4/4 (co.ntinued) Bond lengths f'o~ rt -coordina tion ( A) • 

• ' , ' I 

Cmpd. Ref'. Ligand Mode Ml-Cl . Ml-C2 M2-Cl M2-C2 M3-Cl M3-C2 M4-C1 M4-C2 Cl-C2 

(27) 150 h )J3It204a 1.86(5) 2.08(3) 2.32(4) 2 . 45(5) 1.40(5) 

(28 ) 114 h 
2 

Jl
3
It b

4a 
2.04 (1) 2.07( 1) 2.29 (1) 2.31(1) 1.43(2) 

(29 ) 2 
2.118(8) 2.118(8) 2.274(7) 1.415(11) 102 h Jl

3
It b

4a 
2.168(7) 

(30) 102 2 
2.159(6) 2.192(6) 2.202(6) 1.397(9) h Jl

3
I\, 6

4a 
2.138(7) 

(31) 101 h 
2 

Jl
3
It 04a 2.09(2) 2.15(2) 2.21(2) 2.24(2) 1.39 (4) 

(32) 118 2 
2.30 1.36 h )l3rtb4a 2.10 2.21 2.17 

(33) 2 
2.09 (1) 2.18( 1) 2.27( 1) 1.44 (2) 151 0 Jl

3
I\, 64a 2.14 ( 1) 

\" 

(34) 136 
2 

2.13(2) 2.18(2) 2.20(2) 1.36(2) h Jl
3
I\. b4a 2.13(2) 

(35 ) 2 
2.16(4) 2.25(4) 2.09(5) 1.35 (6) 152 h )l3I\, 64a 2.25 (4) 

(36) 153 h 
2 

)l3I\,64a 2.33(2) 2.07(2) 2.10(2) 2.21(2) 1.37 (2) 

(37 ) 154 h 
2 

}l3n.. b4a 2.182(8) 2.070(9) 2.293(9) 2.188(8) 1.439 ( 10) 

(38) 83 g 2 
Jl

3
l\, 04b 2.161(3) 1.95 (3) 2.09(3) 2.34(3) 1.42 (4) 

(39) 150 i 2 
)l3l\, b4b 2.06(2) 2.01(2) 2.21(2) 2.43(2) 1.39(2) 

(40) 155 i 2 
)l3n.. 65a 1.95 (2) 2.18(2) 2.24(2) 2.16(2) 2.24(2) 1.27 (3) 

(41) 156 i 2 
1.315(3) )l3I\,b5a 1.947(3) 2.207(3) 2.268(3) 2.214(3) 2.271(3) 



2 0 
Ta ble 1.'4111 (continued) Bond lengths t'or n -coordination ( A). 

Cmpd. Ret'. Ligand Mode M1-Cl M1-C2 M2-Cl M2-C2 M3-Cl M3-C2 M4-Cl M4-C2 Cl-C2 

(42 ) i 2 
1.194(4) 2.252(4) 2.209(4) 2.243(4) 1.320 (6) 157 }J31'\. 6

5a 
1.946(4) 

(4) 128 i 2 
2.240(17) 2.297(17) 2.235(17) 2.283(19) )J31'\. 6

5a 
1.922( 18) 1.333(22) 

(16) h 2 
2.117(8) 2.161(7) 2.120(7) 1.446(9) 19 ,u41'\..64a 2.136(7) 

(43) 119 i 2 
2.296(4) 2.168 (4) 2.096(4) 1.367(6) )14 q, 6

5a 
1.985 (4) 

(44 ) 152 i 2 
2.04(2) 2.28 (3) Jl41'\. 6

5a 
2.09(2) 2.35(2) 2.11(2) 

(45) i 2 
2.21(3) 2.22(3) 101 Jl4l\ 65b 2.11 (3) 2.12(3) 2.20(3) 1.49 (3) 

(46) 158 g 2 
)J4rt 65b 2.237 2.183 2.178 2.105 2.267 1.415 

(47 ) 83 g Jl4~&5b 2.033(1) 2.081(2) 2.171(2) 2.415(2) 2.265(2) 1.51(3) 

(31) 101 h 2 
Jl4l'\,b6a 2.17(2) 2.22(2) 2.27(2) 2.22(2) 2.30 (2) 2.23(2) 1.46(3) 

(48 ) 140 h ..u4rt
2

&6a 2 .16( 1) 2.24 (1) 2 .27( 1) 1.45 ( 1) 

(49 ) 159 h 2 
}l4rt 66a 2.19(3) 2.22 (3) 2.16(3) 2.22 (3) 2.24(3) 2.11(3) 1.55 (4) 

(50 ) 152 h 2 
}l4'" b6a 2.16(2) 2.15(2) 2.23( 1) 2.43(1) 2.34 (2) 2.32(2) 1.45 (2) 

a alkyl(yl) d benzylidyne g alkenylidene 
b alkylidene e alkene h alkyne 
c alkylidyne f alkenyl i alkynyl 
i) Hean value 



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.[91,161,162,163J 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 

to related pentanuclear clusters. A mechanism for the formation of these 5 

structures from Ru
5
C(CO)15 is proposed. 

2.1 Routes reported for the formation of pentanuclear clusters. 

~umerous techniques have been used to prepare pentanuclear clusters, some 
-
more fortuitous than others. Historically the most important method was by 

bUild up syntheSiS, but recently routes to pentanuclear clusters by 

degradation of higher nuclearity clusters have been reported. 

2.1.1 Build-up synthesis. 

Trinuclear complexes can serve as precursors, not only to pentanuclear 

Clusters, but to a range of high nuclearity clusters and metal core 

geometries containing from 4 up to 20 metal atoms have so far been 

reported.[164] Table 2.1/1 illustrates a selection of pentanuclearclusters 

that have be synthesised from trinuclear precursors. One of the earliest 

strategies used in cluster synthesis was pyrolysis and although 

pentanuclear derivatives have been obtained from OS3(CO)12,[165,166J the 
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Table 2.1/1 Pentanuclear clusters fro. trinuclear precursors. 

Reactant Product Synthesis Refs. 

OS3(CO)12 OS5C(CO)15 a 22,161 

OS5(CO)16 a 74.165 

H20s5(CO)15 b 166 

H20s5(CO)16 b 166 

OsSS(CO)15 c 168 

OS3(CO)11P{OMe}3 OS5(CO)15{POMe} a 98,108 

HOs5C(CO)14{OP(OMe)2} a 108, 111 

HOs5C(CO)13{OP(OMe)OP(OMe)2} a 97,108 

HOsSC(CO)13{OP(OMe)2}{P(OMe)3} Cl 108 

OS3(CO)11(C5H4N) HOsSC(CO)14(C5H4N) Cl 104 

[nosS(COh5r a 104 

. HOS 3 (CO)10(SC6HS) OS5S(CO)15 d 169 

RU3(CO)11(CNBut) RU5(CO)14(CNBut)2 e 100 

RU3(CO)11(Ph2PCCP) RuS(CO)13(CCPh)(PPh2) f 92 

HRU3(CO)g(PPh2) RU5P(CO)16(PPh2) f 170 

RU3(CO)11(PPh3) RuS(CO)13(PPh)(C6H4) g 113 

RU3(CO)9(HC2Ph)(S) RU5S(CO)14(HC2Ph) h 114 

H2OSS (CO)10 HOs5(Cb)13(PhNC6H4N) 112 

a; Pyrolysis 

b; H2O/Vacuum 
C; Sa/Vacuum 
d; CO/Heat 

e; N2/Heat 

f; Heptane/Heat 
g; Toluene/Heat 

h' , RU(CO)5 / Heat 
i; Ph-NHNH-Ph / Heat 



ruthenium analogue RU
3

(CO)12 gives only hexanuclear derivatives (these are 

discussed in Chapter 3).[167] However, it can be seen from Table 2.2/1 that 

pentaruthenium clusters can be produced from activated triruthenium 

2.1.2 Cluster degradation. 

An alternative route to 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 [Ru
6

NCCO)16]- gives 

the square pyramidal cluster [RU
5

N(CO)14]-' a route which is, as yet, not 

aVailable to pentanuclear osmium clusters since no hexaosmium 

nitrido-species have been isolated~[95] 

Table 2.1/2 Cluster degradation. 

Reactant Product Synthesis Refs. 

RU6(CO)17 RU5C(CO)15 a 84,85 

[Ru6N(CO)16]- [ Ru5N(CO)I<1]- a 95 

OS6(CO)18 OS,!)(CO)19 u 116 

[OS5(CO)15]2- b 76 

OS5C(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 

ligand. 

involving nucleophilic or electrophilic attack by an incoming 
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2.2.1 Nucleophilic attack on clusters. 

Ligands such as CO, PR
3

, alkenes, alkynes, iodide, pyridine (and its 

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 

ligand, along with a 1e donation from the generated hydrogen atom, which 

adopts a bridging site. 

M5C(CO)15 

(1a=Ru, 1b=Os) 

L 

··::c···················· 

L=Z-, 22 MeCN,85 

CO,23 dppe,107 ,ROH,93 

Figure 2.2/1 Cluster opening on addition of nucleophiles • 

. One of the simplest types of nucleophilic reaction is addition. This 
'.'~ 

reSults 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. 

Addition reactions therefore result in opening of the cluster framework, 

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

For example, the 14e square pyramidal clusters M
5

C(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 butterfly 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 

H20sS(CO)lS (7), which has a trigonal bipyramidal framework, reacts with 

nucleophiles such as I-, p(OMe)3' CO, and pyridine to give adducts of the 

form H20SS(CO)lSL (8-12) (Figure 2.2/2).[20] Cleavage of an 

aXial-equatorial bond in the trigonal bipyramid (7) gives the observed 

edge-bridged tetrahedral metal framework. The iodine atom in 

[H20SS(CO)lSI]- (9) adopts an axial position on the bridging osmium, 

whereas the trimethylphosphite group in complex (12) adopts an equatorial 

POsition. This difference in site preference can be attributed to the 

greater steric bulk of the phosphite ligand. Pyridine is intermediate in 

size between I- and P(OMe)3' and the complex H20SS(CO)15(C
5
H5N) (11) is 

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

or equatorially coordinated.[80] 

l 

L=I-, p(OMe)3' CO,20 

CSHSN,80 PPh3' PEt3,20 

H20SS(CO)1SL 

L=CO (8), 1- (9), PR3 (10) 

CSHSN (11), p(OMe)3 (12) 

Figure 2.2/2 The reaction of H
2
0S

5
(CO)15 (7) with nucleophl1es. 
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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 

H20S5 (CO)14{p(OMe
3

)} (13) (Figure 2.2/3). In this process of metal core 

geometry closure the phosphite has been retained in preference to a 

carbonyl ligand. An. axially coordinated p(OMe)3 would be expected from a 

simple closure process, whereas in fact the phospite ligand in (13) bonds 

to an equatorial metal atom. Thus, the mechanism appears to proceed by 

rearrangement of the metal core to an intermediate square pyramidal 

geometry 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 ligand PR
3 

(R = Et, OMe) to give 

H20S5 (CO)13{p(OMe)3}(PR
3

) (14), in which the added ligand is bonded to an 

aXial osmium atom (Figure 2.2/3).[78] 

H20SSC(CO)1s{P(OMe)3} 

(12) 

!i!.chanism 

-co -

-

HL'lSSC(CO)14{P(OMe)3} 

(13) 

Fig 
Ure 2.2/3 Metal framework closure. 
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The reaction of the trigonal bipyramidal cluster H20s
5

(CO)15 (7) with 

pyridine merits further comment, as a total of 4 products have been 

characterised from it. In addition to the two isomeric products referred 

to above, a substituted product H20s
5

(CO)14(C
5

H
5

N) (15) and an adduct with 

a bridging pyridyl ligand H
3
os

5
(CO)14(C

5
H4N) (16) are formed (Figure 

2.2/4 ). 

trigonal pyramidal metal core of the parent dihydride (so the CVE is 

Unchanged), with one of the equatorial carbonyl ligands having been 

directly replaced by a terminally bonding pyridyl ligand.[80] In the second 

P~oduct H
3
os

5
(CO)14(C

5
H

4
N) (16), the p2_pyridYl is bonded through the 

nitrogen atom to the edge-bridging osmium, with the ex-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. 

H20SS(CO)14( CSH4N) 

(lS) 

H30SS(CO)14(CSH4N) 

(16) 

Figure 2.2/4 The pyridine and ~2-pyridYl clusters (15) and (16). 

Although reactions classified as substitution which leave the CVE unchanged 

would not be expected to effect the metal framework, for many cl uster 

reactions it is difficult to establish whether substitution occurs via an 

aSSociative 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 

breakage and re-formation. A superficially simple mechanism is provided by 

reaction of the carbido-cluster ( la) with 

tr' . 
lPhenYlphosphine. This initially gives the monosubstituted compound 
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( 17) and subsequently the disubstituted product 

RU5C(CO)13(PPh
3

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

geometry of the parent compound is retained, and these reactions could be 

seen simplistically as direct carbonyl substitution, by analogy with 

OS5C(CO) 
15 (1b), Ru

5
C(CO)15 (1a) is thought to react via an associative 

mechanism. The reaction process proceeds by addition of the 

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. 

PPh3 

-CO 

PPh3 

PPh3 -CO 

(18) 

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

Direct ~ubstitution of carbonyl ligands is often difficult, so activation 

of trinuclear clusters with labile ligands (such as acetonitrile) is now a 

established synthetic strategy. [171] Similarly, the pentanuclear 

Cluster ( 19 ) undergoes a series of nucleophilic 

disPlacement reactions with a variety of alkynes and phospho-derivatives 

(Figure 6 2.21 ), which could not be obtained directly from the binary 

carbonYl cluster.[162] 
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RCCR 

R:Ph, :> 
----.--IWCH 

H20S5(CO)15CN 

(19) 

L=PPh3 
~ 

P(OPh)3' P(OMe)3 

H20S5(CO)14(L) 

Figure 2.2/6 The reactions of the activated cluster OS5(CO)15(HeCN) (19). 

SUbstitution reactions can also occur after nucleophilic attack at a 

carbonYl ligand. An example of this is the reaction of the square 

Pyramidal cluster OS5C(CO)15 (1b) and its iodo-analogue OS5C(CO)1512 (20) 

With alcohol (Figure 2.2/7).[105] The complex (20) has an unusual bridged 
-
~uare geometry which appears to activate the cluster, as (20) reacts with 

alcohols 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 

osmium , fOllowed by 2e donation from the carbonyl 

oSmi um a tom. [ 105 ] 

O-atom to an adjacent 

Finally, in some cases, reaction with nucleophiles does not result in 

addition or substitution but leads to cluster reduction. 

treatment of OS5(CO)'6 with potassium hydroxide does not 

COordination but gives the dianion [OS5(CO)'5]2-.[162] 
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OSSC(CO)1S 

(1 b) 

OSSC(CO)1S12 

(20) 

ROH 

ROH 

----iII~~ I 
r.t. 

R = Et 

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 example of simple addition, without change in metal core geometry, is 

the protonation of the dianion [OS5(CO)15]2-, which gives the mono-hydride 

[HOS5 (CO)15]- and the dihydride H
2
0s

5
(CO)15 respectively.[76] The dihydride 

is not deprotonated by r-, whereas the higher nuclear analogues are readily 

deprotonated under such conditions. This fact can be attributed to the 

increase of Lewis acidity with cluster size. Protonation does not increase 

the electron density of the cluster and so, on these grounds, would not be 

. eXpected to undergo metal core transformation. Despite this, many higher 

nuclearity clusters (where alternative geometries of the same electron 

COunt are of comparable energy) undergo cluster core rearrangement on 

protonation.[162] 
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The most widely studied group of electrophilic reagents are cationic 

heterometallic species [HR J-, where M is typically gold, silver, or copper 
n 

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

sOlid state isomerism, is the reaction of the nitrosyl anion 

[RU5C(CO) (NO)J- with 
13 

[AUPEt
3

J-, which gives isomers of 

RU5C( CO) 13 (NO )(AUPEt
3

) (21 ) (Figure 2.2/8).[87J In the first isomer the 

gold triphenylphosphine ligand asymmetrically caps one face of the RU
S 

square pyramid, whilst in the second isomer the AUPEt
3 

group bridges an 

edge of the pyramid (Figure 2.2/8).[87J 

HO 

Isomer (21 a) 

HO 

Isomer (21 b) 

Figure 2.2/8 Solid state isomers of RU
S

C(CO)13(NO)(AUPEt
3

) (21). 

2.2.3 Organic reactions of pentanuclear clusters. 

The behaviour of polynuclear clusters towards organic reagents is 

p~rticularlY interesting but, in comparison with simple inorganic species, 

r.eaction pathways are generally more complex. As such, the division of 

these reactions as nucleophilic or electrophilic is too simplistic, so the 

reaction of pentanuclear clusters with organo-groups is considered here as 

a Separate classification. 

The reaction of t' 1 t 0 (CO) the bow- ~e c us er - s5 19 (22) with mono-substituted 

alkYnes gives an organo-cluster OsS(CO)17(HCCR) (23) (Figure 2.2/9).[118] 

The bonding mode adopted by the alkyne ligand in this cluster (P3~2&4a) is 

most commonly reported form of bonding for dicarbon fragments (Section 

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

tetranuclear cluster OS4 (CO) 12 (HCCH) 
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With the cleft of the metal core butterfly,~-donating to the wingtip metal 

atoms and CS" -bonding 2 to the hinge bond atoms (~4~ 06a).[159J This mode of 

bonding is also relatively common and has been established for a number of 

tetranuclear butterfly complexes (Section 1.4).[172J 

HCCR 

OSS(CO)17(HCCR 

(23) 

+ 

OS4(CO)12(HCCH) 

(24) 

' Figure 2.2/9 The reaction of oS5(CO)19 (22) with alkynes. 

Both these forms of alkyne interaction are observed in the product from the 

~eaction of the trigonal bipyramid H20s
5

(CO)15 (7) with disubstituted 

alkynes.[101J Treatment of (7) with PhCCPh gives the disubstituted product 

OS5(CO) (PhCCPh) (25) (Figure 2.2/10). This 76e-species is illustrated 13 2 

in Figure 2.2/11 and has the relatively unusual hinge-wingtip bridged 

butterfly arrangement of metal atoms (Section 1.3).[101J 

In Contrast, the reaction of (7) with the monosubstituted acetylene PhCCH 

gives (26) , in which the metal core has the more 

COmmon wingtip-bridged butterfly geometry (Figure 2.2/10).[101J Thus with 

mono-SUbstituted , alkynes a 1 ,2-hydrogen shift has occurred, which is 

aCCompanied by M-core rearrangement. The bonding mode adopted by the 

acetYlene ligand (P4~265b) is relatively unusual (Section 1.4) and can be 

described as involving ~-donation to the bridging osmium atom with the two 

~elllainl' ng electrons being involved in a (4-c,2-e) bond to three other M 

atoms. 
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PhCC~ 

(25) 

H20S5(CO)15{CC(H)Ph} 

(26) 

Figure 2.2/10 The reaction of H
2
0SS(CO)15 (7) with alkynes. 

This mode of interaction is also observed for the alkenylidene fragment in 

OSS(CO)1S{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] 

Ph 
--r.:---tc( 

OS5(CO)1S{CC(H)Ph} 

(27) 

H 

Figure 2.2/11 OSS(CO)1S{CC(H)Ph} (27). 

Addition of the 3e donor diphenylphosphine to the (74e) square pyramidal 

complex RUS(CO)13(P4~2u6b-C2Ph)(P-~Ph2) (28) gives the 78e bow tie cluster 

HRUs(CO)13(P4~2~6a-C2Ph)(PPh2)2 (29) (Figure 2.2/12).[119] Although the 

metal core has been transformed, the alkenyl group still adopts a P4~2b6 

bonding mOde. The complex (28) can also react with diphenylbutadiyne, with 

the acetylene ligand in (30) contributing 4e in a pseudo-parallel mode of 

bonding (~n2a ) and the alkyne carbons lying almost parallel to a 3-'\J 4a 

non-bonding edge of an open triangle. 
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PhC=CC=CPh 

RUS(CO)13(CCPh )(PPh2) 

(28) -C~ 

Ph 
I 

HRUS(CO)13(C2Ph )(PPh2)2 

(29) 

RUS(CO)13(PhCCPh )(CCPh) 

(30) 

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

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

RUS(CO)13()l4-PPhH)l5-'1,6_C6H4) (31) (Figure 2.2/13).[113] This has an 

~8-benzyne ligand bonded in a )l5~8a8 bonding mode by forming 3 !i-bonds to 

the metal triangle and 2 u-bonds to the remaining 2 M atoms. Muetterties 

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

Figure 2.2/13 The 

RuS( CO)13(1J4 -PPh )(1J5-rt.6-C6H4) 

(31) 
edge-bridged square cluster RU5 (CO)13(PPh)(C6H4 ) (31). 

The substituted alkenyl cluster RU~(CO)13()l5-C2PPh2-P)()l-PPh2) (32),[103] 

also Shows an interesting mode of ligand interaction (Figure 2.2/14). The 

C2PPh2 group contributes seven electrons to the electron count of the 

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

ttre C 2 unit. This C2 fragment may be considered as (j -donating to three 

metal atoms, and asymmetrically~-donating to a fourth. Hydrogenation of 

the substituted alkenyl ligand in (32) results in the stepwise absorption 
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of three molecules of hydrogen, with transfer of one hydrogen to the 

cluster framework and one to the ~-carbon at each stage (Figure 2.2/14). 

This leads to the formation of clusters containing ~5-vinYlidene (33), 

methylidene (34), and carbide (35) ligands. Overall, the coordinated 

P5-CCPPh2 ligand is converted into a carbide and a MePPh
2 

group. The metal 

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 

geometry (Section 1.3).[114] 

~'''2 

~ ~ .--.Hl ~ 
'''2 

Rus( CO), 3(U5-CCPPhl)(U -flPhl ) 

(32) 

""2 

Hl .. 

'''2 
HRu5( CO), 3(u5-CCHPPhl)(U -PPhl) 

(33)"\ t"2 

77'f!2 

H3Ru SC(CO)" (PMePhl)(u-PPhl) H3RUS( CO), 3( u5-CCHlPhl)( u -PPh2 

(34) 

RU
5

(CO)13(C2PPh2P)(p-PPh2 ) (32). 
(35) 

Figure 2.2/14 Hydrogenation of 

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 

Chapter 1 have been reported. It also highlights the lack of mechanistic 

data available for reaction pathways. In subsequent sections, 5 X-ray 

~tructures are reported which are believed to offer 

particular reaction pathway. 
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2.3 The interaction of RU
5

C{CO)15 (la) with pyridine. 

Metal cluster isomers are relatively rare in the solid state but several 

have now been structurally characterised. These have previously involved 

different sites for hydride or other monodentate ligands,[17,87,175J 

alternative metal framework polyhedra, [87 J or isomersism of an 

organo-ligand.[150J An example closer to the structures discussed in this 

section is provided by the capped trigonal bipyramidal cluster 

HOS6(CO)16(~2-C5H4N), which has a ~2-pyridYl ligand bridging an Os-Os 

edge.[176J As there was evidence of disorder of the site of pyridyl 

attachment , Pearsall synthesised the related cl uster 

HOS6(CO)16(P2-C5H4NMe).[176J 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. 

The clusters discussed in this section were synthesised at Cambridge 

university by Tom Dutton. The reaction of the pentanuclear carbido cluster 

RU5C(CO)15 (la) with an excess of pyridine was shown by spectroscopic 

techniques to give an equimolar mixture of two compounds formulated as 

isomers of the hydride HRu
5

C(CO)14(C
5
H

4
N), (XR1) and (XR2), along with 

trace s of a disubstituted product HRU5C(CO)13(C5H4N)(C5H5N), (XR3). Both 

isomers ( tit ti XR1) and (XR2) were shown to undergo quan a ve thermal 

decarbonYlation to give the same product, HRU
5

C(CO)13(C
5
H4N) (XR4). This 

Was r ecarbonylated quantitatively under mild conditions, to regenerate 

equal 
proportions of (XR1) and (XR2) (Scheme 2.3/1). The X-ray structural 

analYses carried out in this project characterised five different products, 

demo 
nstrating that HRU

5
C(CO)13(C

5
H4N) (XR4) consisted of two isomers, a 

reSUlt 
not predicted by spectroscopy. Interestingly, these isomers were 

Char 
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 literature. From 

Consideration of the structural results a mechanism is proposed for the 

reaction pathway. 

Published. [ 177] 

CSHSN 
RUSC(CO)1S--·· 

(1 a) 

Preliminary results of this reaction have already been 

HRuse(CO)14(CSH4N) 

(XR1) (XR2) 

HRuSC(CO)13(CSH4N) 

(XR4) 

Isomer A and B 

----.. HRuSC(CO)13(CSH4N)(CSHSN) 

(XR3) 

Scheme 2.3/1. 

2.3.2 Overall description of the molecular structures. 

~he molecular structures of all the products identified from the reaction 
-
of Pyridine with RU

5
C(CO)15 (la) are illustrated in Figures 2.3/1-3. 

In both isomers of HRu
5

C(CO)14(C
5
H4N) (XR1) and (XR2), and in the 

diSUbstituted cluster HRU5C(CO)13(C5H4N)(C5H5N) (XR3), the metal core has 

", .. opened out to give a wingtip bridged butterfly arrangement (Figures 2.3/1 

and 2.3/2 respectively), whereas both Isomer A and B of HRU
5

C(CO)13(C
5
H4N) 

(XR4) have maintained the square pyramidal geometry of the precursor 

(Figure 2.313 ). The wingtip atoms of the butterfly unit in (XR1), (XR2), 

and (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 

orthometallation 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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Figure 2.3/1 The molecular structure of HRU
5
C(CO)14(C

5
H

4
N) Isomer A (XR1) and Isomer B (XR2). 

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



Figure 
2.3/2 The molecular structure (XR3) • 

. ' 

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

for clarity. 



Figure 2.3/3 The molecular structure of HRU
5

C(CO)13(C
5

H4N) Isomer A and Isomer B (XR4). 

Only the O-atoms of the carbonyl ligands have been labelled for clarity. 
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Table 2.311 Bridge-butterrly structures; metal-metal bond lengths CA). 

HRU
5

C(CO) 13 (X) [X=CO (XR1) Isomer A, (XR2) Isomer B, or Py (XR3)] 

HINGE-TIP 
Ru(1)-Ru(2) 
Ru(l)-Ru(3) 
Ru(2)-Ru(4) 
Ru(3)-Ru(4 ) 

TIP-BRIDGE 
Ru(2):"Ru(5) 
Ru(3)-Ru(5 ) 

HINGE --Ru( 1)-Ru(4) 

NON-BONDING 
Ru(1) ••• Ru(5) 
Ru(2) ••• Ru(3) 
Ru(4) ••• Ru(5) 

Notes 

(XR1) 

Mean(b) 

2.871 ( 1) 2.880 2.882(1) 
2.833( 1) 2.828 2.823(1) 

2.876( 1) 2.876 2.876(1) 

2.895 (1) 

4.055 
3.944 
3.572 

(XR2)(a) 

Molecule 1 Molecule 2 Ave. 
(c) 

Mean 
(b) 

2.853(2) 2.866( 1) 2.860 
2.859 2.864(1) 2.853(1) 2.859 

2.824(2) 2.814(2) 2.819 2.814 2.803(1) 2 • 8 15 (1) 2. 809 

2.894(2) 2.899(2) 2.897 
2.899( 1) 2.898(1) 2.899 2.898 

2.830( 1) 2.838(2) 2.834 2.834 

4.050 4.046 4.048 
3.949 3.953 3.951 
3.593 3.599 3.596 

(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 Bo (XR2). 
(d) Standard deviations on all metal-metal bond distances is 0.001 A. 

(XR3) 

2.870(1) 
2.876( 1) 
2.807(1) 
2.818(1) 

2.903(1) 
2.875(1) 

2.886( 1) 

4.010 
3.972 
3.575 

M (b) ean 

2.873 

2.813 

2.889 
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Table 2.312 Square pyramids; metal-metal bond lengths (A). 

. HRU
5

C(CO)13 (C
5

H
4N) (XR4) 

i) 

BASAL-BASAL 

(XR4a) (XR4a/ b) Mean 

Ru( 1 )-Ru(2) 2.864 (1) 2.888 (1) 2.876 
2.874 ii ) RuCl )-Ru(3) 2.904 (1) 2.870( 1) 2.888 

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) 2.884 
Ru(2 )-Ru(4) 2.811(1) 2.830 ( 1) 2.821 

2.862ii ) Ru(3)-Ru(4 ) 2.863( 1) 2.875 (1) 2.869 
Ru(5 )-Ru(4) 2.894 (1) 2. 898( 1) 2.896 

DIAGONAL 

Ru(1).Ru(5) 4.02 4.02 4.02 4.01 iii ) 
Ru(2) .Ru(3) 4.01 4.00 4.01 

Notes 
i) (XR4) 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 HRu
5

C(CO)14(C
5
H4N) the nitrogen atom coordinates 

to the bridging ruthenium Ru(5) in Isomer A (XR1) but to one of the hinge 

ruthenium atoms Ru(4) in Isomer B (XR2) (Figure 2.3/1). For the second 

isomeric pair, Isomer A and B of HRU
5

C(CO)13(C
5
H4N) of (XR4), it is the 

orientation of the pyridyl ligand relative to the P2-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 

lYing either 'trans' in Isomer A or 'eis' in Isomer B to this hydride 

(Figure 2.3/3). 

Essential bond lengths for the bridged butterflies (XR1), (XR2), and (XR3) 

are presented in Table 2.3/1, with the bond lengths for the sq uare 

pyramidal isomers of (XR4) in Table 2.3/2. The Ru-Ru bond lengths for all 

three bridged butterfly structures are comparable, lying in the range 

2~823(1)_2.895(1) 

2. 801(1)_2.903(1) 

o 
A for 
o 
A for 

o 
(XR 1) , 2.803(1)-2.899(1) A for (XR2) and 

(XR 3) (Ta ble 2.3/1). The two M(hinge)-M(bridge) 

non-bonding distances might be expected to be similar, but the presence of 

the . P2-pyridyl ligand causes marked shortening and in all three clusters 

the Ru(4) ••• Ru(5) distance is ca. 0.05 
o 
A shorter than Ru(1) ••• Ru(5) 

(Table 2.3/1). Table 2.3/2 compares the M-M bond lengths for the two 

mOlecules in the asymmetric unit of HRU
5

C(CO)13(C
5
H4N) (XR4) and shows a 

wider range of Ru-Ru bond lengths [2.125 ( 1 ) -2.904 ( 1 ) A] than found for the 

three bridged butterflies discussed above. The diagonal bond lengths for 
the square pyramidal cluster isomers in (XR4) are all comparable (Table 
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In Isomer A of HRU
5

C(CO)14(C
5
H4N) (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) 
o 
A] 

with the N-atom attached to the bridging metal atom Ru(5) [Ru(5)-N 

2.169(4) 
o 
A]. The site of the C- and N-atoms are reversed in the two 

independent molecules in the asymmetric unit of the second isomer of 

HRU5C(CO)14(C
5
H4N) (XR2) [mean values for the two molecules in the 

aSYmmetric unit, which are chemically equivalent, are given]; Ru(4)-N 
o o 

2.135(12) A and Ru(5 )-C( 1) 2.112(11) A]. The ~2-pyridYl in the 

disUbstituted cluster HRU5C(CO)13(C5H4N)(C5H5N) (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) 
o 
A and Ru(5)-N(1) 2.168(6) 

o 
A. In (XR1) 

and (XR3) the Ru-C bonding distance is shorter than the Ru-N distance, 

Whereas for the second isomer of HRU
5

C(CO)14(C
5
H4N) (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) 
o 
A, a distance 

Which is ca. 0.1 A longer than any of the Ru-N distances for the 

P2-pyridYl ligand discussed above. This is perhaps surprising as a 

terminally bonded pyridyl ligand might have been expected to have a shorter 

M-N bond length than a ~2-pyridYl M-N bond length. 

pyridyl ligand lies along an axial edge in both isomers of 

HRU5C(CO) (C H N) (XR4), lying 'trans' in Isomer A and 'cis' in Isomer B 
13 5 4 

With respect to the P2-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 

Ill' 
1xture 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(la) 2.100(11) 
o 0 
A, Ru(5a)-N(a) 2.117(9) A respectively, is not 

Slgnificant. Not surprisingly, there is no significant difference evident 

for these bonds in the second "molecule" of the asymmetric unit which 
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o 
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) 
o 
A. 

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, 106.60 for (XR1), 107.00 (mean value) for (XR2), 

and 108.40 for (XR3). This might have been expected for the isomeric pair 

(XR1) and (XR2) and its observation for (XR3) is further evidence for the 

similarity . 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 

Ru( 1)-c 
RU(2)_C 
RU(3)_C 
RU(4 )-C 
Ru(S)_C 

(XR 1) 
2.102 (5) 
1.975 (5) 
1. 969 (S) 
2.030(5) 
2.089(5) 

for (XR1), 

(XR2)i) 
2.08S(14) 
1 .982 ( 12) 
1.970 ( 13) 
2.034 ( 14) 
2.091(16) 

(XR2), and (XR3) ( 

(XR3) 
2.113(8) 
1.978(8) 
1.995(8) 
2.023(7) 
2.050(8) 

o 
A) • 

i) Mean value of the 2 independent molecules in the asymmetric unit. 

-All f ive 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) (C H N) (XR1) and (XR2). The disubstituted product 14 5 4 

HRUSC(CO)13(C5H4N)(C5H5N) (XR3) has a similar coordination sphere except 

that one of the carbonyl groups on the bridging ruthenium atom is replaced 

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

in both isomers of (XR4) is the same, a fact that allows the two isomers to 
~ 

occup y the same site in · the unit cell in a 50:50 ratio. For all five 

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

1. 849(19)_1.912(14) A and C-O(carbonyl) 1.12(3)-1.118(18) A] and all 

bond angles are in the range [M-C-O 114.2(8)-179.7(5)°], values 

deViating from 1800 being normal for cluster compounds.[118] These values 

are l' lsted in Appendix A. 
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The shortest intramolecular distance in (XR1) is between the P2-hydride 
o 

ligand and the carbido-atom [H ••• C 2.41 A], and in (XR2) it is between the 
o 

P2-hYdride ligand and a neighbouring carbonyl group [Ha ••• C(11a) 2.47 A]. 

In contrast one of the H-atoms of the terminal pyridyl ligand is the 

shortest intramolecular distance in (XR3) [H(6) ••• O(21) 
o 

2.48 A]. For the 

square pyramidal cluster (XR4) the shortest intramolecular contact is 

between the hydride ligand and a neighbouring carbonyl group [Ha ••• C(41) 

2.49 
o 
A] • 

2.3.3 Structural comparison of the bridged butterflies. 

To interpret the effect that different ligand spheres have on the bridged 

butterfly metal framework, HRu
5

C(CO)14(C
5
H4N) Isomer A (XR1) and Isomer B 

(XR2), and the disubstituted cluster HRU5C(CO)13(C5H4N)(C5H5N) (XR3) will 

be compared to thirteen clusters with related cores (Table 2.3/4). The M-M 

bond 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 

r~atures described below and are illustrated in Figure 2.3/4. The effect 
-

of these three factors on M-M bond 1 th ' 11 b d' d eng s w~ e ~scusse • 

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

The simplest examples of bridged butterflies are the derivatives of the 

tYpe M 
5C(CO) 15L, where L is a terminal ligand coordinated to the bridging . 

metal 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 os . 
mlum derivative OS5(CO)16 [L=CO] (2),[23] the acetonitrile complex 

RUSC( CO) (MeCN) 
15 

d' 
l.PhenYlphosPhine 

(3),[85] the iodide anion [os5C(CO)15I]- (4),[22] and the 

(dppe) cluster OS5C(CO) 15 (dppe) (5). [107] Despite the 

dir 
ferences in L a similar pattern for the M-M bond lengths can be seen for 

all r 
Our 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 

OSSC(CO)16 (2) 

RUSC(CO)15(MeCN) (3) 

[OsSC(CO)15I]- (4) 

OSSC(CO)15(dppe) (5) 

RUSC(CO)15C1(AuPPh3) (36) 

HRuSC(CO)13(PPh3) (SEt) (37) 

HOSsC(CO)13{OP(OMe)2}{P(OMe)3} (38) 

RuSC(CO) 13 (C5H5 ) (AuPPh3 ) (39) 

HOssc (CO) 14 (C5H4~) (40) 

HOs 5C(CO)14(C02Et) (41) 

HRU5C(CO)14(SEt) (42) 

RU5C(CO)14(MeCO) (AuPPh3 ) (43) 

RU5C(CO)14Br(AuPPh3J (44) 

Categories 

a 

a 

a 

a 

a.b 

a,b,c 

a,b.c 

a,b 

b,c 

h,c 

b,c 

b,c 

b,c 

References 

23 

85 

22 

107 

109 

90 

108 

110 

104 

105.106 

GO 

110 

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. 

,/7~ 
4 ' / \ 

\ R' 

2 

R=R'=CO (2) 
R=NCMe, R'=CO 

R=I, R'=CO (4) 

R=CO, R'=dppe (5) 

\ SR' '\ JOC'~ R=CI, X=AUPPh3 
\ CO 

'- \ 
' " 

. ''-'' 

(36) 

R=CO, R'=PPh3, X=H, 
Y = SEt (37) 

R=CO, R'=P(OMe)3, X=H, 

-Y, Y = O(PMe2 (38) 
~ 5 R' R=R'=CO, X=H, 

Y = CSH4N (40) 

CO R=R'=CO, X=H, (41), (42) 

Y = C02Et (41) 

Y = SEt (42) 

R=R'=CO, X=AuPPh3' 

Y = MeCO 43) 

R=R'=CO, X=AuPPh3, 

Y = Br (44) 

Figure 2.3/4 Clusters with bridged butterfly M-cores. 
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Table 2.3/5 Bond lengths (A) for the clusters listed in Table 2.3/4. 

M-M 

Hinge-ti~ 
M(1)-M(2) 
M (1 ) -M (3) 
M(2)-M(4) 
M(3)-M(4) 
Ti~-bridge 
M(2)-M(5) 
M(3)-M(5) 

~ 
Hinge 
M(1)-M(4) 

M-M 

Hinge-Tl~ 
M (1) -~t (2) 
M(1)-M(3) 
M(2)-M(4) 
M(3)-M(4) 
Ti~-bridge 
M(2)-M(5) 
M(3)-M(5) 
Mean 
Hinge 
M(1)-M(4) 

M-M 

Hinge-tiQ 
M(1)-M(2) 
M(1)-M(3) 
M(2)-M(4) 
M(3)-M(4) 
Ti~-bridge 
M(2)-M(5) 
M(3)-M(5) 
Mean 
Hinge 
:'1( 1 ) -~t( 4 ) 

M-M 

Hinge-ti~ 
M( 1 )-M (2) 
M( 1 )-M( 3) 
M(2)_M(4) 
M·(3 )-M( 4) 

Ti~-bridge 
M(2)-M(5) 
M(3)-M(5) 
Mean ----Hinge 

OS5C(CO)16i RU5C(COh5(L) [Os5C(CO)15I]- OS5C(CO)15(L) 
(4) (5) (2) (3) 

2.901(2) 2.873(3) 2.921(1) 
2.194(2) 2.886(3) 2.903(1) 
2.913(2) 2.887(3) 2.896(1) 
2 . 914(1) 2.888(3) 2.899(1) 

2.916(1) 2.886(3) 2.934(1) 
2.917(2) 2.873(3) 2.933 (1) 

2.913(2) 2 . 882(3) 2.914(1 ) 

2.752(1) 2.720 (3) 2.748(1) 

HRu5C(CO)13(L)(L') HOS5C(CO)13(L)(L,)i 
(37) 

2.843(1) 
2.830(1) 
2.818(1) 
2.821(1) 

2.921(1) 
2.972 (1) 
2.868(1) 

2.864(1) 

HOS5C(CO)14(C02Et) 
(41) 

2.889(1) 
2.885(1 ) 
2.857 (1) 
2.865(1 ) 

2.916(1) 
2.931(1) 
2.891(1) 

2.921(1) 

RU5C(CO)13(C5H5) {X} 
(39) 

2.880(1) 
2.844(1) 
2.839(1 ) 
2.367(1) 

2.905 (1) 
2.890(1) 
2 . 871(1) 

(38) 

2.870(2) 
2.876(2) 
2.884(2) 
2.874(2) 

2.965(2) 
2.943(2) 
2.901(2) 

2.898(2) 

HRu5C(CO)14(SEt) 
(42) 

2.852(1) 
2.858 (1) 
2.851(1) 
2.813(1) 

2.916(1) 
2.902(1) 
2.865 (1 ) 

2.853(1) 

RU5C(CO)14(MeCO){X} 
(43) 

2.867(3) 
2.879(3) 
2.817(3) 
2.822(3) 

2.881(3) 
2.880(3) 
2 . 858(3) 

2.909(1) 
2.897(1 ) 
2.897(1) 
2.884(1 ) 

2.947(1) 
2.996(1) 
2.922(1) 

2.761(1) 

HOs5C(CO) 14(Py) 
(40) 

2.896(1) 
2.902(1) 
2.860(1) 
2.853(1) 

2.912(1) 
2.908 (1) 
2.889(1) 

2.927(1) 

RU5C(COhs{X} i 
(36) 

2.928(4) 
2.820(4) 
2.847(5) 
2.826(4) 

2.815(4) 
2.903(4) 
2.857(5) 

2.968 (.4) 

RU5C(CO)14Br{X} 
(44) 

2.849(3) 
2.866(3) 
2.826(3) 
2.829(3) 

2.892(3) 
2.877(3) 
2.857(3) 

M(I)-M(4) 2.894(1) 2.989(3) 2.951(3) 
L :: Me eN (3). dppe (5). PPha (37). OP (OMe) 2 (38); L' = SEt (37). 
P(OMe)~ (38) : X = Au(PPh3 ); i) Mean of 2 molecules in asymmetric unit. 



o 
ca. 0.2 A shorter [2.152(1) (2), 2.120(3) (3), 2.148(1) (4), and 

2.161 ( 1) 
o 
A (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) 
o 
A (5)], 

The ligand orientation at the bridging metal atom in these complexes is of 

importance, 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~-acid character. If 

Contact to the carbide atom is ignored, the bridging metal atom has a 

distorted octahedral environment (Figure 2.3/4). In both clusters (3) and 

(4) the ligand L (MeCN and r- respectively) lies trans to a carbonyl group, 

whereas in (5) the diphenylphosphine ligand is trans to an Os-Os bond 

(Figure 2.3/4). The result of this is that M(wingtip)-M(bridge) distances 

in (3) and (4), are equal within experimental error, whereas, in contrast, 

the diphenylphosphine cluster (5) has the M(wingtip)-M(bridge) distance 

trans 0 0 

to it 0.049 A longer (>350-), at 2.996(1) A, than the other 

(2.941 (1) 
0 

A) (Table 2.3/5) , indicating a trans influence for the 

PhoSPhorus ligand. [ 119 ] The site preference arises from the strong...n -acid 

~ture of the dppe ligand, which renders a site trans to a carbonyl ligand 

unfavourable. 

The hinge-bridged clusters (36), (31), and (38) also have an additional 

bridging ligand on the hinge bond (Figure 2.3/4). Significantly, only the 

comple 
. x of the chloro-ligand (36), which cannot act as a -acceptor, has 

thi.s 1· 19and lying trans to a carbonyl. Both the derivatives (31) and (38), 

which Contain strong ~-acceptors, have phosphorus ligands trans to one of 

the 
metallic bonds (Figure 2.3/4). As the cyclopentadiene ligand in the 

, ~erivati.ve (39) replaces all three of the facial-type carbonyls, this 

ClUster is not considered in this category. It is of significance that in 

the 
present study this pattern of ~-acceptor ligands lying trans to a 

metallic bond in preference to one of the carbonyl ligands is also seen for 
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terminally coordinated 

Pyridine ligand on the bridging rutheniUm atom (Figure 2.3/3) and this is 

therefore consistent with pyridine having some~-acceptor character. 

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

Only le-donor ligands such as Hand AUPR
3 

have been found bridging the 

hinge bond of a butterfly metal core framework (clusters (36)-(44) -Figure 

2.2/4) • A P2-hydride is known to cause M-M bond lengthening and in 

Clusters is often cited as evidence for the presence of this ligand (which 

Can not readily be located directly by X-ray structural analysis).[180-182] 

For example in the osmium derivative (40) the hydride-bridged hinge bond is 
o o 0.038 A (>27~) longer than the mean (2.889(1) A) of the remaining six 

~etallic bonds (Table 2.3/5). In the carboxy-derivative (41) the P2-H 
o o 

bridged hinge bond [M(1)-M(4) 2.921(1) A] is 0.01 A ( >70-) shorter than 

one of the M(wingtip)-M(bridge) bonds [M(3)-M(5) 2.931(1) 
o 
A). For the 

bridging 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) 
o 
A (42) is longer than the P2-hydride bridged 

hinge bond [0.083 for (37), 0.061 for (38), and 0.056 
o 
A for (42)]. 

In the present work Isomer A HRu
5

C(CO)14(C
5

H4N) (XR1), like its osmium 

analogue o· 
(40), has the H-ligand bridged hinge bond bond 0.034 A (>24cr) 

longer than the mean of the remaining six M-M bonds 
o 

(2.861 (1) A) (Table 

The hinge bond in its isomer (XR2), which is also H-bridged, is 

someWhat incongruous, being one of the shortest metal bonds in the 

structure 0 0 
Ru( 1)-Ru(4) 2.834(2) A (Table 2.3/1 ) • It is 0.061 A (>270") 

shorter 
than the comparative bond 

0 
in isomer (XR 1) (2.895 (1) A) (Table 

Finally, in the disubstituted cluster (XR3) the H-bridged hinge 
bond . 0 

ls 0.017 A (>12cr) longer than all M-M bonds except one of the 
M(w' 

lngtip)-M(bridge) bonds (Ru(2)-Ru(5) 2.903(1) ~) (Table 2.3/1). 
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In the AU(PPh
3

) bridged compounds (36), (43), and (44) the hinge bond is 

longer 0 

[by O. 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 
o 

derivative (39), the AuPPh
3 

bridged hinge bond [M(1)-M(4) 2.894(1) A] is 

longer than all other bonds except both of the M(wingtip)-M(bridge) bonds 
o 

[mean 2.898 ( 1) A] to which it is comparable. 

(43) and (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. 

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

Ru( 1 )-Au 
RU(4)_Au 

i) Mean of 

Table 2.3/6 

-derivatives. 

comparable in 

aSYllUnetry is 

(36)i (39) 
2.769(4) 2.750(1) 
2.826(3) 2.780(1) 
the 2 independent molecules 

shows the ruthenium-gold 

In the cyclopentadienyl 

length, whereas for the 

evident. Comparisons of 

(43) 
2.764(3) 
2.721 (3) 

(44 ) 
2.850(2) 
2.633(2) 

in the asymmetric unit. 

distances for the gold-bridged 

complex <39 ) the Ru-Au bonds are 

other three clusters a marked 

this type are not possible for 

9YdridO clusters where H-atom sites are often inferred by indirect methods. _0 

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

The third and possibly most significant factor effecting metallic bond 

lengths in these bridged butterflies is the presence of a bridging group or 

lig 
and across one of the non-bonding M-M distances. These metal atoms can 

either be linked by one atom of the bridging group [clusters (37), (42) and 

(44) ] 
or two [clusters (38), (40), (41), and (43)]. 

Figure 2.3/7 ;s a v;ew • • on to the equatorial plane of the bridged butterfly 
, metal 

Core. 

and (39)], 

M(4)-M(5)] 

When no bridging ligand is present [( 2), (3), (4), (5), (36), 

the two hinge-bridging atom M-M distances [M( 1 )-M(5) and 

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. 

M(1)-M(5) 
M(4)-M(5) 

ex 
13 
y 

(2)1 
3.999 
4.029 
139.5(12) 
140.5(14) 
80.9(9) 

(3) 
3.967 
3.957 
138.3(9) 
139.6(9) 
82.0(7) 

(4) 
4.022 
4.007 
139.9 
138.7 
81.4 

(5) 
4.021 
4.064 
135.7(7) 
142.8(7) 
81.5(5) 

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

M(1) -M( 5) 
M(4)-M(5) 

0:: 

f3 
y 

(37) 
4.109 
3.438 
112.8(2) 
159.3(3) 
87.3(2) 

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

M(1)-M(5) 
M(4)-M(5) 

0:: 

(38)i 
4.044 
3.757 
126.2(10) 
148.1(10) 
85.7(6) 

(4 ) 
4.080 
3.626 
120.6(13) 
150.2(13) 
89.4(10) 

(42) 
4.132 
3.410 
110 . 2 
162.2 
87.5 

Iso.er A (XRl) , Iso.er B (XR2) , and (XR3). 

M(1)-M(5) 
M(4)-M(5) 

ex 
(3 

y 

(XRl) 
4.05 
3.57 
120.3(2) 
150.8(3) 
89.0(2) 

(XR2)i 
4.05 
3.60 
121.4(7) 
151.7(8) 
87.0(2) 

(41) 
4.101 
3.604 
119.0 
152 . 4 
88.5 

(36) i 
3.900 
3.971 
135 
135.5 
89.8 

(44) 
4.055 
3.403 
111.7 
155.7 
92.5 

(XR3) 
4.01 
3.58 
122.7(4) 
148.8(4) 
88.5(3) 

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

5 

__ ----__ 1 

View on to the equatorial plane 

of an arachno-core with 8 SEP. 

Figure 2.3/7 View onto equatorial plane. 

(39) 
3.877 
3.312 
134 
139 
87 

(43) 
4.012 
3.537 
118 
148 
93 



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

M-M OsSC(CO)16 RuSC(CO)lS(L) [OsSC(CO)lSI]- OsSC(CO)lS(L) 

M(Wingtip)-C 
M(2)-C 1.95(2) 
M(3)-C 2.02(2) 
M(Hinge)-C 
M(l)-C 2.13(2) 
M(4)-C 2.12(3) 
M(Bridge)-C 
M(5)-C 2.16(2) 

(3) 

1. 961 ( 17) 
1. 968 (17) 

2.076(18) 
2.068 (18) 

2.158(18) 

(4) 

1. 995 (12) 
1. 978(12) 

2.108(12) 
2.108(12) 

2.174(12) 

(5) 

1. 99 (1) 
1. 97 (1) 

2.14(1) 
2.09(1) 

2.20 (1) 

M-M RuSC(CO)15{X} 

(36)i 

HRuSC(CO)13(L)(L') HOsSC(CO)13(L)(L') 

M(W1ngtip)-C 
M(2)-C 
M(3)-C 
M(Hinge)-C 
M(1) -C 
M(4)-C 
M(Bridge)-C 
M(5)-C 

M-M 

M(W1ngtip)-C 
M(2)-C 
M(3)-C 
M(Hinge)-C 
M(1) -C 
M(4)-C 
M(Bridge)-C 
M(5)-C 

M-M 

M(W1ngtip)-C 
M(2)-C 
M(3)-C 
M(H1nge)-C 
M(1) -C 
M(4)-C 
M(Bridge)-C 
M(5)-C 

1. 93 (3) 
1.91(3) 

2.14(2) 
2.08(3) 

(37) (38)1 

2.011(5) 
1.979(5) 

2.091(5) 
2 . 041(5) 

2.009(19 ) 
1. 980 (19) 

2.148(19) 
2.114(18) 

2.14(2) 2.086(5) 2.099(18) 
HOsSC(CO)13(C5HS) {X} HOssC(CO)14(Py» HOsS(CO)14(C02Et ) 

(39) 

2.001(5) 
1.980(5) 

2.111(6) 
2.115(6) 

2.023(6) 

HRuSC(CO)14(SEt) 

(42) 

1 . 969(5) 
1. 990 (5) 

2.075(5) 
2.049(5) 

2.108(5) 

(40) 

1.97(3) 
2.01(3) 

2.11(3) 
2 . 06(3) 

2.12(3) 

(43) 

1.906(24) 
1.977(18) 

2.080(18) 
2.035 (19) 

2.087(18) 

(41) 

Range: 

1.959-
2.112(16) 

(44) 

1.99(1) 
1. 9~ (1) 

2.06(1 ) 
2.020 ) 

2.09 (1) 

L = MeCN (3). dppe (5). PPh3 (37). OP(OMe)2 (38); Lt = SEt (37) 
P(OMe)3 (38); X = Au(PPh3 ); i) Mean of 2 molecules in asymmetric unit. 



bridging group significantly shortens the distance between the non-bonding 

metal atoms which it spans. This is corroborated by the angles at the 

central carbido atom. The t -angle (which subtends to the hinge bond) is, 

as 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 links the two metal atoms. 

These trends are also observed in the present work in Isomer A (XR1) and 

ISOmer B (XR2) of HRU
5

C(CO)14(C
5
H4N), and in the disubstituted cluster 

HRU5C(CO)13(C5H4N)(C5H5N) (XR3) (Table 2.3/7). 

A trend is also apparent in the M-C(carbide) distances of these structures. 

In all 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 ligand spheres of the 

compounds. 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 

Wingtip bridged butterflies have been reported. 

2·3.4 Structural comparison for the clusters with square pyramidal cores. 

The square pyramidal geometry observed in the isomers of HRU5C(CO)13(C
5
H4N) 

(XR . . 
4) lS the more commonly found of the two possible metal cores for a 74e 

sPecies (Table 1.3/1). Figure 2.3/2 illustrates Isomer A and Isomer B of 
HR . 
. U5C(CO)13(C

5
H

4
N) (XR4). Here, these isomers are compared to three 

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

along 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 pyraaidal clusters. 

Cluster Categories References 

H3RUSC(CO)11(PPh2) (PMePh2 ) (34) 

HRUsC(CO)13(PPh2) (45) 

HRusC(CO)12(PPh3) (SEt) (46) 

a,b 

a , b 

a,b 

89 

88 

90 

The atomic numbering of all reported complexes in this section 

have been reassigned for ease of comparison . 

Categories: a) Bridging ligand along one of the M-M bonds. 

b) ~2-H along an M-M bond. 

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

PPh
2 

PPha 

H3RUSC(CO)11 (~-PPh2)(PMePh2) HRUSC(CO)13(~-PPh2) HRU5C(CO)12(~-SEt)(PP~ ) 

(34)89 (45)88 (46)90 

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

(1) i (34) (45) (46) 
Basal-Basal 
M(1)-M(2) 2.832(2) 2.9014(7) 2.878 (11 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-Apical 
M(2)-Me3) 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(4) 2.859(3) 2 . 8820(6) 2.882(1) 3.024 (1) 
~(4)-M(5) 2.879(2) 2.8347(5) 2.944(1) 2.899(1) 

;1 ) Mean () f ') molecules in asymmetric unit. e.. 



\ ' 

A numbe~ of simila~ities a~e evident. Fi~stly, the non-hyd~ido ligand 

bridges a basal bond and no example of a bridging g~oup along an axial bond 

Was found, indicating that such a confo~mation may be unfavou~able in these 

types of structures. Secondly the bridging hydrido-atom in all the 

monohYdride st~uctures spans an axial edge on the far-side of the pyramid 

from the other bridging ligand. Even in the t~isubstituted complex (34) 

all three hydrides a~e on axial bonds, strongly indicating that in these 

tYpes of compounds hyd~ides b~idge axial bonds in p~efe~ence to basal 

bonds. 

Table 2.3/10 shows the M-M bonds lengths fo~ the reported st~uctures and 

the parent cluster Since there is such a variation in bond 

length, only general conclusions can be drawn. In the parent carbide 

RU5C(CO)15 (1a) the ave~age of the four axial bonds is slightly sho~te~, at 

2.826(2) A, than the ave~age of the basal bonds 2.855(2) A.[85] In all 

.~hree reported ligand bridged st~uctures (34) , (45), and (46 ) the ligand 
br ' ldged basal bond is markedly sho~tened with respect to the three 

Unbridged basal bonds (Table 2.3/10) • Simila~ly in both isome~s of 

liRU5C(CO) (C H N) (XR4), the pyridyl bridge basal bond [Ru(3)-Ru(5) 13 5 4 
2.736 0 

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

remaining three basal bonds (Table 2.3/2). In both the phosphido cluste~ 
(45 ) 

and thiol cluster (46), as the hydrido-bridged bond M(1)-M(4) is not 
the 1 

ongest axial bond, evidence for the co~~ect hydride sites was obtained 
frOm 

POtential minimisation techniques and the disto~tions in the carbonyl 

SPhere 
distribution.[88,90] This pattern is also evident fo~ (XR4) (Table 

the same techniques being used to locate the hydride position 

In (46) the bond trans to the axially coordinated 
tr' 

lPhenYlphosPhine is the longest in the st~uctu~e M(3)-M(4) 3.024(1) 
o 
A, 

duo e 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 Ru C(CO) (1a) has provided a opportunity to characterise an 
5 15 

interrelated range of products. 

In this section work by Johnson and Rodger will be discussed,[183,184] and 

uSed as a guide to develop a possible mechanism for the formation of the 

PyridYI derivatives reported in this chapter. 

JOhnson and Rodger classified the possible rearrangment mechanisms 

aVailable to transition metal clusters according to a number of selection 

rUles. 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. 

b) The second stage, a refinement, involves quantitative calculations on 

specific systems to determine which of these geometrically feasible 

reactions is the most likely pathway. 

As 1 
c Uster energy depends on the fine electronic structure, only the most 

qualitative general conclusions about mechanisms can be made. However this 

in itself can be advantageous, as it allows general trends to be 

formUlated , which may then be supported by detailed quantum analysis on 

indiVidual systems of interest. Clusters have certain features which 

separate them from mononuclear complexes, and these distinctions have a 

effect on reaction pathways. One important aspect is 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, M , or largely ligand, L , m n 

based. Thus metal core rearrangement, to a first approximation, can be 

studied in isolation, followed by consideration of the effects of ligand 

motion. In 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 clusters is the comparatively short range nature of metal-metal 

interactions. 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 with those found in closo boranes, and found that M-M interactions 

Were shorter in range.[185J In an alternative interpretation, Wolley's 
, 
cOhesive energy' gives a useful empirical figure for metal-metal 

interaction energy in systems with high connectivity.[186J Thus, if the M-M 

~nteraction is short range, then it is energetically expensive to 

SimUltaneously break or significantly stretch many M-M links. 

JOhnson d an Rodger proposed the following three hypotheses. 

a) In order to determine possible mechanisms, metal polyhedron 

rearrangements can be considered in isolation from ligand motion, the 

effect of ligand motion being on the relative energetics of postulated 

mechanisms. 

b) R earrangement reactions of M (metal atoms in a polyhedron) proceed by 
m 

SUCcessive breaking and formation of single M-M links. 

C) The POint symmetry of a reacting system is the highest symmetry 

ConSistent with i) 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 less 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 is 

mUlti-step. 

that M rearrangements will 
m in general 

2.5 A reaction pathway for pyridyl addition to pentanuclear clusters. 

be 

·The structural characterisation of all products of the reaction of pyridine 

With the carbido-cluster Ru
5

C(CO)15 (1a) provides a opportunity to 

speCUlate on the possible reaction pathway. In Section 1.3 part of the 

netWork of metal core geometries available to pentanuclear clusters, via 

sUCceSSive addition and loss of electron pairs, is illustrated. The 

~ structurally characterised compounds, (XR1) (XR4), discussed in this 

chapter inVOlve the interaction of pentanuclear carbido-clusters with 

Pyridine. As a bifunctional ligand, pyridine can either bond terminally, 

or bridge two metals with transfer of hydrogen to the metal framework. In 

~hese mOlecules the central C-atom can be considered as an anchoring 

.tpivot, about which the metals rotate as the M-M bonds break and reform. 

2.5.1 Proposed mechanism. 

The In t e al atom environments in a square pyramidal geometry, such as 

RUSC(CO)15' are either axial or basal. 

NUCleOPhiliC attack, through the lone pair of electrons on the pyridine 

nitrogen , can occur at either of these sites, but is more likely to occur 

at a basal ruthenium atom for the following reasons; 

· a) RUSC(CO) 15 has a polyhedral electron count of 74 electrons, having 

seven skeletal electron pairs and as such is a nido-octahedron. It can 

therefore be considered as more 'electron deficient' at the basal metal 

atoms. 
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Figure 2.5/1 Initial products erom reaction oe 

Py 'RU5 C(CO)15 (la) with pyridine. 

1 

Basal-basal cleavage 
3 

I 
M(2)-M(4) or M(2)-M(5) or 
M(3)-M(4) M(3)-M(5) ---- -----------1 

M( 1 )-M(2) 

M( 1 )-M(3) 

1 

4_ 

1 

_____ 2 

2 C",- 4 -' ~" ~ //' " H ---------________ ---.:: 

----- ~ '~ 5 4 . ------------------)5 \ C /i' 
\ , C ...-H 

H, N , \ \3 
"'-" \ " 

~- -

Wingtip bridge butterflies Hinge wingtlp bridged butterflies 
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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, 'RU
5

C(CO)15(C
5
H

5
N)', a 76 electron species (Scheme 

2.5/1). The next step, in which the pyridine swings over to occupy a 

bridging position with orthometallation, loss of a carbonyl ligand, and 

concomitant M-M bond fission, is crucial. A number of alternative 

structures 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). 

a) AXial-basal bond cleavage. 

The terminal pyridine can swing over to bridge either Ru(4)-Ru(5) or 

RU(1)-Ru(5). In both cases an axial-basal bond is cleaved and one carbonyl 

asso ' 
Clated with the pyridyl bridged metal atom is lost. The isomers differ 

~nly in the attachment of the pyridyl ligand: in (XR1) the N-atom is 

bonded to ab" , '1 t' (X ) i ' b d d t hi rldglng ruthenlum, Whl s ln R2 t lS on e 0 a nge 

atom. 

Cleavage of either of the other two axial-basal bonds, Ru(2)-Ru(4 ) or 

RU(3)-RU(4), would also give a wingtip-bridged butterfly metal core 

geometry, in which the pyridyl ligand spans across the outer wingtip atoms 

hydride lies along the hinge bond (Figure 2.5/1). A possible 

reason 
Why this alternative isomer has not being detected is that the 

steric 
Strain of such an arrangement would make it unfeasible. A review by 

Cal'tY[91] considers the parameters associated with some tetranuclear 

butterfl' les and, although these will naturally be more flexible in nature 
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//{~ S Excess 

4 / /~ pyrldlne 

1 \ I ----. 
" ~ 

RUSC(CO)lS (la) 

Ru(4)-Ru(S) breaks 

CO lost from Ru(4) 

2 

Ru(l )-Ru(4) breaks 

CO lost from Ru(S) 

• 

.. 

Isomer A (XR1) 

;J 

-CO 

Ru(4)-Ru(S) forms 

CO lost from Ru(S) 

ft7' >tL 5 

Isomer B (XR2) Ru(l )-Ru(S) forms 

CO lost from Ru( 1 ) 

• 

.. 

~ 

Ru(2)-Ru(4) breaks 

Ru(2)-Ru{3) forms 

3 
/ 

3 

(XR4) Isomer A 

III 

\\ IS 

'" /' C--tf' 

(XR4) Isomer B 

Ru(3)-Ru(S) breaks Interconversion of Isomer A and B 

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 HRu5(CO)14(C5H4N) Isomer A (XR1) and 

Isomer B (XR2) and HRu5(CO)13(C5H4N) 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 ligand sphere, ranging 

from extremely shallow in RU4(CO)13(PPh
2

)(CCBut) o (176.93), with an 

aSSociated long wingtip-wingtip distance (5.259 
o 
A) , [91] to close contact 

o 
of the two wingtip-wingtip metal atoms (2.802 A) in RU4 (CO)13Cl (PPN) 

91.00 .[187] In accompanied by an almost perpendicular dihedral angle of 

Comp~rison, wingtip-wingtip distances of ca. 3.9 
o 
A with dihedral angles of 

ca. 107
0 

(Table 2.3/1) are reported for the 3 bridged butterfly structures 

(~R1), (XR2) and (XR3) discussed in Section 2.3, in addition no examples of 

a 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 A (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 

stra' 1n on the overall metal core geometry. 

b~ Basal-basal bond cleavage. 

a prohibitive degree of 

In addition to the four axial-basal bonds in Ru
5

C(CO)15 (1a), there are 

foul' basal-basal bonds. Cleavage of these, in principle, leads to 

altern t' a lve qinge-wingtip bridged butterflies. One isomer, achieved by 
) . 

breaking either Ru(2)-Ru(5) or Ru(3)-Ru(5), has the pyridyl spanning a 

Wingt' 
lP-bridging atom distance (Figure 2.5/1). Conversely, cleavage of 

RU(2)_RU(4) or Ru(3)-Ru(4) would lead to the pyridyl ligand bridging across 

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

described 

mefal Core 

. definit' lon, 

as 

. bridged by a 

a wingtip-wingtip distance, depending on which part of the 

is taken as the butterfly. If such structures require 

a sensible precedent would be to define the hinge bond as that 

hydride or isolobal analogue, as all known examples have this 
arra-

ngement • ) i b' dd' A known structure with the hinge-wingt p . 1"1 ge core lS 
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RU5(CO)12(CCPh)(PhC=CC=Ph)(PPh2 ).[102] This has a wingtip-bridging atom 
o 

distance of 3.628(7) A with the alkyne, PhC=CC=CPh spanning these two 

metal atoms and an alkenyl group bonding to all five metal 

In comparison, a bridged pyridyl structure may be too 'floppy' to exist as 

a sta ble isomer. 

Thus, the parent square pyramid RU
5
C(CO)15 (la) can be converted to 

isomeric wingtip-bridged butterflies by fission of 2 different apical-basal 

bonds (Scheme 2.5/1). Cleavage of either of the remaining two apical-basal 

bonds , 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 

isomers 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 a square pyramid, with the pyridyl bridging an axial-basal bond 

(SCheme 2.5/1 ) • An alternative square pyramid can be generated by 

simultaneous M-M bond cleavage and formation, resulting in the pyridyl 

bridging a basal-basal bond. Interconversion of these isomers is possible 

by simple hydride migration from one axial-basal bond to another. The 

oVerall proposed mechanism for this reaction is illustrated in Scheme 

2.6 Conclusion and summary. 

In both isomers of HRU5C(CO)14(C5H4N) (XR1) and (XR2) and in the 

diSUbstituted 

the b utter fly • 

is 
rule 

cluster (XR3), the hydride ligands bridges the hinge bond of 

A comparison with other bridged butterflies shows that this 

and no exceptions were found, with related clusters with 

iSOlobal gold-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 is 

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 

~2-1igands across the M(hinge)-M(bridge) distance. 

The latter part of this chapter dealt with a possible mechanism for the 

reaction pathway of all products from the reaction of Ru
5

C(CO)15 (la) 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 

gOod 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 

reactivity, 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 

research 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 

triangulated faces and so the type of organo-bonding observed for 

octahedral clusters will be comparable to that found for trinuclear 

clusters. Alternative metal core frameworks, which can give rise to 

unuSual 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 hexariuclear cores 

Observed with particular attention to organo-clusters. The introduction to 

Ctiapter 4 concentrates on the relationship clusters have to play with 

respect to metal surfaces and, importantly, to catalytic processes. These 

features are helping to develop our understanding of the mechanisms of 

reactions on heterogeneous surfaces and catalysis. 

3.1 Historical Review. 

The f 
irst octahedral cluster was structurally characterised as long ago as 

1963 [ • 191] It had been known since 1943 and formulated as Rh4 (CO)". X-Ray 

struct 
ure analysis showed that there were six rhodium atoms occupying the 

corners of an octahedron and that the correct formulation was Rh
6

(CO)'6 (1) 

(Figure 
3.1/1). Twelve of the sixteen carbonyl ligand are terminal with 

the r 
emaining four adopt ~3-bridging modes above four tetrahedrally related 

faces 
of the octahedron. 
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CO 

Figure 3.1/1 The octahedral metal core of Rh
6

(CO}16 (1). 

In SUcceeding years a range of clusters with octahedral geometries were 

reported; C06 (CO)16,[192J its related anionic derivatives 

[C06(CO)15J2-,[193J and [C06(CO)14J4-.[192J And at about this time a 

ruthenium cluster, subsequently shown to be RU
6

C(CO)17 (2),[194J was 

wrongly assigned as RU6(CO)18.[195J Although the osmium analogue of this 

cluster was later synthesised, Ru
6

(CO)18 has never been isolated. 

The first reported examples of hexanuclear clusters containing interstitial 

carbides were discovered from the pyrolysis of 

arenes .[167,196,197J This reaction revealed a number of hexanuclear 

ruthenium clusters such as RU6C(CO)17 (2) and RU6C(CO}14(arene) [arene = 

C6H
5
MeJ.[167,196,197J These ruthenium compounds 

related to the rhodium species (1) and the basic 

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

X-ray structure analysis of the mesitylenederivative RU
6
C(CO)14(C6H

3
Me

3
) 

(3) established that the arene ~6_bonds to one of the ruthenium atoms, 

donating 6e to the number of cluster valence electrons (CVE), with the 

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

86e h 
C aracteristic 

[Ru6C(CO) J2-
. 16 was 

of octahedral species. The octahedral carbido-dianion 

+ not reported for more than a decade and both the [Me4NJ 
and the 

[Me
4

N]+ 
[Ph4ASJ+ salts have been structurally characterised. [198, 199J The 

salt is isostructural with its iron analogue and has three 
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~2-bridging carbonyl ligands,[198] whereas the [Ph
4

AS]+ salt has four 

~2-bridging carbonyl groups. [199] 

Figure 3.1/2 The metal cores of RU6C(CO)17 (2) and RU6C(CO)14(C6H
3

Me
3

) (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 

RU 3 (CO) 12 

(2) as 

Originating from a coordinated carbonyl group by heating in a 

Sealed tube such that no other source of carbon was present.[165] In 

Contrast, Chini discovered that the carbido-atom in the trigonal prismatic 

cluster [Rh C(eO) ]2- originated from chloroform. [200] 
6 15 

~ttention was turned to the remaining member of the iron triad, osmium. 

Surprisingly, pyrolysis of lead to a number of polynuclear 

Clusters of nuclearities in the range 5 to 8: 

OS"7" (CO) 
21' and with higher temperatures giving' 2 new 

carb' 
;1 1do-clusters, OS5C(CO)15 and ?S8C(CO)21·[165] Again the reaction 

Conditions indicated the source of the carbido-carbon as being from 

redUction of a coordinated carbonyl group. [165] Work on the present "project 
" 

has h 
s ed more light on the origin of interstitial carbides and this will be 

~( \ 

diScussed l' n the next chapter. Surprisingly, no hexaosmium carbide has 
eVer been structurallY characterised, although some evidence for its 

e~istence has been proposed.[187,201] 
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The first hydrido-hexanuclear species, the dihydride H
2

RU6(CO)18 (4), was 

characterised by Churchill and Wormald.[34,35] The 6 rutheniums adopt an 

octahedral geometry and all eighteen carbonyl ligands are terminal (Figure 

3.1/3). The hydrogen atoms could not be located directly, but evidence for 

their location came from two main structural features. Firstly, two 

oPposite faces of the octahedron are significantly longer than the 

remaining six, with the Ru-Ru distances within these larger faces ranging 
o from 2.950(3)-2.959(3) A. This is in contrast to the remaining Ru-Ru 

distances which lie in 
o 

the range 2.858(3)-2.874(3) A. Secondly, the 

carbonYl ligands are bent away from the two enlarged 'open' faces. These 

features were attributed to the steric requirements of the two 1e-donor 

hYdrido_UgandS, 

faces • 

which were assigned ~3-bonding modes on the enlarged 

. ' 

Fig 
Ure 3.1/3 The first hydrido-hexanuclear cluster H2Ru6(CO),8 (4). ' 

The first interstitial hydride of the iron triad prepared was the monoanion 

[HRU6(CO)18]- (5).[202-204] The X-ray structure analysis of this revealed 

that ' 
, 1n contrast to the previously discussed dihydride (4), there was no 

enlargement 

<listri bution 

of any 

was not 

indistingUiSable from 

(discussed below) • 

hYdr ' 
ldo-ligand could 

of the faces and that the carbonyl ligand 

distorted. In fact, the structure was almost 

2-the nonhydrido-octahedral cluster [os6(CO)'8] (6) 

These structural features indicated that the 

not occupy a surface position and must therefore 
resid 

e interstitially in the octahedral hole (Figure 3~1/4). In the 
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initial work no proton signal was detected (in the range L 0 to 40) for 

this cluster but after assigment of the hydrido-atom to an interstitial 

site a much broader spectral width (in the range ~ -40 to 100) revealed a 

Signal at { = -6.43. This is well outside the range expected for a 

transition metal hydride and so accounts for the failure to find it on 

initial investigation and confirms the evidence from X-ray structural work. 

\ 
-\/ 

H /\ 
\ I \ 

Figure 3.1/4 The interstitial hydride [HRU6(CO)18]- (5). 

ijaving established that hexanuclear clusters with 86e adopted an octahedral 
.. 

geometry the rule was unexpectedly broken by a series of hexanuclear osmium 

Clusters which differed only in the charge and the number of hydride 

ligands 2-present. [26] Two clusters of this series, [Os6(CO)18J (6) and 

[aOS6(CO)18J- (7), did adopt the predicted octahedral metal core but the 

of this group, (8), was found to adopt an 

altern t' a lve monocapped square pyramidal arrangement (Figure 3.1/5).[25,26] 



In the mono-hydrido anion [HOs6 (CO),8]- (7) one triangular face of the 

octahedron has 
o 

significantly longer edges [mean Os-Os 2.973(3) A] than 

that found for the remaining M-M bonds 
o 

[Os-Os 2.863(3) A].[26] In 

addition, the carbonyl ligands belonging to the enlarged face appear to be 

PUShed back. This is the same pattern as observed for the previously 

diScussed dihydride H2Ru6(CO),8 (4). Thus, the hydride in [HOS
6

(CO),8] 

(7) Was also envisaged as ~3-capping the enlarged face. 

By analogy with the formally isoelectronic structure 

(4),[34,35] H
2
0s

6
(CO),8 (8) was expected to be octahedral and indeed the 

~.r. spectrum of H20s6 (CO),8 (8) was similar to that of (4). However, the 

H n.m.r. spectrum of (8) revealed a doublet of doublets [ (CD
2

C1
2

) 

22,'5/22,'7, 31.69/31.71, 80 MHz, j 1.7 Hz] and so the hydrides were 

aSSigned as ~2- and ~3-bridging respectively~[25] X-Ray structure analysis 

Showed that the metal core framework actually adopts a mono-capped square 

PYramidal metal core framework, with both hydrides adopting ~2-bonding 

-mOdes ;[26] this can be rationalised by PSEPT as an alternative geometry for 

an 86e CVE (Section 1.2). 

The difference between the metal core geometries in the ruthenium and 

OSmium dihydrides (4 ) and (8) cannot be simply explained in terms of the 

SiZe of the atomic radii of ruthenium and osmium, as these ar.e very 

The energy differences between these frameworks are fairly small 

and, no doubt· f diff t f t , sensit1ve to a number 0 eren ac ors. One hypothesis 
is 

that the presence of hydrido-ligands favour capping metal core 

frameworks.[26] The variation in metal core geometry and in particular the 
·role of bridging carbonyl ligands has been the subject of some 

discus . 
. s10n.[205-209] Johnson proposed that the number and distribution of 

bridging and terminal carbonyl groups in a polynuclear species reflect i) 
the 

POlYhedral arrangement of the carbonyls and ii) the orientation of the 

unit within this polyhedron.[205-207] He suggested that the carbonyl 
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PolYhedron could be proposed from simple packing arguments and that the 

orientation of the metal core could be deduced from the spaces and sites 

available within the carbonyl polyhedron and by the size of the metal 

atoms. Evans suggested that the occurrence of ~2-bridging carbonyl groups 

might be at least in part electronic in origin. [208] Bridging carbonyl 

groups have been structurally reviewed by Colton and McCormick.[209] 

The above work on the series of complexes H
2
M6(CO)18 [M:Os (8), Ru (4)], 

[HM6(CO)18]- [M:Ru (5), Os (7)], and [M
6

(CO)18]2- [M:Os (6)] was completed 

by the X-ray structure analysis of [RU
6

(CO)18]2- (9),[210] which, although 

octahedral, differed from its osmium analogue in having four bridging 

carbonYl ligands (Figure 3.1/6). Thus, within this series no two clusters 

have the same structure. In those cases where the ruthenium and osmium 

analogues adopt the same metal core framework, the distribution of carbonyl 

ligands is different and thus the series is not isostructural, with the 

preferred structure depending on subtle quantitative factors.[203] 

DC····························· ·· ·····················-CD . . 

DC···························· 

F1gure 3.1/6 The dianion (RU
6

(CO)lS]2- (9). 

structurally Although one of the first hexanuclear clusters to be 

ohar 
acterised was the octahedral arene RU6C{CO)14(C6H

3
Me

3
) (3), on the 

Whole 
, the synthesis of organic-clusters developed late in the history of 

olUster 
chemistry and has been found to frequently lead to cluster 

rear 
.rangement or breakdown rather than maintenance of the octahedral core. 
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Photolysis of the capped trigonal ( 10) with 

PhenYlacetylene yielded OS6(CO)16(CPh)2 (11) (Figure 3.1/7).[137] The six 

osmiums in (11) adopt a capped square pyramidal geometry, similar to that 

of the (8).[24,25] One of the benzylidyne 

groups caps the OS4 square plane, while the other caps an adjacent OS3 

triangular face. Consequently, for both organo-ligands the CC backbone of 

the benzylidene is approximately perpendicular to a cluster face. The 

benzYlidyne ligands both act as 3e donors, and so the cluster maintains the 

86 valence electron count expected for this geometry. The organo-ligands 

Can be f f ormally derived rom the reactant, PhCCH, by fission of the 

acetYlenic bond. 

PhCCH 

Figure 3.1/7 Core transformation from a trigonal bipyramidal core (10) to a 

capped square pyramidal core (11). 

The ° 
reactlon of OS6(CO)18 (10) with ethylene yielded two distinctly 

diff 

The 

erent products.[136J 

Ethylene 
OS6(CO) 8 -----------) green product -------) red solid 

( 10) 1 n-decane 
1650C for 12Hrs 

first, OS6(CO)16(CMe)2 (12), has a structure analogous to the 

benZYlidyne complex (11) with 

PYramod 

the osmium atoms defining a capped square 

1 al geometry and the two methylidyne groups capping and 

resp\ 
~ectively (Figure 3.1/8). Clearly, the 'bulkiness' of the organo-group, 
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perpendicularly bonded to the ~-C atom, does not alter the metal core 

framework. In contrast to the formation of OS6(CO)16(CPh)2 (11), the 

organo-fragments in (12) are produced from the reactant ethylene by proton 

rearrangement to give the observed ~3- and ~4-bonding groups. 

, 
He 

Figure 3.1/8 The capped square pyramid OS6(CO)16(CMe2 ) (12). 

The second reaction product, OS6C(CO)16(MeC:CMe) (13), adopts an edge 

bridged square pyramidal metal core and was the first example of this type 

o.f g . eometry reported for a hexanuclear cluster (Figure 3.1/9).[136] 

InterestinglY, in this product the ethylene fragments have condensed 

together to form a but-2-yne fragment, with all four of the core carbon 

a~oms of this new ligand co-planar. The but-2-yne ligand sits above an 

osmium trl.' angular face ..rl' bondl.' ng , -11 - to one osmium and a-bonding to the 

relllai ' . nlng two osmium atoms. The cluster is an 88 electron system which, in 

terms 
of PSEPT (Section 1.3), is consistent with the cluster being derived 

from an 86e capped square-based pyramidal core by cleavage of a M-M bond, 

accompanied by addition of two electrons. 

This 
" compound is particularly interesting because a carbido-atom has been 

from a non-carbido-species and the but-2-yne results from 

condensat ' of 
~' lon 2 equivalents of ethylene. It will be shown in Chapter 4 
that 
, the generation of the carbido-atom in RU6C(CO)15(C6H

3
Me

3
) (3) can be 

eJCpressed as a bimolecular process. It is interesting to speculate on the 

POSSibility of a similar mechanism occurring for the production of (13). 
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However, so far such a mechanism has not been established but must be of 

considerable interest, both with respect to the generation of a four carbon 

fragment and the formation of a carbido-species. 

OSSC(CO)1S(MeCCMe) (13) 

Figure 3.1/9 The edge-bridged square pyramid OS6C(CO)16(MeCCMe) (13). 

A fUrther insight as to how ligand electron donating ability could be a key 

factor in determining cluster geometry, was obtained from the reaction of 

OS6(CO)18 (10) with p-tolyl isocyanide.[211] This resulted in the addition 

Of two molecules of isocyanide, to give OS6(CO)18(CNC6H4CH
3

)2 (14) (Figure 

).1/10). ~ 

Figure 
3.1/10 OS6(CO)1S(CNC6H4CH

3
)2 (14). 

One Of 
the isocyanides in (14) adopts a terminal bonding mode, donating 2e 

to 
the cluster framework, whereas the second isocyanide ligand donates a 

4e by adopting an unusual ~3-bridging mode. The isocyanide 

add directly to the cluster instead of replacing ligands. They, 

. therefore 
, supply a total of six additional electrons and the change from 

84 to 
90 CVE is accompanied by a dramatic change in polyhedral geometry. 
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The observed framework, a spiked edge-bridged tetrahedron, results from 

SCission of 3 M-M in the parent cluster OS6(CO)18 (10). 

Pyrolysis of gives the related compound 

OS6(CO)16(CNCMe
3

)2 (15), which maintains the metal framework and electron 

COunt of the parent carbonyl species with two carbonyls being replaced by 

iSOCYanide ligands (Figure 3.1/11).[211] The isocyanides both bond in 

equatorial sites to outer capping osmium atoms. 

Figure 3.1/11 The capped trigonal bipyramidal M-core of (15). 

~ interstitial carbido-atom normally has a stabilising effect on cluster 

geometry with the octahedral metal core being maintained during most 

reactions. A rare example of cluster unravelling is seen for the reaction 

Of R 
U6C(CO)17 (2) with EtSH, which gives two products; H2RU6C(CO\5(EtS'2 

and H 
Ru6C(CO) (EtS) (16).[212] An X-ray structure analysis of 

15 3 
HRU6C(CO) (EtS) (16) showed that the octahedral core has been destroyed, 

15 3 

With five of the ruthenium atoms defining a wing-tip bridged butterfly 
arra ngement the remaining ruthenium and 
Wingt' 

lP-bridging bonds (Figure 3.1/12). The 

atom bridging one of the 

hydrido-ligand bridges the 
hinge b 

and and the SEt ligands act as 3e donors, giving a total CVE of 92e. 
This 

structure is of some relevance to the reverse process in which newly 
fO rllled 

C-atoms become surrounded by six ruthenium metals (Chapter 4). 
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Figure 3.1/12 HRU
6

C(CO)15(SEt)3 (16). 

, As RU6(CO)18 is unknown, reactions analogous to those discussed above for 

OS6(CO)18 (10» cannot be studied. The study of the reaction of ruthenium 

Clusters with alkynes must therefore be produced from trinuclear 

precursors. The triruthenium cluster RU
3

(CO)12 reacts with ethylene to 

'Si Ve both a tetranuclear alkyne RU
4 

(CO) 12 (MeC=CMe) and a hexanuclear diene 

'RU6C(CO)15(MeCH=CH-CH=CHMe) (17).[140] The latter was the first example of 

a six carbon atom linear chain bonded to a hexanuclear unit. The metal 

, core in the die ne (17) adopts an octahedral geometry (around the central 

_ carbide atom), with the trans,trans,hexa-2-4-diene ligand lying along one 

edge of the cluster (Figure 3.1/13). This organo-group donates a total of 

4e (via two 11 -bonds) and it is evident that the 4e donating interstitial 

carbon must be important in allowing the accommodation of this bulky 

ab' . 
-carbon fragment on the cluster surface. This is another example of 

organo_ligand condensation, with the six carbon chain in (n) being 

prodUced from the reactant ethylene. As in (13), where 2 equivalents of 

ethYlene have condensed to give the product, here 3 equivalents of ethylene 

are Condensed. 

RUeC(CO)lS(MeCH=CH-CH=CHMe) (17 
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3-~ interactions are evident in the hexanuclear carbide cluster 

RU6C(CO)14(bitrOPYl) (18).[213] Six carbon atoms from one ring of the 

bitroPYl ligand bond to a triangular face of the cluster (~-bonding to 

three of the ruthenium atoms) and donating a total of 6e to the electron 

count of the cluster (Figure 3.1/14). 

RUeC(CO)14( bltropyl) (18) 

Figure 3.1/14 The carbido-octahedral M-core of the bitropyl cluster (18). 

An extreme example of cluster-opening has been reported for the phosphite 

cluster (19).[214] This cluster consists of a central 

t~iangle of osmium atoms, edge bridged on all sides by three more osmium 

atoms such that the 6 osmium atoms are approximately coplanar (Figure 

This planar arrangement of atoms has also been observed in the 

plane of the pyramid metal skeleton of a number of decanuclear 
, . 

Clusters, for example [HOS
1
0C(CO)24]-,[104] these are discussed in more 

detail 

between 

in 

the 

Chapter 4. 

arrangement 

It has been noted that there is a close analogy 

of metal atoms in these clusters and the 
art" 

angement found for bulk metals.[104] 

Figure 
3.1/15 The giant equatorial triangular cores of (19) and (20). 
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A similar metal core geometry was reported for OS6(~3-0)(~3-CO)(CO)18 (20) 

(although deviation from planarity was evident),[215J which contains both 

~3-oxygen and ~3-carbonYl ligands (Figure 3.1/15). Both (19) and (20) are 

90e clusters and can be envisaged as being derived from an 84e capped 

trigonal bipyramid [c.f. (10)] by the successive scission of three 

metal-metal bonds in the capped trigonal bipyramidal core of the parent 

cluster OS6(CO)18 (10) (Figure 3.1/16). 

1 

FigUre 3.1/16 Successive M-M cleavage to produce a giant equatorial M-core. 

The reaction of OS6(CO)18 (10) with pyridine produces two clusters of 

different nuclearitYi the pentanuclear cluster 

hexanUclear bis-pyridine OS6(CO)17(PY)2 (21).[216] 

2-
[Os5(CO)15] and the 

The bis-pyridine cluster 

(21 ) 
has a trigonal bipyramidal metal core with the sixth osmium bonded to 

an eq uatorial metal atom in a 'spiked' arrangement (Figure 3.1/17). The 

ClUster contains 2 
the first example of a ~4~b4b-carbOnYl, which acts as a 

liS 
and bridge across the spike bond via o-donation of two electrons from 

~he oxy gen atom to the terminal osmium atom. The two pyridine ligands 
term· 

lnally bond to the spiked osmium atom (and both donate 2e), whilst the 

)l4-CQ 1· 19and donates a total of 4e. This results in a CVE of 88e consistent 

Vlith 
Cleavage of 2 M-M bonds of the (84e) parent species OS6(CO)18 (10). 
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Figure 3.1/17 OS6(CO)17(PY)2 (21). 

The proposed mechanism for the formation of (21) is illustrated in Figure 

3.1/18.[216] Initial attack, by the two pyridine ligands, results in 

rupture of two Os-Os bonds in one of the caps, this is then followed by an 

intramolecular attack on the 'spike' osmium atom by the carbonyl oxygen on 

an adjacent metal atom. This displaces a carbonyl group on the 'spiked' 

osmium to give the carbonyl bridged product (21).[216] The other product of 

this reaction, [OS5(CO)15]2- can be produced if the intermediate 

OS6(CO)18(C5H
5

N)2 (Figure 3.1/18) is further attacked by pyridine causing 

~be Sixth 'spiked' osmium atom to brea~ off. 

Pr ' 
lor to 1985 the few reports of arenes bonded to clusters involved either 

'6 ' 
rt"'COordination to one metal atom, as in RU6C(CO)14(t\,6-c6H3Me3) (3),[197] 
Or 2 

~3~64a-bonding as observed for the benzyne ligand in the trinuclear 

ClUster 2 
H20S3(CO)9(~3-~ C6H4 ).[211] Subsequent work revealed that in the 

bis b 
... enzene cluster Ru6C(CO)11(C6H6)2 (22),[218] while one of the C6H6 

ring 6 
S adopts the conventional ~ -terminal mode, the second ring adopts a 

Il 6& 
'3f\ 6-face capping mode (Figure 3.1/19). (The two carbonyl groups on each 

rUthenium atom of the triangular face, with the ~3-bonding benzyne ligand, 
are 
. PUshed back, such that they are almost co-planar with the metal 
tri angle. ) 
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The ~3~666-bOnding mode adopted by one of the benzene ligands in the 

bis-benzene cluster RU
6
C(CO)11(C

6
H

6
)2 (22) was the first example of this 

unusual bonding mode found for cluster compounds and significantly, it is 

eXactly the mode of coordination found in a LEEDS study of benzene attached 

to a rhodium surface.[219J 

pyridine 

• 

-co 
l1li( 

1 Pyridlne 

--t..--....... Py 

F' 
19ure 3.1/18 Proposed mechanism for the formation of (21). 
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Figure 3.1/19 The bis-benzene cluster (22), with the two organo-groups. 

adopting different bonds modes 

The reaction of OS6(CO)17(NCMe) with the mono-substituted alkyne HC=CEt 

Yielded two main products.[152] The first, HOS6(CO)17(~4~2&5a-CCEt) (23), 

conSists of a tetrahedron of osmiums, one edge of which is bridged by a 

fifth osmium, with the triangle thus formed being bridged by the sixth 

OS . 
mlum atom (Figure 3.1/20). In this cluster, the alkyne hydrogen has 

liligrated to the metal core and bridges one edge of the tetrahedron. The 

reSulting alkynyl ligand caps the outermost triangle, a-bonding to two 

metal atoms and -bonding to the third osmium atom of the triangular face 

and, in addition, the 0( -carbon coordinates to one of the tetrahedral 

~smium atoms. The cluster has an 88 valence electron count, consistent 

With the presence of 10 Os-Os bonds, a 5e donating alkynyl fragment, CCEt, 

and 
a one electron donati.ng ~2-hydride ligand. 

OS6(CO)17(HCCEt) (24) 

PtgUre 
3.1/20 The alkenyl cluster (23) and the alkyne cluster (24). 
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The second product obtained from this reaction, OS6(CO)11(HCCEt) (24), has 

a capped square pyramidal geometry (Figure 3.1/20). The alkyne ligand caps 

the base of the osmium square, coordinating to the cluster via 2cr- and 

2~-bonds.[152] This results in the C-C vector lying approximately along 

the diagonal of the square base. 

In contrast , the reaction of OS6(CO)18 ( 10 ) with disubstituted alkynes 

gives (where R and R' are alkyl or aryl groups) as the 

major product. X-Ray structure analysis of the disubstituted cluster 

OS6(CO)16(MeCCEt) (25) revealed that the capped trigonal bipyramidal core 

of the parent species is maintained with the alkyne group capping a 

tr' 2 langular face in a ~3~ &4a bonding mode (Figure 3.1/21).[84] 

Ose(CO)16(MeCCEt) (25) 

Figur e 3.1/21 The capped trigonal bipyramidal M-core of (25). 

The ' 
mld-eighties saw the development of a new synthetic strategy for 

nuclearity clusters. An example of this was the reaction 

with OS5(CO)15(MeCN), which gave the hexanuclear cluster 

(26).[220] As with (21), the metal core of (26) is a 'spiked' 

(Figure 3.1/22). In this complex, one of the hydrides 

a terminal bonding mode to the 'spiked' osmium atom (this is the 
first 
J example of a terminal hydrido-ligand for a cluster with nuclearity 
hirSher than four), and the other hydride bridges an equatorial-axial bond 
Of the 

trigonal bipyramidal core. Similar synthetic strategy gives the 

triangle H2os4 (CO) 
13 ' 

which has one terminal and one 
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I-L2-hYdride.[221] The 'spiked' metal configuration in these clusters appears 

to be the determining factor for one of the hydrides remaining 

t erminal.[220,221] 

Figure 3.1/22 The spiked trigonal bipyramidal M-core of (26) with both 

terminal and ~2-bridging hydrides. 

The first reported example of a ruthenium cluster, where the six metal 

atoms adopts the 'raft' configuration [seen for the osmium clusters (19) 

(Figure 3.1/23).[222] This is a 

acting as a 10 electron donor. 

Figure 3 
.1123 The giant equatorial trianglular M-core of (27). 

The reactl'on . 
of OS6(CO)'8 (10) with Hg(02CCF3~2 produced a tetranuclear 

ClUster 
OS4(CO)12(02CCF3)2 and a hexanuclear cluster OS6(CO),8(02CCF3)2 

l ,(28) (Figure 
3. '/24 ) • [223 ] 
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o 
\ 
CCF3 

/ 
o 

Figure 3.1/24 OS6(CO)18(02CCF3)2 (28). 

The metal core of (28) is an unusual oS6 'ladder', in which the six metal 

atoms are not co planar (Figure 3.1/24). This 90 electron system is an 

alternative geometry to the 'giant equatorial raft' framework seen in the 

oSmium clusters (19), (20), and in the ruthenium cluster (21). The 

bidentate carboxylato ligands in (28) are approximately perpendicular to 

the Os 
3 triangle and each trifluoroacetate ligand acts as a 3e donor. A 

S.illlilar mechanl' sm to that d f th f ti f propose or e orma on 0 (20) can be 

enVisaged for the formation of (28 ) from ( 10) • The pathway involves 

si.iooesSive cleavage of 3 M-M bonds, but the alternative step involves the 
'. con 

version of the 86 electron intermediate to an 88 electron species. The 

forlllation of (20) results from cleavage of an axial-equatorial bond of the 

86e 
: species, whereas in (28) an alternative axial-equatorial bond (adjacent 

" . to ' th 
. . e bridging triangle) is broken (Figure 3.1/25). 

5 

OSe(CO)18 (10) 

6 

CI •• va •• of M(3)-M(S~ CI.ava •• of M(4)-M(S) 

5 \ 6 

I ~.3 

lS:ti
1 " '. 1 2 / 4 '" \ 2 • ~ 

. __ ~ w----. 
, 6 sL., ~ e 

f.t20s eCO)19 (26) ~ 

1 2 

.r>~l" ~ r: 
3 

Figure 
3.1/25 Mechanism for the formation of alternative 90e species. 
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This review of hexanuclear clusters has revealed both the predominence of 

the octahedral framework and the importance of carbido-species in 

maintaining this metal core geometry. It has shown that organo-fragments 

often have a profound effect on the metal framework and that the range of 

POssible geometries is sensitive to a number of, often subtle, electronic 

differences. All X-ray structures reported in the remainder of this 

chapter are based on hexanuclear cores which contain interstitial 

carbido_atoms. One of the aims is to study the effect organo-fragments 

have on the metallic core and the type of bonding mode adopted, and to 

consider the role of the interstitial carbido-atom. 

3.2 X-Ray structure analysis of RU
6

C(CO)15(C6Ha) (XR5) and a comparison 

With the linear analogue RU6C(CO)15(C6H10 ) (17). 

3.2.1 Surface competition. 

The stUdy of organo-derivatives of polynuclear clusters, and specifically 

their surface topology, provides a useful analogy for understanding 

-important processes such as catalysis at bulk metal surfaces. (This 

analogy is limited, as at present organo-derivatives of higher nuclearity 

clusters are rarely seen). One possible explaination for this is that as 

the cluster size increases the relative surface area available for ligand 

bonding decreases, and eventually becomes a limiting factor. Competition 

between surface availability and the need for the metal cluster to 

at,tain the correct f d 1 1 t number 0 polyhe ra e ec rons. 

By studYing the structures of hexanuclear clusters of ruthenium, osmium and t'r 
their 

organic derivatives, an understanding of 

t~~tors may be gained. This can be extrapolated to 
.: Jo 

the controlling steric 

predict the possible 
e ' 
, ~iatence of higher nuclearity cluster hydrocarbons. One important class 
are th 

! e hexaruthenium carbonyl carbide derivatives, in which organic 
fra 

@menta have been found to replace some of the carbonyls of the parent 
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The two hexanuclear clusters discussed in this section differ only in the 

tYpe of organo-fragment bonded to the cluster surface. This provides an 

Opportunity to study the influence different organic fragments on the basic 

metal core unit, and the extent to which such ligands can distort the metal 

framework. Specifically, the two examples reported here, RU6CeCO)15eC6Hl0) 

(17) and Ru
6

CeCO)15 eC6Ha) eXR5), provide an opportunity to compare a linear 

and a cyclic hexadiene derivative of the same cluster core. 

3.2.2 Structural description of the cyclohexadiene carbido-octahedral 

cluster RU6CeCO)15eC6Ha) (XR5). 

An X-ray structure analysis of Ru6CeCO)15eC6Ha) eXR5) established that the 

six ruthenium atoms adopt a carbido-centred octahedral geometry. There are 

fifteen carbonyl ligands, of which thirteen are terminal, one symmetrically 

bridges the Ru(4)-Rue6) edge and one forms a very asymmetric bridge along 

Ru(3)-Rue6). The cyclic organo-ligand bonds to one edge of the cluster via 

two -bonds. 

a '1el"y , , Slmllar molecular configuration. 

The X -ray structure solution of the linear hexadiene cluster 

RU6C(CO) (C H ) ( 17) was carried 
. 15 6 10 out by W.H. Nelson,[224] so only 

essential bond lengths and angles are quoted for comparision wi~h the 

CYCIOhexadiene cluster Ru
6

C(CO)15(C
6
Ha) (XR5). The structures 

RU6C(CO)15(C6Hl0) (17) and RU
6

C(CO)15( C
6
Ha) (XR5) are illustrated in Figure 

3 .• 2/1 • 
, essential crystallographic parameters for (XR5) are tabulated in 

Appendl' ..... A. Both d th f ' ~ clusters are numbere e same way or comparlson. 

3.2.3 Discussion. 

The ' 
maln difference between (XR5) and (17) lies in the mode of coordination 

Of the CYCll' c and linear dienes. In the previously reported structure (17) 
the l. 

ineal" hexadiene lies on one side of the octahedron, forming two 

go 



C3 

6 

Figure 3.2/1 The molecular structure of Ru6C(CO)15(C6HS ) (XR5) and 

Ru6C(CO)15(C6H10 ) (17). Only the O-atoms of the carbonyl ligands have been labelled for clarity. 



11 -bonds to two adjacent ruthenium atoms, Ru-C(organo) range 

2.262(12)-2.311(19) A (Table 3.2/1). The cyclohexadiene ligand in (XR5) 

adopts very similar bonding 
o 

Ru-C(organo) range 2.254(7)-2.336(7) A, lying 

along the Ru( 1 )-Ru(2) cluster edge, again 11-bonding to the two adjacent 

metal atoms (Table 3.2/1). 

Table 3.2/1 M-C(organo) bond lengths for (17) and (XR5) (A). 

(17) 
2.262 ( 12) 
2.311(19) 
2.305 (21 ) 
2.294(11) 

(XR5 ) 
Ru(1)-C(5) 2.265(6) 
Ru(1)-C(6) 2.254(7) 
Ru(2)-C(1) 2.336(7) 
Ru(2)-C(2) 2.278(6) 

An interesting difference in the two structures is that in (XR5) the cyclic 

ligand . 
1S constrained to a cis-cis configuration, whereas the linear chain 

in (17) adopts a trans-trans configuration. Despite this difference a 

Similarity in conjugation is evident. In both structures alternatively 

long 
and short bond lengths between the -rr -bonding unit are present. 

Significantly shorter bond lengths occur beween the carbon atoms involved 
in .,..,... 

. I, -bonding to the cluster: 
o 

C(2)-C(3) 1.37(1) A and C(4)-C(5) 

~ .34(2) A for ( 17 ) and 
o 0 

C(1)-C(2) 1.400(11) A and C(5)-C(6) 1.385(9) A 

~or (XR5) 

1, .50 (2) A 
than the remaining nominally single bonds [mean values 

o 
(17) and 1.513(12) A (XR5)] (Table 3.2/2). In both structures 

the C -C bonds between the two If -bond units, are shorter [C(3)-C(4) 

1.42 ( 1) A o 
(17) and C(5)-C(6) 1.385(9) A (XR5)], consistent with some 

del 
ocalisation of the electron density. 

Table 3.2/2 0 

Carbon-carbon bond lengths for the organofragments (A) • 

,CC 1 )"'C(2) (17 ) (XR5) ( 18) i (22)i 

C(2)"'C(3) 1.51(2) 1 • 400 ( 11 ) 1.411(9) 1.42 (2) 
C(3)"'C(4) 1. 37 ( 1) 1 • 496 (8) 1.450(9) 1.46(2) 
C(4)"'C(5) 1.42 ( 1) 1.543(12) 1.437 (9) 1. 39(2) 
C(S)"'C(6) 1 • 34 (2) 1.510(11) 1.438 (9) 1 • 50 (2) 
C(l )"'C( 6) 1.49(2) 1.385(9) 1.426(9) 1.37 (2) 

i) The 1.466(13) 1. 522 (9) 1.48 (2) 
carbon atoms have been renumbered for comparison. 
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If the bonding at each metal atom is considered separately then a 

comparison with bonding ligands can be made. There are very few 

examples of hexanuclear ruthenium clusters with this mode of 

organo-bonding. 

Which may be regarded as having three such bonds. This cluster has one 

less carbonyl ligand than either (XR5) or ( 17 ) in order to accommodate the 

third 11 -bond (Figure 3.1/14). The bond alternation seen in the 

CYclohexadiene ligand of (XR5) is less obvious for the bonds of the 

bitrOPYl ligand in ( 18 ) involved in bonding to the ruthenium atoms of one 

of the cluster faces, 
o 

Ru-C(organo) 1.411(9)-1.522(9) A (Table 3.2/2), but 

is eVident in the related benzene cluster 6 6 
RU6C(CO) 11 (~3rt °6-C6H6) (rt. -C6

H6) 

(22) (Figure 3.1/19), where one of the benzene ligands forms three ~1~02 

bonding interactions to three ruthenium atoms of a cluster face. The mean 

of the three bonds in (22 ) involved in -rT - bonding to the cluster 

[C(1)-ri(2), C(3)-C(4), and C(5)-C(6) mean 
o 0 

1.39(2) A] is 0.09 A (>310') 

~horter than the mean of the remaining three C-C benzene distances 

[C(2)-C(3), C(4)-C(5), o 
and C(1)-C(6) mean 1.48(2) A]. Distortion of bond 

lengths 
around aromatic rings has been noted previously when, for example, 

a metal atom l·S t t f th bo t . th coordinated to jus wo 0 e car n a oms ln e 

ring. [226] .....-In 'free' benzene, where complete delocalisation of ,,-electron 

denSity OCcurs, all the bonds are equivalent and of length ca. 
0 

·1.397 A 

(intermediate 0 0 

between a single (ca. 1.54 A) and double (ca. 1.33 A) 
bo · nd. [225] 

Deap· 
lte the difference in the organo-ligands in (XR5) and (17) both the 

Core and the remaining ligand distribution is very similar in both 

Both structures ( 17 ) and (XR5 ) adopt slightly distorted 

frameworks 
Th 

e carbido_atom in the reported cluster (XR5) is not exactly in the centre 

of six ruthenium atoms, surrounding a carbide atom. 
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of the octahedron and the Ru-C distances lie in the range 

o 
2. 01 5(6)-2.081(6) A [Ru-C(carbide) 

mean 2.052(6) AJ. A very similar range 

was noted in the earlier structure (17), with distances in the range 
o 

2.007(8)-2.099(8) A [Ru-C(carbide) 2.055(8) A]. mean Both the bitropyl 

cluster (18) and the bis-benzene complex (22) have similar values, with the 

Ru-C range 
o 

for (18) 2.022(5)-2.080(5) A 
o 

[Ru-C(carbide) 2.055(5) AJ mean 
o 

and the Ru-C(carbide) for (22) 2.043 A. 
mean 

In the linear diene (17) the metal-metal bond lengths, for the two 
o 

independent molecules, lie within the range 2.829(1)-2.982(1) A, which is 

very similar to the range observed for the reported structure (XR5) 

[2.838(1)-2.961(1) A]. There appears to be no obvious correlation between 

the var1' at1' on ' 1n M-M bond lengths and the location of the bonding 

interaction with the organo-ligand. The bridged edge Ru( 1 )-Ru(2) is 

~ntermediate in length in (XR5) 2.889(1) A, but is one of the longest 
o bonds in (XR7) 2.963 (1) A (mean value) • The parent carbido-cluster 

o 
RU6C(CO) (2)[194] has a larger 

17 Ru-Ru range, 2.827(5)-3.034(5) A, and 

this l'S comparable to the range found for the phosphido-cluster 
o 

2.850(1)-3.088(1) A.[227] However, the organo-clusters 

( 18 ) and RU6C(CO)11(C6H6)2 (22) have ranges closer to 
o 

for (XR5) and (17), Ru-Ru 2.778(1)-2.982(1) A for ( 18 ) 

and 2 8 0 

• 19( 1)-3.006( 1) A for (22) • 
. , .. 
This 

Suggests that organic ligands ~3-bonded to a face of an octahedral 

OlUster 
will slightly contract the core. Indeed, in both the bitropyl 

OlUster 
(18) and the bis-benzene cluster (22) the triangular face involved 

in 
bonding to 

and 2.816( 1) A 
the ~3-benzene is contracted [mean Ru-Ru 2.884(1) for (18) 

for (22)] compared with the remaining ruthenium bond 
l~ngths 

[Ru-Ru 2.914(1) for (18) and 2.893(1) A for (22)]. 
thi mean 
• 8 analogy cannot be directly compared in the clusters (XR5) 

~hel"e the 
hexacarbon fragments bond only to a cluster edge. 
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The range of Ru-C(carbonyl) distances and associated C-O distances were 

found to be very similar for both (XR5) and (17): Ru-C(carbonyl) range 

1. 871(8)_1.942(8) A for (XR5) and 
o 

1.828(10)-1.901(12) A for ( 17) , and 

C-O(carbonYl) 
o 0 

1.117(9)-1.162(8) A for (XR5) and 1.138(13)-1.192(14) A for 

(17). These are typical and similar ranges are observed in other 

hexaruthenium clusters. [35, 194,199,213,218,227,228] The similarity of 

carbonYl distribution in both structures, despite the difference in 

organo-ligands, is very striking - as can be seen in Figure 3.2/1 and 

this will be discussed further in Section 3.2.3. Both clusters have 

thirteen terminal carbonyl ligands with very similar M-C-O bond angles, 

which lie in the range 172.5(8)-179.6(6)0 for (17) and 172.0(8)-179.4(7)0 

for (XR5); the deviation from linearity is normal and has been discussed by 

[(et tle. [ 178] 

One of the remaining carbonyl ligands in both structures bonds in a 

Slightly 

~. 120 (9) A 

2.133(6) A 

o 0 
asymmetric mode with Ru(4)-C(46) 2.031(9) A, Ru(6)-C(46) A 

o 
for compound (17), and Ru(4)-C(46) 2.048(7) A, Ru(6)-C(46) 

for (XR5). Bridging carbonyl ligands have been observed in a 

number of other octahedral ruthenium clusters and all but one of the 

carbonYl ligands is terminal.[194, 197,213,218,227,228] This is evident for 

RU6C(CO)14(C14H14) (18) [Ru-C(bridging) 2.042(6) and 2.051(6) A],[213] 

RU6C(CO)16(PPh2
Et) [Ru-C(bridging) 2.079(14) and 2.038(14) A),[227] and 

RU6C(CO)15(Ph
2

PCH
2

PPh
2

) [Ru-C(bridging) 2.05(1) and 2.06(1) A).[228) 

In b 
oth structures (XR5) and (17), the remaining carbonyl ligand may be 

regarded as very asymmetrically bridging, being strongly bonded to RuC]), 

R,~~ 3)-C<32) 1.909(11) for (17), and RuC])-C(32) 1.942(8) A for (XR5) and 

Weakly bonded to Ru(6), Ru(6)-C(32) 

2: 513 (7) A for (XR5). This is in marked 

2.594(11) for (17) and Ru(6)-C(32) 

contrast to osmium clusters where 
br' 

, tdging carbonyl ligands are very rare indeed. 
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For the cluster solved by the author (XR5) there were no shorter 

intramolecular distances than that found between the cyclohexadiene 

hYdrogen atom H(6) and the oxygen atom 0(51) on an adjacent molecule 

[H(6). · •• 0(51) 2.46 ft.J. 

3.2.3 Comparison of the surface topology of (XR5) and (17). 

Both molecules (17) and (XR5) may be formally considered as having been 

derived from R C(CO) u6 17 (2) by replacement of two carbonyl ligands on 

adjacent metal atoms with an organic fragment. 

+L 
RU6C(CO) -----.~ Ru6C(CO) 15L 

17 -2CO's 
86e 86e 

for (17) 
for (XR5) 

The CYclic and linear dienes both bond to the cluster via two -bonds to 

ruthenium atoms (2~1~262-bOnding modes), and each contribute 4e adjacent 

(i.e. eqUivalent to two carbonyl ligands) to the overall polyhedral 

electron count. As mentioned in Section 3.2.2 the surface ligand 

distributions of the two clusters are similar. The surface topology of 

and (XR5) can be illustrated by use of computed space filling models 

calCUlated from the X-ray coordinates (Figure 3.2/2). The interstitial 

atom contributes 4e to the total electron count and therefore 

redUces the total b f b 1 b t num er 0 car ony groups y wo. Surprisingly, in spite 

Of the difference in shape of the tw~ hydrocarbon ligands, there is a close 

Similarity in the distribution of the carbonyl groups. Both surfaces 

ConSist of a tightly packed array of carbonyl ligands and an organic 

fragment , which occupies a substantial percentage of the total surface of 
the 

SPhere. This can be seen more clearly by removal of the organic 

fragments using computer simUlation techniques. The space filling diagrams 
Of these Ru6c(CO) 15 cores are illustrated in Figure 3.2/3. From these it 

is 
eVident that there is enough space available for two more carbonyls, as 

is . 
lndeed the case in RU6C(CO)17 (2). 
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Figure 3.2/2 Computed 'space-filling' model of of Ru6C(CO)15(C6Ha) (XR5) and RU
6

C(CO)15(C
6

H
10

) (17). 



... 

Figure 3.2/3 Computed 'space-filling' model of RU6C(CO)15(C
6

Ha) (XR5) and Ru
6
C(CO)15(C

6
H

10
) (17), 

-
with the organo-fragment removed. 



3.2.4 Conclusion. 

X-ray structure analysis of the carbido-cluster Ru
6
C(CO)15(C

6
H

a
) eXR5) 

established an octahedral metal core. The overall surface distribution of 

the cluster was remarkably similar to that found for the previously 

reported linear analogue RU6CeCO)15CC6HlO) (11). In both cases, the 

central carbido-atom is considered essential in allowing coordination of 

relatively bulky organo-groups, such as C6Ha and C
6
H

10
• It is in keeping 

With this hypothesis that all other octahedral organo-clusters have an 

interstitial carbido-atom. No interstitial octahedral osmium clusters have 

been structurally characterised and in addition 

°9tahedral osmium clusters are known. 

3.3 X-Ray structure analysis of 

RU6C(CO)15(~3n204aPhCCMe) (XR7). 

3·3., IntrOduction. 

!n the previous section a comparison was made 

no organo-derivatives on 

(XR6) and 

between two octahedral 

Clusters differing only in the organo-fragment; one contained a linear six 

carbon h " c aln (17) and the other a cyclic hexacarbon ligand (XR5). The 

~nding modes adopted by the diene fragments in these two clusters was 

found to b e very similar. 

For the two 

trinUclear 

structures discussed 

cluster chemistry. 

here, parallels can be drawn with 

The bonding modes adopted onto the 

triangUlar faces of both clusters is similar to that found for simpler 
Clust 

er Species with three metal atoms (Section 1.4). Preliminary results 
hay 
. e already been published. [229J Both the structures in this section 

and the related digold-derivative 

diSCUSsed in 

UniYers"t 

Section were synthesised by S.R. Drake at Cambridge 

1 Y. 
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3.3.2 SYnthesis. 

The electrochemical two-electron oxidation of [RU
6

C(CO)16]2- under carbon 

monoxide atmosphere at a platinum electrode occurs at a potential of +0.5eV 

(vs Ag/AgCl) and on the same scale, the couples Fe(Cp)2/[Fe(Cp)2]BF
4 

and 

Fe(cp) /FeCl occur at similar values of 0.53 eVe This provides the basis 
2 3 

for a recently discovered method of synthesis using either chemical or 

electrochemical oxidation of ruthenium cluster dianions in the presence of 

a ligand at room temperature. 

[RU6C(CO) ]2-
16 

The reaction 

- 2 electrons 

RCCR' 

of 

R = Ph, R' = H (6) 
R = R' = Me (7) 

+ CO 

with alkynes in the presence of 2 

eq . 
ulvalents of either of the oxidants [Fe(Cp)2]BF4 or FeC1

3 
results in the 

formation of products of the general formula Ru
6

C(CO)15(RCCR'). X-Ray 

structure 1 f two 1 t ; d t h R Ph R' H (XR6) ana yses 0 c us ers were carrle ou, were = , = 

R=R'=Me (XR7) • The reaction permits an investigation of the 

differences in reactivity and the bonding mode adopted by mono- and 

~iSUbstituted alkynes. 

3.3.3 Structural description. 

X-Ray structure analyses confirmed that the carbido-octahedral meta.l core 
~as m . 

alntained in both RU6C(CO)15(Ph~CH) (XR6) and Ru6C(CO)15(MeCCMe) (XR7) 

(Figure 3.3/1). The only major difference between the two clusters is the 

ligand bonded to the cluster face. In (XR6) the mono-substituted 

a1kYne 
, PhCCH, bonds to all three ruthenium atoms of one face of the 

C1ust 
er; forming er-bonds to Ru(1) and Ru(2), and a 1I-bond to the remaining 

lIletal 
atom, Ru(3). This results in the C(1)-C(2) backbone of the alkyne 

parallel to the Ru(1)-Ru(2) edge of the octahedron. The 

disubstituted alkyne (but-2-yne) in (XR7) bonds to the 

lYing almos t 

SYmmetrical 

Octahedral core in an adalogous fashion. All fifteen carbonyl ligands in 
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Figure 3.3/1 The molecular struqture of RU6CCCO)15CPhCCH) (XR6) and 

RU6C(CO)15CMeCCMe) (XR7). Only the O-atoms of the carbonyl ligands have been labelled for clarity. 



each structure are terminally bonded, with the three ruthenium atoms 

involved in bonding to the alkyne groups having only two carbonyl ligands 

each. The remaining ruthenium atoms Ru(4), Ru(5), and Ru(6) all have three 

terminal carbonyl ligands. 

3.3.4 Discussion. 

The interstitial carbide atom lies almost at the centre of the octahedral 

framework in both structures, with the Ru-C(carbide) distances in the range 

2. 015(14)_2.073(15) 
0 0 
A for (XR6) [Ru-C(carbide) 2.046 ( 18) A J and mean 
0 0 

1.992(13)-2.098(11) A for (XR7) [Ru-C(carbide) 2.045(14) A]. These mean 
ranges are similar to those reported for the carbido-clusters 

section, and to other hexaruthenium clusters with 

C-atoms .[34,194,213,218,227,228J 

interstitial 

All 15 carbonyls are essentially linear for both structures, with 

RU-C(carbonYl) distances in the range 1.862(21)-1.946(20) A for (XR6) 

1.882 (12)_1.929(12) A for (XR7). The corresponding C-O distances lie 

and 

in 

range o 
1.098(20)-1.177(22) A for (XR6) and 

o 
1.125(16)-1.157(17) A for 

eXR7) • The M-C-O bond angles lie within the range 172(1)-180(1)0 for 

o,OmpOund (XR6) and 168.8(8)-178.4(9)0 for compound (XR7). These values are 

comparable to those observed for the terminal carbonyl ligands in (XR5) and 

the linear analogue (17) (Section 3.2) , and to other carbido-octahedral 

structures. [35, 194,199,213,218,227,228J 

The 
metal-metal bond lengths are similar in both cases, lying within the 

o 
2.764(2)-2.980(2) for (XR6) and 2.782(1)-2.991(1) A for (XR7). For 

both 
structures (XR6) and (XR7) the bonds associated with the triangular 

RU(1), Ru(2), and Ru(3) are significantly shorter than the average of 
" ,n ' 
1 the other metal-metal bond lengths, with the average bond length for a 

M-~ bond , in o 
triangle 1,2,3 being 2.805(2) A for compound (XR6) and 
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2.796(1) A for compound (XR7). This compares with an average M-M bond 

length for the o 
remaining nine metal bonds of 2.920(2) A for (XR6) and 

2.921(1) A for (XR7). This constrained triangle is involved in bonding 

to the organo-fragment. The shorter bonds are significantly less than the 

Shortest bond observed for ( 17) , (XR5) , the bitropyl cluster 

Ru6C(CO) (C H ) 
14 14 14 

(22) discussed previously (Section 3.2). This can be attributed to the 

presence of the organo-fragment ~3-bonding to a cluster face. As with the 

bitroPYl cluster (18), the Ru-Ru of the Ru(1)-Ru(2)-Ru(3) face in both mean 
(XR6) and (XR7 ) is contracted with respect to the remaining Ru-Ru bond 

distances. 

In structures (XR6) and (XR7) both carbon atoms of the alkyne group bond to 

RU(3) [Ru(3)-C(1) 2.264(11) (XR6) and 2.181(11) (XR7), Ru(3)-(2) 2.174(11) 

(XR6) and 2.201(11) (XR7) AJ. In addition, each C-atom bonds to one other 

ruthenium atom of the triangular face [Ru(1)-C(1) 2.095(13) (XR6) and 

<.069(8) (XR7); Ru(2)-C(2) 2.076( 13) 
o 

(XR6) and 2078(9) A (XR7)J. The 

C(1)-C(2) bond lies nearly parallel to the Ru(1)-Ru(2) edge of the 
two 

Clusters (Figure 3.3/1), and in both cases a reduction in the formal 

C-c bond order upon coordination of the alkyne is indicated by the 

C(1)-C(2) bond lengths of 1.365(17) in (XR6) and 
o 

1.395(13) A in (XR7). 
The 

interaction of the alkyne with metal atoms Ru(1) and Ru(2) in both 

stru t 
," , cures may be formally described 'as o-bonding in character, with that 

. to 
RU(3) being -bonding (Figure 3.3/1). Similar bond lengths have been 

reported l'n other alkyne t h' h d t th' d f clus ers w lC a op lS mo e 0 bonding (Table 

.Olust 
ers containing alkyne ligands 

This 'parallel' ~3q264a mode of bonding is more widely observed in 

than the alternative 'perpendicular' 

mOde. A variety of trinuclear clusters which have these 2 different 

are discussed in Section 1.4; typical M-C(organo) bond lengths are 

99 



3.3.5 Conclusion. 

One POint of interest is the similarity of the two structures, just as was 

found for the two previously discussed examples, (XR5) and (17). The mono

and disubstituted alkynes both adopt the same mode of bonding and, 

Significantly, no H-migration to the metal core occurs for the 

mono-Substituted alkyne. Organo-fragments often lead to cluster breakdown 

but this is not observed in either structures - evidence of the important 

rOle of the carbido-atom in stabilising the octahedral framework. As with 

(XR5 ) and ( 17) , the metal core bond lengths and angles of both (XR6) and 

(XR7) are very similar. This differs from mono- and trinuclear clusters, 

Where ligand fragmentation often occurs (Chapter 5). The fact that hydride 

migration does not occur with the terminal alkyne may be because this would 

reSult 1" n cluster breakdown, caused by the inherent stability of octahedral 

Clusters with interstitial carbido-ligands. 

3.4 X R 8 - ay structure analysis of Ru
6

C(CO)14(PhCCH)(AuPHe
3

)2 (XR ). 

3.4.1 Synthesis. 

The " :. react10n of [PPNJ 2[RU6C(CO)16 J with PhCCH in CH2C1
2 

in the presence of 

FeCp 
. 2BF 4 yields the alkyne complex Ru6C(CO)15(PhCCH) (XR6) discussed in the 

last section. This cluster reacts rapidly with 2 equivalents of LiBun in 

at room temperature to give the dianionic intermediate 

[RU C(C 2-6 O)14(PhCCH)] • Subsequent addition of 2 

. prodUces the d" d 1 t . novel alkyne- 19o1 c us er spec1es 
(XR8) 

as the major product. 

equivalents of AUPMe
3

Cl 

RU6C(CO)14(PhCCH)(AuPMe
3

)2 

Two 
reasons for establishing the structure of this molecule were to see how 

~he addition of AUPMe
3

Cl would effect a) the metal core geometry, and b) 

the mOde of bonding adopted by the alkyne fragment. + The cation AUPMe
3 

is 

i~Olobal to H+ and so if this analogy is considered there are a number of 

POS,Sible reaction products. The AUPMe3+ might occupy a capping position 
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analogous to the ~3-hYdrido ligands in H2RU6(CO)18 (4) (Section 3.1-Figure 

3.1/3),[34,35] or it could replace the hydrogen atom in the terminal alkyne 

PhCCH. The second possibility could lead to a radical alteration of the 

mOde of bonding adopted by the resultant organo-fragment, and at the same 

time cause the metal framework to open up. An X-ray structure analysis of 

this cluster was carried out to establish the molecular geometry of (XR8) 

and to consider the above points. 

3.4.2 Structural description. 

X-ray structure analysis established that the carbido-octahedral core of 
the precursor complex (XR6) is maintained. This is capped by one of the 

SOld atoms and this is further capped by a second gold atom (Figure 3.4/1). 

The 
alkyne fragment bonds to a ruthenium face of the octahedron in an 

analo 
gous fashion to that discussed above for the mono- and disubstituted 

alky 
ne clusters (XR6) and (XR7). 

3.4.3 Discussion. 

CJusters containing more than one AuPR
3 

fragment (where R is usually an 

or aryl group) have been observed before. These gold-phosphine 

can adopt two alternative forms of bonding. Firstly, each 

SOld_PhOsPhine fragment can act in isolation, this usually involves 

/.L2- or ~3-bonding to the cluster face and so the isolobal analogy 

between an AuPR unit and a hydrido-ligand remains applicable. Secondly, 
direct 

3 
AU-Au bonds arise and therefore the isolobal analogy no longer may 

fUlly 
apPlies. 

'l'he 
isolobal analogy is evident for example in the di-gold cluster 

Os (CO 
3 )10(AUPEt

3
)2 (29),[59] where the Au ••• Au separation is 4.304(2) A and 

the gOld 
atoms bridge the same Os-Os edge in a similar manner 

hYdrid . 
e l~gands in H20s3(CO)10 (30) (Figure 3.4/2).[60] 
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F~~ure 3.4/ 1 .. ~ The molecular structure of RU6C(CO)14(PhCCH)(AUPEt

3
)2 (XRB). 

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

for clarity. 



/ AUPE.!.3 

FiSure 3.4/2 Two isolobal clusters. 

Sirn ' l 

H 

1 arly the octahedron of ruthenium atoms in RU
6

C(CO)16(AuPMePh
2

)2 

has two opposite edges bridged by gold fragments (Figure 3.4/3).[230] This 

POSSibly indicates that the hydride ligands in the related (unknown) 

Octahedral cluster H
2

RU
6

C(CO)16 would adopt an unusual ~2-bonding mode. 

/ '~ // \ 
\ \ ----- //1 \ 

I \ ~ / \ 
\ \ / , 

OC \ '. I CO 
\ \ C 1\ / \ / \ ... \ 

\ I • . ,I 

// " ... '\ / 
.......... ,., 

I 
/ 

"'- . 

Ft ' 
~ , sure 3.4/3 RU6(CO)16(AuPHePh

2
)2 (31). 

lCarnPles f 
o the second type, where Au-Au bonds are formed, are found in a 

of clusters. The heterometallic octahedron in ~U Wc 
5 (CO)17(AUPEt3)2 (32) is capped on a triangular RU

3 
face by an AUPEt

3 Unit 
• The tetrahedron so formed is then capped by the second AUPEt

3 
ligand 

a.nd an 0 

AU-Au distance of 2.808(3) A is observed (Figure 3.4/4).[230] 
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Figure 3.4/4 The heterometallic cluster RU
5

WC(CO)11(AUPEt
3

)2 (32), 

which contains two ~3-AUPEt3 groups. 

~everal groups have synthesised a range of M
2

Ru
3 

and M
2

Ru
4 

[M=Au, Ag or Cu] 

Cluster cores containing direct Au-Au bonding. [231-238] The metal core of 

the heterometallic cluster consists of a 

trigonal bipyramidal RU
3

COAu core which is capped on adjacent faces by two 

rnere A 
.' U groups (Figure 3.4/5).[239] This is an example of the cis-bicapped 

ti-igonal bipyramidal core discussed in Section 1.3 (Figure 1.3/17), but no 

eXamples of this type of core are known for homonuclear clusters. The 

n~rnber of cluster valence electrons can be deduced in two alternative ways. 

the Au-Au bonds the gold triphenylphosphine groups can be 

cons ' d 
1 ered as cluster ligands (isolobal with H) and therefore are assigned 

as on 
e electron donors. 

el~ctron count for a 

This gives 60 CVE for the Ru
3

Co core, the correct 

tetrahedron. Secondly, the gold atoms can be 

considered as part of the metal framework, which gives a CVE of 96e, and 

SUbtract' '. lng 12e from 
p 

each metal atom gives S=6, the correct number for a 

fiVe 
Vertex polyhedron, i. e., a trigonal bipyramid. Therefore the 

.", additi 
anal two metal atoms occupy capping positions. 
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Au 

A 

Figure 3.4/5 The M-core framework of Au
3

CORU
3

(CO)12(PPh
3

)3 (33). 

A similar core is observed in the hydrido-cluster HRU4(CO)12(AUPPh
3

)3,[240] 

and in RU
3

(CO)9(COMe)(AuPPh
3

)3 a related bicapped tetrahedral cluster core 

(a nido-trigonal bipyramid) occurs.[241] Nicholson noted that gold-gold 

bonding distances in these types of compounds vary between wide limits, and 

extremes of 2.184(1) to 3.010(1) A have been reported.[241] An unusual 

tetragOld _ unit AU4{P(C6H11 )3}3 was observed in the high nuclearity cluster 

AU40S10C(CO)24(P(C6H11)3)3' which was bonded, via a naked ~2-AU atom, to 

~he 
tetracapped octahedral OS10 unit.[242] The Au-Au bond lengths range 

frOm 2.665(2)-2.158(2) A. 

In th 
e present work, X-ray structure analysis established that tpe six 

rUthenium atoms in RU
6
C(CO)14(PhCCH)(AuPMe

3
)2 (XR18) adopt an octahedral 

o geometry, 

3. 4/ 1). 

with M-M bond lengths in the range 2.191(3)-3.111(3) A (Figure 

One gold atom asymmetrically caps the triangular face 

RU(2)-RU(4)_RU(6) [Au(1)-Ru(2) 2.915(2), Au( 1 )-Ru(4) 2.920(2), and 

~U(1)-RU(6) 0] d 2.199(2) A, whilst the secon gold atom caps a triangular 

face of 
this cap, namely, Ru(2)-Ru(4)-Au(1) [Ati(2)-Ru(2) 2.996(2), 

AU(2)_RU(4) 8 2.1 7(2), and 
o 

Au(1)-Au(2) 2.795(2) A], resulting in the 
forllla t . 

10n of a direct gold-gold interaction. 
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This metal core has been observed before, in the cluster 

CU2RU6C(CO)16(CH3CN)2 (34),[243] whereas a related Cu2Ru6 cluster 

CU2RU6(CO)18(C6H5CH3)2 (35) has the two Cu atoms capping the octahedron in 

a trans fashion (Figure 3.4/6).[244] 

CU2RU6C(CO)16(CH3CN)2 (34) CU2Ru6C(CO)1S(C6H5CH3)2 (35) 

Figure 3.4/6 Alternative bicapped octahedra. 

group in (XR8) bonds to the The alkyne 

triangUlar 

2.051 (23) , 

face Ru(1)-Ru(2)-Ru(3) [Ru(l)-C(1) 2.083(21), Ru(2)-C(2) 
o 

Ru(3)-C(1) 2.228(22), and Ru(3)-C(2) 2.183(24) A] in the same 
2 

~3n 04a(parallel) bonding mode observed in (XR6) and (XR7) (Section 3.3). 

One carbonyl ligand bridges the Ru(4)-Ru(5) edge of the cluster 

[~U(4)-C(45) 2.09(3) and Ru(5)-C(45) 1.99(3) 1]; a feature not observed in 

E!.ither (XR6) or (XR7). However both the diene clusters (17) and (XR5) have 

one 
. ~2-carbonYl ligand (Section 3.2 -Figure 3.2/1). All three ruthenium 

atoms . 
1n (XR8) involved in bonding to the phenylethyne ligand have in 

addition t (6) . di t d t wo linear carbonyl ligands, whereas Ru lS coor na e 0 three 
carb onYl ligands. In total thirteen carbonyl ligands are 

I 
essentially 

11n , ear, with the M-C-O angles in the range 165(3) to 177(2)0. 

The 
, carbido_atom in (XR8) lies almost at the centre of the octahedron of 

1" • 
Utheniurn 

l ' '.972(23) 

atoms, 

to 

with the 
o 

2. 139 (22) A 

metal-carbide bond lengths lying in the range 
o 

[mean M-C(carbide) 2.059(23) A]. The 

Sold_Ph OSPhorus bond lengths are identical, within experimental error, at 

AU(1)_P(1) 2.294(7) and Au(2)-P(2) 2.299(7) A. 
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There are no shorter intramolecular distances than that between the oxygen 

atom 0(42) and the methyl hydrogen atom H(61), and between 0(61) and the 

alkYne hydrogen H, where the two oxygen atoms are on adjacent molecules 

[0 ( ° s 42) ••• H(61) 2.43 and 0(61) ••• H 2.43 AJ. 

Interestingly, 31p n.m.r. evidence for a second isomer of (XR8) was 

obtained. It is thought that this isomer has no direct Au-Au bond and that 

interconversion between the two occurs by a low-energy process involving 

M-M bond 1 f ti cleavage re- orma on. This type of isomerism has been inferred 

before for RU6C(CO)16(AUPEt
3

)2. One isomer has a structure similar to the 

analogous methyl diphosphine cluster RU6C(CO)16(AuPMePh2 )2 (31) (no Au-Au 

interaction), and the second isomer has a structure similar to 

RUSWC (CO)17(AUPEt
3

)2 (32) [Au-Au 2.803(3) AJ (Figures 3.4/3 and 3.4/4 

reSpectively). The 31p n.m.r. spectrum (in CH
2

C1
2 

at room temperature) of 

Ru6C(CO) 6(AuPEt) exhibits a single sharp resonance at & -72.1 p.p.m. 
1 3 2 

(relative to trimethylphosphite). On cooling, this resonance broadens and 

SPlits until, at 

2:1) are observed. 

-70°C, resonances of -69.8 and 76.2 p.p.m. (intensity 

These were assigned to two different isomers of this 

complex which rapidly interconvert at room temperature. Lewis et. al. 

propOsed that in one isomer the gold units adopt ~2-bridging bonding modes 

comparable to that found in the digold cluster Ru6(CO)16(AuPMePh
2
')2 (31) 

(Figure 3.4/3), and in the other they are ~3-caps, as in the heteronuclear 

(RuSW) octahedral cluster (32) (Figure 3.4/4). 

The POssible replacement of the alkynic hydrogen atom in RU6C(CO)'5(PhCCH) 

OCR6) 
'" by a gold fragment was discussed at the beginning of this section. 

tYpe of isolobal replacement has only been observed before for a 
Qinu 
r clear compound. Both the hydride and isolobal analogue will be briefly 
Qis 

CUSsed here. 
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H 
I 

"\ /C~ 
He-C / CHI---AUPHe2Ph 

// 

Cp 

MOMn(PPh2)( L)( CO)4( Cp) (36) 

L :: 1l2n4-CH(Me)CMeCH2 

MoMn(PPh2)(L)(CO)4(Cp) (37) 

L = 1l2n4-CH(Me)CHCHAU(PMe2Ph) 

Figure 3.4/7 Replacement of an allylic hydrogen atom by an AU(PR
3

) unit. 

The allylic compound MOMn(pPh2)(CP)(CO)4(~2~4-CH(Me)CMeCH2) (36) contains 

an allyl h" group w ~ch is ~3-bonded to the Mo atom and, in addition, is 

bonded to the Mn atom via an agostic[245] C-H-Mn interaction (3-c,2-e) 

(Figure 3.4/7). [246] This can be deprotonated and the resultant anion 

reacted with AuClPMe2Ph to give the 

MOMn(pPh2)(CP)(CO)4(~2~4-CH(Me)CHCHAU(PMe2Ph) 
isolobal gold derivative 

(37).[247] X-Ray analysis 

established that the structure of (37) is directly analogous to that of 

(36 ) , with the agostic H-atom replaced by an isolobal Au(PMe
2

Ph) group 

(Figure 3.4/7 ) • [248 ] Mays suggested 
' ''t' 

that this replacement is possible 

~ecause an agostic interaction increases the acidity of the H-atom 

concerned, i.e. the H-atom is 'activated'. In the present work the failure 
Of 

a gold atom to replace the alkyne hydrogen atom on the precursor cluster 

(XR6) may be because the H-atom of the mono-substituted alkyne does not 

iot 
eract with any metal atoms, and therefore has not been activated. 

3.4.3 C onclusion. 
'l'he 

X-ray structure analysis of (XR8) established that the + AUPMe
3 

group 

not directly replace the hydrogen atom in the terminal alkyne PhCCH. 

80th the fundamental polyhedron of the precursor compound (XR6) and the 

bonding adopted by the organo-fragment are retained. The first 

~UPMe .... 
3 group caps one of the triangular faces of the ruthenium octahedron 
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and could be considered analogous to that expected on reaction with H+. 

~owever, the isolobal analogy between H+ and AUPMe
3
+ breaks down at this 

POint, as a second AUPMe
3

+ group then further caps the cluster core with 

formation of an Au-Au bond. The cluster species (XR8) provides further 

eVidence that the isolobal analogy cannot be carried too far. Not only does 

(XR8) contain a direct gold-gold bond, but replacement of the alkynic 

proton by a AUPR
3 

unit (as might be expected) does not occur. 

3.5 OVerall Summary. 

All five hexanuclear clusters discussed in this chapter consist of 

Octahedral metal core frameworks with an interstitial carbido-atom. In 

addition, for (XR8) this fundamental polyhedron is bicapped by two AUPMe
3

+ 

with the formation of a gOld-gold bond. Two forms of 

orga . nO-bond1ng have been found: for the dienes (XR5) and (17) two If-bonds 

are f ormed to one of the cluster edges, and in the remaining three clusters 

~ 2 alkynes lie parallel to a cluster edge bonding in a ~3q b4a fashion. 

There Was no hydride migration to the metal core. 

In Chapter 2, a mechanistic pathway for the reaction of pyridine with 

was considered to proceed by successive M-M cleavage and 

with the central carbido-atom acting as a 'pivot' • In the 

Octahedral clusters discussed in this chapter, the carbido-atom adopts the 

of stabilising the metal core polyhedron with major reactions 

oCCUrring on the cluster surface by replacement of carbonyl ligands. 
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CHAPTER FOUR 

A key to carbide formation. 



Chapter 4 - A key to carbide formation. 

4.1 Cluster catalysis. 

Three reasons have been cited as to why the study of metal clusters is 

relevant to that of catalytic processes.[248] Firstly, such clusters may 

Serve as models of chemisorbed molecules or molecular fragments on the 

Surfaces of metals. Secondly, clusters may enable the generation of 

reactive mononuclear fragments of high catalytic activity, by thermally or 

Photochemically initiated scission of all M-M bonds in the cluster. 

Thirdly, clusters have additional flexibility in catalytic reactions when 

compared with their mononuclear counterparts. 

The third factor, flexi bility , has been addressed in an article by 

Muetterties. [248] One of the most important catalytic processes is 

hYdrogenation and oxidative addition. A specific illustration of how 
el . 

Uster chemistry provides an analogy for such a process is the addition of 
h . 
Ydrogen to the triosmium cluster OS3(CO)12: 

" 

1-n add' t· , ', l lon, the unsaturated dihydrido-product H
2
0s

3
(CO)10 can react with 2 

eqUivalents of ethene to form the alkenyl cluster HOs3(CO)10CCH=CH2). 

~Ubsequent loss of ethane and reaction with hydrogen regenerates the 

catalust 
~ H20S

3
(CO)10.[16,249] Analogous reactions occur with other terminal 

',' alkenes 
1 , and this series of reactions is discussed in more detail in 

Chapter 5. Another example is catalytic hydr-ogenation of ketones to 

\ a~C~hols, Which is achieved by the tetr-anuclear cl uster-
, ' ~Ydl'Of 

'i . ormylation is catalysed by a var-iety of cluster-s, 

~~M4(CO)12 [M = Ru or OsJ,[251] M
3

(CO)12 
Ji Os ( 
,' 2 3 CO)'O' [251 ,252J 

,',. .~ 
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4.1.1 Fischer-Tropsch Synthesis. 

An important catalytic reduction process involving carbon monoxide is the 

Fischer-Tropsch 

equation: 

reaction, which can be summarised by the following 

nco + 2nH
2
---+ -(CH

2
)n- + nH20 

Depending on the conditions a range of different products can be obtained. 

These include straight chain alkanes, alkenes, alcohols, aldehydes, 

carboxYlic acids, esters and arenes. 

In 1982, Herrmann highlighted the following point when discussing possible 

meChanistic routes in this catalytic process: 

" •• Carbide cluster compounds •••• require further investigation into their 

~apability for initiating Fischer-Tropsch-type reactions."[253] Herrmann 

Cited tetranuclear examples to illustrate the role clusters could play in 

analYSis of the F-T synthesis. He noted that the addition of hydrogen 

low-coordinate carbido-atoms.[254-256] Furthermore, such 

carb' ;~ 1do-atoms can be carbonylated to yield coordinated acyl 

groups. [253,257] 

Five 
formal types of reaction are important in the Fischer-Tropsch 

SYnthesis. [258] These are: i) hydrogen atom transfer (from metal surface 

atoms or from 

formation' , ii) 

surface intermediates) to carbon, leading to C-H bond 

hydrogen atom transfer to oxygen, resulting in O-H bond 

forma tion . , iii) C-O bond scission; iv) C-C bond formation; v) C-O bond 

format l' on. In a Fischer-Tropsch synthesis reaction, there are probably a 

nUlnber of d;fferent f ' d' t tt' 11 1 d' t ' • sur ace ~nterme ~a es, po en ~a y ea ~ng 0 a m~xture 
or' ' .. products. 
, . 

any of the five steps outlined above could be considered as the 

step, C-O cleavage is usually considered as the most likely. For 
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eXample, the hydrogenation of CO on surfaces composed of relatively 

electropositive metals, such as iron and ruthenium, appears to proceed 

largely by initial dissociative CO chemisorption to yield a reactive 

Surface C species. The carbon monoxide bonds to one or more metal atoms, 

and then subsequently undergoes cleavage of the C-O bond. This type of 

process is of particular relevance to the formation of carbido-clusters 

discussed later in this chapter. 

4.2 An early investigation of the process involved in carbido cluster 

formation. 

The thermolytic reactions of M
3

(CO)'2 [M=Ru or Os] clusters with a variety 

Of small molecules yields a spectacular array of products with varying 

nUClearity and diverse ligand bonding modes (Sections 2.1 and 3.1). Mason 

and Robinson characterised the first example of a hexanuclear cluster 

Containing an interstitial carbide atom from one of these reactions 

RU6C(CO)14(C6H
3

Me
3

).[197J The origin of interstitial carbides has been the 

Object of considerable discussion. For the trigonal prismatic carbido 

ClUSter 13C labelling experiments established that it is 

d,eri Ved from the sol vent [198 ] 
, " 

whereas, in contrast, similar 

eXpe . 
. r1ments on ruthenium clusters showed that the interstitial C-atom forms 

by Cleavage of coordinated carbon monoxide. Pyrolysis of RU
3

(CO)12 in the 

absence of any other source of carbon gave the carbido-oluster 

RU6C(CO)17.[165] The observation that CO
2 

is evolved during the reaction is 

cons' l.stent with formation of the carbido-atom as a result of disproportion 

." Of two 
molecules of carbon monoxide. 

2CO -+ CO 2 + 'C' 

mechanism of carbonyl disproportionation is Significant as the 

the C-O bond of carbon monoxide is of fundamental importance, 

nOt only to the Fischer-Tropsch synthesis (Section 4.1), but also to many 

hOIll , ogeneous and . heterogeneous catalytlc processes. 
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More recently, in the pyrolysis of to give 

RU6C(CO)16(NCBut ), labelling of the NCBut ligands with 13C established the 

Carbido_atom originates from the cyano-carbon.[259] 

In this chapter three hexanuclear carbido-species - all products of the 

same reaction _ are characterised. It will be shown that these provide a 

key to understanding the mechanism of the formation of carbido-species. 

The decaruthenium cluster [RU 10C(CO)24]2- with an interstitial carbido-atom 

was also obtained from this reaction and almost simultaneously by a 

different synthetic route. [260] 

[Ru C(CO) 2- ]2-6 16] + RU3(CO)12~[RU10C(CO)24 

Th' ls method was exploited in the formation of the first decaruthenium 

interstitial nitrido-species (XR12) which has been 

structurally characterised as part of this work. 

4.3 X-Ray structure analyses of RU6C(CO)14(~6-C6H3Me3) (XR9), 

R 6 7 u6 (CO) 15 (ll, -C6H
3

Me
3

) (XR 10) and HRu6 (CO) 14 (It -C6H
3

Me2CH2 ) (XR11). 

The structures of the clusters considered in this section offer an insight 

into the mechanism of formation of hexanuclear carbido-clusters. This is 

Of im portance in developing an understanding of the mechanisms involved in 

the 
F-T synthesis outlined above (Section 4.1), particularly with respect 

to the C-O scission step. 

~.3.1 Synthesis. 
Al . 

I the synthetic work discussed in this chapter was carried out by 

~.J. Bailey at Cambridge University. Ru
3

(CO)12 was reacted with a range of 

al"en 
. ea (hexamethylbenzene, mesitylene, xylene, and toluene).[261,262] With 

lIleslt 
~. Ylene the products obtained were the known clusters . RU6C(CO)17 (1) and 

RU6C(CO)14 (rt6-C6H3Me3) (XR9). In addition, two complexes 

Ru (CO) 2 6 
6 13(1J.4rtb5b-CO)2(rt-C6H3Me3) (XR10) and 
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(XRll) were produced. X-Ray 

structure analyses were carried out on the last three compounds. A further 

prOduct of the reaction is the decaruthenium carbido-cluster dianion 

[RU 10C(CO)24]2- (2), which has the tetracapped octahedral geometry. Almost 

simultaneously the synthesis of [RU 10C(CO)24]2- (2) by an alternative route 

was reported. [260] This consisted of reaction of RU
3

(CO)12 with the dianion 

A related reaction of the 

nitrido_cluster with gave the decaruthenium 

monoanion [Ru N(CO) ]- (XR12) which has been structurally characterised 
10 24 ' 

in the present work and is discussed in Section 4.4. 

that there is total carbonyl fluxionality on the n.m.r. timescale since 

Only one broad resonance is observed at 203.2 ppm in the terminal carbonyl 

region of the spectrum. Importantly, the carbido resonance appears at 

~42.8 ppm and its intensity shows that it is 13C enriched, and must 

therefore have originated from a coordinated carbonyl ligand. 

The Solution infra-red spectrum of (XRll) shows two absorptions consistent 

bridging carbonyl ligands and its electron impact (El) mass spectrum 

~howed a strong M+ peak centred at m/z : 1122 with successive loss of 14 

ligands. n.m.r. spectrum can be interpreted by assuming 

that the mesitylene ligand has lost a methyl hydrogen to the metal 

tram 
eWork, and the resulting metal hydride ligand gives a singlet resonance 

at -19.5ppm The methylene group so created is bonded to the cluster, 
\ 

giVing rise to two doublets at 3.33 and 2.99 ppm (J : 6Hz). Other 
~es onances 

' ligand. 

are consistent with a ~2-~7-coordination mode the mesityl 

This anchors the ligand to the asymmetric cluster and prevents it 
tram 

SPinning, and so causes the inequivalence of the aryl hydrogens and 

two sets of methyl hydrogens in the ligand. The El mass spectrum of 

(XR1 0) 
Showed an identical molecular ion to that given by (XR9) at m/z:1136 
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and sUccessive loss of 14 carbonyl ligands. A peak at 44 daltons 

attributed to CO
2 

was also observed to increase in intensity relative to 

that due to O
2 

(32 daltons) during the experiment, showing that (XR10) is 

conVerting into (XR9) and CO
2 

inside the spectrometer. 

4.3.2 Structural descriptions. 

a) The carbido-octahedral cluster RU6C(CO)14(~6-C6H3Me3) (XR9). 

The X-ray structure analysis of RU
6
C(CO)14(C

6
H

3
Me

3
) was first characterised 

by· 
Mason and Robinson.[197J The X-ray structure analysis was repeated with 

mUch better data in the present work. RU
6

C(CO)14(C
6
H

3
Me

3
) (XR9) possesses 

an exact crystallographic mirror plane which passes through the centre of 

the octrahedral RU
6 

unit. This contains two of the ruthenium atoms Ru(2), 

RU(6), three carbon atoms of the mesitylene ring C(5), C(50), C(8), the 

central carbide and the two carbonyl ligands C(43), 0(43), C(22), 0(22) 

(Figure 4 31 • 1) • 

Of the 8 independent carbonyl ligands, 7 are essentially linear with the 

~emaining carbonyl group bridging the Ru(4)-Ru(4') edge of the cluster. 

The me . 6 
s~tylene is involved in ~ -coordination to Ru(6), with the six carbon 

atOms of the aryl ring essentially planar. The methyl groups of the 

~ 2 
-mesitYlene ligand are staggered with respect to the ~-carbonyl ligands. 

The 1H 
_ n.m.r. spectrum of (XR9) shows all methyl hydrogens to be equivalent 

at r 
, oom temperature, indicating spinning of the mesitylene ring in solution. 

b) Ru 2 6 
. 6(CO)12(P-CO)(Jl4-rt CO)2(rt -C3H3Me3) 

X-Ray 
structure analysis established that the 

(XR10). 

metal framework of 

,Ru (CO) 2 6 
,<6 13(jJ.4l1..05b-CO)2(1l-C3H3Me3) (XR10) consists of a tetranuclear RU4 
core . 

W~th two edge bridging ruthenium atoms (Figure 4.3/2), which is the 

ftl"st 
reported example of this type of geometry for a homonuclear cluster. 

The 
meSitYlene ligand adopts the same bonding mode observed in (XR9), and 

114 



~1 
gUre 4.3/1 The molecular structure of Ru C(CO) (C H Me ) (XR9) 

. 6 15 6 3 3 • 

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

for clarity. 



22 

. F1gur e 4.3/2 The molecular structure of RU
6

(CO)15(C6H
3

Me
3

) (XR10). 

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

for clarity. 



F~~ 4 1 e .3/3 The molecular structure of HRU6(CO)14(~ -C6H
3

Me2CH 2 ) (~Rll). 

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

for clarity. 



has all six carbon atoms of the aryl ring bonded to the apical atom Ru(6) 

of the central tetrahedron of ruthenium atoms. There are two 4e-donating 

( 2& ~4~ 5b) carbonyl ligands situated in the two RU4 butterflies created by 

the two bridging ruthenium atoms [Ru(l) and Ru(2)], one carbonyl ligand 

symmetrically bridges the unique basal edge of the central RU
4 

tetrahedron, 

and the other twelve carbonyl ligands are essentially linear. This is the 

first example of a cluster containing two ~4~265b-bridging carbonyl ligands 

in one molecule. The unusual bonding in each may be described as involving 

a fOur centre two electron (4c-2e) bond between the carbon atom and a 

t . 
r1angular face of the tetrahedron, with the carbonyl unit involved in 

1T -donation to a bridging ruthenium atom. 

c) HRU6(CO)12(~-CO)(~4~05b-CO)(~2~-C6H3Me2CH2) (XRll). 

Single X-ray crystal structure analysis established that the metal core of 

~RU6(CO)13(~4~&5b-CO)(~2-~C6H3Me2CH2) (XR11) is a rare example of a 

trigonal bipyramid with one of the apical-equatorial edges bridged by a 

Sixth ruthenium atom (Figure 4.3/3). The cluster is closely related to 

(XR10), having one less carbonyl ligand. Twelve of the carbonyl ligands 

~e essentially linear; two carbonyl ligands symmetrically bridge M-M 

edges, RU(2)-Ru(3) and Ru(4)-Ru(5). The remaining carbonyl ligand bridges 

the butterfly unit in a ~4~b5b-fashion, almost identical to the two 

carbonYl ligands in (XR10). The organo-ligand maybe regarded as being 

from ~esitylene by metallation at one of the methyl groups, with 

cOne i om tant transfer of the hydrogen atom to the metal framework. The 

~3-hYdride, 

Ru(S) of 

which bridges the basal 

the central tetrahedron, 

plane defined by Ru(3), Ru(4), and 

was located by potential energy 

mini . 
Mlsation calculations. [263] A computed space filling diagram of (XR11), 

~ie~ed onto the hydrido-capped face, is illustrated in Figure 4.3/4. It 

that the terminal carbonyl ligands associated with this face are 
, 
PUShed' back to accommodate the ~3-hydride ligand. A discussion of the 
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location of surface hydrido-ligands is given in Chapter 6. The hepta-hapto 

ligand has the six aryl carbon atoms bonded to Ru(6) (which may be formally 

regarded as an equatorial atom of the trigonal bipyramid) and is further 

bonded, via the methylene carbon atom C(30), to an edge bridging ruthenium 

atom Ru(2) [C(30)-Ru(2) 
o 

2 • 214 ( 25) A], resulting in an overall 

bonding mode. 

4.3.3 Discussion. 

The M-M bond lengths for the three hexanuclear structures (XR9), (XR10), 

and (XR11) ~re listed in Table 4.3/1. 

Table 4.3/1 
0 

The Ru-Ru bond lengths A) for the three hexaruthenium 

clusters (XR9) , (XR10), and (XR11). 

Bond (XR9) (XR10) (XR 11 ) 

RU(1)_Ru(2) 2.906( 1) 
RU(1 )-Ru(3) 2.839(1) 2.815(2) 
Ru( 1 )-Ru(4) 2.966(1) 2.785(1) 2.744(2) 

- Ru( 1)-Ru(5) 
RU(1)-Ru(6) 2.872(1) 
RU(2 )-Ru(3) 2.842( 1) 2.850(2) 
RU(2 )-Ru(4) 2. 851( 1) 
RU(2)-RU(5) 2.776 ( 1) 2.716(2) 
RU(2)_Ru(6) 2.788(2) 
RU(3)-RU(4) 2.733(1) 2.858(2) 
RU(3)-RU(5) 2.740(1) 2.934 (2) 
RU(3)-RU(6) 2.783(1) 2.754(2) 
RU(4 )-Ru(5) 2.628 ( 1) 2.679(2) 
RU(4)_RU(6) 2.882 ( 1) 2.843 ( 1) 2.843(2) 
RU(S)-Ru(6) 2.820( 1) 2.767(2) 

octahedral geometry observed in the carbido-cluster 

RU6C(CO)14(~6-C6H3Me3) (XR9) is the most widely observed metal core 

framework for hexanuclear clusters. The Ru-Ru bond lengths in (XR9) lie in 

a range comparative to those observed for a number of related 

carbido-octahedral clusters (Table 4.3/2). Clusters of this type have been 

~lscussed in some detail in Chapter 3. 
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Table 4.3/2 The range of M-M bond lengths for (XR9) and related carbido-
o 

octahedral clusters. ( A). 
Compound Range . Ref. 
RU6C(CO)14(C6H3Me3) (XR9) 2.851(1)-2.966(1) [This workJ 

Ru6C(CO) (1) 
17 

RU6C(CO)15(C
6
H8 ) (XR5) 

RU6C(CO)15(C6H10) 

RU6C(CO)16(PPh
2
Et) 

RU6C(CO) (C H ) 
14 14 14 

RU6C(CO) (C H ) 
11 6 6 2 

The di-edge bridged 

2.827(5)-3.034(5) [194] 

2.838( 1 )-2.961 (1) [Section 3.2] 

2.829(1)-2.982(1) [140J 

2.850(1)-3.088(1) [227 ] 

2.778(1)-2.982(1) [213J 

2.819(1)-3.006(1) [218 ] 

metal core framework observed for 

RU6(CO)13(~4~2-CO)2(C6H3Me3) (XR10) is the first reported example for a 

homonuclear cluster. The Ru-Ru bond lengths are, on the whole, shorter 

than those found for the carbido-octahedral cluster (XR9) lying in the 

range 2.628(1)-2.843(1) A, with that bridged by the ~2-CO group being the 

~hortest metal bond, Ru(4)-Ru(5) 2.628(1) A. Similarly one of the carbonyl 

bridged M-M bonds in HRU6(CO)14(~7-C6H3Me2CH2) (XR11) is also extremely 

Short, Ru(4)-Ru(5) 2.679(2) A, and in fact these are two of the shortest 

RU-Ru bond lengths ever reported for a ruthenium cluster. 

~he carbido-atom in (XR9) lies almost at the centre of the octahedral core, 

RU-C(carbide) range 1.923(11)-2.094(11) A. Table 4.3/3 shows the 

M-C(carbide) range for (XR9) and a number of related carbido-octahedral 

Clusters. 

o 
M-C(carbido) bond lengths ( A). 

Range 
1.923(11)-2.094(11) 

2.015(6)-2.099(8) 

2.007(8)-2.099(8) 

2.022(5)-2.080(5) 

2.010(7)-2.089(79 

Mean 
2.05(7) 

2.052(6) 

2.055(8) 

2.055(5) 

2.043(5) 

2.058(7)i 

i) is for one of the molecules in the asymmetric unit. ... The range gi ven ... 
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Thirteen of the carbonyl ligands in (XR9) are essentially linear, lying in 

° the range Ru-C(Carbonyl) 1.845(10)-1.931(12) A, C-O(carbonyl) 

1.160(12)-1.193(22) A, and Ru-C-O 165(1)-1800C. The bridging carbonyl group 

° lies in the mirror plane, with Ru(4)-C(43) 2.062(11) A and 

RU(4)-C(43)_O(43) 136.2(3)0. Table 4.3/4 lists comparative M-C(~2-carbonYl) 

distances. The twelve terminal carbonyl ligands in (X10) lie in the range 
o 

1.861(9)-1.936(11) A, 

175.0(7)-179.6(7)°. 

C-O(carbonyl 1.117(10)-1.167(10) A, and Ru-C-O 

The eleven terminal carbonyl ligands in (XR11) lie in 

the range 1.82(3)-1.988(24) A, c-o 1.05(3)-1.22(3) A, and 171(2)-179{2)0. 

Table 4.3/4 M-C{~2-carbonyl) 
Compound 
RU6C{CO)14(C6H3Me3) (XR9) 

RU6(CO)15{C
6
H

3
Me

3
) (XR10) 

HRU6(CO)14{C6H3Me2CH2) (XR11) 

HRU6(CO)14(C6H3Me2CH2) (XR11) 

RU6C(CO)15(C
6
H

8
) (XR5) 

RU6C(CO) (C H ) 
15 6 10 

RU6C(CO)14(C14H14) 

RU6C(CO)16(PPh Et) _ 2 

bond 
0 

lengths ( A). 
Ml-C M2-C 

2.062 ( 11 ) 

2.091 ( 11 ) 2.153(8) 

1. 988 (24) 2.183 (22) 

1.99 (3) 2.11(3) 

2.048(7) 2.133(6) 

2.031(9) 2.120(9) 

2.042(6) 2 .051( 6) 

2.079 ( 14) 2.038(14) 

RU6C(CO)15(Ph
2

PCH
2

PPh
2

) 2.05(1) 2.06(1) 

Table 4 6 .3/5 shows that in RU6C(CO)14(~ -C6H
3

Me
3

) (XR9) all six aryl carbon 

atoms of the mesitylene group bond to Ru(6), with the largest deviation 

from the mean [mean Ru(6)-C{aryl) 2.268(16) A] being 0.056 A for C(5). 
i' 

A 

Similar mode of bonding is observed for the di-edge bridged tetrahedral 

clUster 0 
. RU6(CO)15(C6H

3
Me

3
) (XR10), and here the largest deviation (0.024 A) 

from the mea~ [mean Ru(6)-C(aryl) 2.280(9) A] is observed for C(6). This 
t . 
YPe of ~6-coordination has been observed in the bis-benzene cluster 

Ru C(CO) ; 6 11{C6H6)2,[218] and in the tetranuclear cluster 

Ru (CO) 0 ",4 9(C6H6)(C6H8 ) Ru-C(benzene) range 2.193( 16)-2.274( 16) A. [264] The 

arYl carbon atoms of the mesitylene ligand in HRU6C(CO)14(~7-C6H3Me2CH2) 
(XR11) are also all bonded in Ru(6) but, in addition, the methylene (CH

2
) 

o 
to the bridging ruthenium atom Ru(2)-C(30) 2.214(25) A. The largest 

de"iat· ° 0 
. lon from the mean [mean Ru-C(aryl) 2.297(24) A] in (XR11) is 0.017 A. 
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Thirteen of the carbonyl ligands in (XR9) are essentially linear, lying in 

the range Ru-C(Carbonyl) 
o 

1 .845 ( 10 ) - 1. 931 ( 12) A, C-O (carbonyl) 

1.160(12)-1.193(22) A, and Ru-C-O 165(1)-1800C. The bridging carbonyl group 

lies in the mirror plane, ° with Ru(4)-C(43) 2.062(11) A and 

RU(4)-C(43)_O(43) 136.2(3)0. Table 4.3/4 lists comparative M-C(~2-carbonYl) 

distances. The twelve terminal carbonyl ligands in (X10) lie in the range 

° 1.861(9)-1.936(11) A, 
175.0(7)_179.6(7)°. 

C-O(carbonyl 1.117(10)-1.167(10) A, and Ru-C-O 

The eleven terminal carbonyl ligands in (XR11) lie in 

the range 1.82(3)-1.988(24) A, c-o 1.05(3)-1.22(3) A, and 171(2)-179(2)0. 

Table 4.3/4 M-C(~ -carbonyl) 
Compound 2 
RU6C(CO)14(C

6
H

3
Me

3
) (XR9) 

RU6(CO)15(C
6

H
3

Me
3

) (XR10) 

HRU6(CO)14(C6H3Me2CH2) 

HRU6(CO)14(C6H3Me2CH2) 

RU6C(CO) 15 (C
6

H
8

) (XR5) 

RU6C(CO)15(C
6

H
10

) 

RU6C(CO) 14 (C 14H 14) 

RU6C(CO) (PPh
2
Et) _ 16 

RU6C(CO)15(Ph
2

PCH
2

PPh
2

) 

(XR 11 ) 

(XR 11 ) 

bond ° lengths ( A). 
M1-C M2-C 

2.062 ( 11 ) 

2.091 ( 11 ) 2.153(8) 

1. 988 (24) 2.183 (22) 

1. 99 (3) 2.11(3) 

2.048(7) 2.133(6) 

2.031(9) 2.120(9) 

2.042(6) 2.051(6) 

2.079 ( 14) 2.038(14) 

2.06(1) 

Table 

2.05 ( 1) 

6 4.3/5 shows that in RU6C(CO)14(~ -C6H
3

Me
3

) (XR9) all six aryl carbon 

atoms of the mesitylene group bond to Ru(6), with the largest deviation 

from the mean [mean Ru(6)-C(aryl) 2.268(16) A] being 0.056 A for C(5). A 

Similar mode of bonding is observed for the di-edge bridged tetr~hedral 

ClUster ° RU6(CO)~5(C6H3Me3) (XR10), and here the largest deviation (0.024 A) 

from the mean [mean Ru(6)-C(aryl) 2.280(9) A] is observed for C(6). This 

tYpe of ~6-coordination has been observed in the bis-benzene cluster 

Ru C(CO) 8 6 11(C6H6)2,[21] and in the tetranuclear cluster 

~U4(CO)9(C6H6)(C6H8) Ru-C(benzene) ° range 2.193(16)-2.274(16) A.[264] The 

arYl carbon atoms of the mesitylene ligand in HRU6C(CO)14(~7-C6H3Me2CH2) 

(XR11) are also all bonded in Ru(6) but, in addition, the methylene (CH
2

) 

° to the bridging ruthenium atom Ru(2)-C(30) 2.214(25) A. The largest 

deViat· ° 0 lon from the mean [mean Ru-C(aryl) 2.297(24) A] in (XR11) is 0.017 A. 
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Table 4.3/5 M-C(aryl) bond 
Bond (XR9) 
RU(6)-C(3) 

lengths 

Ru( 6 )-C(4) 
Ru(6)-C(5) 
Ru(6)-C(6) 
RU(6)-C(7) 
RU(6)-C(8) 
RU(2)-CC30) 

2.237(16) 
2.256(10) 
2.324(9) 
2.256(11) 

o 
( A). 

(XR10) 
2.302(9) 
2.271(7 ) 
2.260(8) 
2.256(8) 
2.303(8) 
2.285( 10) 

(XR 11) 
2. 281( 22) 
2.281(24 ) 
2.314(21) 
2.285(20) 
2. 311( 23) 
2.311(21) 
2.214(25) 

The organo-ligand in (XRll) is ~6_bonded to the apical Ru(6) atom and is 

also bonded via the methylene carbon to Ru(2), C(30)-Ru(2) 2.25 
o 
A, giving 

an oVerall ~2-~7-bOnding mode as indicated by the n.m.r. spectrum. 

This coordination is similar to that reported for the benzyl ligand in 

RU8(~8-P)(~2-~7-C6H5CH2)(CO)19.[265J The bond angle C(3)-C(30)-Ru(2) in 

(XR11) is 920 and is reminiscent to that in the tetrabenzyl complex 

Ti(C6HSCH 2 )4,[266J which interestingly is a catalyst for the polymerisation 

of ethene and o(-alkenes.[267J For each ligand in Ti(C6H
5

CH 2 )4' not only is 

the CH 2 group G" -bonded to the metal atom but there is also an interaction 

With the e-carbon atom and the Ti atom. A similar interaction may be 

present in (XRll), where there is a short intramolecular contact between 

RU(2) and C(3) (2.75 A). 

butterfly 

Units of the metal core; in each of these the carbon atom a-bonds to three 

Of the ruthenium atoms with the C-O group forming a ~-bond to the fourth 

Inetal atom, and in (XRll) one ligand is found. The C-O bond 

lengths of the ~2-carbOnYl ligands in (XR10) are equal within experimental 
o error with 

lengthened 

a" mean value of 1.255(10) A, and are therefore considerably 

relative to the terminally coordinated ligands 

(lnean 1.138 ( 18) o 
A) • This may be attributed to electron donation from the 

c -0 -rT -bond , and increased electron density in the C-O If. orbital due to 

the 
bonding from three metal atoms. These carbonyl ligands may 

be regarded 

IJ. n26 
4~ Sb-carbonyl ligand 

as 'activated'. 

coordinated 
119 

in a 

In (XR 11 ) there is one 

similar position to those in 



,r . 

[RU6(~4~2S5b-CO)2(CO)13(~6-C6H3Me3)] (XR10) and this also shows lengthening 

of the C-O bond relative to the mean for the terminal carbonyls [1.21(2) 

and 1.13 (2) 
o 
A respectively]. 

Clusters containing ~4~265b bonded carbonyl ligands are extremely rare, and 

Table 4.3/6 lists the essential bond 2 lengths for the ~4rt65b-carbOnYl 

ligands in (XR10) and (XR11) and five other compounds with related bonding 

mOdes. The M(1)-C(~4-carbonYl) bond lengths for the two ~4-carbonYl 

ligands in (XR10) [1.969(9) and 1.969(7) A] and the one ~4-carbonYl ligand 
o in (XR 11 ) [1.913(23) A] are significantly shorter than the mean of the 

remaining three M-C(~4-carbonYl) bond lengths [mean Ru-C(~4-carbonYl) 

2.206 (9) o 
and 2.200(8) A respectively for the two ~4-carbonYl groups in 

o 
(XR10)] and [mean Ru-C(~4-carbonYl) 2.278(22) A for (XR11)]. The other two 

eXamples of ~4rt265b 

(6),[269] and the 

carbonyl groups occur in the monoanion [HFe4(CO)13 J 

heterometallic cluster C02M02(CO)4(C5H5)(C5Me5) (7) 

(Figure 4.3/5).[270] Again, in both these compounds one M-C(~4-carbonYl) 

bond length is significantly shorter than the mean of the remaining three. 

A related bonding mode in which the C-atom is bonded only to three metal 

atoms 

(3) and RU5M02(~4-S)(CO)14(C5H5)2 (4), and 

biPyramidal cluster OS6(CO)17(PY)2 (5) (Figure 

bonding mode, in all of these compounds the 

in the spiked trigonal 

4.3/4) • 2 
As with the ~4n... 05b 

C-O bond is considerably 
o 

lying in the range 1.25(1)-1.283(3) A (Table 4.3/7). 

In (XR9) there are no shorter intramolecular contacts than that found 

between o 
two adjacent carbonyl ligands C(41) ••• C(42) 2.58 A. In (XR10) the 

Shortest distance is between a mesitylene hydrogen atom and an oxygen atom 

Of a near by 
o 

carbonyl group H(6) ••• O(1) 2.47 A. For the hydrido-cluster 

(XR11) the shortest intramolecular distance is between the ~3-hYdrido-atom 

and the carbon atom of a carbonyl group H ••• C(42) 2.61 A. 
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Figure 4.3/5 Clusters 2 2 
containing 1J.41l &5b and 1J.

3
rt b4b-bonded carbonyl 

ligands. 

(3) (4) 

(5) 

Mo(l) 

(6) (7) 



4.3.4 A structural pathway for the generation of interstitial C-atoms. 

The isolation and full characterisation of this remarkable series of 

compounds has lead to a detailed study of the reaction from which they were 

isolated. Initially the reaction of RU3 (CO) 12 with arenes 

(hexamethYlbenzene, mesitylene, xylenes, toluene) had given a solid black 

deposit and deep red/brown solutions, from which RU
6

C(CO)17 (1) and 

clusters analogous to the structures (XR9) , 

(XR10), and (XR 11 ) 

(containing the appropriate arene) had been isolated by thin layer 

chromatography (tlc).[261,262] Later investigations focussed on the 

mesitYlene clusters, but there is some evidence that the chemistry applies 

equally well to the clusters derived from other methyl substituted arenes. 

It Was found that the yields of the four clusters RU
6

C(CO)17 (1), 

Ru6C(CO) 15 (C6H
3

Me
3

) (XR9), RU
6 

(CO) 15 (C 6H
3

Me
3

) (XR 10), and 

HRu (CO) ( ) 6 14 C6H
3

Me2CH
2 

(XR11) were dependent on the reaction time, with 

Ru ( 2c 6 
- 6 I-L4It05b-CO)2(CO)13(zt-C6H3Me3) (XR10) being the first product formed. 

The Concentrations of (1), (XR19), and (XRll) increasing as the reaction 

prOceeded , at the expense of (XR10) (Scheme 4.3/1). The reaction 

Conditions can be optimized to give yields of approximately 15% for anyone 

selected product. In general, the rate of the reaction is increased by 

methYl substitution of the arene, i.e., by higher electron density 'in the 

arene ring. For example, the reaction with hexamethylbenzene is complete 

Within three days, but with toluene at least five days are required. 

Although the 13 C n.m.r. and infrared evidence shows that the carbido-atom 

in RU6C(CO)14(~6-C6H3Me3) (XR9) _ and by inference that in RU6C(CO)17 (1) _ 

is de . 
rlved from a coordinated carbonyl group, the mechanism of C-O bond 

Clea Vage is not apparent from these arguments alone. 
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Figure 4.3/4 Computed 'space-filling' model of HRU6(CO)14(n7C6H3Me2CH2) (XR11). 



Further evidence ' .. as obtained by thermolysis of 

RU6(~4~2b5b-CO)2(CO)13(C6H3Me3) (XR10) in an infrared gas cell, so that t he 

gaseous products could be identified in situ by their infrared spectra. In 

the case of thermolysis of (XR10) in mesitylene, the infrared spectrum of 

the gaseous products (after the mesitylene solvent had been frozen ~ut) 

showed strong absorptions at 2360 and 2344 cm- 1, characteristic of CO
2

• In 

addition the clusters (XR9) and (XR11) were formed in equal yield. 

The observation of CO
2 

in the reaction products confirms that t he 

interstitial carbido atoms are the result of the disproportionation of t wo 

mOlecules of CO. 

2CO --+ CO 2 + C 

The two dihapto carbonyl groups in (XR10) 

have very long C-O bond lengths and may be considered as activated, so it 

derived from one of these groups. 

repreSented by the following equation: 

The thermolysis of (XR10) can be 

6 2Ru6 (CO) 15 (rt, -C6H
3

Me
3

) (XR 10) 

\ 
! 

\ • 
RU6C(CO)14(n~-C6H3Me3) (XR9) + HRU6(CO)14(n!-c6H3Me2CH2) (XR11) + CO 2 

The CO 2 generated from this reaction comes from the carbido-forming process 

must involve two carbonyl ligands. However, an intramolecular 

prOcess can be ruled out because the carbido-containing product 

Ru C(CO) 6 6 15(rt -C6H
3

Me3 ) (XR9) has an equal number of non-aryl carbon atoms 

to that of the reactant molecule (XR 10) • In 

Contrast , the other product of thermolysis of (XR 10) , 

produced in equal amounts to (XR9). 
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It is therefore proposed that the reaction involves a bimolecular first 

step, with two molecules of (XR10) reacting to 

eliminate CO2 (Scheme 4.3/1). In one molecule of (XR10) [A] a ~4-carbonyl 

group unfolds and leans over to donate 2e to the second molecule of (XR10) 

[S] making this a 90e species. This results in bond cleavage, generating 

intermediate [0] (Scheme 4.3/1). The conversion of a ~4-carbonYl group in 

[A] to a terminally bonded linking carbonyl group causes bond formation and 

oreation of the 86e edge-bridged trigonal bipyramid CC]. The formation of 

C02 may be envisaged as loss of the linking carbonyl group from CC] and an 

OXYgen atom of the ~4-CO ligand on [0], leaving a naked C-atom. The loss 

of 2e as the CO
2 

unit is generated leads to bond re-formation, generating 

an 88e edge-bridged square pyramidal core (intermediate [F] -Scheme 4.3/1). 

The loss of the carbonyl group from CC] gives an unstable 84e species [E]. 

The Correct 86 CVE is achieved by formation of an M-C bond from one of the 

meSitYlene methyl groups to an apical ruthenium of the trigonal bipyramid 

and transfer of hydrogen to the metal core. To compensate the apical 

rUthe . 
n~um converts a terminal CO group to a ~2-CO group with the adjacent 

~uatorial ruthenium atom. This results in the formation of the observed 

a6e_PrOduct HRU6(~4-~2CO)(CO)13(~-C6H3Me2CH2) (XR11). The carbido-cluster 

R 6 U6C(CO)14(~ -C
6
H

3
Me

3
) (XR9) is generated from the 88e-spcies [F] by 

olUster rearrangement to the more stable octahedral geometry. In the 

proces 4 . s the ~2:"'rt -CO ligand is converted to a termlnal CO group. 

A Si . . 
m~lar mechanism can be envisaged for the formatlon of RU6C(CO)17 (1), 

replacement of the rt6 -mesitylene by three terminal carbonyl ligands 

OOour . 
r1ng at some stage during the reaction pathway. It is not possible at 

present to specify exactly when this happens. 
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Scheme ~.311 The proposed mechanism for the formation of ca~bido-octahedral clusters. 
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Donation of 2e from a 114-CO on [A] to [B] causes cleavage of an Ru-Ru bond In [B]. 
One of the 114-CO groups becomes terminal on [A] with the formation of Ru(2)-Ru(6) to give [C) A methyl group swings over to bond to Ru(2). with transfer of H to the metal core. One of th€ 

CO groups on Ru(Z) bridges Ru(2)-Ru(3}. This creates the observed product (XR11). 

The 114-CO in the 88e [F) becomes terminal and [F) rearranges to the octehedral 86e (XR9). 



4.4 The formation of a nitrido decaruthenium cluster. 

In addition to the hexanuclear clusters discussed above, pyrolysis of 

RU3(CO)12 with mesitylene also gave the decanuclear dianion [RU 10C(CO)24 J2 -

(2).[262J On protonation this was converted to the monohydride 

In this section a brief review of the reactivity of 

decanuclear clusters will be given. The X-ray structural analysis of the 

nitrido cluster [Ru 10N(CO)24 J- (XR12) is reported and compared to 

[HRu C(CO) ]- (8). 
10 24 

A mechanism for the formation of the hexanuclear carbido clusters 

Ru6C(CO) 
17 

Important intermediates in this process are believed to be the non-carbido 

Clusters RU6(~4~2b5b-CO)2(CO)13(C6H3Me3) (XR10) and 

HRU6(~4~2b5b-CO)(CO)13(~7-C6H3Me2CH2) (XR11). Further reaction of 

RU3(CO)12 with mesitylene leads to the decanuclear ruthenium cluster, 

LRU 10C(CO)24]2- (2). This ruthenium cluster was discovered at the same 

time via an alternative route by Yamazaki et al.[260J 

It can be envisaged that in the mesitylene reaction the decaruthenium 

s-.pecies is formed by some type of further reaction of the hexaruthenium 

Cluster with Ru(CO)3 fragments generated from excess Ru
3

(CO)12. A similar 

process must be involved with the nitride (which is generated by reaction 

Of R 2-
U3(CO)12 with [RU

6
C(CO)16 J ). The very stable deacnuclear core seems 

to be an end ft· product in this sequence 0 reac 10ns. 

4.4.1 The predominent decanuclear cluster core. 

Before discussing the X-ray structure analysis of [RU 10N(CO)24]- (XR12), a 

brief review of decanuclear clusters will be given. The first decanuclear 

Cluster for the iron triad was prepared by pyrolysis of the pyridyl 

derivative OS3{CO)11(PY), which gave the dianion [OS10C(CO)24]2- (9).[271] 

adopts a tetracapped octahedral metal core framework with the 
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carbido_atom located in the central octahedral cavity (Figure 4.4/1). 

There is a striking difference between the Os-Os bond lengths of the 
o 

octahedron [ca. 2.88(1) A] and those from the capping groups [ca. 2.79(1) 
o 
A]. This expansion of the octahedron can be attributed to the presence of 

the central carbon 

Figure 4.4/1 The tetra-capped metal core of the dianion (9). 

The metal skeleton of (9) is a fragment of a cubic close packed (c.c.p.) 

array and corresponds to a face-centred cubic unit cell with four 

tetrahedrally related corners removed. Large rhodium[272] and niobium[273] 

clusters have been reported with hexagonal close packed (h.c.p.) 

- arrangements, but, curiously, the reverse is observed for the metallic 

state; rhodium metal has a c.c.p lattice whilst osmium metal is h.c.p. One 

Of the features that is considered important about the dianion 

[Os C(CO) ]2-
10 24 (9) is its large planar surface of metal atoms, making it 

, 

amenable to comparison of metal surfaces as a model for the chemisorption 

of carbon monoxide. 

ElectrOPhilic ' attack of 1+ on 2-[Os10C(CO)24J (9) leads to progressive 

ClUster opening, with formation of the iodo-clusters [os1QC{CO)24I]- (.10) 

(Figure 4.4/2).[274] Attack of 1+ 

OCCur s at the capping OS4 groups, resulting in cleavage of two Os-Os bonds. 

The inl'tl'al ]- (10)' t' d product, [os10C{CO)241 , 1S a r1cappe octahedron with 

remaining osmium atom edge bridging one side of the fundamental 

POIYhed ron. The iodine atom functions as a three electron bridge. The 
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second iodine in the neutral cluster OS10C(CO)2412 (11) adopts the same 

bridging mode, such that the metal core is now a dicapped octahedron with 

two edge bridging osmium atoms and two ~2-iodines. This reduction is 

accompanied by a characteristic increase in electron count from 134e for 

(9) , 136e for (10) and 138e for (11). The parent cl uster has 134 valence 

electrons with seven skeletal electron pairs and therefore the fundamental 

POlYhedron is an octahedron, as observed. The importance of this sequence 

of reactions is that it emphasises the ability of cluster systems to 

undergo reduction or electrophilic addition at capping Os tetrahedra.[274] 

All decanuclear species of the iron triad have interstitial atoms 

stabilising the core geometry and even on electrophilic attack with 1+ it 

is the tetrahedral caps which open out, with the basic core octahedral 

geometries remaining the same. 

(9) 

(11) 

(10) 

Figure 4.4/2 Electrophilic attack by r+ on (9). 

Protonation of [OS1QC(CO)24]2- (9) gave the monoanion [Hos1QC(CO)24]'- (12) 

(Figure 4. 4/ 3) .[275J This, unlike the reaction of (9) with iodine discussed 

above, does not result in cluster opening or any significant displacement 

' of the close packed carbonyl sphere (which would be expected if a surface 

hYdride was present). Lewis et al concluded that the hydrido ligand in 

(12 ) was situated in one of the tetrahedral sites and, indeed, one of the 

caV" . 0 
... ltles 1S enlarged (mean Os-Os 2.856 A) in comparison with the remaining 

thre 0 
.. \ e tetrahedral caps (mean Os-Os 2.838 A). 

126 



, . 

Figure 4.4/3 The monoanion [HOS 10(CCO)24]- (12). 

The first non-carbido decaosmium cluster was reported in 1983.[216J The 

tetrahYdrido_cluster 

atom in the central Os cavity, with the remaining hydrogen atoms in three 
6 

of the osmium caps (Figure 4.4/4). 

Fi$ure 4.4/4 [H
4
0S

1
0(CO)24]2-. 

Protonation of this dianion gave the penta-hydridocluster [H
5
os

10 
(CO )24]

(14) (Figure ~.4/4). An X-ray structure analysis of the pentahydrlde (14), 

established that the tetracapped octahedral geometry of the parent cluster 

(14) has been maintained. [211J Again there is no distortion of the carbonyl 

sPher . e, and the overall spatial distribution is very similar to that 

Observed 
for the non-hydrido carbide cluster [Os10C(CO)10]2- (9). Four of 

the hYdr4de fifth' 1 ~ ligands reside in tetrahedral caps and the ~s ocated in 
the 

central octahedral cavity. 
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An alternative core has been reported for the disulphide cluster 

OS10(S)2(CO)23 (15).[168] The metal core geometry of (15) consists of two 

square pyramidal units fused to two trigonal bipyramids, with the two 

sulphur atoms ~4-bridging the two pyramidal square bases (Figure 4.4/5). 

05(9) 

Figure 4.4/5 OS10(S)2(CO)23 (15). 

In comparison to the decaosmium clusters discussed above, surprisingly 
, 1:' 

. ~ttle is known of the decaruthenium clusters. As discussed in Section 4.3 

the dianion [RU
10

C(CO)24]2- (2) was only reported recently. [260] Another 

eXample of a decaruthenium cluster is the edge-fused bioctahedral dicarbide 

[RU 10C2(CO)24]2- (16).[278] The framework is based on two octahedra fused 

an edge, with the two carbido-atoms occupying interstitial sites 

(Figure 4 .4/6). Previously bis-carbido-fragments had only been reported in 

and rhodium clusters. 

and [Rh -15C2(CO)23] ,[280] where the two carbon atoms are well seperated and 

OCCUpy two distinct cavities (trigonal prismatic for Co, octahedral for 

In contrast a single C
2 

unit is observed in 
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Figure 4.4/6 [RU
10

C
2

(CO)24]2- (16). 

Apart from [RU
10

N(CO)24]- (XR12) the only other decaruthenium cluster which 

does not contain an interstitial carbido-atom is the dihydrido-anion 

4.4/7).[283] Interestingly this was 

sYnthesised in exactly the same way as (XR12), by redox condensation of the 

ethanol. The metal core framework of (17) consists of a fused bicapped 

O'ctahedron with a bicapped square pyramid through a planar array of five 

~etal atoms. This is the first example of this type of metal framework and 

it is a fragment of the hcp system of metal atom packing. In Section 4.3 

thermolytic syntheses of ruthenium clusters were discussed; these 

reactions result in the formation of carbido-containing species (usually 

the cleavage of a CO ligand). The reason for the non-formation of the 

carb' 2 
ldo-atom in the case , of [H2RU,O(CO)25] - (17) is believed to be due to 

the 
relative acidity of the solvent (ethanol), which may liberate protons 

to fUlfill the electronic role of the carbon atom in stabilising 

intermediate structures.[283] 
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Figure 4.4/7 [H
2

RU
10

(CO)2S]2- (17). 

This review has emphasised the predominence of the tetra-capped octahedral 

framework for decanuclear clusters and the fact that interstitial atoms 

sUch as C or H are vital for the maintenance of these cores. The nitrido 

decanuclear cluster [Ru
10

N(CO)24]- (XR12) is the first reported example of 

a decaruthenium cluster with an interstitial nitrido-atom. It is compared 

to the isostructural cluster [HRU
10

(CO)24]- (S). 

X-Ray 

(XR12). 

a) Synthesis. 

structure analysis 
• 

of the nitrido-cluster 

The decaruthenium nitrido-anion [RU
10

N(CO)24]- (XR12) was synthesised by 

condensation 

Treatment of ~PPN][RU6N(CO)16] with RU
3

(CO)12 in diglyme under reflux 

(162 0 C) [ ()]-gave a green solution; the nitrido-cluster RU 10N CO 24 

iSOlated by tlc. Crystals of [PPN][RU 10N(CO)24]- (XR12) showed 

Salt Was isomorphous with [PPN][HRU 10C(CO)24]- (S). 

(XR12) was 

that the 

b) Structural description. 

X .. ray 
structure analysis of the monoanion [RU 10N(CO)24] (XR12) established 

a tetra_capped octahedral metal core framework (Figure 4.4/8). The six 

ruthenium atoms, Ru(2), Ru(3), Ru(4), Ru(6), Ru(S), and Ru(10) define the 
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" Figure 4.4/8 The molecular structure of [RU 10N(CO)24 J- (XR12). 

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

for clarity. 



octahedron, with four triangular faces capped by the remaining four metal 

atoms. The triangular face defined by Ru(2), Ru(3), and Ru(4) is capped by 

RU(1), the face defined by Ru(2), Ru(6), and Ru(10) by Ru(5), the face 

defined by Ru(3), Ru(6), and Ru(8) by Ru(7), and the face defined by Ru(4), 

Ru(8), and Ru(10) by Ru(9). All four capping ruthenium atoms have three 

terminal carbonyl ligands, whereas the six metal atoms defining the 

octahedron are bonded to two terminal carbonyl ligands each. All 24 

Carbonyl ligands are essentially linear and lie in the range; M-C(carbonyl) 

1.70(5)-1.90(5) A; C-O(carbonyl) 
o 

1.12(6)-1.28(5) A; and M-C-O(carbonyl) 

169(3) to 179(6)0. The nitrido atom is located in the central octahedral 

cavity and bonds to all six ruthenium atoms of the octahedral core (range 

RU-N(nitrido) 1.966(25)-2.079(24) A). 

The nitrido atom in (XR12) contributes five valence electrons to the 

cluster valence electron count, resulting in this complex being a monoanion 

(cf. the dianion [RU 10C(CO)24]2- (2), where the carbon atom contributes 

Only four electrons). 

c) Discussion. 

Carbido_clusters, particularly those containing interstitial carbon atoms 

Within an octahedral cavity, are now common. In contrast, interstitial 

n' , ltrldes are relatively unusual. Both disulphide and dicarbide compounds 

have been reported,[168,279,280] whereas dinitrogens are unknown (although 

there seems n; reason for their non-existence). One consequence of the 

introduction of interstitial atoms with more valence electrons ls an 

eleViation of surface crowding. The series of Ugands H, C, N, and S, 

Contribute progressively more electrons, namely 1, 4, 5, and 6. Indeed 

th' 
15 feature has been noted as an important feature of hydrido- and 

Carbido_clusters. 
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Differentiation between carbon and nitrogen atoms is notoriously difficult 

as they differ by only one electron. In Chapter 2, the X-ray structure 

analyses of pentanuclear isomers which differed only in the orientation of 

a pyridine ligand were discussed, in this section decanuclear ruthenium 

clusters differing only in the type of interstitial atom are compared. 

Table 4.4/1 Comparison of the Ru-Ru bond lengths in for the 

isostructural nitrido-species (XR12) and hydrido-species (8). 

Bond length [Ru N(CO) ] 
Octahedron 10 24 

RU(2)-Ru(3) 2.884(5) 
RU(2)-Ru(4) 2.854(5) 
RU(2)-Ru(6) 2.849(5) 
RU(2)-Ru(10) 2.845(4) 
RU(3)-Ru(4) 2.846(5) 
RU(3)-Ru(6) 2.855(5) 
RU(3)-Ru(8) 2.862(5) 
RU(4)-Ru(8) 2.864(5) 
RU(4)-Ru(10) 2.861(5) 
RU(6)-Ru(8) 2.855(5) 
RU(6)-Ru(10) 2.856(5) 
RU(8)-Ru(10) 2.842(5) 
RU-Ru(mean) 2.856(5) 

Capping atoms 
RU(1)-Ru(2) 2.761(5) 
RU(1)-Ru(3) 2.790(5) 
RU(1)_Ru(4) 2.767(5) 
RU-Ru(mean) 2.773(5) 
RU(5)-Ru(2) 2.789(5) 
RU(5)-Ru(6) 2.774(5) 
RU(5)-Ru(10) 2.791(5) 
HU-Ru(mean) 2.785(5) 
RU(7)-Ru(3) 2.773(5) 
RU(7)-Ru(6) 2.778(5) 
RU(7)_Ru(8) 2.781(5) 
RU-Ru(mean) 2.777(5) 
RU(9)-Ru(4) 2.780(5) 
RU(9)-Ru(8) 2.787(5) 
RU(9)-Ru(10) 2.783(5) 
RU-Ru(mean) . 2.783(5) 

[HRU 10C(CO)24]-

2.875(4) 
2.845(4) 
2.850(4) 
2.847(4) 
2.850(4) 
2.859(4) 
2.873(4) 
2.874(4) 
2.859(4) 
2.860(4) 
2.855(4) 
2.852(4) 
2.858(4) 

2.778(4) 
2.795(4) 
2.780(4) 
2.784(4) 
2.785(4) 
2.774(4) 
2.799(4) 
2.786(4) 
2.783(4) 
2.793(4) 
2.782(4) 
2.786(4) 
2.794(4) 
2.789(4) 
2.804(4) 
2.796(4) 

The metal-metal bond lengths for both structures are listed in Table 4.4/1, 

along with the mean values of the octahedral bond length and the capping 

un' It bond lengths. From a comparison of the M-M bond lengths for (XR12) 

and (8) it can be seen that the two structures closely resemble each other, 

difference between the means of the tetrahedral caps is not 

Significant. The two structures are so similar it is not possible to say 

conclusively that (XR12) is the nitrido-cluster, although the X-ray 
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structure analysis was consistent with (XR12) being the nitrido-cluster 

(Chapter 6). 

The I.R. spectra of (XR12) and (8) were very similar. However in the 

initial 1 H n.m.r. spectrum of (XR12) (which should have clearly indicated 

the difference between the two structures) a resonance was detected which 

was consistent with the presence of an interstitial hydride. [284] Thus a 

n.m.r. spectra was undertaken, this showed that (XR12) was indeed the 

new nitrido-cluster and it was concluded that characterisation problems 

Were due to contamination with [HRU 10C(CO)24]-' In Section 4.3 the 

prOdUcts of the thermolysis of Ru
3

(CO)12 with arenes were discussed and 

(significantly) one of the products was the dianion [RU 10C(CO)24]2-, which 

could be protonated to the hydrido-species [HRU 10C(CO)24]-' The mechanism 

outlined in that section for the formation of carbido-octahedral clusters 

(and presumably decanuclear carbido-species) rests on the fact that the 

carbido_atom originates from a coordinated carbonyl ligand. Thus a similar 

reaction is probably occurring here and accounts for the trace amounts of 

[HR u C (CO ) ] -
10 24' n.m.r. spectra of (XR12) 

consists of a singlet at 410 ppm. This was assigned to the nitride, with a 

Second singlet at 310 ppm being assigned to the counterion. The low 

frequency shift 

[RU6N(CO) ]2-
16 

of the interstitial nitride resonance relative to 

(538 ppm) [282] follows the trend observed for 

[Ru C(CO) ]2-
10 24 

2- 8 (5) (362 ppm) and [RU6C(CO)16] (461.2 ppm).[2 2] 

4.5 Conclusion. 

The hexanuclear clusters (XR10) and (XRll) are believed to offer a 

Pl~usable mechanism for the formation of carbido-clusters such as (XR9). 

The interstitial carbido-atom in RU
6
C(CO)15(C6H

3
Me) (XR9) has long been 

bel· leved to originate from a coordinated carbonyl ligand. The isolation of 

(XR10 and (XRll) from the reaction of RU
3

(CO)12 with mesitylene is believed 

133 



to shed light on this mechanism, and in Section 4.3 a plausable mechanism 

for the formation of (XR9) is presented. This mechanism is important as 

octahedral carbido-species dominate the chemistry of hexanuclear clusters 

of the iron triad, and because it offers a possible insight into the 

process of C-O cleavage a vital, possibly primary, step in the 

Fischer-Tropsch synthesis. 

The ~4~265b-CO ligands have a number of important functions. Firstly, the 

high degree of coordination with even the O-atom involved in bonding to the 

cluster considerably reduces the c-o bond order, such that this ligand can 

be considered as activated and susceptable to cleavage. The cleavage and 

loss of the O-atom is the key step in the generation of a carbido-species. 

Secondly, the extra electrons donated in this mode of carbonyl bonding are 

Vital in stabilising unusual metal core frameworks. In the formation of 

larger species the generation of an octahedral spcies encapsulating the 

created carbido-atom appears to be the first step in the generation of 

decanuclear species. Although there is no definate evidence of the 

intermediates, the formation of both [RU
10

CCCO)24]2- and [Ru
10

NCCO)24]- by 

d~rect reaction of hexanuclear pecursors (containing interstitial atoms) 

With RU
3

(CO)12 lend support to this view. 

134 



CHAPTER FIVE 

Osmium clusters with alkyne fragments. 



Chapter 5 - Osmium clusters with alkyne fragments. 

In this chapter three X-ray structures are presented, which result from the 

interaction of alkynes with osmium clusters. The first two are trinuclear 

clusters with bridging gold atoms, and the third is a heptanuclear species 

with an unprecedented metal framework. 

5.1 The reactivity of trinuclear clusters with alkenes and alkynes. 

Trinuclear clusters have been studied in more depth than any other set of 

metal clusters.[171] They are important in their own right, and also as 

analogues to higher species that consist predominately of triangulated 

faces. The reactivity of trinuclear species with organo-derivatives has 

proved particularly interesting, leading to a wide range of organometallic 

bonding modes. 

5.1.1 Trinuclear clusters with alkene ligands. 

By the early seventies a number of reactions had been reported in which 

alkene carbon-hydrogen cleavage was observed to give coordinated 

organo-fragments and bridging hydrides.[2a5-292] For example, cyclo-octene 

(~aH14) reacts with M
3

(CO)12 (M=Ru or Os) to give H2M3(CO)9(CaH12) (1) 

[~=Ru or 05],[291] and bicyclo[3.2.1]-2,6-octadiene (CaH10 ) reacts with 

RU3(CO)12 to give H
2

RU
3

(CO)9(CaHa ) (2) (Figure 5.1/1).[293] A C=C double 

bond in both of these clusters has been dehydrogenated to give a 

Coordinated alkyne, bridging three metal atoms (via two a-bonds and one 

IT -bond) in a ~3rt2f>4 bonding mode (section 1. 4). 

x-.. ,/ \ 

~~~ V ·\ 
~ t \ .. \ --
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An alternative form of bonding is seen for hexadiene (C
6
H

10
) and 

cYclohexadiene (C6H8 ), which both react with RU
3

(CO)12 to give the same 

product HRU
3

(CO)g(C
6
Hg ) (3) (Figure 5.1/2).[281] In both of these complexes 

the unsaturated ligand bridges three metal atoms via one 41-allyl and two 

cr-bonds, with hydrogen transfer to the metal core. For the cyclohexadiene 

C-C cleavage occurs in addition to hydrogen transfer to the metal 

framework. The reaction of RU
3

(CO)12 with cyclododeca-1,5,g-triene gives 

HRU3(CO)9(C12H15) (4), in which the organo-ligand bonds to the cluster in 

an analogous fashion to the organo-fragment found in (Figure 

5.1/2.)[289] In all these reactions transfer of hydrogen to the metal 

framework has occurred. 

H 

-Figure 5.1/~ The ~3~204a organo-bonding mode in (3) and (4). 

In a study by Deeming, on the reactivity of OS3(CO)12 with simple alkenes, 

a number of significant features emerged. With ethene, the alkenylidene 

Cluster H Os (CO) (C-CH ) (5) was 
2 3 9 - 2 

produced, [285,288] whereas cyclopentene 

:nd benzene gave H
2
0s

3
(CO)g(C

5
H

6
) (6) and H

2
0s

3
(CO)g(C

6
H4 ) (1) respectively 

(Figure 5.1/3). [285] /\ 
1/ 

Figure 5.1/3 Alternative organo-bonding modes adopted by (5) (~3~284b)' (6) 

and (7) (~3rt28 
4a) • 
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The alkenylidene ligand in (5) donates four electrons to the cluster 

valence count (via ~-bonds to two of the metal atoms and a lI-bond to the 

third metal atom). In contrast, the reaction of with 

parallel to one metal edge donating four electrons. Benzene produced a 

similar structural product, 

structures (6) and (7) are analogous to the cyclooctene derivative 

Deeming proposed that these reactions occur as double oxidative additions 

of the respective alkene. For ethene, initial transfer of hydrogen to the 

metal core gives an alkenyl intermediate HOS
3

(CO)g(HC:CH2). Similarly, the 

CYclic alkenes produce HOS
3

(CO)g(C
5
H

7
) and HOS

3
(CO)(C

6
H

5
) respectively. 

For both the cyclic ligands the second C-H cleavage occurs from the 

e-carbon to give the observed products (6) and (7), and thus the overall 

process is 1,2-elimination. However the linear alkenylidene intermediate 

HOS3(CO)g(CH:CH
2

) can eliminate the second hydrogen from either the ~ - or 

S-carbon atom. The observed product (5) shows that a second ~ -carbon 

hYdrogen has been removed resulting in overall 1,1-elimination. Thus one 

~Ydrogen atom is removed from each unsaturated carbon atom in the cyclic 

alkenes, whereas with terminal alkenes both hydrogen atoms may be removed 

from the terminal carbon atpm. 

MUCh of our understanding of organic reactions on cluster surfaces has 

developed through use of the formally unsaturated triosmium cluster 

H20S3(CO)10 (8), which forms derivatives more . readily than OS3(CO)'2. 

Reaction of excess ethene with H
2
0s

3
(CO),o (8) initially gives the alkenyl 

Cluster HOs
3

(CO)10(CHCH
2

) (ga) (Figure 5.1/4).[24g] 
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H 

Figure 5.1/4 The reaction of H
2
0s

3
(CO)10 (8) to give an alkenyl cluster 

(9) • 

Shapley, in an elegant study of this reaction, showed that deuterated 

D20s (CO) 
3 10 gave the alkenyl product (9a). No deuterium had been 

incorporated into the alkenyl ligand, but deuterated ethane was evolved as 

a byprOduct.[249J 

, 

Deeming developed this idea and proposed that one of the bridging hydrides 

in H Os (CO) (8) reduces a coordinated ethene to a a-bonding ethyl 
2 3 10 

ligand, and that this transfer is completed before a C-H of a second ethene 

mOlecUle is cleaved to form an alkenyl ligand.[16J This can be represented 

by the following mechanism: 

------+- D20s
3

(CO)10(C2H4 ) 

• oos/CO)10(CH2CH2D) 

--_. oos3 (CO) 10 (CH 2CH 2D)(C2H4 ) 

---.. ~ HOS
3

(CO),0(HCCH 2 ) + C2H4D2 

In th ' 
lS scheme, the alkene initially attaches to the cluster (via a 

TI~bond), and hydrogen then reduces the coordinated ethene to an ethyl 

<1el"lvat' lve (bonding via a 6-bond). The second ethene then coordinates and 

is 
, converted to a bridging a1keny1 ligand, with loss of the ethyl group as 
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an ethane molecule. During this sequence, the number of carbonyl ligands 

remain constant and the versatility is provided by variation of M-M bond 

order, hydrogen mobility, and by the coordination modes adopted by the 

organo-derivative. 

Deeming extended this to a general mechanism for the reaction of alkenes 

with laying stress upon the variety of isomeric products 

POssible via this pathway. [16] The major products isolated from this 

reaction are a hydrido cluster with a terminally attached alkane (resulting 

from reduction of the precursor alkene), and an alkenyl complex. 

5.1.2 Reaction of H20s(CO)10 (8) with alkynes. 

Transfer of hydrogen to the metal core occurs for all of the alkene ligands 

discussed above. In contrast, the reaction of trinuclear species with 

alkYnes often produces 'intact' alkynes on the cluster surface. 

An interesting feature of alkyne cluster chemistry is the effect the alkyne 

sUbstituents have on ligand reactivity and the resultant product profile. 

Monosubstituted (terminal) alkynes are likely to be more reactive for a 

number of reasons. Firstly, they possess a dipole moment (not present in a 

sYmmetric disubstituted alkyne) and, as such, may be more susceptable to 

elec~rOPhiliC and nucleophilic attack. Secondly, the ~ -hydrogen can 

migrate, either within the alkyne or to the metallic core, increasing the 

range of possible organo-products. Finally, a disubstituted alkyne will be 

sterically more hindered owing to the presence of two R groups instead of 

one. 

The reaction of H Os (CO) (8)[60,294,295] with a variety of alkynes 
2 3 10 

Yielded a remarkable range of products (Figure 5.1/5).[143,149, 296-298] 

range from relatively simple alkyne derivatives to clusters 

COnta' . lnlng complex coupling fragments, including one which has an oxygen 
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atom of a carbonyl group incorporated into the organo-fragment. The two 

major products, formed with both mono- and disubstituted alkynes, are the 

hYdrido 0- -alkenyl cluster HOS
3

(CO)10(RCCHR') 

deriv~ive OS3(CO)10(RCCR') (10) (Figure 5.~/5). 

/ , 
! 

./ 
) 1 

c.---c: 
: , ,. \ 

./ '.. " ./' , 

(9) and the 2 
~-rt. 3 

C: """f: 
/ \ / " 

/ \. I ; 

alkyne 

,I 

j/'~\ • V 
R, R':H (9a) (10) 

R=H, R':Et (9b) \ 

Q, 

i: c 
/' / \ 

/ \ ./ \ ii/R '\----/ c;- '\ \ --- , ' \ 

\ i \ \ " 
' j \~' 
i , 

Figure 5.1/5 The organo-derivatives from reaction of (8) with alkynes. 

Lunniss proposed a mechanism for the reaction of H
2
os

3 
(CO '10 (8) with 

~lkynes based on that of (8) with alkenes, which satisfactorily accounts 

for the formation of the two major products (9) and (10) (Scheme 5.1/1). 

'l \ '\ RCCR 

~ '--•• ft=========~ -_-..:~~ .. ~===::::=. 
It"'" 

RC-CR 

- HRc-eRN 

Cl 

SChe.e 5.1/1 Mechanism for the reaction 

I O'3(CO)10(RCCRI (10) 
CHR 

of H
2
os3(CO)10 (8) with alkynes. 
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The initial step in the reaction of (8) with alkynes involves coordination 

of the alkyne as a two electron donor, followed by hydrogen migration from 

the metallic core to give a 6- bonded alkenyl.[299] This can then either 

rearrange to the 6-11 -alkenyl cluster (9), or react with a second alkyne 

and reductively eliminate an alkene to give the alkyne cluster 

OS3(CO)10(RCCR) (10). The second step in this mechanism involves hydride 

migration to the coordinated alkyne, and this is believed to proceed via a 

cis-addition step. In principle addition can lead to the following 

POssible products: 

Intermediate a Markovnikov Anti-Markovnikov 

These alkenyl triosmium compounds could exhibit a variety of isomers 

differing only in the orientation of the ligand with respect to the metal 

COre triangle. Shapley defined two alternative configurations for 

0-11 -bonded clusters of this type, syn and anti.[143] For example, in the 

trans 

0(_ -hYdrogen 

!n contrast , 

atom 

the 

HOS3(CO) (RCCR'H) 
10 

[R=H, R'=H (9a) , Et (9b) ] the 

points towards the Os(CO)4 unit and is denoted as 'syn'. 

phenyl on the 0<. -carbon in the cis isomer of 

[R=R'=Ph (9c)][143] points away from the OS(CO)4 unit, 

and . 
~s referred to as 'anti' (Figure 5.1/6). 

The hYdrogens" in the anti-Makovnikov product may either be cis or trans, 

giving rise to geometric isomers (Figure 5.1/6). Additional isomers are 

POSsible for both the Markovnikov and anti-Markovnikov products, depending 

on the relative orientation of the ~-carbon substituents and the cluster 

Core. S yn and anti configurations arise when the ~ -substituent points 

to\ol 
ards or away from the core, respectively (Figure 5.1/6). 
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Figure 5.1/6 The 'syn' and 'anti' isomers possible for an alkenyl cluster 

(9) • 

In fact the reaction of H
2
0s

3
(CO)10 (8) with mono-substituted alkynes is 

surprisingly specific. The alkenyl products, HOS
3

(CO),O(RC2HR') (9) (R=H, 

R'=H (9a),[141,142] Et (9b),[300] tBu (9c)[301], Ph (9d)[302]), all result 

from anti-Markovnikov insertion and only the trans-syn configurations are 

eVident for mono-substituted alkynes. 

Similarly, the reaction of H
2
0s

3
(CO)10 (8) with the gold alkyne derivative 

_AU(C 2R)PR'3 [where Rand R' are alkyl or aryl groups] gave analogous 

trans_syn products OS3(CO),O(HC
2

HR)AUPR'3 (11)[302], with the gold ligand 

bridging the same Os-Os bond as the a-1I-alkenyl (Figure 5.1/7). This is 

formally analogous to the mono-hydride alkenyl clusters (9) • 

• , , 

I 

/ LAuCCR 

Figure 5.1/7 The gold-alkenyl cluster (11). 

Recently, Lunniss has studied the related anion [HOS
3

(CO),,]- (12) and it 

product of this reaction which has been studied as part of this 
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The anion [HOs (CO) J- (12) was reacted with a variety of alkynes, and the 
3 11 

r + + esulting anions were then further reacted with H or AUPR
3

• The products 

after electrophilic attack by H+ were broadly similar to those observed 

from (8) , with the major products being the anti-Markovnikov 

alkenyl clusters HOS
3

(CO)10(HC2HR) (9) and the alkyne derivatives 

OS3(CO)10(RC2H) (10). The o-1f-alkenYl HOS
3

(CO)10(HC2HR) [R:H (10a), Me 

(10b), Ph (10c)J[297J again adopted the trans-syn bonding mode. 

Significantly, the reaction of [HOS3(CO)11J- (12) with alkynes involves a 

decarbonylation and, furthermore, the products are very similar to those 

for H20S3(CO)10 

mechanism. 

(8) • It therefore seems likely that they share a common 

The proposed mechanism is analogous to that discussed for the reaction with 

H20S3(CO)10 (8), and is illustrated in Scheme 5.1/2. The initial step 

involves loss of CO to give an ionic intermediate [HOS
3

(CO)10]- analogous 

(8). The alkyne then If-bonds to one of the osmium atoms, 

1,2-hydrogen migration to give a cr-coordinated alkenyl 

ligand. This can then either 4f-bond across to an adjacent osmium atom 

~Ving the ~2-alkenYl cluster (9), or a second alkyne can coordinate to the 

cluster core, followed by protonation and alkene elimination to give (10). 

As H+ + and AUPR
3 

gave similar products for H20s3(CO)10 (8) , and the 

protonation of the intermediate obtained from the reaction of alkynes with 

[OS3(CO) ]- ;- ( 12) gpve the same trans-syn product (9), it was considered of 
11 

interest to see if the reaction with AUPR
3
+ would give a cluster with the 

same metal framework and form of organo-bonding. 

5.2 X-Ray analysis of OS3(CO)10(PhCCH2 )(AUPEt
3

) (XR13). 

5.2.1 SYnthesis 

, Addition of the electrophile AUPEt
3

Cl to the mixture obtained from reaction 

Of 
[HOs (CO) r 

3 11 ( 12 ) with HCCR gpve fewer products than the analogous 
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Figure 5.2/1 The molecular structure of OS3(CO)10(PhC=CH2 )(AUPEt
3

) (XR13). 

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

for clarity. 



>. 

" 

prOtonation reaction. [297J With phenylethyne the major product is 

The spectroscopic data obtained for (13) was consistent with this formula. 

No signals characteristic of metal bound H-atoms were found in the 1H 

n.m.r. spectrum, indicating that the compound did not contain any hydride 

ligands, and two singlets at ca. 5.5 ppm and 4.6 ppm were assigned to the 

alkenyl geminal protons. An X-ray structure analysis was carried out to 

Confirm the presence of the alkenyl group, PhC
2
H2 , and to determine its 

bonding mode and the isomer present. 

5.2.2 Structural Description. 

X-Ray structure analysis confirmed that the metal core of the cluster 

OS3(CO)10(PhCCH
2

)(AUPEt
3

) (XR13) consists of a triangle of osmium atoms, 

With one edge bridged by both the AU(PEt
3

) group and the organo-ligand 

(Figure 5.2/1 ) • Hydride addition to the mono-substituted alkyne fragment 

has resulted in a coordinated alkenyl ligand, which bonds in a 

O',Tr -fashion. The non-bridged osmium Os(2) has four terminally bonded 

c~rbonYl ligands attached to it, two of which are equatorial and two of 

~hich are axial. The bridged osmium atoms Os(1) and Os(2) both have three 

terminally bonded carbonyl ligands. 

Two of the carbonyl ligands on Os(1) lie axially with respect to the 

triangle defined by the three osmium atoms, and the remaining carbonyl 

ligand C(13)-0(13) lies axially with respect to the Os(1)-Au(1) bond. The 

three terminal carbonyl groups on Os(2) are slightly twisted due to the 

. presence of the alkenylidene ligand, which spans the Os(1)-Os(2) edge. The 

0<. -carbon C ( 1 ) bonds to both Os ( 1) and Os (2), whilst the f>-carbon bonds 

SOlely to Os(2). This structure represents the first example of a 

Markovnikov addition of a metallic hydride to an alkyne. The f>-carbon atom 

carries two geminal hydrogens and the phenyl substituent on the ~ -carbon 
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,r 

atom adopts the anti configuration (rather than the more common syn 

configuration discussed in the previous section) (Figure 5.1/6). The 

(J,1f -alkenyl ligand donates three electrons to the cluster valence count 

and the bridging gold triphenylphosphine donates one electron; this results 

in the expected total valence electron count of 48e. 

5.2.3 Discussion. 

For the metal core the bridged bond Os(1)-Os(3) is the shortest, at 

2.874(1) A. o 
The longest bond is Os(2)-Os(3) 2.917(1) A, which is adjacent 

to the metal atom involved in 11 -bonding to the organo-fragment. The third 
o bond [Os(1)-Os(2) 2.881(1) A] is closer in length to the bridged bond. 

This is similar to the bonding trends observed in the related complexes 

HOS3(CO)10(CHCHR) (R:H (9a),[141,142] or Et (9b)[300]), where for each 

structure the osmium-osmium bond lengths exceed 2.9 A for the bond between 

the OS(CO)4 unit and the atom involved in ~-bonding to the organo-fragment 

(Section 1.4). 

The gold triethylphosphine asymmetrically bridges the Os(1)-Os(3) bond 
o 

[AU(1)-OS(1) 2.771(1) and Au(1)-Os(3) 2.812(1) A] and is also bridged by 

the alkenyl ligand. The 6-11 -bonding of the ligand to the cluster is 

reflected in the variation of osmium-carbon bond lengths, with the 6-bond 

Significantly shorter at Os(1)-C(1) 
o 

2. 076( 1) A, compared to values of 
o 

2.300(1) and Os(3)-C(2) 2.296(1) A for the 1f-bonding lengths. 

All carbonyl ligands are essentially linear, lying in the range 

M-C(carbonYl) 1.814 ( 1)-1. 940 (1) A, C-O(carbonyl) 1.110 ( 1)-1.238 (1) A, and 

M-C-O 164.0(1)-177.1(1)0. There are no shorter intramolecular contacts 

than that found between an aryl hydrogen atom and the bridging gold atom, 

H(111) •• AU(1) 2.62 A. 
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An alternative description of the framework is as a mixed-metal butterfly 

wl'th the alkenyl bridging the Os-Os hinge bond. The angle between the 

planes defined by the atoms Os(1), Os(2), Os(3) and Os(1), Os(3), Au(1) is 

118.69 0 • 

As previously noted, the hydrogen ligand has been transferred from the 

metal framework via Markovnikov addition to the e-carbon atom of the 

monO-SUbstituted alkyne. Although these geminal hydrogen atoms were 

deduced from the X-ray structure analysis, they could not be directly 

lOcated. The two singlet peaks at ca. 5.5 ppm and 4.6 ppm in the 1H n.m.r. 

Spectroscopy (see above) were assigned to these two geminal hydrogens. The 

C(1)-C(2) bond length [1.434(18) AJ is longer than that expected for a 

formal double bond and this can be attributed to back donation of the metal 

d-orbital to the -anti bonding orbital of the ligand. Alkenyl bonding of 

this type has been observed before, both in trinuclear and higher 

nuclearity systems (Section 1.4). 

5.2/4 Mechanism for the formation f 0 (CO) (PhCCH )(A PEt) (XR13) o s3 10 2 u 3 • 

The proposed mechanism for the formation 

(XR1 3) .1s illustrated in Scheme 5.2/1. 

SatUrated anion [HOS
3

(CO)11 J- (12) gives 

of OS3(CO)10(PhCCH2 )(AUPEt
3

) 

Initial loss of CO from the 

the reactive unsaturated 

intermediate [HOS
3

(CO)10 J-, which can be considered as directly analogous 

to the dihYd~ido-cluster H
2
0s

3
(CO)12 (8) discussed in the previous section. 

The phenylethyne then coordinates to one osmium atom viaa-rf -bond and the 

~2-hYdride is then tranferred to the alkyne ligand in such as way that the 

OVerall addition is Markovnikov rather than the anti-Markovnikov addition 

diScussed above. The ~~alkenyl ligand produced then ~-bonds across to an 

adjacent osmium atom, and reaction with AUPEt
3

+ give the observed product 

(Xll 13) • 
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SCheme 5.2/1 Mechanism for formation of OS3(CO)10(CPhCH
2

)(AUPEt
3

) (XR13). 

~5.2.5 Conclusion. 

Three features were of interest in this work. 

a) A comparison of the reactivity and product types from H
2
0s

3
(CO),O 

and [HOS
3

(CO),,]- (12). 

(8) 

b) The effect of electrophilic attack by the isolobally related H+ and 

AuPR + on the nature of the products formed. 
3 

c) The effect of different alkyne substituents. 

The d" ~hYdrido-cluster H
2
0s

3
(CO)10 (8) undergo a wide range of reactions 

, ~ith alkyne molecules. The addition of alkyne molecules to (8) to give 

cr~1T Complexes HOS
3

(CO)10(CR:CR
2

) (9) is surprisingly specific, resulting 

in 
trans,syn 

[Has (CO) ]-3 , , , 

products. 

followed 

However, 

by auration, 

the equivalent reaction with 

gives an alternative cluster 

Os (CO 
3 ),O(CPh:H2 )AUPEt

3 
(XR13) which contains has two geminal hydrogen 

atom 
s on the B-carbon atom. 
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From the reaction schemes (Scheme 5.1/1 and Scheme 5.2/1) it is evident 

that the only difference in these reactions is the final step. This 

involves addition of H+ in the reaction of H20s
3

(CO)10 (8) (Scheme 5.1/1), 

whereas + the isolobal AuPEt
3 

group is added in the reaction with 

[HOS
3

(CO)11]- (12). That this gives rise to different products indicates 

that the electrophilic groups may in fact be involved at an earlier stage 

in the mechanism, with the H+ favouring anti-Markovnikov addition and the 

AUPEt
3
+ group favouring Markovnikov addition. 

5.3 X-Ray structure analysis of HOS
3

(CO)g(MeCCMe)(AuPPh
3

) (XR14). 

5.3.1 Synthesis. 

The alkenyl cluster OS3(CO)10(PhCCH2 )(AUPEt
3

) (XR13) discussed above is 

obtained by the reaction of [HOS
3

(CO)11]- (12) with the mono-substituted 

alkyne PhCCH followed by coordination of AUPEt
3

• The second trinuclear 

~tructure solved by X-ray structure analysis involves a similar reaction 

but the alkyne used is the disubstituted molecule MeCCMe. 

At 60 0 C the reaction of [HOS
3

(CO)11]- (12) with MeCCMe, followed by 

reaction with AUPR
3
Cl gives as the major product the alkenyl derivative 

~S3(CO)10(MeC2HMe)(AUPR3)' which appears to be an analogue of the hydrido 

alkenYl species HOS
3 

(CO) 10 (MeC
2

HMe) (ge), from spectroscopic evidence. In 

addition, an alkyne-derivative HOS
3

(CO)g(MeC2Me)(AUPPh
3

) (XR14.) was 

iSOlated. An X-ray structure analysis of this product has been carried out 

to establish the molecular geometry. 

5.3.2 Structural description. 

As in (XR13), the metal core consists of a triangle of osmium atoms (Figure 

'. 5.3/1). One edge is bridged by a gold triphenylphosphine ligand and a 

second edge is bridged by both the organo-fragment and a hydride ligand. 

The alkYne o-bonds to the two osmium atoms and -rr -bonds to the third in the 
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" Fiaou 
'~ Q re 5.3/1 The molecular structure of HOS

3
(CO)g(MeCCMe)(AuPPh

3
) (XR14). 

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

for clarity. 



cOmmonly seen 'parallel' (~3~2b4a) mode (Section 1.4). However, the carbon 

backbone is distorted from parallel to the Os-Os bond. 

5.3.3 Discussion. 

If the metal core is considered as a mixed-metal butterfly, the alkyne 

bridges a wingtip-hinge Os-Os bond, in contrast to (XR13) where the alkenyl 

bridges the hinge bond. The angle between the two triangles of the 
o 

but terfly is 103.82 ' in comparison to 118.69 0 for (XR13), a factor which 

can be attributed to the bulky substituents on the gold atom and steric 

repulsion by the alkyne. 

In both (XR13) and (XR14), the organo-fragments bond on the outside of the 

butterfly, since bonding to the inside is sterically unfavourable. It is 

interesting that the hydride ligand and the gold triphenylphosphine ligand 

bridge non-equivalent metallic edges. 

The metallic bond lengths in (XR14) vary more than those of (XR13), with 

the longest bond evident for the hydride bridged metal bond OS(2)-08(3) 

3~ 001 (1) ,x. The position of the hydride was established by potential 

energy minimisation techniq ues, [264] The gold triphenylp,hosphine ligand 

bridges Os(1)-Os(3), of length 2.898(3) A. The third unbridged bond is the 

shortest , with OS(1)-08(2) 
o 

2.769(3) A. The gold ligand bridges 

aSYmmetrically with Au(1)-Os(1) 2.796(3) being significantly longer than 

AU(1)_08(3) 2.731(3) A. 

The organo-fragment is a parallel bonded alkyne, a-bonding to two metal 

atOms , o 
Os(2)-C(2) 2.13.(4) and Os(3)-C( 1) 2.12(4) A and -rr - to the third 

m t 0 e al atom Os(1)-(C(1) 2.24(5) and Os(1)-C(2) 2.32(6) A, and as for (XR13), 

the cr-bonds are significantly shorter than 'the M-ligand ri-bonds. 
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All nine carbonyl ligands are essentially linear and lie within the range 
o 0 

M-C(carbonyl) 1.78(5)-1.95(5) A, C-O(carbonyl) 0.98(7)-1.21(6) A, and M-C-O 

169(4) to 179(4)0. There are no shorter intramolecular contacts than that 
o 

found between the ~2-hYdride and a nearby carbonyl ligand H ••• C(23) 2.33 A. 

The alkenyl ligand in (XR13) donates only three electrons, whilst the 

alkyne in (XR14) donates four electrons. The alkyne formally donates four 

electrons to the cluster valence count, whilst the bridging gold 

triphenylphOSpine and the hydride each donate one electron. This gives the 

eXpected cluster count of 48 electrons for a triangular species. 

1 Only one methyl singlet was observed in the H n.m.r. spectrum of (XR14) 

in the temperature range 20-80 0c. This is not consistent with the solid 

state structure, which implies that a low energy fluxional process is 

responsible for equilibration of the two methyl groups. 

5.3.4 Mechanism. 

The proposed mechanism for the formation of the hydrido-cluster 

illustrated in Scheme 5.3/1. The 

initial steps are similar to those proposed for the formation of (XR13), 

With loss of CO being followed by alkyne addition to one of the osmium 

atoms. The next step is completely different: it involves hydride 

migration and decarbonylation, and the alkyne ligand then bridges across 

the triangular face to form two o-bonds to the other two osmium atoms. 

This anion l s then reacted with AUPPh
3

, which occupies a bridging position 

adjacent to the hydride bridged edge in the product (XR14). The hydride 

ligand does not leave the metal framework but migrates with 

decarbonYlation, and the alkyne swings across the triangular face to form 

two a-bonds to the two osmium atoms bridged by the hydrogen atom. This 

giVes a symmetrical intermediate (Scheme 5.3/1). On structural grounds, it 

can be envisaged that the fluxionality in solution of (XR14) occurs via a 
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tetrahedral heterometallic intermediate. 

are known for gold ligands. 

/"\ 
<~ co 

-co -
(HOS3(CO)11r (12) 

/ ' / 
i \ I/~' •• 

1 AuL+ 

~'Ul 
~ 

MeCCMe 

-
~9ration 

-co 

HOS3(CO)g(MeCCMe)(AuL) (XR14) 

SCheme 5.3/1 Mechanism for the formation of the alkyne 

5.3.5 Conclusion. 

cluster 

The two triosmium clusters which have been structurally characterised in 

this section and Section 5.3 are gold/triosmium clusters with coordinated 

organo-fragments derived from alkyne precursors. These form part of a 

series of related clusters derived from mono- and di-substituted alkynes. 

Part of their interest stems from a comparison of the reactivity of 

(8) and the anion [HOS
3

(CO)11]- (12). Both structures (XR13) 

result from reaction of [HOS
3

(CO)11]- (12) with alkynes, 

fOllowed + [ ] f ( by electrophilic attack of AuPR
3 

• 297 In the case 0 XR13) the 

organ 
O-reagent is a monosubstituted alkyne (PhCCH), whilst (XR14) is 

dert 
Ved from a disubstituted alkyne (MeCCMe). 
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The reaction of trinuclear clusters with alkynes produces a wide array of 

products but predominently the alkenyl cluster HOS
3

(CO)9(CH=CH
2

) and the 

alkyne cluster OS3(CO)10(RCCR). 

5.4 Interaction of heptanuclear clusters with mono- and disubstituted 

alkynes. 

A study of the reaction of mono- and disubstituted alkynes with 

heptanuclear clusters was carried out by J.A. Lunniss at Cambridge 

University. This gave a variety of products. The most complicated of 

these is OS7(CO)16(MeCCMe) (XR15), the X-ray structure analysis of which is 

reported here. Core geometries available for heptanuclear clusters are 

discussed first and then a number of important features of Lunniss' ,work 

Will be highlighted. 

5.4.1 Heptanuclear metal core geometries. 

In comparison with pentanuclear and hexanuclear clusters there are still 

relatively few reports of heptanuclear clusters. Whereas hexanuclear 

clusters are, on the whole, based on an octahedral metal core 
-
{Chapter 3), an additional metal atom in the fundamental polyhedron results 

'in a plethora of unusual geometries with no equivalent predominent metal 

framework. The valence count for these clusters varies between 98 and 102 

electrons. 

Heptanuclear clusters with 98e have S=7 and can therefore be considered as 

being derived from the 86e octahedron by addition of one metal atom and 12 

electrons (see Section 1.2). The expected mono~capped octahedron has been 

reported for the rhodium cluster [Rh
7

(CO)16]3- (13),[303,304] the rhenium 

cluster [Re
7

C(CO)21]3- (14),[305] and the osmium cluster OS7(CO)21 (15) 

(Figure 5.4/1).[306] Interestingly, the rhenium cluster (14) contains an 

interstitial carbide essential if this d , 7 metal is to achieve this 

geometry without surface ligand overcrowding. 
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[Rh7CO)13]3- (13) 

[Re-,C(CO)21]3- (14) 

OS7(CO)21 (15) 

Figure 5.4/1 Observed metal frameworks for heptanuclear clusters. 

The hydrido osimum cluster H20s
7

(CO)20 (16) (Figure 5.4/1), also a 98e 

Species, adopts the capped trigonal bipyramid metal core with the seventh 

~etal atom edge bridgingj[221,307J this may be rationalised for S=7 as 

being a tricapped butterfly (arachno-octahedron). The third possible 98 

electron core is the bicapped square pyramid, which is observed in the 

benzYlidyne cluster OS7(CO)15(~3-CPh)4 (17) (Figure 5.4/1).[138J 

The 100e cluster H
2
0S

7
(CO)21 (18) (Figure 5.4/1), with an edge bridged 

capped square pyramidal core, can be formally derived from the edge bridged 

capped trigonal bipyramidal core seen in (16) by cleavage of one M-M bond. 

An alternative metal framework for 100 electron species is the highly 

unuSual fused square pyramidal geometry. This has been reported for 

RU7(CO)18(~4-PPh)2 (19) (Figure 5.4/1),[308J and is an example of one of a 

g~oWing group of metal cores made by the fusion of common units such as 

square pyramids and octahedra. 
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The di-edge bridged square pyramid seen in the sulphide cluster Ru
7
S(CO)21 

(20) (Figure 5.4/1) is related to the bicapped square pyramidal core seen 

in (17) by rupture an M-M bond of each of the metal caps, and has a valence 

Count of 102e.[309] One of the most unusual frameworks for this family of 

clusters is that observed in the 102e species H20s
7

(CO)22 (21). The metal 

Core in (21) can be described as a trigonal bipyramid sharing a vertex with 

a triangle, or as a bicapped bow-tie.[307] 

Thus, heptanuclear clusters display a wider range of metal cores than any 

of the lower cluster species. By extension, additional metal atoms would 

be expected to continue this trend and proportionally increase the range of 

POssible cores. Tantilisingly, this does not appear to be the case. Some 

nUClearities seem to particularly favour one geometry. For example, in the 

iron triad, the symmetrical quadruply capped octahedral metal core 

framework is predominent for decanuclear species (Section 4.4). A better 

understanding of the energetics of these species and the energy barriers 

inVOlved will be required to interprete these observations, but it seems 

that highly symmetric species such as the octahedron and the M10 

~etrahedron are often preferred. 

The series of clusters H20s7(CO)22-n [n= 0 (21), 1 (18), or 2 (16»), provide 

an insight into the reactivity of heptanuclear species. Decarbonylation of 

H20S7(CO)22 (21) first produces H20s
7

(CO)21 (18) and then H20s7 (CO)20 (16), 

With sequential closure of the metal core polyhedron due to successive loss 

of two pairs of electrons (Figure 5.4/2).[306,307] There are thought to be 

two isomers of H Os (CO) (21) but only one 
2 7 22 

form has been characterised by 

X-ray structure analysis.[307] The ease with which decarbonylation occurs 

in this sequence of reactions indicates that the energy barrier between 

these metal frameworks is low. 
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-co -co 

-2e -2e 

Figure 5.4/2 H20s
7

(CO)2_n [n:O (21), 1 (18), 2 (16)]. 

This mechanism has been studied by Lunniss, using a phosphite label 

~hroughout the decarbonylation sequence.[297] The position of the phospite 

ligand at each stage appears to agree with the above proposed pathway. 

This reaction provides a good example of the lability of heptanuc1ear metal 

frameworks even with very simple reactions. The initial step from (21) 

involves bond formation [Os(4)-Os(7)] together with the loss of a 2e 

carbonYl ligand from Os(7) [between the triangle and the trigonal 

bipyramid] ~o give an intermediate trigonal bipyramid with a bridging 

M-atom, which is further bridged by the seventh metal atom. This species 

rearranges to H
2
0s

7
(CO)21 by simultaneous rupture of an axial-equatorial 

bond [08(3)-Os(5)] and formation of a bond to an axial atom [Os(5)-Os(7)]. 

FUrther decarbonylation is accompanied by bond formation across the 

diagonal of the square pyramid in H
2
0s

7
(CO)21 (18) and subsequent loss of a 

second carbonyl group from Os(7) to give H
2
0s

7
(CO)20 (16). 
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SCheme 5.4/1 Mechanism for the interconversion of three heptanuclear 

clusters. 

5.4.2 The reactions of heptanuclearclusters with mono-substituted alkynes. 

The reaction of H20s
7

(CO)20 (16) with both mono- and disubstituted alkynes 

been studied. [299] The reaction of ( 16 ) with PhCCH gave 

OS7(CO)20(CCHPh) (22). Both hydrides of the parent cluster (16) have been 

lost and the alkyne has undergone a 1 ,2-hydrogen shift to produce a 

cOordinated alkenylidene ligand (Figure 5.4/3). 

PhCCH 

H20S7(CO)20 (16) OS7(CO)20(C:CHPh (22) 

Figure 5.4/3 The alkenylidene cluster (22). 
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Addition of two electrons to the cluster count has resulted in metal 

framework rearrangement, the capped trigonal bipyramidal unit in (16) 

changing to form the mono-capped square pyramidal unit in (22). The 

~-carbon atom of the (~3~265b) alkenylidene ligand caps the square base of 
o 

the pyramid [mean Os-C(1) 2.25(3) A]. Furthermore, both carbon atoms of 

the alkenylidene ligand are involved in a highly asymmetric IT-bond to the 
o 

seventh osmium atom [C(1)-Os(7) 2.63(3) and C(2)-Os(7) 2.13(3) A]. 

Asymmetrical ~ -bonds have been observed in a number of organic-clusters, 

including the alkenyl ligands found on a number of trinuclear and 

tetranuclear clusters.[123, 124,142] However, the difference in the two bond 

lengths in these clusters does not exceed 0.2 ~ (Section 1.4). The extreme 

asymmetry observed for the alkenylidene ligand in 0&7(CO)20(CCHPh) (22) may 

arise from the steric constraints of two carbon atoms spanning five metal 

atoms. 

H20S7(CO)20 (16) 

Figure 5.4/4 

MeCCMe 

-co 

ThermolYSis ' of H Os (CO) (16) with the disubstituted alkyne MeCCMe gave 
2 7 20 

OS7(CO)19(MeCCMe) (23) (Figure 5.4/4). This differs from the reaction with 

the mono-substituted alkyne discussed above in a number of ways. One 

Carbonyl ligand of the parent species (16) has been lost along with the two 

hYdride groups. The incoming disubstituted alkyne ligand donates 4e, 

reSUlting in a CVE of 98e. Although a number of different frameworks are 

PoSSible for a cluster with 98e (Section 5.4.1), in (23) the core of (16) 

is retained in preference to the alternative cores. Finally the 
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observation that the organo-ligand does not undergo any rearrangement may 

be related to the fact that, unlike the mono-substituted alkyne, it has no 

hYdrogen atom to transfer to the metal core. The bonding mode adopted by 

the alkyne ligand in (23) is the familiar 2-0,11 -parallel mode (~3~254a) 

and, as this occurs on the bridging triangle of the metal core, it closely 

resembles triangular cluster species. Interestingly in the thermolysis of 

(16), in spite of the wide variety of geometries available to clusters with 

98e, the reaction with disubstituted alkynes appears only to involve the 

triangular edge-bridging unit; the cluster framework remains unchanged. 

SCheme 5.4/2 Proposed mechanism for the formaton of (22). 

Lunniss suggested that the initial step in the reaction of H20s7 (CO)20 (16) 

. With the mono-substituted alkyne PhCCH is nucleophilic addition of the 

alkYne, which coordinates as a two electron -donor (Scheme 5.4/2).[297] 

This is accompanied by cleavage of a ·metal bond to give an transition state 

intermediate , with a doubly bridged trigonal 

biPyramidal metal core. Simultaneous bond cleavage/formation, hydride 

10 . ss, and a.lkyne rearrangement to the alkenylidene ligand, gives the 

observed product, oS7(CO)20(C2HPh) (22) (Scheme 5.4/2). 

By analogy with this mechanism, Lunniss suggested that the first step in 

reaction of H
2
0s

7
(CO)20 (16) with the disubstituted alkyne MeCCMe to 
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wo uld be alkyne coordination, 11 _bonding to give Os (CO) (MeCCMe) (23), 
a 

7 19 

caPping osmium atom (Scheme 5.4/3). This is accompanied by Os-Os cleavage 

to give a di-edge bridged trigonal bipyramid. Subsequent elimination of 

the 11 in the creation of a new M-M bond regenerating the 
~2-hydrides results 

metal core of the parent cluster (16), with the alkyne now 11 -bonding to 

the bridging osmium atom. Rearrangement from a 2e to a 4e donor proceeds 

d CO l igand rather than by cleavage of a M-M with the loss of a coordinate 

bond. 

OS7( CO) 19( MeCCMe) 

SCheme 5.4/3 Proposed mechanism 

MeCCMe 

~ 

+2e 

-co 

"OS7(CO)20(MeCCMe)" 

for the formation of (23). 

The reaction of H
2
0s

7
(CO)20 (16) with the disubstituted alkyne PhCCPh gave 

three products and X-Ray structure analysis has been carried out on two of 

these. One 

benZYlidyne 

of the 

ligands, 

(24 ) contains two 

which can be envisaged as being derived from the 

preCU rSor alkyne by C-C bond rupture (Figure 5.4/5). Although no change in 

clust er valence electron count is observed the metal core has rearranged to 
the 

mono-capped octahedron geometry. One benzylidyne asymmetrically caps a 
tri 

angUlar face associated with the ~3-capping osmium atom, whilst the 
Seco nd caps one of the faces of the octahedron on the other side of the 
ClUst ,. er. 159 



it_----'CPh 

Figure 5.4/5 The mono-capped octahedral core of (24). 

This can be derived from the PhC2Ph analogue of the edge-bridged capped 

trigonal bipyramid OS7(CO)'9(MeCCMe) (23) (Scheme 5.4/3). Decarbonylation 

and bond formation [Os(4)-Os(7)J coverts the metal core of 

OS7(CO)'9(PhCCPh) into a 96e bi-capped trigonal bipyramid. Cleavage of the 

C-C to produce two benzylidyne fragments and simultaneous bond 

Cleavage/formation [08(2)-I-Os(4), Os(6)-Os(7)J give the 98e mono-capped 

7 
PhlC:-~-""'" 

-co +2. 
---+ ~ 

0a7(CO)'S(PhCCPh) 

9a. 

6 5 

4-7 forma 15-7 forma 

915. (24) 9a. 

SCheme 5.4/3 Proposed mechanism for the formation of (24). 

The reaction of H20s7(CO)20 (16) with PhCCPh requires more 

Conditions than the reaction of (16) with MeCCMe. In the 

alkYne PhCCPh has been cleaved and this difference in 

preSumably be attributed to the difference in nature of 

severe reaction 

product (24 ) the 

reactivity can 

the substituent R 

groups. The bulkier nature of a phenyl group as compared to a methyl group 
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is almost certainly an important factor. It would be interesting to see 

what effect strongly electron donating or withdrawing groups would have on 

this sequence of reactions. 

....~ . .1 .,."" 

t'Ph 

Flgure 5.4/6 ' The dicapped square pyramidal core of (17). 

~ second product of the reaction of H20s
7

(CO)20 (16) with PhCCPh was the 

alkYlidyne cluster OS7(CO)15(CPh)4 (17) (Figure 5.4/6). The metal core has 

rearranged to the highly unusual bi-capped square pyramid, which has a 

cluster valence electron count of g8e. From the diphenyl analogue of 

OS7(CO)19(MeCCMe), addition of a second PhCCPh on one of the osmium caps, 

~ith cleavage of Os(4)-Os(6), gives an 100e diedge bridged t~igonal 

biPYramidal species OS1(CO)19(PhCCPh)2. Decarbonylation and bond cleavage 

[OS(1)-OS(3)] gives the 102e diedge bridged square pyramdal cluster 

OS7(CO)18(PhCCPh)2. Further decarbonylat1on and cleavage of one of the 

PhCCPh fragments causes the core to rearrange to an edge-bridged capped 

SqUare pyramidal 100e species OS1(CO)17(PhCCPh)(53-CPh)2. Loss of two more 

CO_groups, bond formation [Os(4)-Os(6)] and fission of the second alkyne 

t'ragment gives the observed g8e bicapped square pyramidal cluster 
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PhC--CPh 

/. ;"" \ 
/ " 

! / " , i/ ' 

OS7(CO)19(PhCCPh) 

98e 

-

102e 

PhC--CPh 

/ '~< ' \ / , \ 
/ " \ 

'. \ 

" 

--CPh 

\/ 
CPh 

OS7(CO)19(PhCCPh )2 

100e 

-2CO 

• 

PhC--CPh / 'r/ \ I / '\ \ 
,/ <' \. 

" \ 
J 

OS7(CO)19{PhCCPh )2 

102e 

CPh 

' CPh 
OS7( CO)1S(1J3-CPh )4 

102e 

SCheme 5.4/4 Proposed mechanism for the formation of (17). 

The edge capped trigonal bipyramid OS7(CO)'9(MeCCMe) (23) can also be 

produced from the activated cluster H
2
0s

7
(CO)19(NCMe) and this is expected 

to proceed by a similar mechanism. Another product from the reaction of 

-(16) With MeCCMe is H
2
0s

7
(CO)19(MeC

2
Me) (25). In this cluster the hydrides 

[present in the precursor (16)] are retained - an unusual occurance in this 

sequence of reactions. The metal core of (25) is a mono-capped square 

Pyramid with an edge bridging osmium along one of the basal edges (Figure 

5. 4/7). 

Figure 5.4/7 The metal core framework of (25). 
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5.5 X-Ray structure analysis of OS7(CO)16(MeCCMe)3 (XR15). 

5.5.1 Synthesis. 

Prolonged thermolysis of H20s
7

(CO)20 (16) or OS7(CO)19(MeCCMe) (23) gave a 

product with the empirical formula OS7(CO)16(MeCCMe)3 (XR15).[297J In order 

to establish the molecular geometry of the most complicated product 

obtained from this reaction a X-ray structure analysis was carried out. 

5.5.2 Structural description. 

Despite the very high e.s.d.'s observed in this structure, X-ray structure 

analysis established that OS7(CO)16(MeCCMe)3 (XR15) adopts an unprecedented 

metal core geometry, which is illustrated in Figure 5.5/1. The metal core 

of (XR15) can be described as consisting of a highly distorted square based 

Pyramid [defined by Os(l), Os(2), Os(3), Os(4), and Os(5)], which shares a 

triangUlar face [Os(l), Os(2), and Os(5)] with a butterfly unit [defined by 

the osmium atoms Os(l), Os(2), Os(5) and Os(6)]. The butterfly unit is 

edge-bridged by a seventh osmium atom, Os(7) (Figure 5.5/1). The unusual 

framework of (XR15) appears to be twisted to accommodate the three 

O~gano-fragments bonded to the metal surface. One of the alkyne ligands 

bonds to the triangular face defined by Os(l), Os(2), and Os(6) in the 

Commonly observed parallel (~3~2&4a) mode of bonding adopted by a variety 

of triangulated clusters (Section 1.4). The second alkyne fragments, links 

the OS(l) ••• Os(7) non-bonding distance of the edge-bridged butterfly unit, 

With the C~'C backbone of the alkyne lying perpendicular . to the M-M bond 

Vector. Both carbon atoms o-bond to wingtip osmium atoms (Os(2) and Os(6)] 

and, in addition, form ~-bonds to Os(l) and Os(7). A similar mode of 

bonding is adopted by the third alkyne group, which bridges to all four 

Os ' 
m1um atoms of the square base of the distorted square pyramidal unit, in 

an analogous ~4~266a bonding mode (Section 1.4). 
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Figure 5.5/1 The molecular structure of OS7(CO)16(MeCCMe) (XR15). 

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



5.5~3 Discussion. 

The metal-metal bond distances in (XR15) lie within the unsually wide range 
o 

2.604(2) - 3.034(2) A. The two M(wingtip)-M(hinge) bonds, on the same side 

of the cluster as the alkyne fragment that bridges the bridged-butterfly 

unit, are markedly shorter [Os(1)-Os(5) 2.694(2) and Os(1)-Os(6) 

2.604(2) A] than the remaining two M(wingtip)-M(hinge) bonds [Os(2)-Os(5) 

3.034(2) and Os(2)-Os(6) 
o 

3.008(2) A], with each set being respectively 

among the shortest and longest Os-Os bonds ever reported. This type of 

aSymmetry in bridged butterfly units, which have organo-groups spanning a 

M(hinge)_M(bridge) distance, has been observed for a number of pentanuclear 

clusters. This was also observed in the pyridyl derivatives 

HRUC(CO)13L(C5H4N) [L:CO (XR1) Isomer A and (XR2) Isomer B, and L:C5H5N 

(XR3)] studied by X-ray structure analysis in the present work; although 

the difference of ca. 
o 

0.1 A was considerably less (Chapter 2). The edge 

~ridging atom, Os(7), and two of the basal atoms of the distorted square 

Pyramid, Os(3) and Os(4), have a total of three carbonyls each, both 

Wing_tip atoms Os(5) and Os(6), and one of the hinge atoms, Os(2), have two 

terminal carbonyl ligands, whilst the last hinge atom, Os(l), has only one. 

All sixteen carbonyl ligands are essentially linear, M-C(carbonyl) 

1~78_2.03(5) A, 

161(5)-179(3)0. 

o 
C-O(carbonyl) 1.08(7)-1.29(5) A, and M-C-O(carbonyl) 

There were no shorter intramolecular distances than that 

found between one of the methyl hydrogen atoms on one of the alkyne ligands 

and a nearby carbonyl ligand H(43b) ••• C(21) 2.28 A. 

The remaining surface is taken up by the three organo-fragments. The first 

to C(4a)], bonds in the ~4~266a parallel mode of bonding commonly 

seen in trinuclear clusters,[171,303] and described in this report for the 

hexanuclear clusters (XR6) and (XR7), and the heterometallic clusters (XR8) 

(see Chapter 3) and (XR14) (Section 5.3). In (XR15) the alkynic bond in 

the 
first ligand [defined by C(2a) and C(3a)] lies virtually parallel to 

the 0 3(1)-03(2) bond vector, forming a 11 -bond to Os(6) [Os(6)-C(2a) 

164 



2.19(3), 
o 

Os(6)-C(3a) 2.21(3) A] and two cr-bonds, one to Os(l) and one to 
o 

OS(2) [Os(1)-C(2a) 2.08(3), Os(2)-C(3a) 2.07(3) A]. With the formation of 

two a-bonds the alkyne ligand might be expected to exhibit a bond order of 
o 

2, the length observed [C(2a)-C(3a) 1.521 A] is rather long, but due to the 

relatively high e.s.d.'s, no conclusions can be drawn from this. The 

second alkyne fragment caps the highly distorted base of the square 

pyramid, two cr-bonds hook the fragment to Os(l) and Os(4) [Os(1)-C(2b) -
o 

2.08(3), Os(4)-C(3b) 2.12(4) A] and two lI-bonds link to Os(2) [Os(2)-C(2b) 
o 

Os(2)-C<3b) 2.28(4) A] and Os(3) [Os(3)-C(2b) 2.26(3) and 

The third alkyne fragment spans the wingtip 

bridged butterfly, linking the bridging osmium, Os(7), with the hinge atom, 

OS(l). This bonding can be considered as two cr-bonds 'hooking' the 
o 

~ing-tip atoms Os(5) and Os(6) [Os(5)-C(2c) 2.09(3), Os(6)-C(3c) 2.19(4) A] 

~ith two 1'f-bonds, one to the bridging Os(7) [Os(7)-C(2c) 2.31(4), 

OS(7)-C(3c) 2.30(4) A], and one to the hinge atom Os(l) [Os(1)-C(2c) 

2.21(3) and Os(1)-C(3c) 2.15(4) A]. 

This is somewhat reminiscent of the pyridyl clusters described in Chapter 

2, but there is a marked difference in that the C-C backbone of the 

organo-fragment in (XR15) lies perpendicular to the Os(1) ••• Os(7) vector. 

The bonding mode adopted by the last two alkyne groups has been 

Observed in a number of tetranuclear butterfly clusters, but in these the 

C-C vector lies parallel to the hinge bond of the M-butterfly unit. The 
, " 2 
perpendicular' orientation observed for the two ~4~ 66a alkyne ligands in 

is more akin to the 2 
~4~66a bonding mode adopted by the alkyne 

lig~nd in the capped square pyramidal cluster OS6(CO)'7(HCCEt) (Figure 

where the C-C vector is diagonally orientated with respect to the 

square face to which it bonds.[152] 
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The condensed polyhedral principle (see Section 1.2),[45,46] is possibly 

the best approach for discussing the electron count for the very unusual 

metal framework in (XR15). Consider first the 'top' half of the molecule, 

as defined by atoms Os(l), Os(2), Os(5), Os(6) and Os(7). This wingtip 

bridged butterfly has 8 skeletal electron pairs (76e) and as such can be 

described as an arachno-pentagonal bipyramid with two of the vertices 

missing. This shares a triangular face (48e) with the highly distorted 

square pyramidal unit (74e) and, using the condensation principle, gives a 

total electron count of 76 + 74 - 48 = 102e. However, the formula tion 

established by the X-ray structure analysis corresponds to a CVE of only 

100e • The presence of two hydrido-ligands supplying the miSSing pair of 

electrons can be ruled out on the basis of lH n.m.r., which showed no 

Signals in the hydrido-region of the spectrum. 

The only alternative is to consider the rather long osmium-osmium distance 

OS(5)-Os(6) 
o 

3.387(1) A as a valid bonding distance. Then the structure is 

a capped square pyramid with the cap to apex bond bridged by the seventh 

metal atom. Electron counting now gives the observed count of 100e [square 

~Yramid(74) + tetrahedron(60) + triangle(48) - triangle(48) 

~·OOe] • 

edge <34 ) = 

As the observed electron count is 100e it is useful to compare this cluster 

to the dihydrido-cluster H
2
0s

7
(CO)19(MeCCMe) (25),[580, 581] which has a 

predicted ~fnd observed CVE of lODe. This has a capped square based 

PYramidal structure with one edge of the base bridged by a seventh osmium 

atom (Figure 5.3/7). 

One of the interesting features of the metal frameworks adopted by 

heptanuclear clusters · is the propensity of edge bridging metal atoms. 

Another way of viewing these structures is by relating them to the 

Unbridged hexanuclear analogues. ThUS, the monocapped octahedron in 
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OS7(CO)21 (18)[97] is related to the octahedron common for so many 

hexanuclear structures. H20S7 (CO)20 (16) has the same geometry as 

OS6(CO)18,[24] with one metal edge bridged. The di-edge bridged square 

pyramid reported for RU
7

SCCO)21 (20)[102] is related to the geometry in 

square pyramidal core of 

H20S6(CO)18 (27)[63,62] can be formally viewed as a 'precursor' to 

H20S7(CO)21 (18)[100] and the structure H20s
7

(CO)22 (21)[100] is formally 

created by bridging of the spike of the unusual core in 

OS6(CO)17(PY)2.[216] A related methodology can be applied to the metal core 

of OS7(CO)16(MeCCMe)3. Bridging between the apex of the square pyramidal 

unit and the ~2-M atom of the wingtip bridged butterfly unit gives the 

observed geometry. This core is observed in OS6(CO)16(MeCCMe)[124] and 

OS6C(CO)16(MeCCMe)[136] and indeed both of these clusters have alkynes 

Coordinating in a similar fashion to that observed in OS7(CO}16CMeCCMe)3. 

5.5.4 Proposed mechanism for the formation of (XR15). 

Yhe proposed mechanism for the formation of OS7(CO)16(MeCCMe)3 (XR15) is 

illustrated . S h 5 5/5 1n c eme • • The reaction of H20s
7

CCO)20 (16) with MeCCMe 

gives OS7(CO)20(MeCCMe); a mechanism for the reaction pathway is proposed 

in Section 5.4. Further reaction of (16) with MeCCMe gives the trialkyne 

cluster Os (CO) (MeCCMe) (XR 15). Thus the first stage in the formation 
7 16 3 

of (XR15) may be considered analogous to that proposed for the formation of 

OS7(CO)19(MeCCMe). From this g8e species addition of a second -donating 

alkYne cause bond rupture to give the di-edge bridged triogonal bipyramidal 

cluster OS7(CO)19(MeCCMe)2 (100e). Decarbonylation and concomitant bond 

Cleavage and formation converts this to a edge-bridged capped square 

The secon alkyne ligand now bonds to all four 

atoms of the base as a 4e donor and therefore the cluster is still 

an 100e species. Addition of the third alkyne cause M-M clavage to give a 

bridged square pyramidal cluster OS7(CO)18(MeCCMe)3 (102e). 
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Further decarbonylation, bond cleavage/formation rearrangement of the third 

alkyne group gives the observed 100e cluster OS7(CO)16(MeCCMe)3 (XR15). 

H@C-, -CHto 

MeCCMe 

~ 

OS7( co )19( MeCCMe) 

98e 

MeCCMe 

OS7(CO)18(MeCCMe)3 

102e 

looe 

-2CO 

OS7(CO)18( MeCCMe)2 

100e 

OS7( co )16( MeCCMe)3 

(XR15) looe 

SCheme 5.5.5 Proposed mechanism for the formation of (XR15). 

5.5. 5 Conclusion. 

Although this cluster contains three intact alkyne ligands in close 

proXimity, ligand fragmentation, coupling or rearrangement has not 

oCCurred. This structure is exciting not only because of the novel twisted 

metal core geometry, but because of the paradoxical of the nature of the 

bond' lng modes of the organic fragments. It gives some insight into the 

enormous variety of possible frameworks and bonding modes available these 

tYpes of clusters. 
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CHAPTER SIX 

Background crystallography and experimental details. 

The following reference text books were used: 

X-Ray structure determination - A practical guide. 

G.H. Stout and L.H. Jensen, J. Wiley and Sons, New York, 1989, (2nd Ed.). 

CrYstal structure analysis. 

M.J. Buerger, Wiley, New York, 1960. 

The determination of crystal structures. 

H. Lipson and W. Cochran, Bell, London, 1957. 

Chemical crystallography. 

C.W. Bunn, 2nd ed., Oxford University Press, London, 1961. 

MOdern X-ray analysis on single crystals. br P. Luger, Walter de Gruyter, 

Berlin, 1980. 

International Tables for X-ray crystallography, Vol. 1. 

N.F.M. Henry and K. Lonsdale, Eds., Kynoch Press, 

Birmingham, England, 1952. 

All the main computing operations were performed using the SHELX suite of 

programmes _ G.M. Sheldrick, SHELX76 programme for crystal structure 

determination, 1976, University of Cambridge. 

D" .' 
lagrams were plotted using OR TEP-II - C. K. JOhnson, 1976, 

Oak Ridge National Laboratory and the space filling diagrams were plotted 

USing SCHAKAL _ E. Keller, 1982, University of Frieberg. 



Chapter 6 - Background crystallography and experimental details. 

This chapter outlines background crystallography, along with the 

eXperimental details of the 15 structures solved by X-ray structural 

methods (Section 6.5). The detailed discussion of these clusters can be 

found in the preceding chapters. Appendix A includes selected bond lengths 

and angles and the Patterson solutions are listed in Appendix B. As the 

most important application of X-ray diffraction is the investigation of the 

solid state, crystal symmetry is discussed in the early part of this 

chapter. 

CrYstals are composed of a regularly repeating array of atoms, ions or 

mOlecules in three-dimensions. A crystal lattice is an array of points 

(each of identical environment) separated by unit cell translations. The 

unit cell is the defined repeat unit of a crystal and is a parallelepiped 

9haracterised by six parameters (the edge lengths a, b, c, and the angles 

~, 13, and ~ between pairs of sides). Fractional coordinates x, y, and z 

are used to define any point or atom in the unit cell, where x = Xla, 

Y = Y/b d ZI , an z = c. The coordinates are defined parallel to the 

c~rresponding unit cell axis and X, Y, and Z are in 
o 
A. 

6.1 Conditions for X-ray diffraction and fundamental symmetry concepts. 

6.1. 1 Geometry of X-ray diffraction by crystals. 

X-Rays were discovered at the end of the last century by Roentgen but it 

was Laue in 1912 who demonstrated their wave like behaviour and showed that 

their wavelengths are of a suitable order of magnitude to produce 

diffraction effects in crystals. Laue described the diffraction of X-rays 

by crYstals in terms of diffraction from a three-dimensional atomic array 

defined the conditions fur diffraction of X-rays of crystals in 

three-dimensional terms (Figure 6.1/1). 
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Figure 6.1/1. Diagram showing conditions for Laue diffraction. 

With reference to Figure 6.1/1, for a row of scattering centres of regular 

Spacing a, X-rays are incident at an angle ~ and scattered at an angle ~ • 

The path difference between rays scattered by neighbouring centres is given 

by: 

Path difference = AQ -BP or 

Path difference = a(sin(jJ - sin~) 

For reinforcement of the scattering rays, the path difference must be an 

integeral number of wavelengths. Generalising to three-dimensions gives 

the three Laue equations: 

hA = 

kA = 

1>- = 

a(sin IjJ 1 

b(sin ~2 

c(sin ~3 

sin~ 1 ) 

sin~2) 

sin0
3 

) 

~here ~ is the wavelength of the X-ray radiation. For constructive 

interference to occur all 3 of these simultaneous equations must be 

satiSfied. 

In a Simpler approach W.L. Bragg noted the similarity of the result of 

. diffraction to ordinary reflection, and deduced an equation treating 

diffraction as a type of reflection from mathematically defined planes in 

the lattice (Figure 6.1/2). 

Ft 
gUre 6.1/2 Conditions for Bragg reflection. 
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Each set of planes is denoted by the indices h,k,l, and has characteristic 

spacing dhkl • The planes cut the unit cell axes with intercepts alh, b/k, 

and c/l. Diffraction only occurs if the X-ray beam strikes a set of 

planes (hkl) at an angle ~hkl such that: 

A = 2dhkl sin9'hkl 

where ~ is the wavelength of the X-radiation, ~ is the Bragg angle and dhkl 

is the perpendicular spacing between successive planes and the diffracted 

beam emerges as if reflected (i.e. at an angle ~hkl) 

This gives the direction of the diffracted beam and conversely from the 

measurement of the angles of the diffracted beam dhkl the unit cell 

dimensions may be deduced. (The nature and positions of the atoms within 

the unit cell determine the intensities of the diffracted beams.) 

6.1.2 The reciprocal lattice. 

BraSS's equation shows there is an inverse relationship between sin~hkl and 

dhkl (the interplanar spacing for a set of planes, hkl). To facilitate 

interpretation of X-ray diffraction patterns a reciprocal lattice is 

defined - , for which any point within the crystal may be taken as the origin. 
3,' 

',' 2,' • 

Figure 6 1/ • 3. Points in reciprocal are related to planes in direct 

space. 

Normals from the origin to all sets of direct-lattice hkl planes are drawn 

each terminates in a point at distance 1/~kl from the origin. A 

two-dimensional representation of this process is illustrated in Figure 

6.1/3. This gives a regular array of points constituting the reciprocal 

lattice , with rows of parallel and regularly spaced points related to 
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planes in direct space. To envisage the condition for diffraction a sphere 

of reflection can be constructed such that any reciprocal lattice point 

paSSing through the sphere as the crystal rotates will meet the 

requirements for diffraction as stipulated in Brags's equation. 

Figure 6.1/4. The relationship between the reciprocal lattice and 

diffraction. 

The sphere of reflection may be constructed as illustrated in 

tWO-dimensions in Figure 6.1/4, where it is assumed that the crystal is 

• • orientated with the X-ray beam parallel to the a c plane of the reciprocal 

lattice. The line XO is drawn in the direction of the beam passing through 

the reciprocal lattice origin, O. A circle of radius 1/A is constructed 

With centre C on XO and located such that 0 falls on the circumference. 

From this circle the properties of a reciprocal lattice point, P, lying on 

the sphere of reflection are as follows. 

The angle OPB is inscribed in the semi-circle and is therefore 90°. From 

trigonometry 

sinOBP : sin~ : OP/OB: OP/(2/~ ) 
Sine- = (OP 12) >-

~: P is a reciprocal lattice point the length OP by definition 
1/ ~kl' giving: 

sin~ = [( 11 ~kl ) 12] >
= )"'/2dhkl )... = 2dhkl sine-. 

Therefore, when P lies on this circle the Brags equation is satisfied and 

reflection will occur. The reflecting plane is perpendicular to OP and 
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therefore parallel to BP, making an angle of ~ with BD. The direction of 

the diffracted beam OD is parallel to CP making (as required) an angle of 

2~ with the incident beam. The whole sphere of reflection in 

three-dimensions, of radius 1/~ , is generated by rotating the circle about 

OB. The maximum number of reflections which can be detected for a crystal 

Where radiation of wavelength A is used and rotating the lattice about the 

origin 0 generates a limiting sphere of radius 2/A • Changing the 

Wavelength corresponds to a change in size of the sphere of reflection and 

therefore in the number of reflections which can be observed. 

6.1.3 Symmetry Elements. 

The last section outlined the conditions necessary for diffraction, this 

section will consider the symmetry of a crystal. Almost all crystals have 

Some symmetry and since this depends on the way in which atoms are arranged 

in the crystal a knowledge of the symmetry of atomic arrangement is very 

USeful in structure determination. 

T~e symmetry within a crystal gives rise to seven crystal systems which 

impose special restrictions on the unit cell dimensions. These range from 

none for triclinic crystals to a=b=c and 0<. = B= 't =90 for cubic crystals. 

RemarkablY, for crystals of metal cluster compounds examples of crystal 

sYstems other than triclinic and monoclinic are rare and none were 

en ' cOuntered in the present project. In monoclinic systems one axis is 

.unique (conventionally this is the b axis) and is perpendicular to the 

relllaining two axes. The notation used for the symmetry elements in 

crYstallographY are those of Hermann-Mauguin in contrast to the Schoenflies 

notation used in spectroscopy. 
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Two types of symmetry are possible in crystals: a) point group symmetry 

and b) translational symmetry. 

a) Point group symmetry. 

There are two types of point group symmetry elements, rotational axes (n) 

and inversion axes (n). Rotation of 360/no occurring about an axis 

constitutes a rotational axis. This is descibed as an n-fold axis. In 

Contrast to the symmetry of isolated molecules, the values of n possible 

for crystals are restricted to n = 1, 2, 3, 4 or 6 because of the necessity 

to generate regular repetitions. A rotation inversion axis is created by 

the combination of one these axes with a centre of symmetry. Thus this 

POint is the centre of symmetry or inversion centre. and there are two 

special cases. Firstly, there is the; inversion axis, the operation of 

Which consists of rotation of 360 0 followed by inversion, which is 

eqUivalent to the inversion centre C. of the Schoenfies notation. The 
~ 

Second case is the 2-fold inversion axis, the operation of which is 

Potation of 180 0 followed by inversion. This is equivalent to reflection 

in a plane and is therefore given the symbol m, equivalent to Cs. 

b) Translational symmetry. 

In an extended array of atoms, types of symmetry other than rotation and 

inversion axes are possible. Symmetry operations whose continued operation 

bri ng a point not into self coincidence but into coincidence with a point 

in a neighbouring unit cell are known as translational symmetry operations. 

Thus translational symmetry arises from the combination of point group 

sYmmetry with the translations possible in three-dimensions. These do not 

oCcur in the triclinic crystal system and in monoclinic only the 21 screw 

and the c-glide plane are standard. The combination of a rotation 

aXis and a . 11 1 t th . d translat~on para e 0 e aX1S pro uces a screw axis. Screw 

aXes are d · db · t db· t h r n 1 2 3 4 eSlgnate y an ~n eger n an a su scrlp m, wee = , , , 
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or 6 is the order of the axis and m is an integer factor of n. Thus the 

Operation of a 21 screw axis consists of a rotation of 180 0 followed by 

translation of a fraction 1/2 (m/n) of the unit cell length parallel to an 

aXis. The combination of a reflection and a translation parallel to the 

axis is the operation of a glide plane. The translation in such a plane is 

parallel to an edge or diagonal of the unit cell. Thus the operation of a 

C-glide in a monoclinic crystal is reflection in a plane perpendicular to b 

followed by 1/2 a unit cell translation parallel to the c axis. 

6.1.4 Crystal systems. 

There are seven crystal systems and each one has associated lattice 

symmetry. Lattices are always centrosymmetric and this is the only 

sYmmetry possessed by triclinic lattices. All monoclinic crystals have a 

lattice symmetry of 2/m whilst the remaining five crystal systems possess 

progressively higher symmetry. When the unit cell is selected so that 

lattice points occur only at its corners the lattice is primitive. 

Additional lattice points, within the unit cell, give rise to non-primitive 

lattices A, B, C, I or F-faced. A C-face centred lattice has a pair of 

l~ttice points per unit cell in the centre of each C-face (the face defined 

by the a and b axes) in addition to the lattice points at all 8 corners of 

the unit cell. These non-primitive lattices are essential to describe the 

maXimum symmetry of some crystals. Thus there are seven primitive and 

seven non-primitive lattices arising from the seven crystal systems and 

these are known as the 14 Bravais lattices. The symmetry results in unit 

cell restrictions, of which there are none for triclinic and for monoclinic 

0(:: ~ ::90. For each crystal system the lattice symmetry is the highest point 

group symmetry possible but the actual point group symmetry may be lower. 

For example, the monoclinic crystal system has a lattice symmetry of 2/m 

but Point groups 2, m, and 2/m. In total, there are 32 unique point groups 

far the seven crystal systems. The combination of lattice types with 

crYstal symmetry give 230 unique space groups. 
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Centred lattices give rise to general systematic absences in the 

diffraction data. For example a C-face centred lattice causes all data 

with h + k = (2n+ 1) to be unobserved. The presence of a 21 screw axis is 

denoted by systematic absences in the diffraction data of the type OkO; k = 

2n+1, whilst a c-glide is recognised by lack of data of the type hOlj 1 = 

The symmetry of the X-ray diffraction pattern corresponds to one of 11 Laue 

groups. All X-ray diffraction patterns have Ihkl = Ihkl CFriedels Law) and 

higher crystal systems have correspondingly more complicated intensity 

relationships, e.g., in monoclinic systems the relationships are Ihkl = 

Ihki = Ihkl = Ihki. The Laue groups for the triclinic and monoclinic space 

groups are T and 2/m respectively. 

6.2 Intensity of X-ray diffraction. 

6.2.1 The atomic scattering factor. 

Since X-rays are diffracted by the electrons of an atom, the degree of 

diffraction depends on the number of electrons, and therefore on the atomic 

number of the element. The expression for the scattering power of an atom 

is known as the atomic scattering factor (f). The atomic scattering factor 

(f) is a function of sin~/A and decreases with increasing angle of 

diffraction. 

4 

fc 3 

2 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Sin SI), 

Figure 6.2/1 The atomic scattering factor curve for carbon. 

Figure 6.2/1 shows the relationship between the scattering factor Cf) and 

for the element carbon. For other atoms the shape of the curve is 
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similar, with the vertical intercept equal to the atomic number Z of the 

element concerned. 

6.2.2 The Structure Factor. 

The structure factor, F
hkl

, is a measure of the total diffraction by all 

atoms in the unit cell by a particular set of planes hkl. It is the 

resultant of N waves scattered in the direction of the reflection hkl by 

the N atoms in the unit cell and may be expressed: 

F . 
hkl 

This 

n=N 
= ~ f exp[2-rfiChx +ky +lz )] 
~ n n n n 

n 
can be represented as: Fhkl = 

N N 

A + iB, where 

A= 2:7 f cos21f Chx +ky +lz ) and B= ~ f sin2-rT"Chx +ky +lz ) 
n= 1 n n n n ~1 n n n n 

The scattering factor of the nth atom is f , where x , y , and z are the 
n n n n 

fractional coordinates of the nth atom. Figure 6.2/2 shows the 

corresponding Argand diagram where A and B are expressed in terms of the 

structure factor modulus, and the phase angle, O<hkl. The 

experimentally measured intensity, I
hkl

, is proportional to the square of 

the structure factor, CF
hkl

)2. 

i 

---:~--'-----+.L..-x 
O"--_A __ " 

Figure 6.2/2 The structure factor on an Argand diagram. 

All structures discussed in this work had a centre of symmetry and 

eXpression for the structure factor is real and simplifies to: 

= 22:[ f cos2""-Chx + ky + lZn)] o n n 

6.3 The use of the diffractometer. 

6·3.1 Selection and mounting of a crystal. 

so the 

Certain features are of importance in choosing a crystal. Firstly it 

177 



should be a real single crystal, since double crystals can cause numerous 

problems during data collection and subsequent structure analysis. Where 

Possible well formed crystals of regular shape are selected and examination 

under a polarising microscope can be useful in assessing the crystal 

quality. In practice for cluster compounds the crystallisation process 

often proves difficult and irregular dark crystals are often obtained. The 

quality of such crystals is normally assessed by scanning the diffraction 

profile of individual reflections on the diffractometer. Photographic 

methods are often used at this stage but were not employed in this project. 

In principle a large crystal is desirable because the scattering power is 

proportional to the crystal volume, but the optimum size of the crystal is 

limited practically by the dimensions of the X-ray beam. As such, the 

crYstal must be smaller than the uniform cross section of X-ray beam (ca. 

0.5 mm). Both the incident and diffracted beam will be absorbed by the 

c~ystal, and absorption increases exponentially with the linear dimensions 

of the crystal. For this reason the smallest osmium crystals compatible 

With a reasonable diffracting ability were selected for data collection. 

6;3.2 Mounting and centring the crystal. 

The crystals were held on the end of a thin quartz fibre by epoxy resin 

adheSive and the fibre was then secured in a brass pin. The pin was placed 

in the goniometer head of the diffractometer and, using translational 

adjustment - only, it was aligned precisely in the centre of rotation of the 

diffractometer head. 

The Philips PW1100 diffractometer has four circles, which allow the mounted 

crYstal to be brought into various orientations. Two circles, ~ and X , are 

USed to adjust the crystal orientation relative to the diffractometer 

coordinate system (Figure 6.3/1). 
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Figure 6.3/1. The 4-circle diffractometer. 

The ~ circle permits orientation of the crystal relative to the direction 

of the primary beam and the detector can be moved to an angle 2~ to the 

primary beam. During data collection w scans through the values 6'hkl of 

each reflection hkl and its movement and the 2~ setting are synchronised. 

Thus the crystal orientation is defined by the three angular settings ~, 

i(, w, with the detector position being defined by the fourth angle, 2&. 

The geometry of the 4-circle diffractometer is shown in Figure 6.3/1. 

6.3. 3 Peak hunting. 

An automatic peak hunting routine was used to find the unit cell parameters 

and the orientation of each crystal. A volume of reciprocal space was 

sYstematically scanned until a radiation intensity (above a preset minimum) 

Was sensed. The four circles were then adjusted to optimise diffraction 

and the four setting angle values stored. This procedure was continued 

until 25 maxima had been measured and their setting angles were converted 

to reciprocal space lattice points, with coordinates x, y, z relative to 

diffactometer axes X, Y, Z. A set of lattice planes is represented by 

a ,. * vector d , * and the x y z components of the vector d can be defined from 

the setting angles rjJ, X , and W. This is illustrated in Figure 6.3/2. 
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Figure 6.3/2. 
x=2 sin /I cos I. sin 'I) 
y=2 sin H cos 1. cos, '/I 
z=-2 sin H sin X 

Next, the three shortest non-coplanar reciprocal lattice vectors were 

identified by calculating the distance between all pairs of reciprocal 

lattice points found in the peak hunt. The first shortest vector was 

* * * assigned as a , the second as b and the third as c. This information is 

stored in a matrix known as the UB matrix, which is defined as: 

* * * aX bX Cx 
* * * ay by cy 

* * * aZ bZ Cz 
Where * * * the columns signify the components of a , b and c along the axes 

I, y, and Z. If the crystal is in a random orientation the coordinates of 

the reciprocal lattice point can be represented in matrix form as: 

* * b c x x 
* * :: b c or :: y y 

* * b c z z z 
Implicit in this matrix, and of central importance in data collection, are 

the Six parameters of the unit cell and the three parameters connected with 

orientation of the crystal. Abstraction of the six unit cell 

p * * * arameters as the three vectors a , b , and c is possible by use of: 

* * * * a .b a .c 

M * * :: b .b 

* * * c • b 

Where a, b, and c are the unit cell sides. The M matrix is derived from 

UB matrix so that M::UB.UB, where UB is the transpose of the UB matrix. 

The scalar elements of M are equal to the scalar products of the reciprocal 
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* * * * axes vectors, i.e. M,,=a.a, M'2=a.b, etc, and therefore the scalar 

* 2 * * y * results are M,,=(a) , M'2= a b cos U ), etc. This means that M is 

sYmmetrical and independent of the orientation of the crystal, depending 

only on the dimensions of the repeat unit. The M matrix can also be used 

to give a preliminary indication of the crystal system. Thus if two 

reciprocal axes have the same length (as would occur for a tetragonal or 

hexagonal crystal), the corresponding diagonal elements of the M matrix 

will be equal. If two of the axes are perpendicular to each other (as 

would occur for any crystal system other than triclinic) the corresponding 

off diagonals will be zero. In practice most crystals are not so 

* * * Straightforward at this stage, because the initial a , b , and c , selected 

by the diffractometer do not necessarily reflect the full crystal symmetry. 

The reflections found in the above peak hunt can be assigned hkl values by 

uSe of the relationship: 

After the 25 peaks have been indexed, they are used to refine the UB matrix 

by a least-squares refinement. The transformation of the initially found 

primitive unit cell to the corresponding Bravais lattice usually only 

reqUires axes to be interchanged or changed in direction. In the ease of 

centered lattices the procedure is more complicated but all crystals 

discussed in this thesis had primitive unit cells. 

At this stage the crystal system is confirmed by checking that the Laue 

sYmmetry holds for a reasonable number of reflections. More accurate unit 

Cell parameters and orientation matrix are obtained by replacing the 25 

initially found reflections by 25 reflections with e ca. '0 0 , evenly 

di . 
stributed throughout reciprocal space. 
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6.3.4 Automatic data collection. 

The intensities of the diffracted beams are measured by a scintillation 

counter. In using a counter the precision of measurements is proportional 

to the square root of the total number of counts, so it would be necessary 

to increase the counting time by a factor of four to double the precision. 

Several strong reflections are initially scanned to examine their peak 

profile and to decide on the optimum scan width. All structures reported 

in this study had data collected at a constant scan speed of 0.05 s-1 In 

order not to waste time scanning insignificant reflections, the 

diffractometer applies a criterion reflections which gave 

I t -2(I ) 1/2<1 
t b on the first scan are not re-examined. (It is the count 

rate at the top of reflection profile and Ib is the average count rate of 

two background measurements on either side of peak profile). The Laue 

symmetry of the crystal system determines what portion of the data is 

~nique and for triclinic systems only half the data need be collected 

(Ihkl:lhkl), whereas for monoclinic systems only a quarter of the data 

need be collected (Ihkl:Ihkl:Ihkl:lhkI). 

D~ing data collection weak reflections were scanned a second time to 

i~prove their precision. Finally, three strong reference reflections were 

ChOsen , with ~ in the range 3 to 4.5, as close to each of the three 

re ' 
clprocal axes as possible. These were then remeasured every five hours 

during data collection to check that neither decomposition nor crystal 

movement had occurred. 

6.3.5 Data reduction. 

,The conversion of measured intensities Ihkl to structure factor amplitudes, 

I Fhkll obs or IFol, is known as data reduction. This involves the application 

Of 
a number of correction factors to the values 

est' 
lmated standard deviations (e.s.d.'s) o(F ) o • 
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Data reduction was achieved by use of a program written for the PW1100 

diffractometer. This also corrects for Lorenz and polarisation errors. 

The Lorentz correction is geometric and for the Philips four circle 

diffractometer involves multiplying each reflection by sin2~. In addition, 

the X-ray beam is partially polarised during reflection, giving rise to the 

need for a polarisation correction: P = (1+cos2~)/2. 

Absorption of the X-ray beam by the crystal is another source of error and 

can be corrected at this stage providing the crystal has well defined faces 

that may be measured and indexed. However, for all the compounds discussed 

in this study an empirical correction was made after structure solution and 

partial refinement. This is discussed in Section 6.4.5 

6.4 Structure determination. 

6.4.1 The phase problem. 

The object of X-ray structure determination is to establish the position of 

the atoms in the crystal and hence the complete geometry of the molecules 

present. In theory the fractional coordinates x y z for each of the N n n' n 

atoms in the unit cell may be obtained by calculating the electron density, 

I'XYZ, at a grid of points x,y,z using a Fourier series: 

(4) , 

hkl 

Where V is ' the volume of the unit cell. 

Although the magnitude of the structure factor, F
hkl

, may be directly 

Obtained from the corrected intensity values, Ihkl, the phase angle is not 

known. f 1 The unknown phase angles must be estimated be ore an e ectron 

denSity map can be calculated and this is known as the phase problem. 

SOlVing this is the key step in X-ray structure determination. 
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6.4.2 Solving the phase problem. 

Nearly all methods for solving the phase problem rely on initially deducing 

the coordinates for one or more atoms of relatively high scattering power. 

These atomic coordinates can be used to calculate apprOXimate values of the 

structure factor, F , 
c 

for each reflection. If the atoms of the 'partial 

structure' contribute significantly to the diffraction many of the 

calculated phases will be reasonably close to the correct value. The 

strategy then employed is to assign these calculated phases to the 

corresponding observed structure factor amplitude F and use them in the o 

Fourier series for the calculation of electron density. From this the 

POSitions of more atoms should be evident and these may then be used to 

improve the 'partial structure'. This iterative process is repeated until 

all the non-hydrogen atoms have been found, and even hydrogen atoms may be 

located using techniques described below. 

~or crystals with centrosymmetric space groups, which includes all those 

stUdied in this project, the expression for the calculation of structure 

factor simplifies to: 

Fh- :: 
_ kl 2'V f cos (hx + hy + Z ) 

6 n n n n 

The phase problem is therefore reduced to a 'sign problem' and it is the 

Sign of Fhkl (Sc, + or -) which has to be determined in structure solution. 

The expression for the electron density during structure solution also 

Simplifies to: 

jJ xyz:: l/V ~ S F cos2-rl (hx+ky+lz). 
c 0 

In the later stages of structure determination, when only a few atoms and 

any hydrogen atoms remain to be located, it is usual to use a 

difference_Fourier synthesis. 

termination of series errors: 

This has the advantage of 

P:: l/V ~ S (IF 1- IF \ )cos211 (hx+ky+lz) 
c 0 c 

minimising 

The reSulting electron density synthesis show only the atoms omitted from 
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the calculation of Fhkl , together with residual peaks due to errors in the 

Positions of those atoms already included. A fully determined structure 

should show residual electron density of not more than 1e 
0_3 
A ,except in 

the region of very large metal atoms. 

Hydride ligand location using X-ray crystallography techniques is 

particularily difficult for metal cluster compounds, since as it is the 

electrons that scatter X-rays, the presence of metal atoms, such as 

ruthenium and osmium, will swamp out the electron density of a nearby 

hYdride ligand. The best solution to this problem is to use neutron 

diffraction. However, there are two distinct deterrents to using nuclear 

diffraction. Firstly, access to a neutron source is necessary and 

secondly, the crystal used must be about 1000 times the volume of crystals 

USed in X-ray analysis. Unsurprisingly, only the most important of 

hYdrido-clusters are structurally characterised in this way. In this 

project it was usually difficult to get crystals suitable for X-ray 

structure analysis and none of neutron quality were isolated, so a number 

of direct and indirect techniques were employed. The X-ray scattering 

ability of hydrogen is relatively higher at low angle compared to other 

atoms, and therefore the hydrogen peaks may be resolved more easily from a 

difference_Fourier synthesis based on data with the high angle reflections 

eXcluded. In this work it was found that data with sin~ < 0.35 was the 

most effective in giving suitable maxima for H-atoms in ruthenium clusters 

but (not surprisingly) no success by this method was achieved for osmium. 

Some of the qualitative techniques which proved invaluable included 

identifYing the lengthening effect bridging hydrides often have on 

metal-metal bond lengths and examining surface ligand distribution, 

eVidence of the presence of an H-atom being signalled by a 'pushing back' 

Of the carbonyl ligands surrounding it. Computed space-filling models, 

calcUlated from the observed coordinates of the non-hydrogen atoms, were 
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often useful at this stage to show gaps in the surface ligands. The 

hydride positions could often be deduced from a more quantitative technique 

using potential energy minimisation calculations. [263] This is usually 

sUccessful for symmetrical ~2- or ~3-hYdride ligand location, but often 

fails for asymmetric hydrogen bonding modes. 

6.4.3 The Patterson synthesis 

For metal coordination compounds the Patterson synthesis provides a method 

of deducing the position of the metal atom and this, having a relatively 

high number of electrons, provides a suitable starting 'partial structure'. 

The interpretation of Patterson syntheses becomes rapidly more difficult as 

the number of independent metal atoms in a molecule increases. However, it 

proved a reliable method of deducing the positions of the metal atoms in 

nearly all the metal cluster compounds studied here and the strategy 

adopted in the solution of these multi-metal problems will be explained 

here in some detail (see also Appendix B). 

Patterson showed that a Fourier-synthesis employing values of (F
hkl

)2 (all 

P~sitive and directly obtained from I hkl ) could be used to give information 

about interatomic vectors in crystals and that this could be unravelled to 

give fractional coordinates of atoms in favourable cases. This expression 

calculated is: 

P 
uvw 

In the Patterson there is a maximum in P uvw 
at fractional coordinate 

u, v, w, corresponding to the vector between every pair of atoms in the 

Unit cell of fractional coordinates x, ,y" z" 

fOllowing way: 

u = x,-x2 

v = y,-Y2 

w = z,_z 
2 
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The Patterson summation will always involve a large peak at the origin (and 

all corners of the unit cell) due to the supersition of all vectors which 

arise from every atom to the identical atom in the adjacent unit cells. In 

general, if an atom i contains Zi electrons and an atom j contains Zj 

electrons then the peak in the Patterson summation, which represents the 

vector between atoms i and j, will have a height proportional to Z.Z .• 
~ J 

Thus heavier atoms will give rise to higher peaks in the map and are 

readily distinguished, which accounts for the use of Patterson synthesis as 

a method for determining the positions of metal atoms. 

In addition to determining the fractional coordinates of the metal atoms in 

a structure, the Patterson synthesis can be used as a means of identifying 

any pOint group symmetry elements (which cannot be recognised at an earlier 

stage because they do not give rise to systematic absences in the 

reflection data). 

6.4.4 Refinement. 

Once all the atoms in the crystal have been located the model is 

systematically adjusted to obtain the best fit between the observed data 

and the calculated structure factors. The latter depend on a large number 

of parameters made up of the fractional coordinates of the atoms and their 

thermal parameters. The atomic thermal parameters are applied in structure 

factor calculation as an addition factor e-B(Sin
2
e)/ A

2
, where B is related 

to the mean-square amplitude (~2) of atomic vibration and is given by B = 
This addition factor may be considered to allow for the thermal 

motion of the atoms in the solid state, as well as slight variations in the 

eXact siting of each atom of the given type in the thousands of unit cells 

that make up the crystal. Additionally an overall scale factor, K, is 

apPlied to all the observed structure factors to bring them onto the same 

scale as the calculated values. The method of least-squares refinement 

187 



involves systematically altering the parameters to minimise the function 

~Whkl( Fo -1/K Fc )2. The weighting factor whkl is assigned to each 

reflection to take into account the different precision of the observed 

structure amplitudes, (Fo)hkl' and throughout this work the standard weight 

1/cr~Fo)hkl was used. 

6.4.5 Absorption corrections. 

Absorption effects pose one of the most serious errors in measuring the 

data for cluster compounds. For all complexes discussed in this study 

absorption corrections were made using the empirical method of Stuart and 

Walker. [310] 

In addition to being scattered, the incident and diffracted X-ray beams are 

also absorbed by a crystal. The intensity I of a beam after paSSing 

through a thickness t of crystal is given by the equation 

I = I e-lJ.t 
o 

Where I is the intensity of the incident beam and IJ. the linear absorption 
o 

CoeffiCient. The value of the linear absorbtion coefficient is dependent 

on the wavelength of the X-rays used, the type of atoms present, and the 

denSity of the crystal. Using molybdenum K~radiation it is relatively low 

for ruthenium, but very high for osmium clusters. 

The method of Stuart and Walker proved valuabl~ in this work because the 

crYstals obtained were often very irregular in shape which would have made 

direct quantitative corrections almost impossible to assess. It involves 

USe of a Fourier series to model the discrepancy between the calculated and 

Observed structure factor amplitudes. The correction is evaluated using 

obse.rved structure factors of the full data set without averaging 

sYmmetry_equivalent or Friedel-pair reflections. The calculated structure 

factors are based on the best model obtained with isotropic thermal 

parameters for all atoms. 
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Reduction of the thermal co-efficients of all atoms to more reasonable 

values was used as one criterion for assessing the success of the 

correction. 

6.5 Experimental 

This section outlines the experimental X-ray structural solution for all 

fifteen compounds discussed in this thesis. Table 6.5/1 lists the 

structures solved and indicates in which chapter each is discussed. 

ESsential bond lengths and angles for all 15 structures are presented in 

Appendix A. 

Isomer B (XR2), (XR3) and 

HRu5C(CO)'3(C5H4N) (XR4). 

These four structures are discussed in more detail in Chapter 2, where 

labelled diagrams may be found. Principal bond lengths and angles are 

presented in Appendix A and the Patterson solution for (XR1) and (XR3) is 

listed in Appendix B. 

a) Crystal Data and Data Collection. 

The crystal data and method of data collection for all four structures are 

preSented in Table 6.5/2. 

b) Structural Solution and Refinement. 

All four structures were found to have primitive lattices and both (XR1) 

and (XR3) were found to be monoclinic from the intenSity relationships. In 

addition both (XR1) and (XR3) had systematic absences of the type OkO, 

k:2n+1 and this indicated the presence of a 2 1-screw axis in both crystals. 

tn addition, (XR1) had systematic absences of the type hOl, 1:2n+1, and 
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Table 6.5/1 Structures solved. 

Structure No. Chapter 

HRU5C(CO)14(C5H4N) (XR 1 ) 2 

HRU5C(CO)14(C5H4N) (XR2) 2 

HRU5C(CO)13(C5H4N)(C5H5N) (XR3) 2 

HRu5C(CO)13(C5H4N) (XR4) 2 

RU6C~CO)15(C6H8) (XR5) 3 

RU6C(CO)15(PhCCH) (XR6) 3 

RU6C(CO)15(PhCCMe) (XR7) 3 

RU6C(CO)14(PhCCH)AuPMe
3 

(XR8) 3 

RU6C(CO)15(C6H
3

Me
3

) (XR9) 4 

RU6(CO)2(CO)13(C6H
3

Me
3

) (XR10) 4 

HRU6(CO)(CO)13(C6H3Me2CH2) (XR 11) 4 

[RU 10N( CO) 24 r (XR12) 4 

OS3(CO)10(PhCCH2)AUPEt
3 

(XR13) 5 

HOS3(CO)g(PhCCH)AUPPh
3 

(XR 14 ) 5 

~S7(CO)14(MeCCMe)3 (XR 15) 5 



Table 6.5/2. 

, I , ' r CRYSTAL DATA 

(XR 1) (XR2) (XR3) (XR4 ) 

CRYSTAL DATA 

Molecular Formula C20H5N1014RU5 C20H5N1014RU5 C24 H 1ON
20 13 RU5 C19H5N1013RU5 

Molecular Weight 988.25 988.25 1039.34 960.60 

Crystal System monoclinic triclinic monoclinic triclinic 

Space Group P2/c P1(No. 2) P2/n pi (No. 2) 

Unit Cell Dimensions 

° a( A) 8.864(2) 19.095(4) 11.325 (3) 16.468(3) 

° b( A) 11.962 (3) 11.870(3) 16.405(3) 13. 686( 2) 

° c( A) 11.200( 3) 9.4790(2) 10.726(2) 11.570(2) 

alpha o 97.86(3) 89.63(3) 

beta o 95.84 (3) 106.52(3) 95.95 (3) 96.83(3) 

gamma ° 93.02(3) 90.34 (3) 

Volume ( A3 ) 2724.29 2763.39 3032.08 2589.07 

Z 4 4 4 4 

Density (g m-3) 2.41 2.38 2.28 2.46 

F(OOO) 1856 1856 1968 1800 



-, .......... _----- --.-..- ~- . ..,..-,,-,- .".--

Tab1e 6.5/2 (Continued). 

DATA COLLECTION 

crystal colour 

crystal size(mm) 

J,L(Mo -Ko<) 

-1 scan speed(s ) 

scan width(O) 

: light red 

O. 16xO.42xO. 13 

25.21 

0.05 

0.80 

2 -5 -2 

standard reflections: 4 

-1 -1 2 

8' range(O) 3 - 25 

Systematic OkO; k:2n+ 1 

Absences hOl; 1:2n+1 

iight red 

0.27xO.40xO.47 

25.1 

0.05 

0.90 

2 -1 -1 

o -2 -1 

-1 -2 

3 - 25 

red light red 

0.21xO.30xO.35 0.32xO.25xO.16 

22.65 26.8 

0.05 0.05 

0.80 0.90 

-3 2 0 0 0 2 

2 3 4 3 

1 4 3 2 -2 0 

3 - 25 3 -25 

OkO; k:2n+1 

hOl; h+l:2n+1 



(XR3) had hOl; h+l:2n+1, therefore these structures were assigned the space 

groups P2
1
/c and P2

1
/n respectively. For (XR2) and (XR4), the diffraction 

data showed only triclinic Laue symmetry (Ihkl:Ihkl only) and it was 

concluded that the space group, for both structures, would probably be the 

centrosymmetric pi (No.2). Density calculations (see Table 6.6/2) 

indicated four molecules per unit cell for all four structures, thus 

unexpectedly for both (XR2) and (XR4) there were two molecules per 

eqUivalent position. Application of Delauney reduction did not produce an 

alternative lattice of higher symmetry for either of these triclinic 

crystals and the assignment of the space group as P1 was confirmed by the 

eVentual satisfactory structure solution and refinement. 

Structures (XR1) and (XR3) were solved by interpretation of Patterson 

SYnthesis, from which the coordinates of the five ruthenium atoms, forming 

the cluster core, were found for each structure. The assignment of the 

Patterson vectors is given in Appendix B. For the triclinic structures, 

(XR2) and (XR4), with two molecules -per equivalent position, the 

cOordinates of the metal atoms in the two non-equivalent clusters could not 

b~ deduced from Patterson synthesies. These structures were solved by 

d~rect methods, using the sigma-two (~2) sign equation (EEES) available in 

the SHELX suite of programs. For both structures an initial minimum 

E-value of 1.2 was used, which was subseq uently raised to a value €lf 1.4, 

and reflections with E > 3.0 were omitted. The tangent map calculated 

Showed high peaks corresponding to all metal atoms of the two independent 

mOlecules in the asymmetric unit for both structures. 

o -
nce the coordinates of all the metal atoms in the four structures were 

knOwn the overall scale factor K was initially refined alone and then again 

i 
n two further cycles, along with the metal atom coordinates and isotropic 

parameters. For all four structures this gave both reasonable 

reliability factors and isotropic thermal parameters (Table 6.5/3-[a]). A 
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Table 6.5/3 : Reliability ractors during structure solution and rerinement. 

(XR1) (XR2) (XR3) (XR4) 

R R R R R R R w w w 

[a] 0.1855 0.2014 0.2143 0.2303 0.1890 0.2008 0.1909 

[ b] 0.0564 0.0642 0.0962 O. 1035 0.0639 0.0664 0.0729 

[c] 0.0524 0.0609 0.0595 0.0668 0.0564 0.0592 0.0603 

[d] 0.0281 0.0297 0.0435 0.0477 0.0423 0.0441 0.0505 

[a] - refinement on metal atom coordinates 

[b] - two cycles of least-square full-matrix refinement on each 

independent molecule., with all atoms assigned isotropic 

thermal parameters 

Rw 

0.2037 

0.0764 

0.0653 

0.0544 

[c] - two further cycles as in [b], after absorption corrections have been 

applied 

[d] - Final R-values. 



Fourier synthesis was calculated at this stage and from this and from 

Subsequent difference-Fourier syntheses (calculated after later refinement 

with anisotropic thermal parameters assigned to the metal atoms) all 

remaining atomic coordinates were located. At each stage in the 

determinations, 'newly' found atomic coordinates were included in 

refinement with isotropic thermal parameters, and weights of w = 1/rrF were 
o 

assigned to the individual reflections. 

One of the most important aspects of these four crystal structures is the 

mode of attachment of the bridging pyridyl ligand to the metal framework: 

interchange of the relative positions of the metal-bonded C- and N-atoms 

potentially gives rise to different isomeric forms. Both 

HRU5C(CO)14(C
5
H4N) [in crystals (XR1) and (XR2)] and HRU

5
C(CO)13(C

5
H4N) [in 

crystal (XR4)] were found to be present in the two isomeric forms. For 

HRU5C(CO)14(C5H4N) the two isomers (A) and (B) proved to be present in the 

o-ne crystal of (XR4), not as the two independent molecules, but disordered 

at the site of one of them. As the difference in the (A) and (B) type of 

isomer lies only in the orientation of the pyridine ligand, and as C- and 

N~atoms are so similar in terms of electron density, extremely careful work 

necessary to establish the correct atomic assignment. Confirmation of 

the N-atom sites in the two sets of isomers [in crystals (XR1), (XR2), and 

in (XR4)] and in the single isomer for HRU5C(CO)'3(C5H4N)(C5H5N) found in 

(XR3) was obtained by reversal of the assignment of the coordinates of the 

N-atom and C-atom of the bridging pyridyl ligand in all 5 unique molecules, 

the model which gave unreasonable thermal parameters for these two atoms on 

refinement being rejected (Table 6.5/4). 

From Table 6.5/4 it is clear that reversal of the nitrogen and carbon atoms 

leads to unambiguous distinction between the two atoms in all cases, except 

that of the second independent molecule (b) in (XR4). For molecule (b) of 

(XR4) the thermal parameter of the atom assigned as N was higher both times 
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Table 6.5/4 : Rerined thermal parameters on reversal of 

assignment of the coordinates of the Nand 

C(1) atoms of the bridging pyridine ligand. 

(XR1) (XR2) (XR3) (XR4) 

a . b a b 

Correct assignment 

N 0.035(3) 0.042(2) 0.041 (2) 0.031(3) 0.031(3) 0.031 (3) 

C( 1) 0.036(3) 0.041 (3) 0.038(3) 0.039(3) 0.021(3) 0.023(2) 

Incorrect assignment, Nand C reversed 

N 0.054 (3) 0.064 (3) 0.061 (3) 0.061(2) 0.044(3) 0.040 (3) 

C(l) 0.022(2) 0.024 (3) 0.021 (3) 0.020 (1) 0.015(2) 0.021 (2) 

a and b refer to the two independent molecules in the 

asymmetric unit cell of (XR2) and (XR4). 



02 02 
(0.037 and 0.040 A ) than the atom assigned as C (0.023 and 0.021 A). An 

explanation of this was achieved by considering both atomic positions as 

0.5N/O.5C, equivalent to a statistical disorder of the two isomer types (A) 

and (B) at this site. The atomic coordinates of each site were tied to the 

same free varia bles, with fixed isotropic thermal parameters of 0.03 
02 
A , 

and the site occupation factors were allowed to refine and gave values of 

0.5 for the partial C- and N- atoms assigned to each of the two sites. In 

final refinement the site occupation factors were fixed as 0.5C and 0.5N 

and the thermal parameters of the two components at each site were tied to 

the same free variable and were allowed to refine. These gave reasonable 

and similar values of 0.031(2) and 0.033(2) A2 for the two atomic position. 

For (XR1) the hydrogen atoms of the bridging pyridyl ligand were located in 

a difference-Fourier synthesis calculated using data with sin e <0.35. In 

the case of the other three crystals not all the H-atoms on these ligands 

could be located and for consistency they were included at calculated 

POsitions and constrained to 'ride' on the relevant C-atom 

with fixed isotropic thermal parameters of 
02 

0.08 A • 

o 
(C-H 1.08 A) 

From subsequent 

difference_Fouriers, using data with sin~< 0.35, reasonable maxima which 

COUld be assigned as metal-bridging H-atoms were found. 

All the methods discussed in Section 6.4.2 for the location of surface 

hYdride atoms were employed in the determination of the hydride positions 

in these compounds. Using low angle data (sin& < 0.35) a reasonable peak, 

which could be assigned as a bridging hydride for Isomer A of 

~RU5C(CO)14(C5H4N) (XR1), was found to be bridging the hinge bond, 

RU(1)_RU(4). A labelled diagram of this structure is illustrated in Figure 

2.3/1. This was verified by use of Orpen's potential energy minimisation 

pro8ramm~[263] which again showed the hydride as clearly ~2-bridging the 

RU(1)_RU(4) hinge bond. A space filling diagram of (XR1) viewed directly 

on to the Ru(1)-Ru(4) bond is illustrated in Figure 6.5/1 and shows that 
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the carbonyl ligands are clearly pushed back to accommodate the H-atom. 
o 

Bond lengths of Ru(1)-H 1.85 and Ru(4)-H 1.85 A were also reasonable 
o 

and only one intramolecular contact of less than 2.50 A was noted 

[H ••• C(11) 2.4712 
o 
A] • 

For both molecules in the asymmetric unit of HRU
5

C(CO)14(C
5
H

4
N) (XR4) 

(Figure 2.3/3) use of low angle data did not reveal the position of the 

~2-hYdride but both Orpens's potential energy minimisation programme[263] 

and space filling diagrams (Figure 6.5/2 clearly located the H-atom as 

bridging the Ru(1)-Ru(4) hinge bond, as was found for (XR1). 

For the remaining two structures (XR3) and (XR4) no area of electron 

density could be assigned with certainty to the metal-bonded hydrogen 

atoms. In these cases the hydride was found by use of Orpen's potential 

energy minimisation technique. [263] One final check on the validity of 

these positions was by use of space filling models of the clusters, showing 

the carbonyl displacement along the hydride bridge edge. Figures 

6.S/1 - 6.5/4 show the view onto the ~2-hYdride bridged edge of the 

Cluster, clearly showing that the surrounding carbonyl ligands are pushed 

back to accommodate the surface hydride ligand. 

For all four crystals the bridging hydrido logands were included in the 

structure factor calculations with thermal factors of U = 0.08 A2 but their 

parameters were not refined. 

Absorbtion corrections were not applied to the four sets of data until 

after location of all the atoms. Isotropic thermal parameters were 

reaSSigned to the metal atoms and the paramaters of all the atoms in each 

Of the four structures were given two cycles of full-matrix least-squares 

refinement (Table 6.5/3), with the H-atoms treated as mentioned above in 

the individual cases. Application of absorption corrections[310] and 
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, I 

F'j, 
. gUt'e 6.5/ 1 

Computed 'space-filling' model of HRU
5

C(CO)14(C
5
H4N) 

Isomer A (XR1). 



Figure 6.5/2 Computed 'space-filling' model of HRU
5

C{CO)'4{C
5
H

4
N) 

Isomer B (XR2). 



Figure 6.5/3 Computed 'space-filling' model of HRU5C(CO)'3(C5H4N)(C5H5N) 

(XR3) • 



Figure 6.5/4 Computed 'space-filling' model of HRU
5
C(CO)'3(C

5
H4N) 

Isomer A and Isomer B (XR4). 



further refinement of atomic parameters gave improved R values in all 

cases. Two further cycles of refinement were applied after absorption 

corrections and the results are summarised in Table 6.5/3. 

In the final stages of refinement for (XR1) all the non-hydrogen atoms were 

assigned anisotropic thermal parameters, whilst for the remaining three 

structures only the metal atoms (and in the case of (XR3) and (XR4) the 

nitrogen and carbon atoms of the pyridine ligands) were assigned 

anisotropic thermal parameters. All cycles of refinement were full-matrix, 

except for (XR2) and (XR4), where the atoms of the two independent 

molecules in the asymmetric unit were refined in separate blocks. For 

(XR1) to (XR3) no residual electron density of greater than one electron 

remained. However for (XR4) residual electron density of ca. 2 e A- 3 was 

present in the region of the metal atoms of molecule (b). 

6.5.2 X-Ray structure analysis of RU6C(CO)15{C6H8} (XR5). 

This structure was originally solved by a undergraduate project student but 

was not completed. The structure was resolved in a corrected space group 

and refined in this project. It is discussed in more detail in Chapter 3; 

eSSential bond lengths and angles are presented in Appendix A. 

a) CrYstal data for (XR5). 

C22H
80 15R,u6, 

c :: 18. 340 (3 ) 

M :: 1118.72, Monoclinic, a:: 17.809(3), 

X3 , e :: 115.379(2)0, U:: 2810.20, Space 

Z:: 4 , -3 6 -1 D :: 2.644 g cm , F(OOO) :: 209 , ~(Mo-~) :: 29.5cm • c 

b) Data collection. 

b :: 9. 52 3 ( 2) , 

A clear crystal of size 0.28 x 0.25 x 0.19 mm was used for collection, 

in the ~ <:I-range, 3 - 25°, with a scan width of 0.90 0 

reflections were merged to give 3792 data with I/a(I) > 3.0. 
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c) Structural solution and refinement. 

The structure was originally solved in the space group P2,. However the 

two apparently independent molecules in the asymmetric unit were shown to 

have massive correlations in refinement between parameters of equivalent 

atoms. It was demonstrated that the two molecules were related by a 

c-glide, and the structure refined in the space group P2,/c with one 

molecule per equivalent position. The problem had arisen because the 

systematic absences for the c-glide (hOl, 1:2n+') were violated by a number 

of reflections. Furthermore the Patterson synthesis contained a number of 

high vectors with coordinates nearly zero, making solution difficult. 

Eventually the coordinates for the two sets of six metal atoms found from 

the initial solution in P2, (which had arbitrary y coordinates) were 

adjusted to put the c glide, which was midway between the two clusters, at 

y=O.25. Six metal atoms of one cluster were deleted from the list of 

atoms. The remaining atoms were then shown to account for the major 

Patterson peaks and a table of vector assignments from the Patterson 

sYnthesis is presented in Appendix B. 

The coordinates of the six ruthenium atoms were used as the basis to 

calculate a Fourier synthesis. The overall scale factor was initially 

refined alone and then two further refinement cycles with the parame~ers of 

the metal ·atoms were carried out. This gave reasonable isotropic thermal 

parameters for all six metal atoms. From this and subsequent 

difference_Fourier synthesis all remaining non-hydrogen atoms were found. 

At each stage 'newly' found atomic coordinates were included in refinement 

With isotropic thermal parameters. 

the individual reflections. 

Weights of w : ,/Jr were assigned to 
o 
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The ligand hydrogen atoms were located in a difference-Fourier synthesis by 

use of low angle data, with sin ~ < 0.35, and these were included in 

structure factor calculation with fixed thermal parameters of 0.08 A2 but 

were not refined. In the final stages of least-square refinement all atoms 

were assigned anisotropic thermal parameters. Refinement converged at R = 

0.0301 and R = 0.0319. No residual electron density of more than 1 e A- 3 
w 

remained, and no reason for the slight break in the systematic absences due 

to the glide plane was deduced from the structure. 

6.5.3 X-Ray structure analysis of (XR6) and 

RU6C(CO)15(PhCCMe) (XR7). 

These structures are discussed in more detail in Chapter 3, where fully 

numbered diagrams may be found. Principal bond lengths and angles are 

presented in Appendix A. 

a) Crystal data for (XR6). 

C24H6015RU6' M = 1140.72, monoclinic, space group P2 1/c, a = 9.853(2), 

~ = 16.911(3), c = 19.312(4) A, e = 111.79(2)°, U = 2987.93 A3, Z= 4, 

Dc = 2.536 g cm- 3, F(OOO) = 2136, ~(Mo-K~) = 27.8 cm- 1 

CrYstal data for (XR7). C25H8015RU6.0.5CH2Cl2' M = 1197.22, triclinic, 

sPace group P1 (No 2), a = 17.809(3), b = 10.567(2), c = 9.310(2) A, 

0(= 106.99(2), e = 98.135(2), '6 = 98.824(2)°, U = 1623.23 A3, Z= 2, 

Dc = 2.449 g cm-3, F(OOO) = 1126, ~(Mo-K~) = 26.4 cm-
1 

b) Data collection. 

Dark red crystals of size 0.38 x 0.26 x 0.18 mm for (XR6) and of size 

0.25 x 0.20 x 0.18 mm for (XR7) were used for collection, in the ~-range, 

~ - 25 0 , with scan widths of 0.90 0 for (XR6) and 0.80° for (XR7). 

~qUivalent reflections for both structures were merged to give 3033 and 

4037 data respectively, with 1/6(1) > 3.0. 
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c) Structure solution and refinement for RU6C(CO)15{PhCCH} (XR6) and 

RU6C(CO)15{PhCCMe} (XR7). 

The coordinates of the six ruthenium atoms in each structure were deduced 

from a Patterson synthesis (Appendix B). The solution of (XR6) is 

discussed in some detail here and the pattern of solution for (XR7) was 

very similar, so only the points of difference will be mentioned. A 

Fourier synthesis for (XR6) based on the phases from refinement of the six 

metal atoms alone gave the positions of all six atoms of the phenyl ring, 

along with the two backbone carbons of the organo-fragment, the central 

carbide, and the carbon and oxygen atoms of all fifteen carbonyls. All 

these atoms were included in structure factor calculation but only the 

overall scale factor and the metal atom parameters were refined, giving a 

reliablity factor of R = 0.119 and R = 0.123. The thermal parameters for w 
all six metal atoms were 

02 
reasonable, with none over 0.035 A • Further 

refinement with isotropic thermal parameters for all atoms and the carbon 

atoms of the phenyl ring constrained to regular hexagonal geometry (C-C 
o 

1.395 A) gave R = 0.0987 and R = 0.1017. A difference-Fourier calculated w 

at this stage using data with sin~ < 0.35 showed maxima corresponding to 

~he alkyne H-atom in (XR6), which was included in the structure factor 

calculation with a fixed thermal parameter of 0.08 A2 but not in 

refinement. For both structures some H-atoms of the phenyl ring were 

located, but for consistency all the hydrogens of the phenyl rings of both 

structures and the methyl group of (XR7) were included at calculated 

POSitions o 02 
(C-H 1.08 A) With fixed isotropic thermal parameters of 0.08 A • 

Absorption corrections were then carried out using the method of Stewart 

and Walker; [310] the final refinement before absorption gave R = 0.0889, R w 
= 0.0890 for (XR6). Further refinement after absorption correction, with 

all thermal parameters still isotropic, gave R = 0.0628 and Rw = 0.0632 for 

(XR6) and there were no regions of significant electron density in a 

difference_Four-ier synthesis calculated at this stage. 
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Complications arose at the stage before absorption correction for the 

second structure (XR7), as residual peaks of ca. 6 e X-3 were found. 

These were at a suitable distance from each other to be assigned to the two 

chlorine atoms of a dichloromethane solvent of crystallisation and so were 

included in refinement as chlorine atoms at half occupancy along with the 

C-atom of the solvent molecule. Refinement of (XR7) with all at~ms 

assigned isotropic thermal parameters gave R = 0.1119 and R = 0.1153, and w 

after absorption corrections these reduced to R = 0.0844 and R 0.0896. A 
w 

difference-Fourier calculated at this stage showed a suitable peak for the 

carbon atom of the dichloromethane and it was included in the refinement 

with a population parameter of 0.5. 

For both structures the metal atoms, the atoms of the carbonyl ligands, and 

for (XR7) the two half chlorine atoms were assigned anisotropic thermal 

parameters in the final cycles of full-matrix refinement. Weights of 

w = 11 CiF 
o 

were assigned to the individual reflections. Refinement 

converged at R 0.0487 and Rw 0.0483 for (XR6) and R 0.0460 and Rw 0.0469 

for (XR7). The maximum residual electron density located in a final 

difference_Fourier was ca. 2 e A- 3 and 1.5 for (XR6) and 

respectively, in the vicinity of the metal atoms. 

6.5.4 X-~ay Structural analysis of RU6C(CO)14(PhCCH)(AUPEt
3

}2 (XR8). 

a) Crystal data for (XR8). 

CH ' 8 8 29 24Au2014P2RU6' M = 165 • , monoclinic, space group 

a = 16.172(4), b = 13.590(3), c = ,8.698(4} A, ;3 = 93.50( 1)0, U = 

(XR7) 

P2,/c, 

4'0' .75 
°3 
A, Z= 4, D = 2.69 g cm- 3, F(OOO) = 3048. A dark red crystal of size 

c 

0.26 x 0.21 0 18 x • mm, 

COllection. 

~(Mo-K~) = 89.42 
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b) Data collection. 

Data were collected in the ~-range 3-25°, with a scan width of 0.70°. 

Equivalent reflections were merged to give 2841 unique data with 

I/a(I) > 3.0. 

c) Structure solution and refinement. 

The coordinates of the six ruthenium metal atoms and the two gold atoms 

were deduced with some difficulty from a Patterson synthesis (Appendix B), 

and the remaining non-hydrogen atoms were located from subsequent 

difference-Fourier syntheses. No hydrogen atoms could be located from 

limited difference-Fourier syntheses carried out after preliminary 

refinement with anisotropic thermal parameters assigned to the metal atoms. 

Three cycles of refinement of all the atoms with isotropic thermal 

parameters were then carried out and absorption corrections were applied 

USing the method of Stuart and Walker. 

Two cYcles of full-matrix refinement with isotropic thermal parameters for 

all atoms were followed by two with isotropic thermal parameters assigned 

to the two gold and six ruthenium atoms. The alkyne hydrogen atom and half 
-

the remaining H-atoms were located in a difference-Fourier synthesis 

calculated at this stage using data with sin ~ (0.35. The alkyne H-atom 

was included in the structure factor calculations with a thermal factor of 

0.08 A2 but its parameters were not refined. For consistency all the 

remaining hydrogen atoms were included in geometrically idealised positions 

and were constrained to 'ride' on the relevant carbon atoms with a fixed 

isotroPic thermal parameter of °2 0.08 A • All eight metal atoms, the two 

PhosPhorus atoms, two alkyne carbon atoms, and six ethyl carbon atoms were 

aSSigned anisotropic thermal parameters in the final cycles of full-matrix 

refinement, which converged at R 0.0489 and R 0.0470 with weights of w 
w = 1/cr2F 

o assigned to the individual reflections. There was no residual 

et 0-3 ectron density of greater than 1 eA· 
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6.5.5 X-Ray structure analysis of RU6C{CO)15{C
6
H

3
Me

3
} (XR9). 

The X-ray crystal structure of (XR9) was first reported in 1968.[197] This 

earlier structural analysis suffered from a lack of data due to poor 

diffraction by the crystal. As this cluster plays such a major role in the 

context of the structures discussed in Chapter 4, when better crystals were 

obtained a re-detemination was undertaken. 

a) Crystal data for (XR9). 

C24H12014RU6' M = 1130.77, monoclinic, space group P2 1/m, a = 10.573(2), 
o 

b = 15.885(3), c = 9.481(2) A, ;3 = 110.37(3)0, U = 1492.77 °3 A, Z= 2, 

Dc = 2.52 g cm- 3, F(OOO) = 1064, ~(MO-~) = 27.50 cm- 1 

b) Data collection. Data were collected in the ~-range 3_250
, with a scan 

width of o 0.80 , using a red crystal of dimensions 0.32 x 0.31 x 0.26 mm. 

EqUivalent reflections were merged to give 2316 data with Ila(I) > 3.0. 

c) Structure solution and refinement. 

Satisfactory solution and refinement were achieved in the space group P2/m, 

Which is very rarely observed for metal compounds. The cluster has exact 

Cs symmetry and the mirror plane passing through the molecule has a total 

of 10 atoms lying in it, namely the opposite vertex metal atoms Ru(2) and 

RU(6), the central carbide atom C, two of the arene carbon atoms C(5) and 

C(8), the methyl carbon, C(5) and the atoms of one terminal ~nd one 

bridging carbonyl ligand, CO(22) and CO(43) respectively. This structure 

is illustrated in Chapter 4, where a numbered diagram is given. The 

cOordinates of the four independent metal atoms were deduced from a 

Patterson synthesis (Appendix A) (the coordinates of the earlier 

determination were not available) and the remaining non-hydrogen atoms were 

lOcated from subsequent difference-Fourier syntheses. Absorption 

corrections were applied to the data after initial refinement with 

isotroPiC thermal parameters for all atoms. Refinement before gave 

R = 0.0819, R = 0.0834 and, after application of absorption corrections, 
w 
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further isotropic refinement gave R =0.0759 and R =0.0876. w 
The four 

independent ruthenium metal atoms were assigned anisotropic thermal 

parameters in the final cycles of full-matrix refinement of the overall 

scale factor and the atomic parameters which converged at R 0.0507 and 

0.0621 with weights of w = 1/rr2F assigned to the individual reflections. o 

R 
w 

No residual electron density of greater than ca. 1 e A- 3 was observed in 

the difference-Fourier synthesis calculated at this stage. Subsequent use 

of data with sin~ < 0.35 and 0.30 failed to give satisfactory maxima for 

any of the ligand hydrogen atoms. 

6.5.6 X-Ray structure analysis of RU6C(~2-CO)2(CO)13(C6H3Me3) (XR10). 

This is the second in a series of three related hexanuclear clusters 

discussed in Chapter 4, where fully numbered diagrams of the molecular 

~pecies may be found. Principal bond lengths and angles are presented in 

Appendix A. 

a) Crystal data for (XR10). 

C~4H12015RU6' M = 

b- = 11. 573 ( 3) , 

1146.57, triclinic, space group P1 (No.2),a = 14.123(4), 

° c = 9. 624 ( 3) A, of. = 101.19(3), e, 

u ° 3 = 1533.42 A, Z = 2, 

1080. 

b) Data collection. 

D = 2.48 g cm-3, 
c ~(Mo-Ko<) 

-1 27.1 cm , 

A red crystal of size 0.34 x 0.40 x 0.11 mm, ~(Mo-K~) = 27.1 

F(OOO) = 

-1 cm was 

uSed in the data collection. Data were collected in the e-range 3-25°, 

With a scan width of 0.80 0 • Equivalent reflections were merged to give 

3434 unique data with 1/0"(1) > 3.0. 

202 



c) Structure solution and refinement. 

Density calculations assuming two molecules per unit cell gave a reasonable 

value of 2.48 g cm-3, which is comparable to previously reported values for 

related hexanuclear ruthenium clusters. The space group was assumed to be 

P1 (No.2). This was confirmed both by the use of the Delaunay reduction 

programme Tracer (which did not find an alternative lattice of higher 

symmetry) and by the satisfactory solution and refinement of the structure. 

The coordinates of four of the six metal atoms, forming a tetrahedron, were 

deduced from a Patterson synthesis. One cycle of refinement was given to 

the overall scale factor in this stage and a Fourier synthesis showed high 

peaks due to the two 'missing' ruthenium atoms. These were included in the 

structure factor calculation and the overall scale factor was refined alone 

in one cycle of refinement and the six sets of metal atom positional and 

isotropic thermal parameters were also refined in the two subsequent 

CYcles. This gave reasonable isotropic parameters for all six atoms and a 

reliability index of R = 0.2145, R = 0.2238. From a Fourier calculated at w 

this stage the carbon and oxygen atoms of ten carbonyl ligands were 

located, along with all 9 carbon atoms of the mesitylene ring. Blocked 

fUll-matrix refinement with the overall scale refined in the first cycle, 

the metal atom parameters refining in cycles 2 and 4 and the remaining 

parameters in cycles 3 and 5 (R = 0.1624 and Rw = 0.1824) were carried out. 

A difference-Fourier map showed suitable maxima for five new carbonyl 

ligands. This made the total number of carbonyl groups present 15, 

<' although the original formulation of the molecule had predicted only 14 

Carbonyls. Full-matrix refinement of all the atoms with isotropic thermal 

parameters (R = 0.0778) was followed by absorption correction on the data 

USing the method of Stuart and Walker. Two cycles of refinement, with all 

the atoms isotropic, then gave R = 0.0647. 
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After two cycles of full-matrix refinement, with anisotropic thermal 

parameters assigned to the metal atoms, a difference-Fourier synthesis was 

calculated. Only two phenyl type hydrogen atoms of the mesitylene ligand 

could be located, so the remaining phenyl ring hydrogen and all nine methyl 

hydrogen atoms of the mesitylene ligand were included in geometrically 
o 

idealised positions [d(C-H) 1.08 A] and were constrained to 'ride' on the 

relevant carbon atoms with fixed isotropic thermal parameters of 
02 

0.08 A • 

The six metal atoms, and all carbon and oxygen atoms of the fourteen 

carbonyl ligands were assigned anisotropic thermal parameters in the final 

cycles of blocked full-matrix refinement (metal atoms refining in cycles 

and 3 and the remaining atoms in cycles 2 and 4), which converged at R 

0.0334 and R 0.0365 with weights of w 
w 

2 = l/cr F assigned to the individual o 

reflections. Only residual electron density of less than 1 e X- 3 remained 

in the final difference-Fourier synthesis. 

6 2 7 .5.7 X-Ray structure analysis of HRU6(CO)12(~-CO)(~4-~ -CO)(~-C6H3Me2CH2) 

(XR11). 

This is the third structure of the three related hexanuclear species which 

az:'e discussed in Chapter 4, where full labelled diagrams are given. 

PrinCipal bond lengths and angles are in Appendix A. The initial steps in 

this structure analysis were carried out by Dr. H.R. Powell, but the 

final stages were done as part of this project when the nature of the 

Cluster was discovered. 

a) CrYstal data for (XRll).(C
6
H14 ): 

C2gH26014RU6' M = 1204.51, monoclinic, space group P2 1/C, a = 9.876(3), 

bOo 03 = 16.050(5), c = 22.563(6) A, 2 = 91.55(2) , U = 3575.15 A, Z = 4, 

. Dc = 2.24 g cm- 3, ~(Mo-Ko) = 23.00 cm-
1

, F(OOO) = 2304. 
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b) Data collection. 

A green crystal of size 0.05 x 0.35 x 0.24 mm was used in the data 

collection. Data were collected in the ~-range 3-25 0 , with a scan width of 

0.80 0 • Equivalent reflections were merged to give 3582 unique data with 

I/cr(I) > 3.0. 

c) Structure solution and refinement. 

The coordinates of the metal atoms were deduced from a Patterson synthesis, 

and the remaining non-hydrogen atoms were located from subsequent 

difference-Fourier syntheses. The position of the hydride ligand was 

deduced by potential energy minimisation techniques,[263J but the hydrogen 

atoms of the organic ligand were not located. The completion of the 

structure from this stage formed a part of the work of this project. Six 

regions of very extended electron density in difference-Fourier syntheses 

calculated at this point have been assigned as due to a disordered hexane 

Solvent molecule of crystallisation. Although considerable effort was used 

in studying very fine grid difference-Fourier syntheses in the region of 

the peaks it was not possible to resolve them into more than 6 peaks or to 

obtain a set of good geometry for a linear hexane. Carbon atoms with full 

OCCupancy factors were aSSigned to these peaks, and they were assigned 

isotropic thermal parameters. All non-hydrogen atoms in the cluster 

molecule were aSSigned anisotropic thermal parameters in the final 'cycles 

of full-matrix refinement, which converged at R 0.0650 and R 0.0679, with w 

Weights of w = 1/cr2F assigned to the individual reflections. 
o 

6.5.8 X-Ray Structure Analysis of [NCPPh3>2][Ru10N(CO)24J (XR12). 

Th' ~s structure is discussed in detail in Chapter 4, where fully labelled 

diagrams are given. The 'principal bond lengths and angles are in 

Appendix A. 
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a) Crystal data for (XR12). 

C61H32Cl2N2024P2RU10' M = 2319.87, monoclinic, space group P2
1
/c, 

° a = 11.763(2), b = 17.817(4), c = 35.330(5) A,!3 = 94.33(1)e, U = 7383.38 

°3 -3 -1 A , Dc = 2.09 g cm ,Z = 4, ~(Mo-K~) = 19.72 cm ,F(OOO) = 4432. 

b) Data collection. 

A dark orange crystal of size 0.20 x 0.25 x 0.19 mm, was used in the data 

collection, in the ~-range 3-25°, with a scan width of 0.90°. Equivalent 

reflections were merged to give 2300 unique data with 1/011) > 3.0. 

c) Structure solution and refinement. 

The coordinates of the ten metal atoms from the related decanuclear cluster 

[HRU10C(CO)24]- were used as a 'partial structure', and the remaining 

non-hydrogen atoms were located from subsequent difference-Fourier 

syntheses. One cycle of refinement was given to the overall scale factor, 

~ollowed by two cycles in which the atomic parameters of the metal atoms 

were incl uded. A difference-Fourier calculated at this stage showed 

SUitable peaks for all non-hydrogen atoms. The carbon atoms of the phenyl 

° rings were constrained to idealised hexagonal geometry (C-C 1.395 A) with 

the attached H-atoms in calculated sites (C-H 1.08 1) with fixed isotropic 

thermal t f 0 08 A02 parame el'S o. • The intersitial nitrido atom (the first to 

have been located in a decanuclear cluster) refined satisfactorily giving a 

final isotropic thermal parameter of 0.0283 °2 A. In view of the very 

Close similarity of the unit cell dimensions and the atomic parameters to 

those of the corresponding salt of the monohydrido carbido cluster dianion 

[HRu (C)(CO) ]2- the possibility that this species had been isolated in 10 24' 

the synthesis was carefully considered. Repetition of the refinement of 

the structure with the central atom assigned as a C-atom instead of 

nitrogen resulted in a very low thermal parameter of 0.0001 12. Conclusive 

prOOf of the presence of an interstitial N-atom was later obtained from 

'5 
N n.m.r. and this is discussed in Chapter 4. Refinement of the 
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structure was very difficult (as it had been on the case of the isomorphous 

[N(PPh
3

)2][HRU 10 (C)(CO)24] structure) as four of the metal atom lie close 

to y = 0 and the remaining metals occur in pairs lying almost equally 

either side of this plane. Effectively the cluster near mirror symmetry 

about the plane y = 0.0 and this causes correlations between 

'pseudo-symmetry' related atomic parameters on either side of this plane. 

The correlations were prevented by refining these atoms in alternate cycles 

of blocked full-matrix refinement. The ten ruthenium atoms and the 

Phosphorus and nitrogen atoms of the counter ion ~ere assigned anisotropic 

thermal parameters in the final cycles of blocked full-matrix refinement, 

Which converged at R 0.0613 and R w 
0.0582, 

assigned to the individual reflections. 

with weights of w = 

6.5.9 X-Ray structure analysis of OS3(CO)10AuPEt3(PhCCH2) (XR13). 

This structure is one of two trinuclear cluster which have certain features 

in common with the heptanuclear cluster OS7(CO)16(MeCCMe)3 (XR15). All 

~hree structures are discussed in Chapter 5. 

a) Crystal data for (XR13). 

M = 1268.97, monoclinic, space group P2
1
/c 

° 
C24H22AU1010os3P, 

a = 14. 005 (3) , b = 12.242(2), c = 11.599(4) A, = 86.41 (3)0, 

U = °3 3011.41 A , 

F(OOO) = ~ 2212. 

b) Data collection. 

z = 4, 8 -3 D = 2. 0 g cm , c 

. -1 
~(Mo-K~) = 169.2 cm , 

~ black crystal of size 0.16 x 0.42 x 0.13 mm, was used in the data 

COllection. Data were collected in the ~-range 3-25°, with a scan width of 

Q.80 0
• Equivalent reflections were merged to give 3766 data with 1/6(1) > 

3.0. 
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c) Structure solution and refinement. 

Systematic absences in the data of the type aka, k = 2n + 1 and 

hOl, 1 = 2n + 1, indicated that the space group was P2 1/c. From the 

Patterson synthesis the positions of all three osmium atoms and the gold 

atom were deduced (Appendix B). These were included in structure factor 

calculation and the overall structure factor was refined in two cycles of 

least-squares refinement and the parameters of the metal atoms were also 

included in the second cycle. A difference-Fourier synthesis calculated at 

this stage gave suitable positions for all the non-hydrogen atoms. 

Refinement of the parameters of all the atoms in two cycles gave very high 

thermal parameters for some of the carbonyl ligand atoms. Some improvement 

was possible by refinding these peaks from a subsequent difference-Fourier 

synthesis. Use of low angle data with sin6<0.35 in a difference-Fourier 

sYnthesis gave some hydrogen positions but most of these were associated 

with rather bad angles at the carbon atoms. For consistency, the phenyl 

and methyl hydrogen positions were included in refinement at calculated 

POSitions riding on the relevent carbon atoms with fixed isotropic thermal 

°2 parameters of 0.08 A. The geminal hydrogen atoms of the organo ligand 

Were not located and were not included. 

Absorption corrections were applied to the data after refinement with all 

atoms having isotropic thermal parameters. This lead to a lowering in the 

R factor from 0.0145 to 0.0458, and overall lower thermal parameters. In 

the final cycles of refinement anisotropic thermal parameters were aSSigned 

to the four metal and the phosphorus atoms, and this converged at 

R = 0.0345, R = 0.0361. The residual electron density in the final 
w 

difference_Fourier synthesiS was less than 1 e A- 3• 

6.S. 10 X-Ray structure analysis of HOS
3

(CO)g(MeCCMe)(AuPPh3) (XR14). 

This is the second of the two trinuclear clusters discussed together with 

the related heptanuclear cluster (XR15) in Chapter 5. 
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a) Crystal data for (XR14). 

C31H22AU1090s3P, 

a = 15. 69 1 (4 ) , 

M = 1337.05, 

b = 9.614(2), 

monoclinic, space group 

° c = 25.022(5) A, = 115.82 C3 ) ° , 

u = 3397.81 X3, Z 

2408. 

= 4, D = 2.61 g cm- 3, c 
-1 

~(Mo-K~) = 150.0 cm , F(OOO) = 

b) Data collection. 

A black crystal of size 0.16 x 0.16 x 0.11 mm, was used in the data 

collection which covered the range ~-range 3-25°, with a scan width of 

0.70 0
• Equivalent reflections were merged to give 2015 independent data 

with I/rr(I) > 3.0. 

c) Structure solution and refinement. 

From a Patterson synthesis the positions of three osmium atoms and the gold 

atom were deduced. These were included in structure factor calculation and 

three cycles of refinement of the overall scale factor and two of the 

~tomic parameters were carried out. From a difference-Fourier synthesis at 

this point the positions of the phosphorus atom and the carbon and oxygen 

atoms of one carbonyl were located and included in refinement. The metal 

atom parameters were refined in a separate block from those of the other 

atoms. This reduced the reliability factor slightly, to R = 0.2005, R = w . 
0.1969. A difference-Fourier then gave all carbon atoms of one phenyl 

ring, a total of six carbon atoms for the remaining two phenyl groups and 

two more carbonyl ligands (R = 0.1029, R = 0.1032). The w 

~ifference_Fourier then calculated revealed positions for all four carbon 

atoms of the butyne group (C
2

Me
2

) and one carbonyl ligand. Refinement of 

all atoms with isotropic thermal parameters in two cycles gave R = 0.0798, 

Rw = 0.0764. 

209 



Use of low angle data (sin~<0.35) in a difference-Fourier synthesis did not 

reveal the hydrogen ligand position, which was found by use of the Orpen 

potential energy minimisation technique [bridging the Os(1)-Os(2) bond 

(Figure 5.4/1].[263] This was included in structure factor calculations 

02 
with an isotropic thermal parameter of 0.08 A but was not refined. The 

o 
phenyl rings were given idealised geometry (C-H 1.395 A) and their hydrogen 

atoms and those of the methyl groups were included in calculated positions 

(C-H 
o 0 

1.08 A) with fixed thermal parameters of 0.08 A2. Absorption 

corrections were applied using the method of Stewart and Walker after 

refinement of all atoms with isotropic thermal parameters (R = 0.0728). 

Two further cycles of refinement with isotropic thermal parameters gave R = 

0.0664. 

In the final cycles of full-matrix refinement anisotropic thermal 

parameters were assigned to all four metal atoms and the phosphorus atom. 

Refinement converged at R = 0.0589, R = 0.0560. w Residual electron 

density of ca. e X- 3 remained after all atomic positions had been 

assigned and fully refined. 

6~5.11 X-Ray structure analysis of OS7(CO)16(MeCCMe)3 (XR15). 

This structure is discussed together with the two preceding trinuclear 

Osmium species (XR13) and (XR14) in Chapter 5, where the fully labelled 

diagrams are given. The principal bond lengths and angles are given in 

Appendix A. 

a) Crystal data for (Os7(CO)16(MeCCMe)3 (XR15). 

C28H180160s7.(0.5C6H12).0.5(C2H60), M = 2006.96, monoclinic, space group 

P2 Ic 1 , a = 33.655(7), 

u = 4108.11 X3, 
F(OOO) = 3532. 

z = 4, 

o 
b = 12.225(2), c = 10.356(2) A, a = 105.38(3)0, 

D = 3.25 g cm- 3, 
c 
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b) Data collection. 

Data were collected in the ~-range 3-25°, with a scan width of 0.80 0 , using 

a black crystal of dimensions 0.29 x 0.13 x 0.07 mm, and equivalent 

reflections were merged to give 3253 unique data with I/rr(I) > 3.0. 

c) Structure solution and refinement. 

Systematic absences in the data of the type: 

aka, k = 2n + 1 and h 0 1, (h + 1) = 2n + 1 

indicated that there was a 21 screw axis parallel to the b axis and an 

n-glide perpendicular to it. This indicates the crystal setting 

corresponded to the non-standard space group P2 1/n, an alternative setting 

of space group P2
1
/c. 

The Patterson map was used to deduce the fractional coordinates of five of . 

the seven metal atoms. These were included in structure factor calculation 

and refinement of the overall scale factor alone gave R = 0.4750, R = w 

-{).4758. In a Fourier synthesis calculated at this stage suitable peaks 

corresponding to the two remaining metal atoms were readily identified. 

The parameters of all seven atoms were included in structure factor , 

calculation and three cycles of refinement were carried out. The overall 

scale factor refined in all three cycles and the metal atom parameters in 

cYcles 2 and 3. All refined isotropic thermal parameters were under 

0.05 A2 with R = 0.1211, R = 0.1249. 
w 

A difference-Fourier synthesis 

calculated at this stage revealed the 13 carbonyl groups and the four 

carbon atoms of the organo-fragments. The parameters of these 'new' atoms 

Were included in refinement and gave a lowered reliability factor of R = 

0.1102 R -_ 0 1158 , w • • Subsequent difference-Fourier maps revealed all 

~emaining non-hydrogen atoms. 
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A difference-Fourier, calculated after all the cluster atoms had been 

included in structure factor calculation and refinement, showed residual 

electron denSity, indicating the presence of solvent of crystallisation. 

As crystallisation had been carried out in a mixture of solvents, 

identification of the atoms present proved very difficult. Ultimately a 

compromise was adopted and the most significant peaks were included as one 

oxygen and eight carbon atoms all at half occupancy. On refinement they 

gave reasonable thermal parameters in all cases. It proved possible to 

attribute · these atoms to a 50/50 disorder of hexane and ethanol, 

corresponding to random distribution of hexane and ethanol molecules in 

equal proportions throughout the crystal. All methyl hydrogen atoms were 

included at calculated positions 'riding' on the C-atoms and were assigned 

°2 fiXed thermal parameters of 0.08 A. Absorption corrections were applied 

USing the method of Stewart and Walker, after refinement of all atoms with 

isotropic thermal parameters (R = 0.742). Two further cycles of refinement 

with isotropic thermal parameters gave R = 0.0583. In the final stages of 

fUll-matriX refinement the seven osmium atoms were assigned anisotropic 

thermal parameters and convergence occurred at R = 0.0576 and R = 0.0548. w 
In the final difference-Fourier residual electron density of ca. 2 e A- 3 

Was evident in the neighbourhood of the osmium atoms. 
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Appendix A 

Fractional coordinates and thermal parameters, 
o 

bond lengths ( A) and selected angles(O). 

,1 , 
i 



Table Al.l Fractional atomic coordinates and thermal 

Atom 

Ru{ 1) 
Ru(2) 
Ru(3) 
Ru(4 ) 
Ru(5) 
C 
C{ 1;) 
O{ 11 ) 
C{ 12) 
O{ 12) 
C(13) 
0(13) 
C{ 21 ) 
0(21) 
C(22) 
0(22) 
C(23) 
0(23) 
C{31 ) 
0(31 ) 
C(32) 
O( 32) 
C(33) 
0(33) 
C( 41 ) 
0(41) 
C(42 ) 
0(42 ) 
C(51) 
0(51) 
C(52 ) 
O( 52) 
C(53) 
0(53) 
N 
C( 1) 
C(2) 
C(3) 
C(4) 
C( 5) 

parameters ( A2) for HRu
5

C(CO)14(C
5
H4N) (XR1) 

u. u x y z ~so or eq 

0.00088(5) 
o. 17168 (5) 
0.21534(5) 
0.05755(5) 
0.42835(5) 
0.1940(5) 

-0.1509(7) 
-0.2452(6) 
-0.1243(7) 
-0. 2041( 6) 

0.1024(7) 
0.1590(6) 
0.2603(7) 
0.3089(6) 

-0.0132(7) 
-0.1205 (5) 
o .2571{ 7) 
0.3097(7) 
0.3284(7) 
0.3923(6) 
o. 3237{ 6) 
0.3939(5) 
0.0630(7) 

-0.0216(5) 
-0.0418(7) 
-0.0946(6) 
-0.0217(7) 
-0.0675(6) 

0.4587(6) 
0.4803(5) 
0.5856(6) 
0.6755(5) 
0.5526(6) 
0.6230(5 ) 
0.3850(5) 
0.2445(6) 
0.2314 (7) 
0.3552(8) 
0.4984(7) 
o. 5087( 7) 

0.21734(2) 
0.08988(2) 
0.22788(2) 
0.09292(2) 
0.14188(2) 
0.1590(3) 
0.1983(4) 
0.1905(3) 
0.2894 (3) 
0.3317(3) 
0.2898(4) 
0.3364<3 ) 

-0.0083 (3) 
-0. 0658(3) 

0.0512(4) 
0.0251(3) 
0.1193(4) 
0.1365(3 ) 
0.1960(3) 
0.1738<3 ) 
0.3201 (3) 
0.3713(3) 
0.2718(4) 
O. 2984(3) 
0.0019 (3) 

-0. 0542(3) 
0.1020 (3) 
0.1048<3 ) 
0.2222 (3) 
0.2694(2) 
0.1801(3) 
0.2040(3) 
0.0770(3) 
0.0402<3 ) 
0.0513(2) 
0.0341(3) 

-0.0226(3) 
-0.0611(3) 
-0.0438 (3) 

0.0119(3) 

0.17801 (2) 
0.13602(2) 
0.31524(2) 
0.28397(2) 
0.23717(2) 
0.2258(3) 
0.0927(4) 
o. 0426(3) 
0.2222(4) 
0.2446(3 ) 
0.1218(4) 
0.0896(3) 
0.1401(3) 
0.1387(3) 
0.0849(4) 
0.0553(3) 
0.0419 (3) 

-0.0122(3 ) 
0.4107(3) 
0.4653(2) 
0.3024 (3) 
0.2932(3) 
o. 3731( 3) 
0.4090{3 ) 
0.2561(4) 
0.2419(4) 
0.3821(4 ) 
0.4413(3) 
0.1689(3) 
0.1280(3) 
0.3133(3) 
0.3580(3) 
0.1804 (3) 
0.1453(3) 
0.3152(2) 
0.3346(3) 
0.3887 (3) 
0.4225(4) 
0.4002(4) 
0.3477<3 ) 

0.0324(2) 
0.0327(2) 
0.0298(2) 
0.0308(2) 
0.0307(2) 
0.028(2) 
0.055(4) 
o. 086( 4) 
0.048(3) 
0.076(3) 
o .05H 3) 
0.094(4) 
0.046(3) 
0.079(3 ) 
0.059(4) 
o. 091( 3) 
0.049(3) 
0.083(4) 
0.045(3) 
0.070(3 ) 
0.044(3) 
0.078(3 ) 
o. 05H 3) 
0.085(3 ) 
0.054(4) 
0.089(4) 
0.049 (3) 
0.084(4) 
0.040(3) 
0.066(3) 
0.044 (3) 
0.073(3) 
0.044(3) 
0.076(3) 
0.035(2) 
0.036(3) 
0.047 (3) 
0.057(4) 
0.052(4) 
0.044(3) 

For this and all subsequent Tables, values in parenthesis refer 
to estimated standard deviations (e.s.d.'s). 

A1 

I 
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Table A 1.2 Fractional atomic coordinates for the 

hydrogen atoms for HRU5C(CO)14(C5H4N) (XR1) 

Atom x y z 

H -0.0751 0.1447 0.2303 
H(2) 0.1250 -0.0345 0.4027 
HO) 0.3542 -0.1015 0.4640 
H(4) 0.5930 -0.0697 0.4193 
H(5) 0.6080 0.0294 0.3303 

A2 



Table Al.3 Anisotropic thermal parameters (A2) for HRU
5

C(CO)14(C
5

H
4

N) (XR1) 

Atom U
11 

U
22 

U
33 

U
23 

U
13 

U
12 

Ru(l) 0.0304(2) 0.0355(2) 0.0313(2) 0.0025(2) 0.0016(2) 0.0044(2) 
Ru(2) 0.0348(2) 0.0346(2) 0.0287(2) -0.0059(2) 0.0030(2) 0.0011(2 ) 
Ru(3) 0.0329(2) 0.0277(2) 0.0288(2) -0.0030(2) 0.0012(2) 0.0011(2 ) 
Ru(4 ) 0.0297(2) 0.0294(2) 0.0335(2) 0.0011(2) 0.0058(2) -0.0016(2) 
Ru(5) 0.0266(2) 0.0319(2) 0.0335(2) 0.0032(2) 0.0042(2) 0.0013(2) 
C 0.030(2) 0.029(2) 0.026(2) -O.OOl(S) 0.003(2) -0.002(2) 
C( 11) 0.044(3) 0.073(4) 0.048(3) 0.003 (3) 0.005 (3) 0.010(3) 
O( 11 ) 0.063(3) 0.137 (5) 0.058<3 ) -0.016(3) -0.023<3 ) 0.003(3) 
C(12) 0.047 (3) 0.045 (3) 0.051( 3) 0.000 (3) 0.002 (3) 0.007(3) 

> O( 12) 0.078(3) 0.071(3) 0.080(3) -0.007(3 ) 0.014(3) 0.028(3) lA) 

C( 13) 0.044(3) 0.054 (4) 0.054(3) 0.018(3) 0.005(3) 0.009(3) 
O( 13) 0.079(4) 0.098(4) 0.104 (4) 0.052(4) 0.024(3) 0.001 (3) 
C(21) 0.049(3) 0.042 (3) 0.046(3) -0.002(3) 0.009(3) -0.004(3) 
0(21) 0.084 (4) 0.041( 3) 0.111(4) 0.005(3) 0.012(3) 0.010(2) 
C(22) 0.050(4 ) 0.071(4 ) 0.055 (3) -0.034(3) 0.016(3) -0.002(3) 
0(22) 0.045(3) 0.139(4) 0.090(3) -0.075<3 ) 0.006(2) -0.017(3) 
C(23) 0.059(4) 0.052(4) 0.037(3) 0.000 (3) 0.001 (3) 0.007 (3) 
0(23) 0.110(4) 0.091(4 ) 0.048(3) 0.016(3) 0.027(3) 0.001(3) 
COl) 0.048(3) 0.046(3) 0.039(3) -0.001(3) 0.004 (3) 0.006(3) 
0<31 ) 0.086(3) 0.087(4) 0.037(2) 0.006(2) -0.014(2) 0.020(3 ) 
C(32) 0.042(3) 0.039(3) 0.052 (3) -0.003 (3) -0.002(3) 0.008(3) 
0(32) 0.068(3) 0.039(2) 0.127(4) -0.001(3) 0.007 (3) -0.019(2) 



I.' \ 

Table A1.3 continued 

C(33) 0.043 (3) 0.063(4) 0.048(3) -0.017(3) 0.004(3) 0.008(3) 
0(33) 0.056(3) 0.118(4) 0.082(3) -0.045(3 ) 0.016(3) 0.015(3) 
C(41) 0.045(3) 0.044 (3) 0.072(4) 0.002 (3) 0.003(3) -0.009(3) 
0(41) 0.083(3 ) 0.045(3) 0.139 (5) 0.001(3) -0.019(3 ) -0.033(2) 
C(42) 0.045 (3) 0.055(4) 0.048 (3) 0.008 (3) 0.007(3) 0.009(3) 
0(42 ) 0.090(4 ) 0.109(4 ) 0.052(3) . 0.016(3) 0.034 (3) 0.014(3) 
C(51) 0.034(3) 0.045(3) 0.039(3) 0.004(3) 0.002(2) -0.003(2) 
0(51) 0.072(3) 0.061(3) 0.066(3) 0.024(2) 0.018(2) -0.009(2) 
C(52 ) 0.035 (3) 0.052(3) 0.046(3 ) 0.003(3) O.OOH 3) O.OOH 3) 
0(52 ) 0.049(3 ) 0.094(4 ) 0.075(3 ) -0.014(3) -0.011(2 ) -0.010(3 ) 
C(53) 0.041(3) 0.039(3) 0.051 (3) 0.003(3) 0.007(3) 0.001(2) 

» 0(53) 0.066(3) 0.066(3) 0.096(3 ) -0.012(3) 0.039(3) 0.016(2) 
J::" N 0.042(3) 0.030(2) 0.034(2) 0.004(2) 0.003(2) 0.005(2) 

C( 1) 0.044(3 ) 0.028(3) 0.036(3 ) -0.001(2) 0.001(2) 0.000(2) 
C(2) 0.049 (3) 0.041 (3) 0.050 (3) 0.009(3) 0.009 (3) 0.001(3) 
C(3) 0.077(5) 0.043(3) o. 051( 3) 0.015(3) 0.003(3 ) 0.007(3 ) 
C(4) 0.054(4) 0.050(4) 0.053 (3) 0.009 (3) -0.00 H3) 0.015(3) 
C(5) 0.044(3) 0.040(3) 0.048(3) 0.002(3) 0.000(3) 0.012(3) 



o 
Table Al.4 Bond lengths (A) 

Ru( 1) -Ru(2) 
Ru( 1) -Ru(4) 
Ru( 1) -C( 11) 
Ru(1) -C(13) 
Ru(2) -Ru(5) 
Ru(2) -C(21) 
Ru(2) -C(23) 
Ru(3) -Ru(5) 
Ru (3 ) - C ( 31 ) 
Ru(3) -C(33) 
Ru ( 4) - C ( 41 ) 
Ru(4) -C(1) 
Ru(5) -C(51) 
Ru(5) -C(53) 
C( 11) -0 ( 11 ) 
C(13) -0(13) 
C ( 22) -0 ( 22 ) 
C(31) -0(31) 
C(33) -0 (33) 
C(42) -0(42) 
C(52) -0(52) 
N -CC 1) 
C(1) -C(2) 
C(3) -C(4) 

2.877(1) 
2. 895( 1) 
1.918(6) 
1.90H6) 
2.876( 1) 
1.929(6) 
1.930(6) 
2.876(1) 
1.922(5) 
1.926(6) 
1.896(6) 
2.080(5) 
1.897(6) 
1.935 (6) 
1.146(8) 
1. 148 (9 ) 
1.134(8) 
1.119(7) 
1.125(8) 
1. 135 (8 ) 
1.134(7) 
1.357(7) 
1. 393(8) 
1.398(10) 

A5 

for HRU
5

C(CO) 14 (C
5

H
4

N) (XR1) 

Ru(1) -Ru(3) 2.882(1) 
Ru(1) -C 2.102(5) 
Ru(1) -C(12) 1.912(6) 
Ru(2) -Ru(4) 2.833(1) 
Ru(2) -C 1.975(5) 
Ru(2) -C(22) 1.910(6) 
Ru(3) -Ru(4) 2.823(1) 
Ru(3)-C 1.969(5) 
Ru(3) -C(32) 1.939(6) 
Ru(4) -C 2.030(5) 
Ru(4) -C(42) 1.900(6) 
Ru(5) -C 2.089(5) 
Ru(5) -C(52) 1.938(6) 
Ru(5) -N 2.169(4) 
C(12) -0(12) 1.131(8) 
C (21) -0 ( 21) 1 • 121{ 8 ) 
C(23) -0(23) 1.124(8) 
C(32) -0(32) 1.131(8) 
C(41) -0(41) 1.127(8) 
C(51) -0(51) 1.130(7) 
C(53) -0(53) 1.126(8) 
N -C(5) 1.375(7) 
C(2) -C(3) 1.375(9) .! 

C(4) -C(5) 1.357(9) 



Table A1.5 Bond angles (0) 

C(1) -Ru(4) -Ru(3) 
N -Ru(5) -Ru(3) 
O{ 12) -CC 12) -Ru( 1) 
0(21) -C(21) -Ru(2) 
0(23) -C(23) -Ru(2) 
0(32) -C(32) -Ru(3) 
0(41) -C(41) -Ru(4) 
0(51) -C(51) -Ru(5) 
0(53) -C(53) -Ru(5) 
C(5) -N -Ru(5) 
N -C(l) -Ru(4) 
C(2) -C(l) -N 
C(4) -C(3) -C(2) 
C(4) -C(5) -N 

89. 9( 1) 
87. O( 1) 
176.0(5) 
176.6(5) 
178.6(6) 
175.7(5) 
176.2(6) 
178.2(5) 
177.9(5) 
117.0(4) 
119.6(4) 
118.1(5) 
118.6(6) 
123.1(6) 

A6 

for HRu
5

C(CO)14(C5H4N) (XR1) 

N -Ru(5) -Ru(2) 87.2(1) 
O( 11) -CC 11) -Ru( 1) 176.4(6) 
0(13) -C(13) -Ru(1) 176.2(6) 
0(22) -C(22) -Ru(2) 176.9(6) 
0(31) -C(31) -Ru(3) 176.5(5) 
0(33) -C(33) -Ru(3) 177.3(5) 
0(42) -C(42) -Ru(4) 177.5(6) 
0(52) -C(52) -Ru(5) 178.3(5) 
C( 1) -N -Ru(5) 123.1 (3) 
C(5) -N -C(l) 119.8(4) 
C(2) -C(l) -Ru(4) 122.3(4) 
C(3) -C(2) -C(l) 122.3(6) 
C(5) -C(4) -C(3) 118.1(6) 



Table A2.1 Fractional atomic coordinates and thermal 

parameters (A2) for HRU
5

C(CO)14(C
5
H4N) (XR2) 

Atom x Y Z 
U. U 

lSO or eq 

Ru( la) 0.33372(5) 0.14717(5) 0.06921( 15) 0.0409(8) 
Ru(2a) 0.37698(5) 0.23655(6) -0.09170(16) 0.0464(8 ) 
Ru(3a) 0.17602(5) 0.21375(5) -0.13102( 15) 0.0410(8) 
Ru(4a) 0.24054(5) 0.32237(5) 0.02702(15) 0.0379(8) 
Ru(5a) 0.24509(5) 0.24317(6) -0.34136(16) 0.0444(9) 
Ca 0.2764(6) 0.2246(6) -0. 1139 ( 17 ) 0.037(3) 
C(lla) 0.4291(8) 0.1263(8) 0.2240(20) 0.070(4) 
0(11a) 0.4854(6) O. 1132 (6 ) 0.3219 ( 14 ) o. 091( 3) 
C ( 12a) 0.2920(8) 0.1044(9) 0.1818(21) 0.074(4) 
O( 12a) 0.2704(7) 0.0734(7) 0.2424(16) 0.111(4) 
C ( 13a) 0.3828 (7) 0.0457(8) -0.0281 (20) 0.066(4) 
O( 13a) 0.4112(6) -0.0169(6) -0. 0856( 14) O. 091( 3) 
C(21a) 0.3725 (8) 0.3300(8) -0.1703(20) 0.063(4) 
0(21a) 0.3688(6) 0.3901 (7) -0.2118(14) 0.098(3 ) 
C(22a) 0.4558(8) 0.2414 (8) 0.0763(20) 0.063(4) 
0(22a) 0.5053(6) 0.2462( 6) 0.1785(15) 0.100(4) 
C(23a) 0.4534(8) 0.1513(9) -0.1888(20) 0.072(4) 
0(23a) 0.4948(6) 0.0946(6) -0.2428(14) 0.089(3) 
C( 31a) 0.0781 (7) o. 3028( 7) -0.2278( 18) 0.052(3) , 

0<31a) 0.0195(5) 0.3588(5) -0.2801( 12) 0.068(3) .1 
t 

C(32a) 0.1634(8) 0.1238 (8) -0.2443(20) 0.064(4) 
0<32a) 0.1553(6) 0.0699(7) -0.3192(15) 0.096(3) 
C(33a) 0.1289(9) 0.2035(9) 0.0167(23) 0.073(5) 
O( 33a) 0.0998(7) 0.2003(7) o. 1028( 17) 0.115(4) 
C(41a) 0.2949(7) 0.3830 (8) 0.1389(19) 0.065(4) 
0(41a) 0.3308(5 ) 0.4191(6) 0.2093(13) o. 081( 3) 
C(42a) 0.1558(9) 0.3687(9) O. 1177 (22) 0.078(4) i 

0(42a) 0.1034(8) 0.3968(8) 0.1782(16) 0.121(4) 
·1; 
i 

C(51a) 0.3026(8) 0.1222(9) -0.3824(20) 0.075(4) 
0(51a) 0.3338 (6) 0.0532(7 ) -0.4057(15) 0.101(4) 
C(52a) 0.1527(8) 0.2543(8) -0.4926(20) 0.062(4) 
0(52a) 0.0930(6) 0.2624(6) -0.5776(14) 0.085(3 ) 
C(53a) 0.2941(9) 0.2686(9) -0.4628(23) 0.08n5) 
O( 53a) 0.3225(7) 0.2896(7) -0.5284(16) 0.110(4) 
Na 0.1803(5) 0.4035(5) -0.1614(15) 0.042(2) 
C( la) 0.1813(6) 0.3747(7) .-0.3007(19) o. 041( 3) 
C(2a) 0.1400(8) 0.4306(8) -0.4131(19) 0.064(4) 
C(3a) 0.0946(8) 0.5156(8) -0.3913(22) 0.067(4) 
C(4a) 0.0904(7) 0.5430 (8) -0.2469(22) 0.062(4) 
C(5a) 0.1346(7) 0.4869(7) -0.1355( 18) 0.055 (3) 
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Table A2.1 continued 

Ru(1b) 0.61840(6) 0.35501(6) 0.88030(16) 0.0532(9) 

Ru(2b) 0.82214(6) 0.19941(6) 0.92050(11) 0.0538 (9) 

Ru(3b) 0.65154 (5) 0.31932(5) 0.51212 ( 16 ) 0.0425(8) 

Ru(4b) 0.19938(5) 0.32180(5) 0.13163(15) 0.0405(8) 

Ru(5b) 0.15542(5) 0.14295(5) 0.63602(16) 0.0498(8) 

Cb 0.1362(6) 0.2515(6) 0.1444(16) 0.044(3) 
C( 11 b) 0.1098(9) o. 3891( 9) 1.0809 (24) 0.083(5) 
O(11b) 0.1292(8) 0.4092(8) 1.1984(19) O. 132 (5 ) 
C( 12b) 0.5881(8) 0.4612(9) 0.8368(20) 0.014(4) 
o ( 12b) 0.5321(1) 0.5210(1) 0.8131(16) 0.110(4) 
C(13b) 0.6155(9) 0.3113(9) 0.9222(21) 0.086(5) 
o ( 13b) 0.5134(1) 0.2848(1) 0.9412(16) 0.106(4 ) 
C(21b) 0.9261 (9) 0.1211 (9) 0.9012(21) o. 011( 4) 
O(21b) 0.9886(1) 0.0155(1) 0.8801(15) O. 104 (4) 
C(22b) 0.8691(9) 0.2456(10) 1.0853(23) 0.088(5) 
O(22b) 0.9018(1) 0.2125(1) 1.1869(11) 0.121(4) 

C(23b) 0.8050( 10) 0.1303(11) 1.0219 (25) 0.114(6) 

O(23b) 0.1913 (1) 0.0858(8) 1.0195(11) O. 122 (4) 
C(31b) 0.6103(8) 0.2901(9) 0.3188(30) 0.010(5) 

O(31b) 0.6856(1) 0.2151(1) 0.2699(18) 0.100 (4) 

C(32b) 0.5521 (1) 0.3095 (1) 0.5293(19) 0.061(4) 

O(32b) 0.4935(5) 0.2991(6) 0.5099(13) 0.082(3) 

C(33b) 0.6052(1) 0.4341(1) 0.5288(18) 0.056(3) 

O<33b) 0.5811(5) 0.5044(5) 0.4916( 13) o. 011{ 3) 
C(41b) 0.8913(6) 0.3218 (1) 0.8611( 11) O. 051( 3) 
O(41b) 0.9455(5) 0.3361(5) 0.9416( 13) 0.012(3 ) 

C(42b) 0.1198(1) 0.4081(1) 0.6093 ( 18) 0.056(3) 
O(42b) 0.1619(5) 0.4633(6) 0.5426(13) 0.082(3) 
C(51b) 0.6163(8) 0.1333(8) 0.1141(21) 0.014(4) 

O(51b) 0.6295(1) 0.1216(1) 0.1564(16) 0.119(4) 

C( 52b) 0.1112(1) 0.1161(8) 0.4445(21) 0.063(4) 

o-(52b) 0.6820(6) 0.1032 (6) 0.3230 ( 15) 0.085(3) 

C(53b) 0.8314(1) 0.0306(8) 0.6895(19) 0.058(3) 

O(53b) 0.8192(5) -0.0314(6) 0.1182( 13) o. 08H 3) 
Nb 0.8612(5) 0.2232(5) 0.5912(13) 0.041 (2) 

C( 1b) 0.8419(6) 0.1515 (6) 0.5513(16) 0.038(3) 
C(2b) 0.8845(6) 0.0960(1) 0.4640(11) 0.050(3) 

C(3b) 0.9448(1) 0.0992(1 ) 0.4160 ( 19) 0.061(4) 

C(4b) 0.9628(6) 0.1662(1) 0.4618(18) O. 05H 3) 
C(5b) 0.9198(6) 0.2265 (1) 0.5451 (11) 0.048(3) 
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Table A2.2 

Atom 

Ha 
H(2a) 
H(3a) 
H(4a) 
H(5a) 
Hb 
H(2b) 
H(3b) 
H(4b) 
H(5b) 

Fractional atomic coordinates for the 

hydrogen atoms for HRu
5
C(CO)14(C

5
H4N) 

x y z 

0.2916 0.2446 0.1770 
o. 1423 0.4096 -0.5286 
0.0596 0.5610 -0.4803 
0.0529 0.6089 -0.2258 
0.1331 0.5101 -0.0268 
0.7363 0.3935 0.8335 
0.8692 0.0448 0.4274 
0.9767 0.0507 0.3472 
1.0104 0.1705 0.4257 
0.9304 0.2832 0.5749 

A9 

(XR2) 
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Table A2.3 Anisotropic thermal parameters (A2) for HRU
5

C(CO)14(C
5

H
4

N) (XR2) 

Atom U
11 U

22 U
33 

U
23 

U
13 

U
12 

Ru( la) 0.043 (1) 0.040 ( 1 ) 0.040(1) 0.003( 1) 0.005(1) -0.011( 1) 
Ru(2a) 0.031< 1) 0.053(1) 0.050(1) -0.002(1) 0.009(1) -0.019( 1) :z:,o Ru(3a) 0.03H 1) 0.041( 1) 0.045( 1) 0.004(1) O.OOH 1) -0.016( 1) ...... 
Ru(4a) O. 043( 1) 0.038 ( 1) 0.032(1) -0.002( 1) 0.009(1) -0.014( 1) 

0 

Ru(5a) 0.046 (1) 0.054(1) 0.034(1) -0.004(1) 0.012(1) -0.021(1) Ru(lb) 0.056(1) 0.052(1) 0.051(2 ) -0.005(1) 0.022(1) -0. 025( 1) Ru(2b) 0.057 (1) 0.050 (1) 0.054 (1) 0.014(1) 0.008( 1) -0.023(1) 
Ru(3b) 0.038 (1) 0.041( 1) 0.048(2) 0.001(1) 0.009(1) -0.016( 1) 
Ru(4b) O. 041( 1) 0.037( 1) 0.043 ( 1) -0.00l( 1) 0.011(1) -0.020( 1) 
Ru(5b) 0.045 ( 1) 0.03H 1) 0.068 ( 1) -0.001(1) 0.017 (1) -0.022(1) 

, ' 



0 

Table A2.4 Bond lengths (A) for HRu
5

C(CO)14(C
5

H4N) (XR2) 

Ru( 1a )-Ru(2a) 2.853(2) Ru( 1a)-Ru(3a) 2.864 ( 1) 

Ru( 1a)-Ru(4a) 2.830 ( 1 ) Ru( 1a )-ca 2.080( 14) 
Ru(1a)-C(11a) 1.903(14) Ru( 1a)-C( 12a) 1.902(22) 
Ru(1a)-C(13a) 1.873(14) Ru(2a)-Ru(4a) 2.824(2) 
Ru(2a)-Ru(5a) 2.894(2) Ru(2a)-Ca 1.977(12) 
Ru(2a)-C(21a) 1.877(18) Ru(2a)-C(22a) 1.877(15) 
Ru(2a)-C(23a) 1.914(15) Ru(3a)-Ru(4a) 2.803 (1) 

Ru(3a )-Ru( 5a) 2.899(2) Ru(3a)-Ca 1.972( 13) 
Ru (3a )-C(31 a) 1.896 ( 10) Ru(3a)-C(32a) 1.879(16) 
Ru(3a)-C(33a) 1.934 (24) Ru(4a)-Ru(Sa) 3.593(2) 
Ru(4a)-Ca 2.025 ( 12) Ru(4a)-C(41a) 1.859 ( 15) 
Ru(4a)-C(42a) 1.849(19) Ru(4a)-Na 2. 154( 12) 
Ru(5a)-Ca 2.098 ( 16) Ru(5a)-C(51a) 1.972(14) 
Ru(Sa)-C(S2a) 1.879( 14) Ru(Sa)-C(S3a) 1.884(23) 
Ru(Sa)-C(1a) 2.140(11) C ( 11 a )-0 ( 11 a) 1.155(18) 
C(12a)-0{12a) 1.11(3) C(13a)-O(13a) 1.137(17) 
C(21a)-0(21a) 1.160(22) C(22a)-0(22a) 1.170(19) 
C(23a)-O(23a) 1. 129 ( 18) C( 31a )-O( 31a) 1.141(12) . ' 

C{32a )-0 (32a) 1.156 (20) C(33a)-0(33a) 1.13(3) 
I 

C(41a)-0(41a) 1 • 164 ( 19 ) C(42a)-0(42a) 1.173(25) 
C(51a)-0(S1a) 1.121(17) C(S2a)-0(52a) 1.153(17) 
C(S3a)-0(S3a) 1.12(3) Na -CC 1a) 1. 352( 22) 
Na -C(Sa) 1.373 ( 13 ) C ( 1 a) - C ( 2a ) 1.362 (22) 
C(2a) -C(3a) 1.387(17) C(3a) -C(4a) 1.40(3) 
C(4a) -C(Sa) 1.360 (22) 
Ru(1b)-Ru(2b) 2.866(1) Ru( 1 b )-Ru(3b) 2.853(2) 
Ru(1b)-Ru(4b) 2.838(2) Ru(1b)-Cb 2.089( 12) 
Ru(1b)-C(11b) 1.926(21) Ru(1b)-C(12b) 1.889(12) 
Ru(1b)-C(13b) 1.849(21) Ru(2b)-Ru(4b) 2.814(2) 
Ru(2b)-Ru(5b) 2.899(2) Ru(2b)-Cb 1.986(12) 
Ru(2b)-C(21b) 1.876(14) Ru(2b)-C(22b) 1.851(19) 
Ru(2b)-C(23b) 1.86(3) Ru{3b)-Ru(4b) 2.815(1) 
Ru(3b)-Ru(Sb) 2.898 (1) Ru(3b)-Cb 1.968 ( 12) 
Ru{3b)-C(31b) 1.92 (3) Ru(3b)-C(32b) 1.910(15) 
Ru(3b)-C(33b) 1.889(13) Ru(4b)-Ru(5b) 3.599 (1) 

Ru(4b)-Cb 2.043(14) Ru(4b)-C(41b) 1.876(12) 
Ru(4b)-C(42b) 1.901(17) Ru(4b)-Nb 2.115(10) 
Ru(5b)-Cb 2.083(11) Ru(5b)-C(51b) 1.941(21) 
Ru(Sb)-C(52b) 1.869(17) Ru(Sb)-C(53b) 1 .901 ( 11 ) 
Ru(Sb)-C(1b) 2.121(15) C(11b)-0(11b) 1.13(3) 
C ( 12 b ) -0 ( 12 b ) 1.171(15) C(13b)-O(13b) 1.16(3) 
C(21b)-O(21b) 1.155(19) C(22b)-0(22b) 1.163(23) 
C(23b)-O(23b) 1.18(3) C(31 b )-0{31 b) 1.12(3) 
C(32b)-0(32b) 1.175(20) C(33b)-0(33b) 1.164(16) 
C(41b)-0(41b) 1.1S3(16) C(42b)-0(42b) 1.135 (20) 
C(S1b)-0(S1b) 1.13(3) C(52b)-0(52b) 1.171(21) 
C(S3b)-0(S3b) 1.151(14) Nb -C(1b) 1.359 ( 16) 
Nb -C(5b) 1.371 (20) C(1b) -C(2b) 1.409(18) 
C(2b) -C(3b) 1.378 (24) COb) -C(4b) 1.373(20) 
C(4b) -C(Sb) 1 .340 ( 19 ) 
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Na -Ru(4a)-Ru(1a) 
Na -Ru(4a)-Ru(3a) 
C(1a) -Ru(5a)-Ru(2a) 
C(1a) -Ru(5a)-Ru(4a) 
O(12a)-C(12a)-Ru(1a) 
O(21a)-C(21a)-Ru(2a) 
O(23a)-C(23a)-Ru(2a) 
O(32a)-C(32a)-Ru(3a) 
O(41a)-C(41a)-Ru(4a) 
O(51a)-C(51a)-Ru(5a) 
O(53a)-C(53a)-Ru(5a) 
C(5a) -Na -Ru(4a) 
Na -C(1a) -Ru(5a) 
C(2a) -C(1a) -Na 
C(4a) -C(3a) -C(2a) 
C(4a) -C(5a) -Na 
Nb -Ru(4b)-Ru(2b) 
Nb -Ru(4b)-Ru(5b) 
C(1b) -Ru(5b)-Ru(4b) 
O(12b)-C(12b)-Ru(1b) 
O(21b)-C(21b)-Ru(2b) 
O(23b)-C(23b)-Ru(2b) 
O(32b)-C(32b)-Ru(3b) 
O(41b)-C(41b)-Ru(4b) 
O(51b)-C(51b)-Ru(5b) 
O(53b)-C(53b)-Ru(5b) 
C(5b) -Nb -Ru(4b) 
Nb -C(1b) -Ru(5b) 
C (2 b) - C ( 1 b) - Nb 
C(4b) -C(3b) -C(2b) 
C ( 4 b) - C:( 5 b) - Nb 

134.9(3) 
88.2(3) 
89.0(4) 
59.3(5) 

174 (1) 
176( 1) 
171(2) 
177(2) 

178.2(9) 
178(2) 
174(1) 
117( 1) 

120.0(9) 
119(1) 
117(1) 
122(1) 

88.3 (3) 
58.5<3 ) 
57.7 (3) 

178(2) 
175(2) 
177(2) 
175 ( 1) 

176.3(9) 
178(1) 
177(2) 

119.9(8) 
122.8(9) 

117(1) 
117(1) 
124 ( 1) 

A12 

Na -Ru(4a)-Ru(2a) 
Na -Ru(4a)-Ru(5a) 
C(1a) -Ru(5a)-Ru(3a) 
O(11a)-C(11a)-Ru(la) 
O(13a)-C(13a)-Ru(1a) 
O(22a)-C(22a)-Ru(2a) 
O(31a)-C(31a)-Ru(3a) 
O(33a)-C(33a)-Ru(3a) 
O(42a)-C(42a)-Ru(4a) 
O(52a)-C(52a)-Ru(5a) 
C(la)-Na -Ru(4a) 
C(5a) -Na -CC 1a) 
C(2a) -C(la) -Ru(5a) 
C(3a) -C(2a) -C(1a) 
C(5a) -C(4a) -C(3a) 
Nb -Ru(4b)-Ru(lb) 
Nb -Ru(4b)-Ru(3b) 
C(1b) -Ru(5b)-Ru(3b) 
O(11b)-C(11b)-Ru(1b) 
O(13b)-C(13b)-Ru(1b) 
O(22b)-C(22b)-Ru(2b) 
O(31b)-C(31b)-Ru(3b) 
O(33b)-C(33b)-Ru(3b) 
O(42b)-C(42b)-Ru(4b) 
O(52b)-C(52b)-Ru(5b) 
C(1b) -Nb -Ru(4b) 
C(5b) -Nb -C(1b) 
C(2b) -C(1b) -Ru(5b) 
C(3b) -C(2b) -C(1b) 
C(5b) -C(4b) -C(3b) 

89.0(3) 
57.8(3 ) 
87.7(5) 

177(2) 
178(2) 
178(2) 
177 ( 1 ) 
178(1) 
178 (1) 

175(2) 
123.0(7) 

120 ( 1 ) 
121( 1) 
123(2) 
119(1) 

135.4(3 ) 
89.8(2) 
86.9(2) 

179(2) 
176(1) 
177(2) 
175(2) 
175 ( 1) 
176(1) 
177 ( 1) 
121( 1) 

119(1) 
120 ( 1) 
123 (1) 
119(1) 



Table A3.1 Fractional atomic coordinates and thermal 

Atom 

Ru( 1) 
Ru(2) 
Ru(3) 
Ru(4 ) 
Ru(5) 
N( 1) 
C( 1) 

C(2 ) 
C(3) 
C(4 ) 
C(5 ) 
N(2 ) 
C(6) 
C(7 ) 
C(8) 
C(9) 
C( 10) 
C 
C( 11) 
O( 11 ) 
C( 12) 
O( 12) 
C(13) 
0(13) 
C(21) 
0(21) 
C(22 ) 
0(22) 
C(23) 
0(23) 
C<31 ) 
0(31) 
C(32) 
O( 32) 
C(33) 
0(33) 
C(41) 
0(41) 
C(42 ) 
0(42) 
C( 51 ) 
0(51) 
C(52 ) 
0(52 ) 

parameters (A2) for HRU5C(CO)13(C5H4N)(C5H5N) (XR3) 

u. u x y Z lS0 or eq 

0.06877(4) 
0.04512(4) 
0.14722 (4) 

-0.00412(4) 
0.17637(4) 
0.0946(4 ) 
0.0227(5) 

-0.0277(5) 
-0.0083(6) 

0.0654(7) 
O. 1150 ( 6) 
0.2026(4) 
0.1566(6) 
0.1750(7 ) 
0.2406(7) 
0.2888(7) 
0.2690(6) 
0.0980(4) 

-0.0041(6) 
-0.0520(4) 

0.0798(6) 
0.0870(4) 
0.1529(5) 
0.2027(4 ) 
0.0079(6) 

-0.0186(5) 
-0.0462(7) 
-0.1039(5) 

0.1083(6) 
0.1505(6) 
0.1605(6) 
0.1684(4) 
o. 2491{ 6) 
0.3134 (5) 
0.1074(6) 
0.0799(5) 

-0.1027(6) 
-0.1611(5) 
-0.0356(5) 
-0.0548(4) 

0.2426(5) 
0.2852(4) 
0.2596(5) 
0.3137(4) 

0.09445(4) 
0.22468(4) 
0.21044(4) 
0.24553(4) 
0.30743(4) 
0.3924 (4) 
0.3691(5) 
0.4300(6) 
0.5115(6) 
0.5327(6) 
0.4722(5) 
0.3910(4) 
0.4516(7) 
0.5019(7) 
0.4922(8) 
0.4325(9 ) 
0.3855 (7) 
0.2193(5) 
0.0287(6) 

-0.0123(4) 
0.0167(6) 

-0.0333(5) 
0.0526(6) 
0.0260(5) 
0.3258(6) 
0.3875(5) 
0.1721(7) 
O. 1439 (5 ) 
0.2024(7) 
0.1905(6) 
0.3042 (6) 
0.3614(5) 
0.1692(7) 
0.1475(6) 
0.1522(6) 
0.1183(5) 
0.2642(6) 
0.2812(5) 
0.2535 (6). 
0.2592(5) 
0.2284(5) 
0.1797{4) 
0.3501(6) 
0.3703(5) 
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0.26521(7) 
0.43588(7) 
0.12165(7) 
0.18019(6) 
0.34480(6) 
0.2492(6) 
0.1948(8) 
0.1453(9 ) 
0.1514( 10) 
0.1979(10) 
0.2474(9) 
0.5054(7) 
0.5358( 10) 
0.6366(11) 
0.7100(12) 
0.6784(13) 
0.5773(11) 
0.2813(7) 
0.3348(9) 
0.3715{7) 
0.1372(9) 
0.0658(8) 
0.3746(9) 
0.4422(7) 
0.4834(9) 
0.5095{8) 
0.4805 (11) 
0.4998(8) 
0.5859(11) 
0.6756(9) 
0.0240( 10) 

-0.0353{7) 
0.1190(10) 
0.1174{9) 

-0.0235( 10) 
-0.1106(8) 
0.2349(9) 
0.2679(8) 
0.0090(9) 

-0. 0987{8) 
0.4196{8) 
0.4637(7) 
0.2649(9) 
0.2200(7) 

0.0380(4) 
0.0376(4) 
0.0370(4) 
0.0350{4) 
0.0324{4) 
0.037(4) 
0.039(5) 
0.049(6) 
0.057(6) 
0.066(7) 
o .05H 6) 
0.040(4) 
0.062(7) 
0.069(7) 
0.086{9) 
0.099(10) 
0.072{8) 
0.034 (2) 
0.053(2) 
0.071(2 ) 
0.055 (3) 
0.079(2) 
0.051 (2) 
0.075(2) 
0.053(2) 
0.086(2) 
0.068(3) 
0.097(3) 
0.063(3) 
0.106(3) 
0.059 (3) 
0.079(2) 
0.062(3) 
0.100<3 ) 
0.062(3) 
0.083(2) 
0.052(2) 
0.084{2) 
0.052(2) 
0.075{2) 
0.045(2) 
0.063(2) 
0.047(2) 
0.077(2) 
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Table A3.2 Fractional atomic coordinates for the 

hydrogen atoms for HRU5C(CO)13(C5H4N)(C5H5N) (XR3) 

Atom x y z 

H -0.0152 0.1337 0.16 13 
H(2) -0.0841 0.4130 0.1013 
HO) -0.0497 0.5579 0.1195 
H(4) 0.0846 0.5952 o. 1965 
H(5) 0.1728 0.4888 0.2861 
H(6) 0.1026 0.4619 0.4780 
H(7) 0.1358 0.5501 0.6563 
H(8) 0.2547 0.5302 0.7914 
H(9) 0.3432 0.4222 0.7344 
H( 10) 0.3098 0.3406 0.5503 
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Table A3.3 Anisotropic thermal parameters (A2) for 

HRU5C(CO)13(C5H4N)(C5H5N) (XR3) 

Atom U 11 U22 U
33 

U
23 Un U12 

Ru( 1) 0.0440(4) 0.0306(4) 0.0394(4) 0.0030(3) -0.0005 (3) -0.0029 (3) 
Ru(2) 0.0380(4) 0.0414(4) 0.0334 (4) 0.0031(3) 0.0013(3 ) -0.0039(3) 
Ru(3) 0.0405(4) 0.0363(4) 0.0342(4) 0.0015 (3) 0.0077 (3) 0.0038 (3) 
Ru(4 ) 0.0316(4) 0.0377(4) 0.0356(4 ) 0.0021 (3) 0.0000(3) o. 0007( 3) 
Ru(5) 0.0304(3) 0.0312(4) 0.0357(4) 0.0022 (3) 0.0027(3) -0.0005(3) 
N( 1) 0.041(4 ) 0.027(4 ) 0.042(4) 0.007(3) 0.004 (3) 0.000(3) 
C( 1) 0.043(5) 0.036(5) 0.037(5) 0.009(4) 0.011(4) 0.011(4) 

:x>' C(2) 0.052(6) 0.050(6) 0.046(5) 0.000(5) -0.001(5) 0.015(5) ..... C(3) 0.059 (7) 0.049(6) 0.062(7) 0.010(5) -0.001(5) 0.016(5) U1 

C(4 ) 0.116(10) 0.025(5) 0.058(7) 0.004(5) -0.005(7) 0.004(6) 
C(5) 0.062(6) 0.036(5) 0.054 (6) 0.001(5) 0.005(5) -0.004(4) 
N(2) 0.034(4) 0.038(4 ) 0.047(4) -0.002 (3) 0.000(3) 0.005(3) 
C(6) 0.054(6) 0.073(7) 0.060(7) -0.001 (6) 0.001(5 ) -0.002(6) 
C(7) 0.069(7) 0.071(8) , 0.068(7 ) -0.021(6 ) -0.003(6) 0.009(6) 
C(8) 0.082(9) 0.095(10) 0.081(9 ) -0.043(8) -0.002(8) 0.002(8) 
C(9 ) 0.084(9) 0.119(12) 0.093 (10) -0. Ql.{7 (9 ) -0.044(8) 0.015(8) 
C(10) 0.066(7) 0.066(7) 0.084(8) -0.025(6) -0.025(7) 0.020(6) 

'.-'.--:--.-_~-c>-_.:-,. ___ . -.~'- .. - -".~ __ ,. 



o 
Tab~e A3.4 Bond lengths (A) 

Ru( 1) -Ru(2) 
Ru(l) -Ru(4) 
Ru (1) - C ( 11 ) 
Ru(1) -C(13) 
Ru(2) -Ru(5) 
Ru(2) -C(21) 
Ru(2) -C(23) 
Ru(3) -Ru(5) 
Ru(3) -C(31) 
Ru(3) -C(33) 
Ru(4) -C(41) 
Ru(4) -C(l) 
Ru(5) -C(51) 
Ru(5) -N(1) 
C(ll) -0(11) 
C(13) -0(13) 
C(22) -0(22) 
C(31) -0(31) 
C(33) -0(33) 
C(42) -0(42) 
C(52) -0(52) 
N(1) -C(5) 
C-(2) -C(3) 
C(4) -C(5) 
N(2) -CC 10) 
C(7) -C(8) 
C(9) -C(10) 

2.870( 1) 
2. 886( 1) 
1.873(10) 
1.902(9) 
2.903 ( 1) 
1.869( 10) 
1 .886 ( 11 ) 
2.875(1) 
1 .888 ( 11 ) 
1.895(11) 
1.887(10) 
2.083(8) 
1.857 (9) 
2.168(6) 
1 • 168 ( 13 ) 
1.153(12) 
1.140(15) 
1.150(13) 
1.148(13) 
1 • 172 ( 13) 
1.145(13) 
1 • 358 ( 11 ) 
1 .378 ( 14 ) 
1.383(14) 
1. 320 ( 13 ) 
1 .323 ( 17 ) 
1 .346 ( 18 ) 
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for HRU5C(CO)13(C5H4N)(C5H5N) (XR3) 

Ru(l) -Ru(3) 2.876(1) 
Ru(1) -C 2.113(8) 
Ru(1) -C(12) 1.899(10) 
Ru(2) -Ru(4) 2.807(1) 
Ru(2) -C 1.978(8) 
Ru(2) -C(22) 1.906(12) 
Ru(3) -Ru(4) 2.818(1) 
Ru(3) -C 1.995(8) 
Ru(3) -C(32) 1.894(11) 
Ru(4) -C 2.023(7) 
Ru(4) -C(42) 1.865(10) 
Ru(5) -C 2.050(8) 
Ru(5) -C(52) 1.887(10) 
Ru(5) -N(2) 2.212(7) 
C(12) -0(12) 1.137(13) 
C(21) -0(21) 1.159( 13) 
C(23) -0(23) 1.163(14) 
C(32) -0(32) 1. 172( 14) 
C(41) -0(41) 1.142( 13) 
C(5'1) -0(51) 1.155(11) 
N(l) ' -C(l) 1.374(10) 
C(l) -C(2) 1.395(12) 
C(3) -C(4) 1.367(16) 
N(2) -C(6) 1.336(13) 
C(6) -C(7) 1.371(16) 
C(8) -C(9) 1.352(20) 



o 
Table A3.5 Bond angles ( ) for HRU5C{CO)13{C5H4N){C5H5N) (XR3) 

C{l) -Ru(4) -Ru(l) 136.5(2) C(l) -Ru(4) -Ru(2) 90.1(2) 
C(l) -Ru(4) -Ru(3) 90.6(2) N{l) -Ru(5) -Ru(2) 87.9(2) 
N(l) -Ru(5) -Ru(3) 85.0(2) N(2) -Ru(5) -Ru(2) 97.6(2) 
N(2) -Ru(5) -Ru(3) 174.7(2) N(2) -Ru(5) -N(l) 92.4(2) 
0(11) -C(11) -Ru(l) 176.1(8) 0(12) -C(12) -Ru(l) 176.0(9) 
0(13) -C(13) -Ru(l) 178.5(9) 0(21) -C(21) -Ru(2) 176.7(8) 
0(22) -C(22) -Ru(2) 175(1) 0(23) -C(23) -Ru(2) 176(1) 
0(31) -C(31) -Ru(3) 179.7(5) 0(32) -C(32) -Ru(3) 177(1) 
0(33) -C(33) -Ru(3) 177(1) 0(41) -C(41) -Ru(4) 175.2(9) 
0(42) -C(42) -Ru(4) 179.2(9) 0(51) -C(51) -Ru(5) 178.1(8) 
0(52) -C(52) -Ru(5) 174.2(8) C(l) -N(l) -Ru(5) 122.8(5) 
C(5) -N(l) -Ru(5) 117.9(6) C(5) -N(l) -C(l) 119.2(7) 
N(l) -C(l) -Ru(4) 119.2(6) C(2) -C(l) -Ru(4) 122.9(6) 
C(2) -C(l) -N(l) 117.9(7) C(3) -C(2) -C(l) 122.5(8) 
C(4) -C(3) -C(2) 118.5(9) C(5) -C(4) -C(3) 118.6(9) 
C(4) -C(5) -N(1) 123.0(9) C(6) -N(2) -Ru(5) 124.9(6) 
C(10) -N(2) -Ru(5) 120.6(7) C(10) -N(2) -C(6) 114.5(8) 
C(7) -C(6) -N(2) 122.9(9) C(8) -C(7) -C(6) 121(1) 
C(9) -C(8) -C(7) 117(1) C(10) -C(9) -C(8) 120(1) 
C(9) -C(10) -N(2) 124(1) 
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Table A4.1 Fractional atomic coordinates and thermal 

parameters (A2) for HRu
5

C(CO)13(C
5
H4N) (XR4) 

Atom 
U. U 

x y Z 150 or eq 

Ru ( 1 a) 0.27772(6) 0.24650(6) 0.30698(8) 0.0326(5) 
Ru(2a) 0.39578(5) 0.21124(6) 0.50504(8) 0.0328(5) 
Ru( 3a) 0.17155(5) 0.32818(6) 0.46447(8) 0.0298(5) 
Ru(4a) 0.23670(5) 0.13594(6) 0.50600(8) 0.0288(5) 
Ru(5a) 0.29027(5) 0.30185(6) 0.64969 (8) 0.0295(5) 
Na o. 1778 (5) 0.3344(6) 0.7121(8) 0.035(5) 
C( 1a) 0.1203(6) 0.3494(7) 0.6201 (9) 0.030(6) 
C(2a) 0.0439(7) 0.3799(8) 0.6392(11) 0.043(7) 
C(3a) 0.0260(8) 0.3937(9) 0.7499(13) 0.052(8) 
C(4a) 0.0839(8) 0.3766( 10) 0.8422( 12) 0.054(8) 
C(5a) 0.1616(8) 0.3475 (9) 0.8232(10) 0.045(7) 
Ca 0.2862(6) 0.2767(7) 0.4794(9) 0.030(2) 
C(11a) 0.3343(8) 0.1740(9) 0.2035(12) 0.047 (3) 
O(11a) 0.3684(6) 0.1297(8) 0.1371( 10) 0.079 (3) 
C( 12a) 0.1815(7) 0.2594(9) 0.1981(11) 0.043 (3) 
o ( 12a) O. 1268 (6) 0.2647(7) 0.1282(9) 0.070(3) 
C( 13a) 0.3221(7) 0.3677(9) 0.2668(11) 0.046(3) 
O(13a) 0.3516(6) 0.4436(8) 0.2481(9) 0.072(3) 
C(21a) 0.4524(7) 0.1712(9) 0.6479 ( 11) 0.043 (3) 
O(21a) 0.4900(6) 0.1450(7 ) O. 7350( 10) 0.073 (3) 
C(22a) 0.4520(7) 0.1196(9) 0.4198(11) 0.044(3) 
O(2ca) 0.4866(6) 0.0628(7) 0.3699(9) 0.071 (3) 

C(23a) 0.4671(8) 0.3166(10) 0.4843(12) 0.051(3) 
O(23a) 0.5046(6) 0.3857(8) 0.4702 ( 10) 0.074(3) 
C(32a) 0.1731 (7) 0.4617(9) 0.4392(11) 0.046 (3) 

O( 32a) -., 0.1755(6) 0.5434(8) 0.4245(10) 0.079 (3) 

C(33a) - 0.0655(7) 0.3126(9) o. 3819 ( 11 ) 0.043 (3) 

O( 3-3a) 0.0012(7) 0.3030'(8) 0.3327 ( 10) 0.080(3) 

C(41a) 0.2907(8) 0.0117(10) 0.5057(12) 0.051 (3) 
O(41a) 0.3203(6) -0.0625(8) 0.5134(10) 0.079 (3) 
C( 42a) 0.1233(8) 0.1060(9) 0.4680 ( 11) 0.044(3) 
O(42a) 0.0559(6) 0.0822(7) 0.4452(8) 0.061(2) 

C(43a) 0.2278(8) 0.1191(9) 0.6674(12) 0.046 (3) 
O(43a) 0.2140(6) 0.0954 (7) 0.7591(9) 0.069 (3) 
C(51a) 0.3339(7) 0.4272(9) 0.6668(10) 0.039(3) 
O(51a) 0.3611(6) 0.5012(7) 0.6747(9) 0.067(3) 

C(53a) 0.3429(7) 0.2630(8) 0.7988 (11) 0.040(3) 

O(53a) o. 375H 6) 0.2440(7) 0.8881(9) 0.068 (3) 
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Table A4.1 continued 

Ru(1b) 0.36371(5) 0.67261 (6) -0.00849(8) 0.0309(5) 
Ru(2b) 0.25021(5) 0.75230(6) -0.19421(8 ) 0.0303(5) 
Ru(3b) 0.24137(5) 0.70173(6) 0.14497(8) 0.0279(5) 
Ru(4b) 0.29320(5) 0.86273(6) 0.01013(8) 0.0290(5) 
Ru(5b) 0.13291 (5) 0.77223(6) -0.03166(7) 0.0260(4) 
C(2b) 0.0233(7) 0.8544(9) 0.1532(12) 0.047(8) 
C(3b) 0.0126(8) 0.8729(9) 0.2650( 13) 0.055(9) 
C(4b) 0.0683(9) 0.8423(11) 0.3540(12) 0.059(9) 
C(5b) 0.1356(8) 0.7894(9) 0.3301 ( 11 ) 0.048(8) 
Cb 0.2466(6) 0.7216(7) -0.0247(9) 0.027(2) 
C(11b) 0.4537(9) 0.6787(11) -0.0984( 13) 0.062(4) 
O(11b) 0.5106(8) 0.6838 (9 ) -0.1493(12) O. 1 05( 4 ) 
C( 12b) 0.4300(8) 0.6465 (9) 0.1330(12) 0.049(3) 
O(12b) 0.4725(6) 0.6262(7 ) 0.2183(9) 0.068(3 ) 
C(13b) 0.3438 (8) 0.5391 (9) -0.0344(11) 0.046(3) 
O(13b) 0.3285 (7) 0.4582(9) -0.0502(11) 0.086(3 ) 
C(21b) 0.1803(1) 0.8386(8) -0.2872(11) 0.040 (3) 
O(21b) 0.1410(6) 0.8910(7) -0.3478(9) 0.069(3) 
C(22b) 0.3365(8) 0.7599(9) -0.2895(12) 0.050 (3) 
C(22b) 0.3888(7) 0.7640(8) -0.3476(10) 0.084(3 ) 
C(23b) 0.2047(7) 0.6386(9) -0.2653(11) 0.046(3 ) 
O(23b) 0.1734 (6) 0.5695(8) -0.3035(9) 0.072(3 ) 
C(32b) 0.1964(7) 0~5782(9) 0.1581(10) 0.040(3) 
O(32b) 0.1661(6) 0.5024(7) 0.1540(9) 0.064(3) 
C(33b) 0.3047(9) 0.6936(10) 0.2934 (14) 0.059(4) 
O(33b) 0.3420(7) 0.6895(9) o. 3837( 12) 0.096(4) 
C(41b) 0.3496(11) 0.9429(13) - 0 • 0823 ( 17 ) 0.114(5) 
O(41b) 0.3897(8) 0.9924(10) -0.1440( 12) 0.141(4) 
C(42b) 0.3198(9) 0.8926(10) 0.1691(13) 0.059(4) 
O(42b) 0.3347(7) 0.9259(8) 0.2625(11) 0.086(3 ) 
C(43b) 0.2089(8) 0.9563(10) - 0 • 00 1 1 ( 12 ) 0.053(3) 
O(43b) 0.1652(6) 1. 0231(8) 0.0028(10) 0.076(3) 
C(51b) 0.0653(6) 0.6648(7) -0.0589(9) 0.029(2) 
O(51b) 0.0286(5) 0.5941(6) -0.0762(8) 0.055(2) 
C(53b) 0.0548(7) 0.8515 (9) . -0.1189(11) 0.043 (3) 
O(53b) 0.0061(6) 0.9003(8) -0.1725(10) 0.074(3) 
Nb(1) 0.1460(6) 0.7705(7) 0.2148(8) 0.031(2) 
C( 1b1) 0.1460(6) 0.7705(7 ) 0.2148(8) 0.031(2) 
Nb(2) 0.0926(6) 0.8040(7) 0.1295(9) 0.033(2) 
C(1B

2
) 0.0926(6) 0.8040(7) 0.1295(9) 0.033(2) 
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Table A4.2 Fractional atomic coordinates for the 

hydrogen atoms for HRU
5

C(CO)13(C
5
H4N) (XR4) 

Atom x y z 

Ha 0.2375 0.1259 0.3465 
H(2a) -0.0019 0.3941 0.5667 
H(3a) -0.0340 0.4176 0.7651 
H(4a) 0.0693 0.3851 0.9300 
H(5a) 0.2088 0.3361 0.8952 
Hb 0.3923 0.8039 -0.0060 
H(2b) -0.0210 0.8781 0.0834 
HOb) -0.0406 0.9126 0.2837 
H(4b) 0.0601 0.8589 0.4430 
H(5b) o. 1796 0.7632 0.4000 
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Table A4.3 Anisotropic thermal parameters (A2) for HRU
5

C(CO)13(C
5

H
4

N) (XR4) 

Atom U11 U
22 U

33 
U
23 Un U

12 

Ru( la) 0.0378(5) 0.0327(5) 0.0271(5 ) 0.0014(4) 0.0072(4) 0.0029(4) Ru(2a) 0.0258(5) 0.0325(5) 0.0401(5) -0.0009(4) 0.0045(4) 0.0040(4) Ru(3a) 0.0278(5) 0.0313(5) 0.0303(5) 0.0009(4) 0.0026(4) 0.0034(4) Ru(4a) 0.0311(5) 0.0263(4) 0.0291(5 ) 0.0006(4 ) 0.0042(4) -0.0022(3) Ru(5a) 0.0288(5) 0.0314(5) 0.0284(5) -0.0029(4) 0.0024(4) -0.0007(4) Na 0.037(5) 0.034(5) 0.034(6) -0.003(4 ) 0.009(4) 0.006(4) C( la) 0.026(5) 0.032(6) 0.032(6) -0.007(5) 0.010(5) 0.000(4) C(2a) . 0.040(7 ) 0.035(6) 0.055(8) -0.006(6) 0.018(6) 0.001(5 ) !l>' C(3a) 0.042(7) 0.055(8) 0.058(9) -0.005(7) 0.022(7) 0.004(6) N 
~ C(4a) 0.059(9) 0.052(8) 0.051(8) -0.007(7) 0.034 (7) -0.012(7 ) C(5a) 0.060(8) 0.045(7) 0.029(7) -0.005(5) 0.012(6) -0. 007( 6) Ru(lb) 0.0247(4) 0.0319(5) 0.0362(5 ) -0.0039(4) 0.0038(4 ) 0.0007(4) Ru(2b) 0.0362(5) 0.0298(5) 0.0249(5) -0.0003(4) 0.0059(4) -0.0047(4) Ru(3b) 0.0278(4 ) 0.0315(5) 0.0244(5) 0.0032(4) 0.0016(4) 0.0014(4) Ru(4b) 0.0303(5) 0.0249(4) 0.0316(5) -0.0022(4) 0.0030(4) -0.0055(3) Ru(5b) 0.0251(4 ) 0.0258(4 ) 0.0272(5) 0.0018 (4) 0.0016(3 ) 0.0008(3) C(2b) 0.037(7) 0.044(7) 0.060(9) -0.002(6) 0.011(6) 0.005(5) C(3b) 0~059(9) 0.043(7) 0. 063(10) -0.003(7) 0.029(8) 0.014(6) C(4b) .0.065( 9) 0.068(9) 0.045(8) -0.020(7) 0.022(7) 0.007(7) C(5b) 0.060 (8) 0.044(7) 0.040 (,7) ':"0.005(6) 0.010(6) -0.007(6) 

~-------'--'- ' - '- -'-~ --.--.. -~":~_ •• "_. _ ___ . ,_. ~ __ • __ .' 4 . 



o 
Table A4.4 Bond lengths (A) 

Ru( la)-Ru(2a) 
Ru(la)-Ru(4a) 
Ru(la)-C(lla) 
Ru(la)-C(13a) 
Ru(2a)-Ru(5a) 
Ru(2a)-C(21a) 
Ru(2a)-C(23a) 
Ru(3a)-Ru(5a) 
Ru(3a)-C(32a) 
Ru(3a )-C( la) 
Ru(4a)-Ca 
Ru(4a)-C(42a) 
Ru(5a)-Ca 
Ru(5a)-C(51a) 
Ru("5a )-Na 
C(12a)-O(12a) 
C(21a)-O(21a) 
C(23a)-O(23a) 
C(33a)-0(33a) 
C(42a)-O(42a) 
C(51a)-O(51a) 
Na -C(la) 
C(la) -C(2a) 
C (3a) - C ( 4a ) 
Ru(lb)-Ru(2b) 
Ru(lb)-Ru(4b) 
Ru(1b)-C(11b) 
Ru(lb)-C(13b) 
Ru(2b)-Ru(5b) 
Ru(2b)-(}(21b) 
Ru(2b)-C"(23b) 
Ru(3b)-RU(5b) 
Ru(3b)-C(32b) 
Ru(3b)-Nb(1) 
Ru(3b )-C( 1 B2 ) 
Ru(4b)-Cb 
Ru(4b)-C(42b) 
Ru(5b)-Cb 
Ru(5b)-C(51b) 
Ru(5b)-C(lbl) 
Ru(5b)-C(lB ) 
C(12b)-O(126) 
C(21b)-O(21b) 
C(23b)-O(23b) 
C(33b)-003b) 
C(42b)-O(42b) 
C(51b)-O(51b) 
Nb( 1) -Nb(2) 
Nb( 1) -C(5b) 
C( lbl )-C( lB

2
) 

Nb(2) -C(2b) . 
C(2b) -COb) 
C(4b) -C(5b) 

2.864 (1) 
2.892(1) 
1. 891 ( 14) 
1.886(13) 
2.846 ( 1) 
1.879(12) 
1 .886 ( 13 ) 
2.747(1) 
1 .849 ( 13 ) 
2. 100 ( 11 ) 
2.123(10) 
1.909( 12) 
1.996(11) 
1.859(12) 
2.117(9) 
1.139(15) 
1.173(16) 
1. 147( 17) 
1.147(16) 
1.156(15) 
1.104(15) 
1 • 354 ( 13 ) 
1. 372 ( 16) 
1.363(18) 
2.888 ( 1) 
2.875( 1) 
1.911(16) 
1.874(13) 
2.867(1) 
1.893(11) 
1.875(12) 
2.725(1) 
1 .854 ( 12) 
2.083(10) 
2.815(10) 
2.098 ( 10) 
1 .887 ( 15 ) 
1 .992 ( 10) 
1.845 ( 10) 
2.834 ( 10) 
2.102(10) 
1.172(16) 
1.147(15) 
1.140( 16) 
1.149(20) 
1.173(19) 
1.144(13) 
1 .322 ( 13 ) 
1. 390( 16) 
1 .322 ( 13 ) 
1.392(16) 

1 .352 (21 ) 
1.383 (20) 

A22 

for HRU
5

C(CO)13(C
5
H4N) (XR4) 

Ru(la)-Ru(3a) 2.904(1) 
Ru(la)-Ca 2.028(11) 
Ru(la)-C(12a) 1.912(12) 
Ru(2a)-Ru(4a) 2.811(1) 
Ru(2a)-Ca 2.010(10) 
Ru(2a)-C(22a) 1.911(13) 
Ru(3a)-Ru(4a) 2.863(1) 
Ru(3a)-Ca 2.006(10) 
Ru(3a)-C(33a) 1.901(12) 
Ru(4a)-Ru(5a) 2.894(1) 
Ru(4a)-C(41a) 1.924(13) 
Ru(4a)-C(43a) 1.903(14) 
Ru(5a)-C(43a) 2.714(12) 
Ru(5a)-C(53a) 1.911(12) 
C(11a)-O(lla) 1.178(18) 
C(13a)-0(13a) 1.174(16) 
C(22a)-O(22a) 1.163(17) 
C(32a)-0(32a) 1.131(17) 
C(41a)-0(41a) 1.127(17) 
C(43a)-0(43a) 1.154(18) 
C(53a)-O(53a) 1.133(16) 
Na -C(5a) 1.357(16) 
C(2a) -C(3a) 1.362(20) 
C(4a) -C(5a) 1.385(19) 
Ru(lb)-Ru(3b) 2.871(1) 
Ru(1b)-Cb 2.033(10) 
Ru(lb)-C(12b) 1.890(13) 
Ru(2b)-Ru(4b) 2.830(1) 
Ru(2b)-Cb 2.011(10) 
Ru(2b)-C(22b) 1.901(14) 
Ru(3b)-Ru(4b) 2.875(1) 
Ru(3b)-Cb 1.992(10) 
Ru(3b)-C(33b) 1.903(15) 
Ru(3b)-C(lbl) 2.083(10) 
Ru(4b)-Ru(5b) 2.898(1) 
Ru(4b)-C(41b) 1.850(20) 
Ru(4b)-C(43b) 1.887(13) 
Ru(5b)-C(43b) 2.812(13) 
Ru(5b)-C(53b) 1.882(12) 
Ru(5b)-Nb(2) 2.102(10) 
C(11b)-0(11b) 1.165(21) 
C(13b)-0{13b) 1.144(17) 
C(22b)-C(22b) 1.154(19) 
C ( 32 b ) -0 ( 32 b ) 1 • 147 ( 15 ) 
C(41b)-0(41b) 1.227(24) 
C(43b)-O(43b) 1.171(17) 
C(53b)-O(53b) 1.165(16) 
Nb(1) -C(lB) 1.322(13) 
C(lbl)-Nb(2~ 1.322(13) 
C(lb1)-C(5b) 1.390(16) 

C(lB2)-C(2b) 
COb) -C(4b) 

1. 392( 16) 
1. 361( 19 ) 



o 
Table A4.S Bond angles ( ) for HRU

S
C(CO)13(C

S
H4N) (XR4) 

C(1a) -Ru(3a)-Ru(1a) 1S8.2(3) C(1a) -Ru(3a)-Ru(4a) 
C(1a) -Ru(3a)-Ru(5a) 70.8(3) Na -Ru(5a)-Ru(2a) 
Na -Ru(5a)-Ru(3a) 70.6(2) Na -Ru(5a)-Ru(4a) 
O(11a)-C(11a)-Ru(1a) 179(1) O(12a)-C(12a)-Ru(1a) 
O(13a)-C(13a)-Ru(1a) 176(1) O(21a)-C(21a)-Ru(2a) 
O(22a)-C(22a)-Ru(2a) 179(1) O(23a)-C(23a)-Ru(2a) 
O(32a)-C(32a)-Ru(3a) 179(1) O(33a)-C(33a)-Ru(3a) 
O(41a)-C(41a)-Ru(4a) 175(1) O(42a)-C(42a)-Ru(4a) 
O(51a)-C(51a)-Ru(5a) 178(1) O(53a)-C(53a)-Ru(5a) 
C(1a) -Na -Ru(5a) 108.9(7) C(5a) -Na -Ru(5a) 
C(5a) -Na -C(1a) 122(1) Na -C(1a) -Ru(3a) 
C(2a) -C(1a) -Ru(3a) 130.9(8) . C(2a) -C(1a) -Na 
C(3a) -C(2a) -C(1a) 120(1) C(4a) -C(3a) -C(2a) 
C(5a) -C(4a) -C(3a) 120(1) C(4a) -C(5a) -Na 
Nb(1) -Ru(3b)-Ru(1b) 157.6(3) Nb(1) -Ru(3b)-Ru(4b) 
Nb(1) -Ru(3b)-Ru(5b) 70.8(3) C(1b1)-Ru(3b)-Ru(1b) 
C(1b1)-Ru(3b)-Ru(4b) 98.5(3) C(1b1)-Ru(3b)-Ru(5b) 
C(1B )-Ru(3b)-Ru(1b) 134.7(2) C(1B2 )-Ru(3b)-Ru(4b) 
C(1B2 )-Ru(3b)-Ru(5b) 44.5(2) C(1bl)-Ru(5b)-Ru(2b) 
C(1b~)-Ru(5b)-Ru(3b) 43.9(2) C(1b1)-Ru(5b)~Ru(4b) 
Nb(2) -Ru(5b)-Ru(2b) 155.9(3) Nb(2) -Ru(5b)-Ru(3b) 
Nb(2) -Ru(5b)-Ru(4b) 98.0(3) 

A23 

99.9(3) 
156.5(2) 
98.5(2) 

176(1) 
178 ( 1) 
174(1) 
179 ( 1) 
176(1) 
177(1) 

129.3(8) 
109.7(7) 

119(1) 
120 (1) 
119( 1) 

98.5 (3) 
157.6(3 ) 
70.8(3) 
84.0(2) 

133.1(2) 
82.8(2) 
70.0(3) 



TABLE A5.1 Fractional atomic coordinates and thermal 

parameters (12) for RU6C(CO)15(C6H8 ) (XR5) 

Atom 
U. U 

x y Z 150 or eq 

Ru( 1) 0.76025 (3) 0.58673(5) 0.83861 (3) 0.0343(3 ) 
Ru(2) 0.82201 (3) 0.63595(5) 0.71864(3) 0.0315(3) 
Ru(3) 0.64495 (3) 0.62236(5) 0.66820 (3) 0.0332(3) 
Ru(4) 0.83997(3) 0.35478(5) 0 • .79279(3 ) 0.0281(2) 
Ru(5) 0.66007 (3) 0.35919(5) 0.74547(3) 0.0339(3) 
Ru(6) 0.73145(3) 0.39756(5) 0.62768(3) 0.0342(3) 

C 0.7442(3) 0.4947<5 ) 0.7340 (3) 0.027 (3) 
C( 1) 0.8372{4) 0.8349(6) 0.7983{4) 0.044(4) 
C(2) 0.9149(4) 0.7924(6) 0.8041(4) 0.044(4) 
C(3) 0.9825(4) 0.7424(7) 0.8819(4) 0.047{4) 
C(4) 0.9514(4) 0.6719(8) 0.9396(4) 0.046(4) 

C(S) 0.8658(4) 0.7174(7) 0.9281(4) 0.047(4) 
C(6) 0.8157(4) 0.8039(7) 0.8654(4) 0.050(4) 
C( 11 ) 0.8010(5) 0.4617(7) 0.9264(4) 0.054{4) 
o ( 11 ) 0.8203(4) 0.3941 (6) 0.9834 (3) 0.082(4) 

C( 12) 0.6754(5) 0.6679{8) 0.8595(5) 0.065{5) 
O{ 12) 0.6237(4) 0.7181(8) 0.8728{5) 0.122(6) 
CC 21 ) 0.9161(4) 0.5894(6) 0.7029(4) o. 041{ 4) 
0(21) 0.9730(3) 0.5639(5) 0.6903(3) 0.069(3) 
C(22) 0.7888(4) 0.7556(7) 0.6279(4) 0.045(4) 
0{22 ) 0.7704(3) 0.8243(6) 0.5712 (3) 0.068(4) 
C(31) 0.5350(5) 0.6230(7 ) 0.6576(5) 0.055(5) 
O( 31 ) 0.4674(3) 0.6241 (6) 0.6506(4) 0.080(4) 

C( 3~) 0.6151(4) 0.5685(8) 0.5571(4) 0.051(4) 
O( 32) 0.5786 (3) 0.5754(7) 0.4886{3) 0.068(4) 

C(33) 0.6407(5) 0.8189(8) 0.6546(5) 0.063(5) 
0(33 ) - 0.6389(4) 0.9373(6) 0.6500(5) 0.103(5) 

: 
C( 41 ) 0.9537(4) 0.3805(6) 0.8317(4) 0.037(3) 
Q( 4:1 ) 1.0252(3) 0.3922(5) 0.8554(3) 0.052 (3) 
C( 42) 0.8691(4) 0.1961 (7) 0.8608(4) 0.041(4 ) 
Q( 42) 0.8916(3) 0.1037(5) 0.9048 (3) 0.056 (3) 
C(46 ) 0.82·65 (4) 0.2483(7) 0.6909(4) 0.042(4) 
Q( 46) 0.8532(3) 0.1504(6) 0.6732(3) 0.072(4) 
C( 51 ) 0.6898(4) o. 1928 (8) 0.8082(5) 0.055(4) 
O( 51 ) 0.6996{3) 0.0904(6) 0.8443(4) 0.087(4) 
C(52 ) 0.5783(5) 0.4063(7) 0.7824(5) 0.058(5) 
0(52 ) 0.5292(4) 0.4315(6) 0.8047(4) 0.104(5) 

C(53) 0.5819(4) 0.2571(7) 0.6558(5) 0.047(4) 

0(53) 0.5320(3) 0.1959(6) 0.6050(3) 0.066(4) 
C( 61 ) 0.6709(5 ) 0.2542(8) 0.5519(4) 0.053(4) 
Q( 61 ) 0.6371(4) 0.1706(6) 0.5071(4) 0.086(4) 
C( 62) 0.7782(5) 0.4486(7) 0.5575(4) 0.054(4) 
O( 62) 0.8080(4) 0.4811 (7) 0.5161 (3) 0.101(5) 

A24 



TABLE A5.2 Fractional atomic coordinates for the 

hydrogen atoms for RU6C(CO)15(C6H8) (XR5) 

Atom x Y z 

H( 1) 0.7926 0.8876 0.7474 
H(2) 0.9249 0.8459 0.7564 
HO) 1.0152 0.6874 0.8660 
H(3' ) 1.0116 0.7997 0.9067 
H(4) 0.9628 0.5645 0.9435 
H( 4' ) 0.9832 0.6863 1.0000 
H(5) 0.8668 0.7166 0.9777 
H(6) 0.7646 0.8568 0.8673 

, '. 

A25 
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TABLE A5.3 °2 Anisotropic thermal parameters (A ) for RU
6

C(CO)15(C
6
H

8
) (XR5) 

Atom U 11 U22 U
33 

U
23 U

13 U
12 

Ru( 1} 0.0362 (3) 0.0318(3) 0.0349 (3) -0.0033(2) 0.0232(2) 0.0008(2) 
Ru(2) 0.0341 (3) 0.0265(2) 0.0334(3) 0.0017(2) 0.0202(2) -0.0025(2) Ru(3) 0.0322(3) 0.0261 (3) 0.0408(3) 0.0050(2) 0.0146(2) 0.0051(2) 
Ru(4) 0.0280(2) 0.0259(2) 0.0305(3) 0.0015(2) 0.0149(2) 0.0033(2) Ru(5 ) 0.0292(3) 0.0266(3) 0.0459(3) 0.0051 (2) 0.0200(2) 0.0003(2) 
Ru(6) 0.0404 (3) 0.0349(3) 0.0213(3 ) -0.0045(2) 0.0151(2) -0.0044(2) 
C 0.021(3) 0.020(3) 0.034 (3) -0.002(2) 0.011(2) -0.003(2) C( 1} 0.056(4) 0.026(3) 0.048(4) -0.003 (3) 0.019(3) -0.002(3) 
C(2) 0.053(4) 0.038(3) 0.040(4) -0.009 (3) 0.025 (3) -0.016(3) C(3) 0.042(4) 0.053(4) 0.048(4) -0.008(3) 0.011(3) -0.014(3) 
C(4) 0.039(4) 0.065(4) 0.034(4) 0.004 (3) 0.005 (3) -0.008(3) 
C(5 ) 0.054(4) 0.042 (4) 0.044 (4 ) -0.012(3) 0.029(3 ) -0. OOH 3) C(6) 0.056(4) 0.034(4) 0.059 (4) -0.015(3) 0.031(4) -0.008(3) » C( 11} 0.064(5 ) 0.042(4) 0.055(5) 0.005(4) 0.025(4) -0.004(4) I\) 

0(11) 0.129(6) 0.066(4) 0.050 (3) 0.018(3) 0.040(4) 0.012(4) 
0'\ 

C( 12) 0.063(5) 0.055(4 ) 0.016(6) -0.025(4) 0.047(4) -0.004(4) 
O( 12) 0.080(5) 0.118(6) 0.161(1) -0.054(5) 0.084(5) 0.008(4) 
C(21) 0.043(4) 0.030(3) 0.050(4) -0.005 (3) 0.025(3) -0.008(3 ) 
0(21) 0.062 (3) 0.054 (3) 0.092(4) 0.003 (3) 0.055(3) 0.006(3) 
C(22) 0.049(4) 0.043(4) 0.044(4) 0.003(3) 0.021(3) -0.001 (3) I . f • 0(22) 0.080(4) 0.016(4) 0~049(3) 0.033(3) 0.021(3) 0.008(3) C(31 ) 0.049(4) 0.043(4) 0.073(5) 0.000(4) 0.028(4) 0.010(3) 0(31) 0.050 (3) 0.015 (4) 0.114(5) -0.011(3) 0.046(3) 0.001(3) C(32) 0.046(4 ) 0.05S(5) 0.050(4) -0.00H4) 0.014(4) -0.001 (4) QC 32) 0.012.(4 ) o .0<B(4) 0.040(3) 0.00\(3) -0.00'2(3) 0.0'2'2(3) 



;I> 
I\) 
~ 

Table A5.3 continued 

C(33) 
0(33) 
C(41) 
0(41) 
C(42) 

0.059(5) 
0.101(5 ) 
0.036(4) 
0.034 (3) 
0.040(4) 

0.036(4) 
0.044(4) 
0.034(3) 
0.065(3 ) 
0.036(4) 

0.095(6) 
0.162(7) 
0.041( 4) 
0.058(3 ) 
0.046(4) 

'. 

0.005(4) 0.037(5) 
0.019(4) 
0.006(3) 
0.002(2) 

-0.004(3) 

0.006(4) 
0.064(5) 
0.022 (3) 
0.019(2) 
0.020 (3) 
0.024(3 ) 

0.018(3) 
0.006(3) 
0.000(2) 

-0.002(3) 
0.005(2) 



0 

TABLE A5.4 Bond lengths (A) for RU
6

C(CO)15(C6H8 ) (XR5) 

Ru( 1) -Ru(2) 2.889 ( 1) Ru( 1) -Ru(3) 2.932( 1) 

Ru( 1) -Ru(4) 2. 937( 1) Ru(1) -Ru(5) 2.861(1) 

Ru( 1) -C 2.015(6) Ru(1) -C(5) 2.265(6) 

Ru( 1) -C(6) 2.254(7) Ru(1) -C(11) 1.880( 7) 

Ru( 1) -CC 12) 1.877( 10) Ru(2) -Ru(3) 2.884(1) 

Ru(2) -Ru(4) 2.958 ( 1 ) Ru(2) -Ru(6) 2.869(1) 

Ru(2) -C 2.036(6) Ru(2) -C(1) 2.336(7) 

Ru(2) -C(2) 2.278(6) Ru(2) -C(21) 1.871(8) 

Ru(2) -cc 22) 1.890(7) Ru(3) -Ru(5) 2.835(1) 

Ru(3) -Ru(6) 2.914(1) Ru(3) -C 2.056(5) 

Ru(3) -C(31) 1.884(9) Ru(3) -C(32) 1.942(8) 

Ru(3) -C(33) 1.886(7) Ru(4,. -Ru(5) 2.939( 1) 

Ru(4) -Ru(6) 2.838(1) Ru(4) -C 2.067(5) 

Ru(4) -C(41) 1. 852( 6) Ru(4) -C(42) 1.885(6) 

Ru(4) -C(46) 2.048(7) Ru(5) -Ru(6) 2.961(1) 

Ru-(5) -C 2.055(6) Ru(5) -C(51) 1.895 (8) 

Ru(5) -C(52) 1.905(10) Ru(5) -C(53) 1.903(6) 

Ru(6) -C 2. 08H 6) Ru(6) -C(32) 2.513(7) 

Ru(6) -C(46) 2.133(6) Ru(6) -C(61) 1.917(7) 

Ru(6) -C(62) 1.872(9) C( 1) -C(2 ) 1.400(11) 

C( 1) -C(6) 1.466(13) C(2) -C(3) 1.496(8) 

C(3) -C(4 ) 1.543(12) C(4 ) -C(5 ) 1.510(11) 

C(5) -C(6) 1 .385 (9 ) C (11) -0 ( 11) 1.148(9) 

C ( 12) ~O ( 12 ) 1.154( 13) C ( 2 1) -0 ( 2 1 ) 1.158(10) 

C (-22) -0 ( 22 ) 1.151(9) C (31) -0 ( 31 ) 1.154(11) 

C(J2) -0(32) 1.143(9) C(33) -0(33) 1 • 129 (9 ) 

C(41) -0(41) 1.162(8) C ( 42) -0 ( 42 ) 1.144(8) 

C(46) -0(46) 1.153(10) C(51) -0(51) 1 • 150 ( 10) 

C ( 52) -0 ( 52 ) 1.139( 13) C(53) -0(53) 1.135(8) 

C (61) -0 (61 ) 1.117(9) C ( 62) -0 ( 62 ) 1.140(12) 

-

A28 



TABLE A5.5 Bond angles (0) for RU
6
C(CO)15(C6H8) (XR5) 

C(5) -Ru( 1) -Ru(2) 89.7(2) C(5) -Ru( 1) -Ru(3) 
C(5 ) -Ru(1) -Ru(4) 105.5(2) C(5 ) -Ru( 1) -Ru(5) 
C(6) -Ru( 1) -Ru(2) 75.1(2) C(6) -Ru( 1) -Ru(3) 
C(6) -Ru( 1) -Ru(4) 122.1(2 ) C( 6) -Ru(1) -Ru(5) 
C(6) -Ru( 1) -CC 5) 35.7(2) C( 1) -Ru(2) -Ru( 1) 

C( 1) -Ru(2) -Ru(3) 93.2(2) C( 1) -Ru(2) -Ru{4) 
C( 1) -Ru(2) -Ru(6) 153.0(2) C(2) -Ru(2) -Ru( 1) 
C(2) -Ru(2) -Ru(3) 128.4(2) C(2 ) -Ru(2) -Ru(4) 
C(2) -Ru(2) -Ru(6) 168.2(2) C(2) -Ru(2) -CC 1) 

C(2 ) -C(1) -Ru(2) 70.1(4 ) C(6 ) ~ C{ 1) -Ru(2) 
C(6) -CC 1) -C(2) 118.8(6) C( 1) , -C(2) -Ru(2) 
C(3) -C(2 ) -Ru(2) 119.9(4) C(3) -C(2 ) -C(1) 
C(4) -C(3) -C(2) 114.4(6) C(5) -C(4) -C(3) 
C(4 ) -CC 5) -Ru(1) ' 114.7(5) C{6) -C{5 ) -Ru{ 1) 

C(6) -C{S) -C(4) 122.6(8) C( 1) -C{6) -Ru(1) 
C(S) -C(6 ) -Ru(1) , 72.6 (4 ) C(S) -C(6) -C(1) 
0(11) -C(11) -Ru(1) 172.0(8) o ( 12) - C ( 12) - Ru (1 ) 

0(21) -C(21) -Ru(2) 177.2(6) 0(22) -C(22) -Ru(2) 
0(31) -C(31) -Ru(3) 179.4(7) Ru(6)-C(32) -Ru(3) 
0(32) -C(32) -Ru(3) 155.4(7) 0(32) -C(32) -Ru(6) 
0(33) -C(33) -Ru(3) 176.9(9) 0(41) -C(41) -Ru(4) 
0(42) -C(42) -Ru(4) 175.6(5 ) Ru(6) -C(46) -Ru(4) 
0(46) -C(46) -Ru(4) 139.1(5) 0(46) -C(46) -Ru(6) 
0(51) -C(51) -Ru(S) 173.2(7) 0(S2) -C(52) -Ru(5) 
0(53) -C(53) -Ru(5) 175.5(8) 0(61) -C(61) -Ru(6) 
0(62) -C(62) -Ru(6) 178.6(6) 

.. ; 
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133.9(2) 
163.8(2) 
99.6(2) 

158. 1 (2 ) 
68.6(2) 

119.1(2) 
89.0(2) 

111.8(2) 
35.3(3) 

111.0(4) 
74.6(4) 

122.0(7) 
114.6(6) 
71.7(4) 

104.5(4) 
120.7(7) 
179.6(5) 
176.9(7) 
80.6(2) 

, 124.0 (7) 
177.8(5) 
85. S(3) 

135.4(5) 
178.6(6) 
178.2(9) 
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Table A6.1 Fractional atomic coordinates and 

thermal parameters (A2) for RU
6
C(CO)15(PhCCH) (XR6) 

Atom x y z 
U. 
~so or Ueq 

Ru( 1) -0.34780( 12) 0.31726(6) 0.04907(6) 0.0324(6) 
Ru(2) -0.31918(12) O. 16252 (6) -0.00065(6) 0.0351(6) 
Ru(3) -0.11141(12) 0.27584(6) 0.00783(6) 0.0302(6) 
Ru(4 ) -0.27323(12) O. 18485 (7) o. 15868 (6 ) 0.0386(7) 
Ru(5) -0.06582(12) 0.30721 (6) 0.16620(6) 0.0344(6) 
Ru(6) -0.02955(12) 0.14802(6 ) 0.11814(6) 0.0374(7) 
C( 11) -0.5548(16) 0.3176(10) 0.0106(9) 0.059(11) 
O( 11) -0.6784(12) 0.3155(7) -0.0127(8) 0.086(9) 
C(12) -0.3486(17) 0.4271(9) 0.0681 (8) 0.045(9) 
O( 12) -0. 3455( 13) 0.4920(6) 0.0791(6) 0.067(8) 
C( 21) -0.5224(17) 0.1418(9) -0.0378(9) 0.058 ( 11) 
0(21) -0.6435( 12) 0.1304(8) -0.0561<7 ) 0.092(9) 
C(22) -0.2938(17) 0.0828(9) -0.0619(8) 0.049(10) 
0(22) -0.2715(13) 0.0343(7) -0.1001(7) 0.076(9) 
COl) - 0 • 0217 ( 16 ) 0.2276(8) -0.0509(7) 0.037(8) 
0(31) 0.0287(13) 0.1960(6) -0.0881(6 ) 0.074(8) 
C( 32) -0.0085(15) 0.3685(8) -0.0023(7) 0.036(8) 
O( 32) 0.0528 ( 12) 0.4202(6) -0.0 121( 6 ) 0.062(7) 
C(41) -0.4311(20) 0.2430 (8) 0.1731(9) 0.059 (11) 
0(41) -0.5165(13) 0.2721(7) 0.1886(7) 0.079(9) 
C(42) -0.3675 (18) 0.0834 (9 ) 0.1332(10) 0.064 ( 11 ) 
0(42) -0.4256(15) 0.0266(7) 0.1224(7) O. 108 ( 10) 

_- C(43) -0.1811(18) 0.1579(8) 0.2629(9) 0.053 (10) 
0(43) -0.1246(13) 0.1456(7) 0.3233(6) 0.069(8) 
C(51) 0.1180(17) 0.2835(9) 0.2421(9) 0.059( 10) 
O( 51 ) 0.2246(14) 0.2715(9) 0.2887(8) 0.114(10) 

, C(52-) 0.0059(19) 0.4078(11) 0.1506(9) 0.066( 12) 

0(52) 0.0446(16) 0.4706(7) 0.1456(7) 0.105(10) 

_: C(53) -0.1486( 17) 0.3505(10) 0.2312(8) 0.050 (10) 

0(53) -0. 1953( 14) 0.3785(8) 0.2719(7) 0.082(9) 
C( 61 ) 0.1429(18) 0.1581 (9) 0.0955(9) 0.055 ( 11 ) 
O( 61 ) 0.2495(12) 0.1567(7) 0.0850(7) 0.080(9) 
C( 62) -0.0710(17) 0.0434(9) 0.0816(9) 0.055( 10) 
O( 62) -0.0843(15) -0.0220(6) 0.0640(8) 0.098(10) 
C(63) 0.0658(24) 0.1106(12) 0.2148 ( 12) 0.056 ( 15) 
0(63) 0.1265( 19) 0.0820(10) 0.2712 ( 10) O. 100 ( 14) 

C -0.1944(16) 0.2321(8) 0.0842(8) 0.028 (3) 
C( 1) -0.3385(13) 0.3225(7) -0.0575(6) 0.0300) 
C(2) - 0 • 32 1 0 ( 14 ) 0.2474(7) -0.0787(7) 0.037 (3) 
C( 111) -0.3793(9) 0.3916(4) -0.1076(4) 0.029(3) 
C(112) -0.3186(9) 0.4666(4) -0.0872(4) 0.034(3) 
C(113) -0.3643(9) 0.5292(4) -0.1376(4 ) 0.053(4) 
C(114) -0.4707(9) 0.5169(4) -0.2083(4) 0.055(4) 
C( 115) -0.5314(9) 0.4419(4) -0.2287{4 ) 0.049(4) 
C(116) -0.4857(9) 0.3792(4) -0.1784(4) 0.040(3) 
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Table A6.2 Fractional atomic coordinates for the 

hydrogen atoms for RU6C(CO)'5(PhCCH) 

Atom x y z 

H(112) -0.2367 0.4760 -0.0323 
H(113) -0.3175 0.5875 -0.1213 
H(114) -0.5054 0.5659 -0.2472 
H( 115) -0.6124 0.4328 -0.2840 
H(116) -0.5315 0.3213 -0.1950 
H(2) -0.3395 0.2502 - 0.1397 
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Table A6.3 Anisotropic thermal parameters (A2 )RU
6

C(CO)15(PhCCH) (XR6) 

Atom U 11 U
22 U

33 
U

23 
U

13 
U

12 . , . , 

Ru( 1) 0.03l( 1) 0.034(1) 0.032(1) -0.002( 1) 0.013(1) 0.00l( 1) 
Ru(2) 0.035(1) 0.031( 1) ., 0.039(1) -0.005( 1) 0.013(1) -0.006( 1) 
Ru(3) 0.030( 1) .. ' '". . 0 • 0 3 1( 1) 0.030(1) 0.000 (1) 0.012(1) -0.001(1) Ru(4 ) O. 041( 1) 0.039( 1) 0.036(1) 0.002(1) 0.019(1) -0.003( 1) 
Ru(5 ) 0.034(1) 0.036( 1) 0.033(1) -0.004(1) 0.009( 1) -0.002(1) 
Ru(6 ) 0.036(1) 0.033(1) 0.043( 1) o. 004( 1) 0.015(1) 0.003(1) C( 11) 0.032(8) 0.011( 12) 0.013(12) -0.005(9) 0.021(8 ) -0.002(8) 
O( 11 ) 0.040(1) 0.015(9) 0.144(12) -0.018(8) 0.028(1 ) -0.001(6) 
C( 12) 0.051( 10) 0.039(9) 0.040(9) -0.001 (1) 0.024(8) -0.002(8) 
O( 12) 0.084(9) 0.046(1 ) 0.013(8) -0.0 11( 6) 0.034 (1) -0.005(1) 
C(21 ) 0.043 (9) 0.049( 10) 0.083 (13) -0.023(9 ) 0.014(9) -0.010(8) 

:t:' 0(21) 0.040(7) 0.113(11) 0.122 ( 10) -0.059(8) 0.012(7) -0.029(1) w C(22 ) 0.046 ( 10) 0.055(10) o .041( 10) -0.006(8) 0.022(8) -0.008(8) ") 
0(22) 0.015(9) 0.016(8) 0.011(9 ) -0.033(1) 0.029(7) -0.014(1) 
C(31 ) 0.045(9) 0.041 (8) 0.026(7) 0.000(6) 0.005(1) 0.011(7) 
0(31 ) 0.082(9) 0.061(7 ) 0.079(8) -0.019(6) 0.045(7) 0.008(7 ) 
C(32 ) 0.028(8) 0.044(9) 0.034(8) 0.004 (7) 0.010(6) 0.005(1) 
0(32 ) 0 . 063(8) 0.049(7) 0.074(8) -0.002(6) 0.041(1) -0.015(6) 
C(41) 0.079(13) 0.033(8) 0.064 (11) -0.009(8) 0.033(10) -0.014(8) 
0(41) 0.061(8) 0.075(8) 0.096(10) 0.001 (7) 0.050(8) 0.017(1) 
C(42) 0.062 (11) 0.048(9) 0.082 (13) -0.001(9 ) 0.046( 10) -0.012(8) 
0(42) 0.136 ( 12) 0.076(8) 0.113(10} -0.034(8} 0.084(10} -0.059(9} 
C(43} 0.068(11) 0.034(8) 0.056 (11) 0.001(7} 0.042(9} 0.016(8) 
0(43} 0.085(9} . 0.083(8} 0.041(7 ) 0.019(6) 0.028(7 ) 0.019(1) 
C(51 ) 0.058(10) 0.056( 10) 0.063(11) -0.021(8 ) -0.00.3(9) 0.000(8) 
0(51) 0.079(8) 0.146(13) 0.117(10) -0.049(9) -0.070(8) 0.047(9) 
C(52 ) 0.067 (12) 0.012 ( 12) 0.060(11) -0.021 (9) 0.033(10) -0.021(10) 
0(52) o. 133( 12) 0.068(8) 0.115(11) -0.038(8) 0.076(10) -0.053(8) 
C(53) 0.043( 10) 0.011(11) 0.035(9) -0.001(8 ) 0.006(8) 0.002(8) 
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Table A6.3 continued 

0(53) 0.013(9) 
C(61) 0.052 ( 10) 
0(61) 0.050(1) 
C(62) o. 04H 10) 
0(62 ) 0.081 (10) 
C(63) , 0.042( 15) 
0(63) 0.089 ( 15 ) 

0.103(10) 
0.061(11) 
0.100(10) 
0.041(10) 
0.034(1) 
o. 068( 14) 
0.149(13) 

0.010(9) -0.020(8) 0.031(1) 0.003(8) 
0.053( 11) -0.001(8 ) 0.025(9) -0.010(8) 
0.089 (9) 0.019(1) 0.040(1) 0.000(1) 
0.016(12) 0.001(9 ) 0.002(9) 0.014(8) 
0.111(14) -0.020(8) 0.012(10) 0.001(1) 
0.059 ( 15 ) 0.032( 12) 0.020( 12) 0.021(12) 
0.062 ( 14) 0.05H 11) 0.031( 12) 0.046( 11) 



0 

Table A6.4 Bond lengths (A) for Ru
6

C(CO)15(PhCCH) (XR6) 

Ru(l) -Ru(2) 2.837(2) Ru( 1) -Ru(3) 2.815(2) 

Ru(1) -Ru(4) 2.980(2) Ru( 1) -Ru(5) 2.863( 1) 

Ru( 1) -C 2.015(14) Ru(1) -C(l1) 1.894(15) 

Ru( 1) -CC 12) 1.895(15) Ru( 1) -CC 1) 2.095(13) 

Ru(2) -Ru(3) 2.764(2) Ru(2) -Ru(4) 2.963(2) 

Ru(2) -Ru(6) 2.934 ( 1 ) Ru(2) -C 2.02H 13) 

Ru(2) -C(21) 1.892(16) Ru(2) -C(22) 1 .871 ( 17 ) 

Ru(2) -C(2) 2.076( 13) Ru(3) -Ru( 5) 2.969(2) 

Ru(3) -Ru(6) 2.930(2) Ru(3) -C 2.070(18) 

Ru(3) -C(31) 1.864 ( 17 ) Ru( 3) -C(32) 1.915(15) 

Ru(3) -CC 1) 2.264 ( 11 ) Ru(3) -C(2) 2.174(11) 

Ru(4) -Ru(5) 2.874(2) Ru(4) -Ru(6) 2.857(2) 

Ru(4) -C 2.035(18) Ru(4) -C(41) 1.946 (20) 

Ru(4) -C(42) 1. 925 ( 16 ) Ru(4) -C(43) 1 .930 ( 16) 

Ru(5) -Ru(6) 2.912(2) Ru(5) -C 2.059 (13) 

Ru(5) -C(51) 1.902(14) Ru(5) -C(52) 1.908(19) 

Ru(5) -C(53) 1.880( 18) Ru(6) -C 2.073 ( 15) 

Ru(6) -C(61) 1.913(19) R u ( 6) - C ( 62 ) 1.893(16) 

Ru(6) -C(63) 1.862(21) C (11) -0 ( 11) 1.131(18) 

C ( 12) -0 ( 1 2 ) 1.116(19) C ( 2 1) -0 (21 ) 1.128 (20) 

C ( 22) -0 ( 22 ) 1.177(22) C (31) -0 <31 ) 1.146(22) 

C(32) -0(32) 1.119(19) C ( 4 1) -0 ( 4 1 ) 1.107(25) 

C(42) - 0(42) 1.098(20) C(43) -0(43) 1.111(19) 

C (51 ) --0 (51 ) 1.120(18) C ( 52) -0 ( 52 ) 1.144(23) 

C(53) -0(53) 1.150(24) C(61) -0(61) 1.140(24) 

C_( 62) -0 ( 62 ) 1.149(20) C(63) -0(63) 1.14(3) 

C( 1) -C(2) 1.365(17) C( 1) -C(ll1) 1.475(13) 

C(111)-C(112) 1.395 C ( 111 )-C ( 116 ) 1.395 
C(112)-C(113) 1.395 C(113)-C(114) 1.395 
C(114)-C(115) 1.395 C(115)-C(116) 1.395 

-" 
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Table A6.5 Bond angles (0) for Ru
6

C(CO)15(PhCCH) (XR6) 

C(l) -Ru(l) -Ru(2) 
C(l) -Ru(l) -Ru(4) 
C(2) -Ru(2) -Ru(l) 
C(2) -Ru(2) -Ru(4) 
C(l) -Ru(3) -Ru(l) 
C(l) -Ru(3) -Ru(5) 
C(2) -Ru(3) -Ru(l) 
C(2) -Ru(3) -Ru(5) 
0(11) -C(ll) -Ru(l) 
0(21) -C(21) -Ru(2) 
0(31) -C(31) -Ru(3) 
0(41) -C(41) -Ru(4) 
0(43) -C(43) -Ru(4) 
0(52) -C(52) -Ru(5) 
0(61) -C(61) -Ru(6) 
0(63) -C(63) -Ru(6) 
C(2) -C(l) -Ru(l) 
C(lll)-C(l) -Ru(l) 
C(lll)-C(l) -C(2) 
C(l) -C(2) -Ru(2) 
C(112)-C(111)-C(1) 
C(116)-C(111)-C(112) 
C(114)-C(113)-C(112) 
C(116)-C(115)-C(114) 

70. 1( 3) 
129.8 (3) 
68.5(4) 

128.5(4) 
47.2(4) 

104.6(3 ) 
67.8(4) 

124.6(4) 
178 (1) 
176(2) 
177C 1) 
172 ( 1) 
177 (1) 
174(2) 
173 ( 1) 
174 (2) 

108.2(9) 
125.3(8) 

125 ( 1) 
113(1) 

123.4(7) 
120.0 
120.0 
120.0 

A35 

C( 1) -Ru( 1) -Ru(3) 
C(l) -Ru(l) -Ru(5) 
C(2) -Ru(2) -Ru(3) 
C(2) -Ru(2) -Ru(6) 
C(l) -Ru(3) -Ru(2) 
C(l) -Ru(3) -Ru(6) 
C(2) -Ru(3) -Ru(2) 
C(2) -Ru(3) -Ru(6) 
0(12) -C(12) -Ru(1) 
0(22) -C(22) -Ru(2) 
0(32). -C(32) -Ru(3) 
0(42) -C(42) -Ru(4) 
0(51) -C(51) -Ru(5) 
0(53) -C(53) -Ru(5) 
0(62) -C(62) -Ru(6) 
Ru(3) -C(l) -Ru(l) 
C(2) -C(l) -Ru(3) 
C(111)-C(1) -Ru(3) 
Ru(3)-C(2) -Ru(2) 
C(l) -C(2) -Ru(3) 
C( 116)-C( 111 )-C( 1 f 
C(113)-C(112)-C(111) 
C(115)-C(114)-C(113) 
C(115)-C(116)-C(l11) 

\. 

52.4 (3) 
113.3(3) 
51.0(3) 

111.7(3) 
69.6(3 ) 

127.6(3 ) 
47.9(4) 

108.8 (3) 
178(2) 
177 ( 1) 
175 (1) 
175(2) 
177(2) 
178 ( 1 ) 
174(1) 

80.4(4) 
68.5(7) 

127.9(8) 
81.1(4) 
75.7(7) 

116.6(7) 
120.0 
120.0 
120.0 



TABLE A7.1 Fractional atomic coordinates and thermal 

parameters (A2) for Ru
6

C(CO)15(PhCCMe) (XR7) 

Atom Uiso or U 
x y z eq 

Ru(l) -0.34026(4) -0.16929(8) 0.06342(8) 0.0301(4) 
Ru(2) -0.18220(4) -0.07217(8) 0.07753(8) 0.0307(4) 
Ru(3) -0.23152(4) -0.12032(8) 0.33074(8) 0.0297(4) 
Ru(4 ) -0.25276(5) -0.35748(8) -0.11674(8) 0.0314(4) 
Ru(5) -0.29979(5) -0.39829(8) 0.15663(8) 0.0338(4) 
Ru(6) -0.14053(4) -0.30112(8) 0.15424(8) 0.0335(4) 
C ( 11 ) -0.3685(6) -0.0860(11) -0.0836(11) 0.048(6) 
O( 11) -0.3857(5) -0.0331(9) -0.1700(9) 0.071(6) 
C( 12) -0.4426(6) -0.1882(11) 0.0965(12) 0.047(6) 
O( 12) -0.5049(5) -0. 1954 ( 11 ) 0.1157( 12) 0.090(7) 
C( 21 ) -0.1975(6) 0.031 '6(11) - 0 • 0563 ( 12 ) 0.047(6) 
0(21) -0.2085(5) 0.0945(9) -0.1373(10) 0.084(6) 
C(22) -0.0766(6) 0.0143(10) 0.1400(11) 0.041(6) 
0(22) -0.0129(4) 0.0695(9) 0.1808(10) 0.064(5) 

CO" -0.1554(6) -0.0112(11) 0.5063(11) 0.046(6) 
0(31 ) -0.1092(5 ) 0.0555(9) 0.6066(9) 0.070(6) 
C( 32) -0.2949(6) -0.1612(10) 0.4660 ( 11 ) 0.047(6) 
0(32) -0.3341(5) -0.1867<9 ) 0.5428(10) 0.082(6) 
C(41) -0.3501 (6) -0.3898(10) - 0 • 2528 ( 12) 0.042(6) 
0(41) -0.4058(5) -0.4169(8) -0.3425(10) 0.061(5) 
C(42r- -0.1922(6) -0.2664(11) - 0 • 22 21( 11) 0.044(6) 
0(42) -0.1596(5) -0.2308(9) -0.3049(8) 0.062 (5) 
C(43) -0.2288(9) -0.5255 (17) - 0 • 223 1 ( 18 ) 0.058 ( 10) 
0(43) -0.2136(7) -0.6283(14) -0.2794(15) O. 102 ( 10) 
C( 51 ) -0.2683(7) -0.4521(11) 0.3308(12) 0.050 (7) 

0(51) -0.2491(6) -0.4871(8 ) 0.4309(9) 0.079(6) 
C( 52) - -0.4045(9) -0.4227 ( 16 ) 0.1728(17) 0.060( 10) 
o (52) :. -0.4676(8) -0.4476(13) 0.1884(15) 0.097(9) 
C(53) - -0.3153(6) -0.5748( 12) 0.0135(12) 0.049(7) 
0(53) - -0.3259(6) -0.6863(8) -0.0566(10) 0.073(6) 
C( 61 ) -0.0787(7) -0.2336(12) 0.3588(14) 0.058 (7) 

O( 61 ) -0.0375(5) -0.2026(10) 0.4734 (9) 0.078(6) 
C( 62) -0.0532-(6) -0.2681(13) 0.0662(14) 0.059(7) 
0(62) -0.0005(5) -0.2551 (11) 0.0138(13) o. 108 (8) . 

C(63) -0.1350(6) -0.4836( 13) 0.1189(14) 0.057(7) 
0(63) -0.1298(6) -0.5946(9) 0.0977( 12) 0.085(7) 
Cl(l) -0.0546(5) -0.5528( 10) -0.3032 ( 13) 0.116(7) 
C1(2) 0.0231(8) -0.5093(13) -0.5408(16) o. 139 ( 11 ) 
C -0.2422(7) -0.2377 (12) 0.1013(13) 0.029(2) 
C( 1) -0.2995(5) 0.0073(9) 0.2461(10) 0.035(2) 
C(2) -0.2216(5) 0.0575(9) 0.2517 (10) 0.036(2) 
C(3) -0.1794(6) 0.2021(11) 0.3388(12) 0.047(3) 
C( 111) -0.3505(4) 0.0965(7) 0.3215(8) 0.040(2) 
C(112) -0.3665(4) 0.1013(7) 0.4653(8) 0.081(4) 
C(113) -0.4160(4) 0.1825(7) 0.5286(8) 0.095(5) 
C( 114) -0.4496(4) 0.2590(7) 0.4481(8) 0.065(3) 
C(115) -0.4336(4) 0.2542(7) 0.3044 (8) 0:-073(4) 

C( 116) -0.3841(4) 0.1729(7) 0.2411(8) 0.069(3) 

C«s» -0.0201 (31) -0.4293(52) -0.3593(59) 0.121(20 ) 
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TABLE A7.2 Fractional atomic coordinates for the 

hydrogen atoms for RU6C(CO) 15(PhCCMe) (XR7) 

Atom x y z 

H(3a) -0.1197 0.2142 0.3255 
H(3b) -0.1815 0.2248 0.4589 
H(3c) -0.2070 0.2702 0.2934 
H(112) -0.3400 0.0433 0.5285 
H(113) -0.4284 0.1869 0.6395 
H(114) -0.4891 0.3198 0.4944 
H(115) -0.4614 0.3091 0.2385 
H(116) -0.3730 o. 1655 0.1276 
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TABLE A7.3 Anisotropic thermal parameters (A2) for 

RU6C(CO) 1'5 (Pt:lCCHe) OCR7l 

Atom U 11 U
22 U

33 
U

23 U
13 U

12 
I I ' I 

Ru( 1) 0.0302(4) 0.0320(4) 0.0281 (3) 0.0074 (3) 0.0032(3) 0.0072 (3) Ru(2) 0.0343(4) 0.0307 (4) O. 0271( 3) 0.0115(3) 0.0084(3) 0.0045(3) Ru(3) 0.0338(4) 0.0325(4) 0.0229(3) 0.0093 (3) 0.0060(3) 0.0056 (3) Ru(4 ) 0.0355(5) 0.0329(4) 0.0258 (3) 0.0060(3 ) 0.0058(3) 0.0063(3) Ru(5) 0.0351(5) 0.0313(4) 0.0350(4) 0.0136(3) 0.0070 (3) 0.0020 (3) Ru(6) 0.0302(4) 0.0366(5) 0.0336(4) 0.0149(3) 0.0054 (3) 0.0095(3) C( 11 ) 0.055(7) 0.054 (7) 0.035(5) 0.016(5) 0.003(5) 0.018(6) O( 11) 0.078(6) 0.073(6) 0.061(5 ) 0.036(5) 0.007(5 ) 0.025(5) C( 12) 0.044(6) 0.048(7) 0.049(6) 0.018(5) 0.010(5) 0.013(5) O( 12) 0.040(5) 0.122(8) 0.107(8) 0.044(7) 0.024(5) 0.023(5) C(21) 0.050(6) 0.042(6) 0.048(6) 0.019(5) 0.016(5) 0.006(5) 
~ 0(21) 0.097 (7) 0.081(6 ) 0.073(6) 0.056(5) 0.020(5) 0.024(5) w C(22 ) 0.047(7) 0.046(6) 0.031(5) 0.009(5) 0.004(5) -0.005(5) en 

0(22 ) 0.044(5) 0.082(6) 0.066(5) 0.023(5) 0.001(4) -0.015(4) C( 31 ) 0.054(7) 0.053(7) 0.032(5) 0.012(5) 0.009(5) 0.011(6) 
0(31) 0.072(6) 0.087(7) 0.050(4) 0.006(5) -0.010(4) -0.018(5) 
C( 32) 0.063(7) 0.037(6) 0.042(5) 0.013(5) 0.017(5) 0.012(5) 
O( 32) 0.088(6) 0.086(7) 0.072(5) 0.034 (5) 0.051(5 ) 0.007(5) C(41) 0.045(6) 0.037(6) 0.043(6) 0.008(5) 0.010(5) 0.000(5) 
0(41) 0.053(5 ) 0.060(5) 0.069(5) 0.015(5) -0.011(5 ) 0.005(4) 
C( 42) 0.041 (6) 0.057(7 ) 0.033(5) 0.011(5) 0.003(5) 0.006(5) 
0(42) 0.062(5) 0.080(6) 0.043(4) 0.023(4) 0.015(4) -0.005(4) 
C(43) 0.089 ( 10) 0.054 (10) 0.032(9) 0.012(8) 0.021(8 ) 0.029(8) 
0(43) 0.184 ( 10) 0.060 ( 10) 0.061(10) 0.010(8) 0.048(8) 0.073(8) 
C(51) 0.063(8) 0.043 (7) 0.044 (6) 0.021(5 ) 0.006(5) 0.008(6) 



Table A7.3 continued 

0(51) 0.122(8) 0.061 (6') 0.052(5) 0.029(4) 0.004(5) 0.022(5) 
C(52) 0.047(10) 0.056(10) 0.078'(9 ) 0.038(8) 0.009(8) 0.002 (8) 
0(52) 0.045(10) 0.098(9) 0.149(9) 0.059(8) 0.038(8) 0.014(8) 
C(53) 0.049(7 ) 0.056(8) 0.042(6) 0.010(6) 0.005(5) -0.003(6) 
0(53) 0.101(7) 0.046(5) 0.072 (6) -0.007(5) 0.029(5) -0.014(5) 
C(61) 0.053(7) 0.063(8) 0.058(1) 0.021(6 ) 0.009(6) 0.021(6 ) 
0(61) 0.075(6) 0.117(8) 0.041(4) 0.010(5) -0.010(4) 0.036(6) 
C(62) 0.042(6) 0.069(8) 0.065(7) 0.032(6) 0.011(6) 0.024(6) 
0(62) 0.063(6) 0.128(9) 0.132(9) 0.075(8) 0.059(6) 0.042(6) 
C(63) 0.039(6) 0.062(8) 0.071(8) 0.025(1) 0.010(6) 0.014(6) 
0(63) 0.089 (7) 0.049(5) 0.117(8) 0.028(5) 0.019(6) 0.031(5) 

~ Cl(l) 0.076(6) 0.125 (8) 0.149(9) 0.014(7) 0.025(6) 0.020(5) LV 
\0 C1(2) 0.164(13) 0.103(8) 0.151(13) 0.041(9) 0.047(8 ) 0.027(8) 



0 

TABLE A7.4 Bond lengths (A) for RU
6

C(CO)15(PhCCMe) (XR7) 

Ru( 1) -Ru(2) 2.815(1) Ru( 1) -Ru(3) 2. 791( 1) 

Ru( 1) -Ru(4) 2.989(1) Ru( 1) -Ru(5) 2. 952( 1) 

Ru( 1) -C 2.015(14) Ru(1) -C(l1) 1.883( 13) 

Ru( 1) -CC 12) 1.882(12) Ru( 1) -CC 1) 2.069(8) 

Ru(2) -Ru(3) 2.782 ( 1 ) Ru(2) -Ru(4) 2.991(1) 

Ru(2) -Ru(6) 2.885(1) Ru(2) -C 1.992(13) 

Ru(2) -C(21) 1 .904 ( 13 ) Ru(2) -C(22) 1.888( 10) 

Ru(2) -C(2) 2.078(9) Ru(3) -Ru(5) 2.880( 1) 

Ru(3) -Ru(6) 2.974(1) Ru(3) -C 2.098 ( 11) 

Ru(3) -C(31) 1.906(9) Ru(3) -C(32) 1.902 ( 12) 

Ru(3) -CC 1) 2.181(11) Ru(3) -C(2) 2.201 ( 11 ) 

Ru(4) -Ru(5) 2.915(1) Ru(4) -Ru(6) 2.836(1) 

Ru(4) -C 2.019(11) Ru(4) -C(41) 1.916(11) 

Ru(4) -C(42) 1.894( 12) Ru(4) -C(43) 1.908( 17) 

Ru( 5) -Ru( 6) 2.870 (1) Ru(5) -C 2.079 ( 14 ) 

Ru(5) -C(51) 1.910(13) Ru(5) -C(52) 1.876(17)· 

Ru(5) -C(53) 1 .902 ( 11 ) Ru(6) -C 2.069( 14) 

Ru(6) -C(61) 1 .929 ( 12 ) Ru(6) -C(62) 1.890(13) 

Ru(6) -C(63) 1.880(14) C (11) -0 ( 11) 1.140(16) 

C(12) -0(12) 1.143(15) C (21) -0 ( 2 1 ) 1 • 157 ( 17 ) 

C ( 22) -0 ( 22 ) 1.147(13) C(3l) -0(31) 1.125(11) 

C(32) -0(32) 1 • 125 ( 16 ) C ( 4 1) -0 ( 4 1 ) 1.140( 13) 

C ( 42) -0 ( 42 ) 1.141(15) C(43) -0(43) 1. 151 (22) 

C (5 1) -0 ( 5 1 ) 1 • 128 ( 16 ) C ( 52) -0 ( 52 ) 1.153(22) 

C(53) -0(53) 1.139(14) C(61) -0(61) 1.134(14) 

C ( 62) -0 ( 62 ) 1.127(17) C(63) -0(63) 1.152(17) 

C( 1) -C(2) 1.395(13) C( 1) -C(111) 1.504(12) 

C(2) -C(3) 1.519(13) C(111)-C(112) 1.395 
C(111)-C(116) 1.395 C(112)-C(113) 1.395 

CO 13)·-C( 114) 1.395 C(114)-C(115) 1.395 

CU15)-C(116) 1.395 Cl(1) -C«s» 1.61(6) 

CH 2) - C ( ( s) ) 1.97< 6) C1(2) -C1(2) 1 .20 (3) 
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o TABLE A7.5 Bond angles ( ) for RU6C(CO)15(PhCCMe) (XR7) 

C( 1) -Ru( 1) -Ru(2) 
C(1) -Ru(1) -Ru(4) 
C(2) -Ru(2) -Ru(1) 
C(2) -Ru(2) -Ru(4) 
C( 1) -Ru(3) -RuC 1) 
C(l) -Ru(3) -Ru(5) 
C(2) . -Ru(3) -Ru(l) 
C(2) -Ru(3) -Ru(5) 
C(2) -Ru(3) -C(1) 
OC 12) -CC 12) -Ru( 1) 
0(22) -C(22) -Ru(2) 
0(32) -C(32) -Ru(3) 
0(42) -C(42) -Ru(4) 
0(51) -C(51) -Ru(5) 
0(53) -C(53) -Ru(5) 
0(62) -C(62) -Ru(6) 
Ru(3) -C(l) -Ru(l) 
C(2) -CC 1) -Ru(3) 
C(111)-C(l) -Ru(3) 
Ru(3) -C(2) -Ru(2) 
C(1) -C(2) -Ru(3) 
C(3) -C(2) -Ru(3) 
C(112)-C(111)-C(1) 
C(116)-C(111)-C(112) 
C(l14)-C(l13)-C(112) 
C(116)-C(l15)-C(114) 
Cl(2) -C«s»-Cl(l) 

70.0(3) 
129.8(3 ) 
69.9(2) 

129.8 (3) 
47.2(2) 

108. 1(2) 
69.0(2) 

128.4(2) 
37.1(4 ) 

177 ( 1) 

178.2(9) 
178.2(9) 
168.8(8) 

178( 1) 
171( 1) 
176 ( 1) 

82.0(4) 
72.2(6) 

130.7(7) 
81.0(3) 
70.7(6) 

128.7(7) 
122.1 (8) 
120.0 
120.0 
120.0 

106(3) 

A41 

C(l) -Ru(1) -Ru(3) 
C(l) -Ru(l) -Ru(5) 
C(2) -Ru(2) -Ru(3) 
C(2) -Ru(2) -Ru(6) 
C(l) -Ru(3) -Ru(2) 
C(l) -Ru(3) -Ru(6) 
C(2) -Ru(3) -Ru(2) 
C(2) -Ru(3) -Ru(6) 
0(11) -C(l1) -Ru(1) 
0(21) -C(21) -Ru(2) 
0(31) -C(31) -Ru(3) 
0(41) -C(41) -Ru(4) 
0(43) -C(43) -Ru(4) 
0(52) -C(52) -Ru(5) 
0(61) -C(61) -Ru(6) 
0(63) -C(63) -Ru(6) 
C(2) -C(l) -Ru(l) 
C(lll)-C(l) -Ru(l) 
C( 111)-C( 1) -C(2) , 
C(l) -C(2) -Ru(2} 
C(3) -C(2) -Ru(2) 
C(3) -C(2) -C(l) 
C(116)-C(l11)-C(1) 
C(l13)-C(112)-C(111) 
C(115)-C(114)-C(113) 
C(115)-C(116)-C(. 111~ 

50.7(3) 
109.0 (3) 
51.4(3) 

112.9(3) 
69.4 (3) 

126.1(3 ) 
47.6(2) 

106.0 (3) 
178.4(9) 

178 ( 1) 
177(1) 
174 ( 1) 
176(2) 
173(2) 
173 (1) 
178 (1) 

110.2(6) 
124.1(6) 
121.8(7) 
109.8(6) 
123.6(7) 
124.4(9) 
117.9(8) 
120.0 
120.0 
120.0 



Table A8.1 

Atom 

Au( 1) 
Au(2) 
Ru( 1) 
Ru(2) 
Ru(3) 
Ru(4) 
Ru(5) 
Ru(6) 
C( 1) 
C(2) 
P( 1) 
P(2) 
C(3) 
C(4 ) 
C(5) 
c(6) 
C(7) 
(;(8 ) 
C( 11 ) 
o ( 11 ) 
C( 12) 
o ( 12) 
C(21) 
O( 21 ) 
C(22 >-
0(22) 
C(31) 
D(31 ) 
C(32) 
0(32) 
C(41) 
0(41 )~ 
C( 42)-

-0 (42) 
C( 45) 
0(45 ) 
C( 51 ) 
O( 51 ) 
C(52) 
0(52) 
C( 61 ) 
O( 61 ) 
C( 62) 
0(62) 
C(63) 
0(63) 
C 
C(ll1) 
C(112) 
C(113) 
C(114) 
C( 115) 
C(116) 

Fractional atomic coordinates and thermal 

parameters CA2) for RU
6

C(CO)14(PhCCH){Au(PMe
3

)}2 (XR8) 

U. U 
x y Z lS0 or eq 

0.25942(7) 
0.16742(7) 
0.21764(11) 
O. 31642 ( 12 ) 
o • 36395 ( 12 ) 
0.14777( 12) 
0.20245(13) 
0.30962 ( 13) 
0.3368(13) 
0.3859(13) 
0.2627(5) 
0.1143(4) 
0.3202(19) 
0.1649( 16) 
0.3089(18) 
0.0393( 17) 
0.2001 ( 16) 
0.0700( 17) 
0.1742(16) 
0.1456( 13) 
0.1643(15) 
0.1291(11) 
0.2942 ( 15 ) 
0.2871(11) 
0.4026(21) 
0.4623(15) 
0.4714(18) 
0.5442(16) 
0.3647(15) 
0.3714 ( 12) 
0.0600 ( 16) 
0.0044 ( 13) 
0.0905 ( 14 ) 
0.0566(11) 
0.0947(17) 
0.0278(13) 
0.2071(21) 
0.2059 ( 14) 
0.1576(15) 
0.1296(12) 
0.3702(20) 
0.4087(12) 
0.3953(19) 
0.4553(14) 
0.2497(16) 
0.2156(14) 
0.2521 ( 14 ) 
0.3628 ( 10) 
0.3399(10) 
0.3690(10) 
0.4210 ( 10) 
0.4439( 10) 
0.4148(10) 

0.00095(9) 
0.14129(8) 

-0.00569(14) 
0.04977(15) 

-0.10831 (15) 
-0.05444 ( 14) 
-0.20792(15) 
-0.15289( 16) 

0.0212 ( 16) 
0.0500( 18) 
0.0558(5) 
0.2955(5) 

-0.0238(18) 
0.0628 ( 19) 
0.1792(19) 
0.3063(22) 
0.3842 (17) 
0.3516(21) 
O. 1191 (20) 
0.1962 ( 17) 

-0.0442(18) 
-0.0616(13) 

0.1799(20) 
0.2633(14) 
0.0860(25) 
O. 1108 ( 17 ) 

-0.1230(20) 
-0. 1320 ( 18 ) 
-0.1978(19) 
-0.2496(15) 

0.0152(20) 
0.0556(15) 

-0.0722(17) 
-0. 088H 14) 
-0.1834(20) 
-0.2205(15) 
-0.3391(28) 
-0. 4 1 95 ( 19 ) 
-0.2503(18) 
-0.2828( 15) 
-0.2572(25) 
-0.3278 ( 15) 
-0.1271 (23) 
-0. 1147 ( 16 ) 
-0.2230(20) 
-0.2751( 17) 
-0.0751(17) 
0.0385(12) 

-0.0256( 12) 
-0.0103(12) 

0.0692(12) 
0.1333( 12) 
0.1180(12) 

A4 :L 

0.03719(6) 
0.10737 (7) 
0.29595(10) 
0.18383(11) 
0.27229(11) 
O. 14743( 11) 
0.23902 ( 11 ) 
O. 12946 ( 11 ) 
0.3401 (13) 
0.2794(13) 

-0.0786(4) 
0.0832(4) 

-0.1381(15) 
-0.1288(15) 
-0.0835(16) 
0.0103(17) 
0.0617( 17) 
O. 1624 ( 16) 
0.3058(14) 
O. 3158 ( 12 ) 
o. 3756( 14) 
0.4280(11) 
0.2031 ( 14) 
0.2190 ( 11 ) 
0.1321(18) 
0.1078( 13) 
0.2611 ( 15 ) 
0.2504(13) 
0.3502(14) 
0.3984 ( 12) 
0.1819(14) 
0.2049(11) 
0.0560( 13) 
0.0029(11) 
0.1853(15) 
o. 1729 ( 11 ) 
0.2113(19) 
o. 1922( 13) 
0.3230(14) 
0.3737(12) 
O. 1771 ( 19 ) 
O. 1909 ( 11 ) 
0.0736(18) 
0.0391(12) 
0.0620(15) 
0.0225(13) 
'0.2101 (12) 
0.4158(7) 
0.4694(7) 
0.5403(7) 
0.5576(7) 
0.5040(7) 
0.4331(7) 

0.0433 (7) 
0.0460(7) 
0.0320 ( 11) 
0.0374(12) 
0.0375(13) 
0.0353( 12) 
0.0395(13) 
0.0425(13) 
0.039(15) 
0.042 ( 16) 
0.053(5) 
0.053(5) 
0.080(21) 
0.066(19) 
0.076(22) 
0.081(23) 
0.069(20) 
0.079(22) 
0.051 (8) 
0.096(7) 
0.045(7) 
0.067(6) 
0.051 (7) 
0.072(6) 
0.089(11) 
0.106(8) 
0.060(8) 
0.117(8) 
0.049(7) 
0.080(6) 
0.056(8) 
0.084(7) 
0.039(6) 
0.070(6) 
0.061(8 ) 
0.084(7) 
0.096(11) 
0.112(8) 
0.046(7) 
0.079(6) 
0.089(11) 
0.078(6) 
0.082 (10) 
0.097(7) 
0.056(8) 
0.099(8) 
0.037(6) 
0.044(7) 
0.052(8) 
0.065(8) 
0.078(10) 
0.061(8) 
0.050(7) 



Table A8.2 Fractional atomic coordinates for the 

hydrogen atoms for RU6C(CO)14(PhCCH){Au(PHe3)}2 (XR8) 

Atom x y z 

H(112) 0.2999 -0.0870 0.4574 
H(113) 0.3520 -0.0586 0.5829 
H(114) 0.4443 0.0828 0.6126 
H ( 115 ) 0.4845 o. 1957 0.5168 
H(116) 0.4324 0.1673 0.3913 
H(31) 0.3822 -0.0360 -0.1151 
H(32 ) 0.3231 0.0114 -0.1897 
H(33) 0.2885 -0.0935 -0.1447 
H(41) 0.1228 O. 1081 -0.1005 . 
H(42) O. 1392 -0.0102 -0.1356 
H(43) 0.1738 0.0947 -0.1807 
H(51) 0.3683 0.1797 -0.0538 
H(52) 0.2685 0.2323 -0.0606 
H(53) 0.3171 O. 1979 -0.1387 
H (61 ) -0.0117 0.2573 0.0188 
H( 62) 0.0669 0.2869 -0.0389 
H(63) 0.0170 0.3811 0.0069 
H(71) 0.2488 0.3819 O. 1039 
H(72 ) 0.1752 0.4579 0.0574 
H(73) 0.2250 0.3636 0.0115 
H(81) O. 1142 0.3466 0.2080 
H(82) 0.0140 0.3129 0.1740 
H(83) 0.0557 0.4279 0.1514 
H 0.4573 0.0942 0.2856 

A43 



· . " . °2 
Table A8.3 Anisotropic thermal parameters (A ) for 

RU
6

C(CO)14(PhCCH){AU(PHe
3

)}2 (XR8) 

Atom U
11 

U
22 

U
33 

U
23 

U
13 

U
12 

Au( 1) 0.043 (1) 0.056 (1) 0.030(1) 0.009(1) 0.004 ( 1 ) 0.001 (1) 
Au(2) 0.061(1) o. 027( 1 ) 0.050 (1) o. 007( 1) 0.003(1) 0.002 (1) 
Ru( 1) 0.027(1) 0.033(1) 0.036(1) -0.005(1) 0.001 ( 1) 0.002 (1) 
Ru(2) 0.030(1) 0.045 (1) 0.037( 1) 0.004 (1) 0.002 (1) -0.005( 1) 
Ru(3) 0.029 (1) o. 046( 1) 0.038 (1) -0.005 (1) -0.001(1) 0.010(1) 
Ru(4) 0.032(1) 0.033 (1) o. 041( 1) o. 002( 1) -0.003(1) -0.004( 1) 

:t' 
Ru(5) 0.049(1) 0.031( 1) 0.039(1) -0.001 (1) -0.001 (1) -0.003(1) 

"'" Ru(6) 0.043(1) o. 050( 1) 0.035 (1) -0.006( 1) 0.001(1) 0.009(1) 
"'" C( 1) 0.036(14) 0.025(14) 0.056 ( 16) -0.027(13) -0.026(13) 0.009 ( 11) 

C(2 ) 0.032 ( 14) 0.054 ( 17) 0.041(16) -0.008( 14) 0.012(13) -0.009(13) 
P( 1) 0.066(5) 0.047(5 ) 0.046(5) 0.011(4) 0.002(4) -0.013(4) 
P(2) 0.046(4) 0.039 (4) 0.074(6) 0.006(4) -0.006(4) 0.004(4) 
CO) 0.134(25) 0.039(19) 0.068(20) -0.006(15) 0.055 (19) -0.004(17) 
C(4 ) 0.061(19) 0.057(18) 0.079(21) 0.027( 17) -0.027(17) -0. 002( 15) 
C(5) 0.092(23) 0.055( 19) 0.082(24) 0.002 (17) 0.025(19) -0.029(17) 
C(6) 0.080(21) 0.076(23) 0.088(26) 0.001(20) -0.024( 19) 0.011(18) 
C(7) 0.058(18) 0.038(15) O. 110 (25) 0.028(16) 0.011(18) -0.007( 14) 
C(8) 0.086(22) 0.071 (20) 0.081 (22) -0.033(18) 0.026 (19) 0.029(17) 



0 

Table A8.4 Bond lengths (A) for' 

RU
6

C(CO)14(PhCCH){Au(PMe
3

)}2 (XR8) 

Au( 1) -Au(2) 2.795(2) Au( 1) -Ru(2) 2.915(2) 
Au( 1) -Ru(4) 2.920(2) Au(l) -Ru(6) 2.799(2) 
Au(1) -P(1) 2.294(7) Au(2) -Ru(2) 2.996(2) 
Au(2) -Ru(4) 2.787(2) Au(2) -C(21) 2.690(24) 
Au(2) -P(2) 2.299(7) Ru( 1) -Ru(2) 2.815(3) 
Ru(1) -Ru(3) 2.805(3) Ru(1) -Ru(4) 3.008 (3) 
Ru( 1) -Ru(5) 2.952 (3) Ru(1) -C(l1) 1.85 (3) 
Ru( 1) -CC 12) 1.84 (3) Ru( 1) -C 1.972(23) 
Ru( 1) -CC 1) 2.083(21) Ru(2) -Bu(3) 2.79'1 (3) 
Ru(2) -Ru(4) 3.111(3) Ru(2) -Ru(6) 2.935 (3) 
Ru(2) -C(21) 1.85 (3) Ru(2) -C(22) 1.81(4) 
Ru(2) -C 2.066(23) Ru(2) -C(2) 2. OS1(23) 
Ru(3) -Ru(S) 2.974 (3) Ru(3) -Ru(6) 2.826(3) 
Ru(3) -C(31) 1.77 (3) Ru(3) -C(32) 1.90 (3) 
Ru(3) -C(61) 2.70 (3) Ru(3) -C 2.139(22) 
RU(3) -C( 1) 2.228(22) RU(3) -C(2) 2.183(24) 
Ru( 4) -Ru(S) 2.807(3) Ru(4) -Ru(6) 2.977(3) 
Ru(4) -C(41) 1.85 (3) Ru(4) -C(42) 1.909(24) 
Ru(4) -C(45) 2.09 (3) Ru(4) -C 2.013(22) 
Ru(S) -Ru(6) 2.862 (3) Ru(5) -C(45) 1.99 (3) 
Ru(5) -C(51) 1.86(4) Ru(S) -C(52) 1.86 (3) 

Ru(5) -C 2.061(23) Ru ( 6) - C ( 61) 1.91(3) 
Ru(6) -C(62) 1.82(3) Ru(6) -C(63) 1.81(3) 
Ru(6) -C 2.104(23) C(ll) -0(11) 1.16(3) 
C(12) -0(12) 1.19(3) C(21) -0(21) 1.18(3) 
C(22) -0(22) 1.14(4) C (3 1) -0 (31 ) 1.21(4) 
C(32) -0(32) 1.14(3) C ( 41) -0.( 41 ) 1.16(3) 
C ( 42) -0 ( 42 ) 1.13(3) C(4S) -0(45) 1.20 (3) 
C(51) -0(51) 1.15(5) C(S2) -0(52) 1.16(3) 
C(61) -0(61) 1.16(4) C ( 62) -0 ( 62 ) 1.21(4) 

C(63) -0(63) 1.14(3) C( 1) -C(2) 1.48 (3) 
C( 1) -C(111) 1.47(3) C(111)-C(112) 1.395 
C(ll1)-C( 116) 1.395 C(112)-C(113) 1.395 
C( 113)-C( 114) 1.39S C( 114 )-C( 115) 1.39S 
C(115)-C(116) 1.395 P( 1) -C(3) 1.84 (3) 
P( 1) -C(4 ) 1.79 (3) P( 1) -C(5 ) 1.84 (3) 
P(2) -C(6) 1. 77 (3) P(2) -C(7) 1. 90 (3) 
P(2) -C(8 ) 1.85 (3) 
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Table A8.5 
o Bond angles ( ) for 

C(l) -Ru(l) -Ru(2) 
C(l) -Ru(l) -Ru(4) 
C(2) -Ru(2) -Au(l) 
C(2) -Ru(2) -Ru(l) 
C(2) -Ru(2) -Ru(4) 
C(l) -Ru(3) -Ru(2) 
C( 1) -Ru(3) -Ru(6) 
C(2) -Ru(3) -Ru(2) 
C(2) -Ru(3) -Ru(6) 
O( 11) -CC 11) -Ru( 1) 
Ru(2) -C(21) -Au(2) 
0(21) -C(21) -Ru(2) 
0(31) -C(31) -Ru(3) 
0(4j) -C(41) -Ru(4) 
Ru(5) -C(45) -Ru(4) 
0(45) -C(45) -Ru(5) 
0(52) -C(52) -Ru(5) 
0(61) -C(61) -Ru(3) 
0(62) -C(62) -Ru(6) 
Ru(3) -C(l) -Ru(l) 
C(2) -C(l) -Ru(3) 
C( 111 )-C( 1) -Ru(3) 
Ru(.3) -C(2) -Ru(2) 
C(l) -C(2) -Ru(3) 
C( '-16 )-C( 111 )-C( 1) 
C(113)-C(112)-C(111) 
C(115)-C(l14)-C(113) 
C(115)-C!116)-C(111) 
C(4) -P-(1) -Au(1) 
C(5) -P(l) -Au(l) 
C(5) -P(l) -C(4) 
C(7) -P(2) -Au(2) 
C(8) -P(2) -Au(2) 
C(8) -P(2) -C(7) 

72.2(7) 
133.7(7) 
160.8(7) 
69.9 (7) 

128.1(7) 
70.9(6) 

130.3(6) 
46.8(6) 

108.0(6) 
176(2) 

80.4(9) 
174(2) 
177(2) 
177(2) 
87(1) 

141(2) 
176(2) 
121(2 ) 
176(3) 

81.1(8) 
69 ( 1 ) 

128(1) 
82.4(8) 

72 ( 1 ) 
119(1) 
120 
120 
120 
116(1) 
112 (1) 
106 ( 1) 

110.6(8) 
112(1) 
103( 1) 
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C(l) -Ru(l) -Ru(3) 
C(l) -Ru(l) -Ru(5) 
C(2) -Ru(2) -Au(2) 
C(2) -Ru(2) -Ru(3) 
C(2) -Ru(2) -Ru(6) 
C(l) -Ru(3) -Ru(5) 
C(2) -Ru(3) -Ru(l) 
C(2) -Ru(3) -Ru(5) 
C(2) -Ru(3) -C(l) 
0(12) -C(12) -Ru(l) 
0(21) -C(21) -Au(2) 
0(22) -C(22) -Ru(2) 
0(32) -C(32) -Ru(3) 
0(42) -C(42) -Ru(4) 
o ( 45) - C ( 45) - Ru ( 4 ) 
0(51) -C(51) -Ru(5) 
Ru(6) -C(61) -Ru(3) 
0(61) -C(61) -Ru(6) 
0(63) -C(63) -Ru(6) 
C(2) -C(l) -Ru(l) 
C( 111)-C( 1) -Ru( 1) 
C(111)-C(1) -C(2) 
C(l) -C(2) -Ru(2) 
C( 112 )-C( 111 )-C( 1 ) 
C(116)-C(111)-C(112) 
C(114)-C(113)-C(112) 
C(116)-C(115)-C(114) 
C(3) -P(l) -Au(l) 
C(4) -P(l) -C(3) 
C(5) -P(l) -C(3) 
C(6) -P(2) -Au(2) 
C(7) -P(2) -C(6) 
C(8) -P(2) -C(6) 

51.7(6) 
111.2(6) 
142.8(7) 
50.8(7) 

108.0(7) 
106. 1( 6) 
68.6(6) 

126.8(6) 
39.1(9) 

175(2) 
106(2) 
171 (3) 
175(2) 
176(2) 
132(2) 
176 (3) 
73 ( 1) 

165(3) 
173(2) 
106 ( 1) 
128 ( 1 ) 
124(2) 
.112(1) 
121( 1) 
120 
120 
120 

114.9(9) 
.100(1) 
106 ( 1) 
117(1) 
105 ( 1 ) 
107(1) 



TABLE A9.1 Fractional atomic coordinates and 

°2 thermal parameters (A ) for 

6 
RU

6
C(CO)14(n -C6H

3
Me

3
) (XR9) 

Atom x Y Uiso or U 
z eq 

Ru(l) -0.26166(8) 0.34028(5) -0.20245(8) 0.0338(5) 
Ru(2) -0.47405(10) 0.25000 -0.43241(13) 0.0363(6) 
Ru(4) -0.28128(7) 0.33989(4) -0.52223(8) 0.0291(4) 
Ru(6) -0.06929(9) 0.25000 -0.29649(11) 0.0234(5) 
C -0.2629(11) 0.2500 -0.3596( 12) 0.025(2) 
C ( 1 1 ) -0.3817(13) 0.3751 (9) -0. 1109 ( 15) 0.074(4) 
O( 11 ) -0.4529(11) 0.3940(8) -0.0421 (14) 0.114(4) 
C(12) -0. 1244( 11) 0.3470(7) -0.0167 ( 13) 0.049 (3) 
0(12) -0.0408(9) 0.3514 (5) 0.1011(10) 0.070(2) 
C(13) -0.2355(10) 0.4492(7) -0.2785(13) 0.051(3) 
0(13) -0.2068(9) 0.5189(6) -0.2903(11) 0.075 (3) 
C(21) -0.5769(12) 0.3382(8) -0.3973(14) 0.060(3 ) 
0(21) -0.6486(10) 0.3918(1) -0.3888 ( 11) 0.089(3) 
C(22) -0.5773(20) 0.2500 -0.6353(24) 0.079(5) 
0(22) -0.6434 (18) 0.2500 -0.7640(21) 0.119(6) 
C(41) -0. 1641 ( 10) 0.4072(6) -0.5795( 11) 0.042(2) 
0(41) -0.0956(8) 0.4515(5) -0.6201(10) 0.070(2) 
C( 42) -0.4225(11) 0.4031(7) -0.6468(13) 0.052(3 ) 
O( 42) -0.5111(9) 0.4439(6) -0.7309(11) 0.084 (3) 
C(43) -0.2904(13) 0.2500 -0.6824( 16) 0.037(3) 
0(43) -0.2965(11) 0.2500 -0.8085(13) 0.060 (3) 
C(5 ) 0.0825(13) 0.2500 -0.4122 ( 15 ) 0.036(3 ) 
C(6) 0.0953(9) 0.1725(6) -0.3332(10) 0.034(2) 
C(7) 0.1223(10) 0.1709(6) -0.1730(11) 0.040(2) 
C(8 ) 0.1264(12) 0.2500 -0.0991(14) 0.034 (3) 
C(50) 0.0658 ( 14) 0.2500 -0.5792 ( 16 ) 0.041(3) 
C( 70) 0.1477 (11) 0.0894(7) -0.0924(12) 0.053 (3) 
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:J:<I 
"'
CD 

TABLE A9.3 

Atom 

Ru(1) 
Ru(2) 
Ru(4) 
Ru(6) 

' '. ' , °2 Anisotropic thermal parameters (A ) for 

6 
Ru6C(CO)'4(n -C6"3He3) (XR9) 

U11 U22 U
33 

0.0392(5) 0.0331(5) 0.0292(5) 
0.0236(5) 0.0427(7) 0.0424(1) 
0.0310(4) O. 0267( 4) o. 0297( 4) 
0.0228(5) 0.0244(5) 0.0230(5) 

U
23 

U
13 

U12 

-0.0034 (3) 0.0144(4) 0.0054 (3) 
0.0000(1) 0.0117(5) 0.0000(1) 
0.0055(3) 0.0089 (3) 0.0052(3) 
0.0000 (1) 0.0054(4) 0.0000 (1) 



o 
TABLE A9.4 Bond lengths (A) for 

Ru( 1) -Ru(2) 
Ru( 1) -Ru(6) 
Ru (1) - C ( 11 ) 
Ru( 1) -C( 13) 
Ru(2) -Ru(4) 
Ru(2) -C( 21 ) 
Ru (4) - Ru (6) 
Ru(4) -C(41) 
Ru(4) -C(43) 
Ru(6) -C 
Ru(6) -C(6) 
Ru(6) -C(8) 
C(12) -0(12) 
C(21) -0(21) 
C(41) -0(41) 
C(43) -0(43) 
C(5) -C(50) 
C(1) -C(8) 

2.906 (1) 

2.872(1) 
1.854( 16) 
1.931( 12) 
2.851 ( 1) 
1.813(13) 
2.882 (1) 
1.855(11) 
2.062 ( 11 ) 
1.923 ( 11) 
2.256 ( 10) 
2.256(11) 
1.160(12) 
1.161(11) 
1.161(15) 
1.115(20) 
1.530(21 ) 
1.432(12) 
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6 RU6C(CO)14(n -C6H
3

Me
3

) (XR9) 

Ru(1) -Ru(4) 2.966(1) 
Ru(1) -C 2.065(9) 
Ru(1) -C(12) 1.855(10) 
Ru( 1) -Ru( 1) 2.868(2) 
Ru(2) -C 2.094(11) 
Ru(2) -C(22) 1.852(20) 
Ru(4) -C 2.060(8) 
Ru(4) -C(42) 1.845(10) 
Ru(4) -Ru(4) 2.856(1) 
Ru(6) -C(5) 2.231(16) 
Ru(6) -C(1) 2.324(9) 
C(11) -0(11) 1.193(22) 
C(13) -0(13) 1.164(15) 
C ( 22) -0 (22) 1 • 18 <3 ) 
C(42) -0(42) 1.189(13) 
C(5) -C(6) 1.423(12) 
C(6) -C(7) 1.445(14) 
C(1) -C(10) 1.480(15) 



C(5) -Ru(6) -Ru(l) 
C(6) -Ru(6) -Ru(l) 
C(6) -Ru(6) -C(5) 
C(7) -Ru(6) -Ru(4) 
C(7) -Ru(6) -c(6) 
C(8) -Ru(6) -Ru(4) 
C(8) -Ru(6) -C(6) 
0(11) -C(l1) -Ru(1) 
o ( 13) - C ( 13) - Ru ( 1) 
C(21) -Ru(2) -C(21) 
o ( 41) - C ( 41) - Ru (4 ) 
0(43) -C(43) -Ru(4) 
C(50) -C(5) -Ru(6) 
C(5) -C(6) -Ru(6) 
C(7) -C(6) -C(5) 
C(6)-C(5) -C(6) 
C(8) -C(7) -Ru(6) 
C(70) -C(7) -Ru(6) 
C(70) -C(7) -e(8) 
C(7) -c(8) -C(7) 

.. 

149.2(1) 
171.2(2) 
36.9(3) 

163.4(3) 
36.7(4) 

150.2 ( 1 ) 
66.0(4) 

175 ( 1 ) 
165 ( 1) 

96.8(8) 
176.8(8) 
136.2(3 ) 
131.5(9) 
70.8(7) 

121.1(9) 
120(1) 

69.2(6) 
134.7 (8 ) 

123(1) 
123(2) 

1\50 

C(5) -Ru(6) -Ru(4) 
C(6) -Ru(6) -Ru(4) 
C(7) -Ru(6) -Ru(l) 
C(7) -Ru(6) -C(5) 
C(8) -Ru(6) -Ru(l) 
C(8) -Ru(6) -C(5) 
C(8) -Ru(6) -C(7) 
0(12) -C(12) -Ru(l) 
0(21) -C(21) -Ru(2) 
0(22) -C(22) -Ru(2) 
0(42) -C(42) -Ru(4) 
C(6) -C(5) -Ru(6) 
C(50) -C(5) -C(6) 
C(7) -C(6) -Ru(6) 
C(6) -Ru(6) -c(6) 
C(6) -C(7) -Ru(6) 
C(8) -C(7) -C(6) 
C(70) -C(7) -C(6) 
C(7) -Ru(6) -C(7) 
C(7) -c(8) -Ru(6) 

98. 1 (3) 
126.8(2) 
134.5 (3) 
66.4(4) 

106.6(3) 
78.4(5) 
36.4 (3) 

178(1) 
174 (1) 
180 ( 1) 
177 ( 1) 

72.2(8) 
120.0(6) 
74.2(6) 
66.2(5) 
69.0 (5) 

117.4(9) 
119.5(9) 
65.5 (5) 
74.4(5) 



Table A 10.1 Fractional atomic coordinates and 

°2 thermal parameters (A ) for 

2 
Ru6(n -~4-CO)2(CO)13(C6H3Me3) (XR10) 

Atom x Y 
U. U z ~so or eq 

Ru( 1) -0.41090(4) 0.15218(5) -0.10814(8) 0.0391(4) 
Ru(2) -0.03405(4) 0.18553(5) -0.23105(8) 0.0351 (4) 
Ru(3) -0.22050(4) 0.20018(5) -0.14240(8) 0.0291(4) 
Ru(4) -0.36588(4) 0.24587(5) -0.33761(8) 0.0279(4) 
Ru(5) -0.18965(4) 0.26457(5) -0.39280(7) 0.0270(4) 
Ru(6) -0.25764(4) 0.43343(5) -0.17041(7) 0.0266(4) 
C( 11) -0.3832 (8) 0.1196(8) 0.0783(15) 0.057(8) 
O( 11 ) -0.3652(6) 0.1053(7) 0.1919(11) 0.080 (7) 
C(12) -0.5486(7) 0.1588(6) -0.1269(12) 0.058(6) 
O( 12) -0.6287(4) 0.1644(6) -0.1342( 10) 0.081(5) 
C(13) -0.4121(6) -0.0064(7) -0.1970(11) 0.048(6) 
0(13) -0.4159(5) -0.1040(5) -0.2457(9) 0.076(5) 
C(21) 0.0422(7) 0.1382 (8) -0.0748(14) 0.065(8) 
0(21) 0.0863(6) 0.1036(7) 0.0125 ( 10) 0.112(7) 
C(22) 0.0689(6) 0.2189(7) -0.3336(12) 0.056(6) 
0(22 ) 0.1293(5 ) 0.2423(7) -0.3911(10) 0.095(6) 
C(23) -0.0373(6) 0.0285(8) -0.3230( 12) 0.050(6) 
0(23) -0.0329(4) -0.0695(5) -0.3747(7) 0.055(4) 
C( 31 ) -0.1696(7) 0.1939(8) 0.0459(13) 0.052(7) 
0(31) -0. 1395 (6) 0.1901(7) 0.1595( 10) 0.091(7 ) 
C(32) -0.2165(5) 0.0365(7) -0.2117(11) 0.043(6) 
O( 32) -0.2160(4) -0.0630(5) -0.2605(8) 0.056(4) 
C(41) -0.4960(6) 0.2973(7) -0.3692 ( 11 ) 0.046(6) 
0(41) -0.5716(4) 0.3267(7) -0.3916(9) 0.080(5) 
C(42) -0.3874 (5) 0.0963 (7) -0.4533(11) 0.042(6) 
0(42 ) -0.3985(4) 0.0053(5) -0.5294(8) 0.062(5) 
C( 45) -0.3203(5) 0.3285 (7) -0.4925(11) 0.038(6) 
0(45) -0.3439 (4) 0.3819(6) -0.5801(8) 0.066(5) 
C(51) -0.1173(6) 0.3476 (8) -0.4945 ( 11) 0.049(6) 
0(51) -0.0789(5) 0.3997(6) -0.5604 (9) . 0.083(6) 
C( 52) -0.1802(5) 0.1216(7) -0.5257 ( 11) 0.038 '(5) 
0(52) -0.1779(4) 0.0366(5) -0.6072(8) 0.058(5) 
C( 1) -0.3421(5) 0.3240 (6) -0.1140(10) 0.035(5) 
O( 1) -0.4009(4) 0.3365(4) -0.0244(6) 0.039(4) 
C(2) -0.1364(5) 0.3417 (6) -0.1777(10) 0.035(5) 
0(2) -0.0510(3) 0.3663(4) -0. 1322 (7) 0.037(3) 
C( 30) -0.0976(7) 0.6216(9) -0.2474(12) 0.063(3) 
C(50) -0.2550(7) 0.5519(9) O. 1762 ( 12) 0.067(3) 
C(70) -0.4535(6) 0.6022(8) -0.2703( 12) 0.057 (3) 
C(3) -0.1844(6) 0.6056(7) -0.1760(11) 0.044(2) 
C(4) -0.1790(5) 0.5901(7) -0.0370(10) 0.037(2) 
C(5) -0.2598(5) 0.5737(6) 0.0287(10) 0.036(2) 
C(6) -0.3479(5) 0.5788(6) -0.0529( 10) 0.035(2) 
C(7) -0.3566(5) 0.5948(7) -0.1911(11) 0.039(2) 
C(8) -0.2738(6) 0.6039(7) . -0.2585 ( 11 ) 0.044(2) 
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Table A10.2 Fractional atomic coordinates for the 

hydrogen atoms for 2 
Ru6(n -~4-CO)2(CO)13(C6H3Me3) (XR10) 

Atom x y z 

H(30a) -0.0357 0.6183 -0.1717 
H (30b) -0.1027 0.7063 -0.2795 
H (30e) -0.0911 0.5527 -0.3396 
H(50a) -0.1813 0.5511 0.2199 
H(50b) -0.2853 0.4680 0.1758 
H(50e) -0.2941 o ~ 6211 0.2404 
H(70a) -0.4455 0.6146 -0.3767 
H(70b) -0.4947 0.6753 -0.2166 
H( 70e) -0.4897 0.5212 -0.2758 
H(8) -0.2812 0.6527 -0.3442 
H(4) -0.1139 0.5747 0.0200 
H(6) -0.4136 0.5521 -0.0102 
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Table Al0.3 Anisotropic thermal parameters (A2) for 

2 
Ru6(n -~4-CO)2(CO)13(C6H3Me3) (XR10) 

Atom U11 U
22 U

33 
U

23 
U

13 
U

12 

Ru( 1) 0.0453(4) 0.0308(3) 0.0412(6) 0.0081 (3) 0.0152(3) -0.0081 (3) 
Ru(2) 0.0288(3 ) 0.0312(3) 0.0393(6) -0.0002 (3) -0.0043(3) 0.0055(2) 
Ru(3) 0.0344(3) 0.0269(3) 0.0260(6) 0.0061 (3) 0.0006 (3) -0.0006(2) 
Ru(4) 0.0242(3 ) 0.0305(3 ) 0.0289(5) 0.0051(3) 0.0026(3 ) -0.0024(2) 
Ru(5) 0.0251 (3) 0.0329 (3) 0.0230(5) 0.0041 (3) 0.0035(3) -0.0008(2) 
Ru(6) 0.0214(3) 0.0238(3) 0.0281(5) 0.0046 (3) 0.0051(3) -0.0018(2) 
C( 11) 0.012(1) 0.048(5) 0.051 ( 12) 0.011(6) 0.023 (1) -0.013(5) 
O( 11) 0.106(6) 0.014(5) 0.059(9) 0.028(5) 0.025(5) -0.008(4) 

:J:' C( 12) 0.016(6) 0.022(4) 0.015(9) 0.004(4) 0.033(6) -0.011(4) 
U1 O( 12) 0.040(4) 0.066(4) 0.131(8 ) 0.003(5) 0.020(4) -0.005 (3) w 

C(13) 0.045(5) 0.048(5) 0.051(9) 0.015(5) 0.014(5) -0.009(4) 
O( 13) 0.068(4) 0.034 (3) 0.126<1 ) 0.000(4) 0.030 (4) -0.013(3) 
C(21) 0.013 (1) 0.044 (5) 0.019(11) 0.000(6) -0.033(1) 0.012(5) 
0(21) 0.154 (1) 0.094(6) 0.089(8) 0.012(5) -0.012(6) 0.018(5) 
C(22) 0.048 (5) 0.041(4 ) 0.019 (10) -0.012(5) 0.000(5) -0.004(4) 
0(22) 0.068(4) 0.100(6) 0.111(8) -0.021(5) 0.039 (5) -0.038(4 ) 
C(23) 0.033(4) 0.050(5) 0.061(9) 0.005(5) 0.003(5) 0.001(4 ) 
0(23) 0.063(4) 0.046(4) 0.055(6) -0.009(3) 0.005(4) 0.004 (3) 
C(31 ) 0.066(6) 0.062(6) 0.021 (10) 0.015(5) -0.011(5 ) -0.011(5) 
0(31) 0.106(1) 0.116(1) 0.052(8) 0.034(5 ) -0.020(5) -0.020(5) 
C(32) 0.037(4) 0.045(5) 0.048(8) 0.014(5) 0.004(4) 0.004(4) 
0(32) 0.047(3) 0.033(3) 0.081(6) -0.003(3) 0.005(3) 0.002(2) 
C(41) 0.040(5) 0.042(4) 0.056(8) 0.012(4) 0.014(5) 0.005(4) 
0(41) 0.041(4 ) 0.098(5) 0.101(7) 0.031(5) 0.010(4) 0.012(4) 
C(42) 0.034(4) 0.043(5) 0.048(8) 0.004(5) 0.010(4) 0.003(3) 
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Table Al0.3 continued 

0(42) 0.069(4) 0.051(4 ) 0.065(6) -0.017(4) 0.013(4) -0.023(3) 
C(45 ) 0.029(4) 0.055(5 ) 0.030(8) 0.012(5) -0.005(4) -0.002(3) 
0(45 ) 0.053 (4) 0.098(5) 0.045(6) 0.052(4) -0.007(3) 0.001(3) 
C(51) 0.053(5) 0.059(5 ) 0.036(8 ) -0.006(5) 0.015(5) -0.016(4) 
0(51) 0.086(5) 0.091 (5) 0.071(7) 0.021 (5) 0.035(5) -0.036(4) 
C(52) 0.032(4) 0.040(5) 0.042(8) 0.010(5) -0.003(4) -0.002 (3) 
0(52) 0.065(4) 0.053(4) 0.057(6) -0.012(4) 0.006(4) 0.015(3) 
C( 1) 0.043(4) 0.022(3) 0.041(8 ) 0.006(4) 0.009(4) -0.006(3 ) 
O( 1) 0.047 (3) 0.037(3) 0.033(5) 0.002(3) 0.022(3) -0.009(2) 
C(2 ) 0.037(4) 0.036(4) 0.031(7) 0.000(4) 0.008(4) 0.000 (3) 
0(2) 0.031(3) 0.039 (3) 0.041(5) -0.005 (3) -0.003(3) -0.001 (2) 

;x:. 
(Jl 

~ 



o 
Table A10.4 Bond lengths (A) for 

Ru( 1) -Ru(3) 
Ru(1) -C(11) 
Ru(1) -C(13) 
Ru( 1) -o( 1) 
Ru(2) -Ru(5) 
Ru(2) -C(22) 
Ru(2) -C(2) 
Ru(3) -Ru(4) 
Ru( 3) -Ru( 6) 
Ru(3) -C(32) 
Ru(3) -C(2) 
Ru(4) -Ru(6) 
Ru( 4) -CC 42) 
Ru(4) -CC 1) 
Ru(5) -C(45) 
Ru(5) -C(52) 
Ru(6) -C(3) 
Ru(6) -C(5) 
Ru( 6) -cc 7) 
Ru(6) -cc 1) 
C(11) -0(11) 
C ( 13) -0 ( 1 3 ) 
C(22) -0(22) 
C(31) -0(31) 
C(41) -0(41) 
C(45) -0(45) 
C (52) -0 (52 ) 
C(50) -C(5) 
C(3) -C(4) 
C(4) -C(5) 
C(6) -C(7) 
C( 1 ) -o( 1) 

2 
Ru

6
(n -~4-CO)2(CO)13(C6H3Me3) (XR10) 

2.839(1) Ru(1) -Ru(4) 
1 .900 ( 14 ) R u ( 1) - C ( 12 ) 
1.868(8) Ru(1) -C(1) 
2.135(5) Ru(2) -Ru(3) 
2. 776( 1) Ru(2) -C(21) 
1.936(11) Ru(2) -C(23) 
2.272(7) Ru(2) -0(2) 
2.733(1) Ru(3) -Ru(5) 
2.783 (1) Ru(3) -C(31) 
1.883(8) Ru(3) -C(1) 
2.168(8) Ru(4) -Ru(5) 
2.843(1) Ru(4) -C(41) 
1.887(8) Ru(4) -C(45) 
2.163(9) Ru(5) -Ru(6) 
2.153(8) Ru(5) -C(51) 
1.893(8) Ru(5) -C(2) 
2.302(9) Ru(6) -C(4) 
2.260(8) Ru(6) -C(6) 
2.303(8) Ru(6) -C(8) 
1.969(9) Ru(6) -C(2) 
1.137(18) C(12) -0(12) 
1.137(10) C(21) -0(21) 
1.137(14) C(23) -0(23) 
1 • 1 38 ( 16 ) C (32) -0 (32 ) 
1. 117( 10) C (42) -0 ( 42 ) 
1.151 (13) C(51) -0(51) 
1.134(10) C(30) -C(3) 
1.483(16) C(70) -C(7) 
1.377(15) C(3) -C(8) 
1.401(12) C(5) -C(6) 
1.370(14) C(7) -C(8) 
1.245(11) C(2) -0(2) 
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2.785 (1) 

1.933( 10) 
2.269(8) 
2.842( 1) 
1.906( 12) 
1.861(9) 
2.137(5) 
2.740(1) 
1.890(13) 
2.187(7) 
2.628 (1) 
1.914(8) 
2.091 ( 11 ) 
2. 820( 1) 
1.899 ( 11) 
2.159(8) 
2.271(7) 
2.256(8) 
2.285(10) 
1.969(7) 
1.125(11) 
1.117(15) 
1.149(10) · 
1.156(10) 
1.167(10) 
1.146(14) 
1 .505 ( 15 ) 
1.500(12) 
1.416(12) 
1 .403 ( 11 ) 
1.415(13) 
1. 265 (9 ) 



0 
Table Al0.5 Bond angles ( ) for 

2 
RU6(~ -~4-CO)2(CO)13(C6H3Me3) (XR10) 

C( 1) -Ru( 1) -Ru(3) 49.2(2) C( 1) -Ru(1) -Ru(4) 49.4(2) 

C( 1) -Ru(1) -C(13) 141.3(4) O( 1) -Ru( 1) -Ru(3) 76.6(1) 

O( 1) -Ru(1) -Ru(4) 76.2(2) O( 1) -Ru( 1) -CC 1) 32.6(3 ) 

C(2) -Ru(2) -Ru(3) 48.6 (2) C(2 ) -Ru(2) -Ru(5) 49.4(2) 

0(2) -Ru(2) -Ru(3) 76.3(1) 0(2) -Ru(2) -Ru(5) 76.7(1) 

0(2) -Ru(2) -C(2) 33.2(2) C( 1) -Ru(3) -Ru(1) 51.7(2) 

C( 1) -Ru(3) -Ru(2) 140.4(2) C( 1) -Ru(3) -Ru(4) 50.7(2) 

C( 1) -Ru(3) -Ru(5) 91.9(3) C( 1) -Ru(3) -Ru(6) 44.7(2) 

C(2) -Ru(3) -Ru( 1) 140.5(2) C(2) -Ru(3) -Ru(2) 51.B(2) 
C(2) -Ru(3) -Ru(4) 92.6(2) C(2 ) -Ru(3) -Ru(5) 50.6(2) 

C(2) -Ru(3) -Ru(6) 44.B(2) C(2) -Ru(3) -CC 1) B9 .2 (3) 

C( 1) -Ru(4) -Ru(1) 52. B (2) C( 1) -Ru(4) -Ru(3) 51.5(2) 

C( 1) -Ru(4) -Ru(5) 95.6 (2) C( 1) -Ru(4) -Ru( 6) 43.B(2) 
C(2) -Ru(5) -Ru(2) 53.0(2) C(2) -Ru(5) -Ru(3) 50.9(2) 

C(2) -Ru(5) -Ru(4) 95.B(2) C(2) -Ru(5) -Ru(6) 44.2(2) 

C(3) -Ru(6) -Ru(3) 142.7(2) C(3) -Ru(6) -Ru(4) 144.3(3 ) 

-c( 3) -Ru(6) -Ru(5) 105.5(2) C(4) -Ru(6) -Ru(3) 124.7(2) 

C(4 ) -Ru(6) -Ru(4) 176.6(2) C(4 ) -Ru(6) -Ru(5) 127.3(2) 

C(4) - Ru ( 6) - C (3 ) 35.0(4) C(5) -Ru(6) -Ru(3) 118.7(2) 

C(5 ) -Ru(6) -Ru(4) 141.9(2) C(5 ) -Ru(6) -Ru(5) 161.0(2) 

C(5) -Ru(6) -C(3) 64.5(3) C(5) - Ru ( 6) - C ( 4 ) 36.0(3) 

C(6 ) -Ru(6) -Ru(3) 132.1(2 ) C(6 ) -Ru(6) -Ru(4) 113.4(2) 

C(6) -Ru(6) -Ru(5) 160.8(2) C(6) -Ru( 6) -C(3) 74.6(3) 

C(6 ) -Ru(6) -C(4) 63.5(3) C(6 ) -Ru(6) -C(5) 36.2 (3) 

C(7) "- -Ru(6) -Ru(3) 153.6(2) C(7) -Ru( 6) -Ru(4) 102.0(2) 

e(7) -Ru(6) -Ru(5) 127.4(2) C(7 ) -Ru(6) -C(3) 63.6(3) 

"C(7) -Ru(6) -C(4) 74.7(3) C(7) -Ru(6) -C(5) 64.6(3) 

C(7 ) -Ru(6) -C(6) 34.9 (4) C(8 ) -Ru(6) -Ru(3) 163.0(2) 

C(8) -Ru(6) -Ru(4) 113.7(2) C(8) -Ru(6) -Ru(5) 104.5(2) 

C(8 ) -Ru(6) -C(3) 35.9(3 ) c(8 ) -Ru(6) -C(4) 64.2 (3) 

C(B) -Ru(6) -C(5) 77.2(3) C(B) -Ru(6) -C(6) 64.0(3) 

C(8) ~ -Ru(6) -C(7) 35.9 (3) C( 1) -Ru(6) -Ru(3) 51.4(2) 

C( 1) -Ru(6) -Ru(4) 49.4 (3) C( 1) -Ru( 6) -Ru(5) 94.4(2) 

" C( 1 ) -Ru(6) -C(3) 160.0(3 ) C( 1) -Ru(6) -C(4) 130.0 (4) 

C( 1) -Ru(6) -C(5) 96.8 (3) C( 1) -Ru(6) -C(6) 86. 1( 3) 

C( 1) -Ru(6) -C(7) 103.0(3) C( 1) -Ru(6) -C(8) 137.2 (3) 

C(2) -Ru(6) -Ru(3) 50.8(2) C(2) -Ru(6) -Ru(4) 93.9(2) 

C(2) -Ru(6) -Ru(5) 49.8(2) C(2 ) -Ru(6) -C(3) 92.5(3) 

C(2) -Ru(6) -C(4) 89.5 (3) C(2) -Ru(6) -C(5) 112.6(3) 

C(2) -Ru(6) -C(6) 148.7(3 ) C(2) -Ru(6) -C(7) 155.2(3) 

C(2) -Ru(6) -C(8) 119.8(3) C(2) -Ru( 6) -Cc 1) 101.8(3) 

0(11) -C(l1) -Ru(1) 176.9(9) 0(12) -C(12) -Ru(l) 178.1(9) 

0(13) -C(13) -Ru(1) 176 ( 1) 0(21) -C(21) -Ru(2) 175.8(9) 

0(22) -C(22) -Ru(2) 177.7(8) 0(23) -C(23) -Ru(2) 175.0(7 ) 

0(31) -C(31) -Ru(3) 179.6(7) 0(32) -C(32) -Ru(3) 176.7(9) 

0(41) -C(41) -Ru(4) 178(1) 0(42) -C(42) -Ru(4) 177.0(9) 

Ru(5) -C(45) -Ru(4) 76.5(3) 0(45) -C(45) -Ru(4) 145.3(6) 

0(45) -C(45) -Ru(5) 138.2(7) 0(51) -C(51) -Ru(5) 175.7(8) 

0(52) -C(52) -Ru(5) 177.5(7) C(30) -C(3) -Ru(6) 128.5(6) 

C(4 ) -C(3 ) -Ru(6) 71.2(5) C(4) -C(3) -C(30) 122.5(8) 

C(B) -C(3) -Ru(6) 71.4(5) C(B) -C(3) -C(30) 117.4(9) 

C(B) -C(3) -C(4 ) 120. 1 (9 ) C(3) -C(4 ) -Ru(6) 73.7(5) 

C(5) -C(4) -Ru(6) 71.6(4) C(5) -C(4) -C(3) 122.4(7) 
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Table Al0.5 continued 

C(50) -C(5) -Ru(6) 125.6(6) C(4) -C(5) -Ru(6) 72.4(5) 
C(4 ) -C(5 ) -C(50) 123.1(8) C(6) -C(5 ) -Ru(6) 71.8(5) 
C(6) -C(5) -C(50) 120.5(8) C(6) -C(5) -C(4) 116.3(9) 
C(5 ) -C(6 ) -Ru(6 ) 72.1(4) C(7) -C(6 ) -Ru(6) 74.4(5) 
C(7) -C(6) -C(5) 123.2(8) C(70) -C(7) -Ru(6) 130.1(5) 
C(6) -C(7) -Ru(6) 70.7(5) C(6 ) -C(7) -C(70) 120.0(8) 
C(8 ) -C(7) -Ru(6) 71.4(5) C(8) -C(7) -C(70) 120.4(9) 
C(8) -C(7) -C(6 ) 119.6(7) C(3) -C(8 ) -Ru(6) 72.7(5) 
C(7) -C(8 ) -Ru(6) 72.7(5) C(7) -C(8 ) -C(3) 118.2(9) 
Ru(3) -C(1) -Ru( 1) 79.1(2 ) Ru(4) -C(1) -Ru(1) 77.8(2) 
Ru(4)-C(1) -Ru(3) 77.9 (3) Ru(6) -C(1) -Ru( 1) 159.1(4) 
Ru(6) -C(1) -Ru(3) 83.9(3) Ru(6) -C(1) -Ru(4 ) 86.8(4) 
o( 1) -C(1) -Ru( 1) 67.7(4) o( 1) -CC 1) -Ru(3) 129.6(6) 
o( 1) -C(1) -Ru(4) 127.0(5) o( 1) -CC 1) -Ru(6) 133.1(5) 
C( 1) -o( 1) -Ru( 1 ) 79.6(4) Ru(3) -C(2) -Ru(2) 79.5 (3) 
Ru(5) -C(2) -Ru(2) 77.5(3 ) Ru(5) -C(2) -Ru(3 ) 78.6(2) 
Ru(6) -C(2) -Ru(2) 158.9(4) Ru(6) -C(2) -Ru(3) 84.4 (3) 
Ru(6) -C(2) -Ru(5 ) 86.1(3) 0(2) -C(2 ) -Ru(2) 67.5(4) 
0(2) -C(2) -Ru(3) 129.2(6) 0(2) -C(2) -Ru(5) 126.8(6) 
0(2) -C(2) -Ru(6) 133.5(5) C(2) -0(2) -Ru(2) 79.3(4) 
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TABLE All.l Fractional atomic coordinates and 

°2 
thermal parameters (A ) for 

7 HRu
6

(u-CO)(CO)12(n -C
6

H
3

Me
2

CH2 ) (XRll) 

Atom 
U. U 

x y z ~so or eq 

Ru( 1) 0.19075(18) 0.25253(11) 0.32779(8) 0.0442( 10) 

Ru(2) 0.25254(18) 0.03726(10) 0.13945 (8) 0.0450 ( 11) 

Ru(3) 0.17692(16) 0.12201(10) 0.24451 (7) 0.0361(9) 

Ru(4) O. 15644( 17) 0.29306(10) 0.21019(8) 0.0377( 10) 
Ru(5) 0.11041(16) 0.18084 (11) 0.12410(7) 0.0380(10) 
Ru(6) 0.37037(16) 0.18863(10) 0.17269(8) 0.0358(9) 
C( 11) 0.2180(27) 0.1916(15) 0.4024(11) 0.064(17) 
o ( 11 ) 0.2282(21) 0.1552( 17) 0.4419(9) 0.121(18) 
C( 12) 0.2356(22) 0.3588(16) 0.3598 ( 11) 0.056 ( 15) 
O( 12) 0.2652( 19) 0.4203(12) 0.3792(9) 0.084 ( 14) 

C(13) 0.0068(26) 0.2684(15) 0.3382 (10) 0.056 ( 15) 

0(13) -0.1067( 18) 0.2788( 12) 0.3454 (8) 0.080(13) 
C(21) 0.3406(22) - 0 • 0554 ( 14 ) 0.1783(11) 0.053 ( 15) 
0(21) 0.3913(18) -0. 1071 ( 11 ) 0.2021(9) 0.085(14) 
C(22) 0.1684(28) -0.0286(16) 0.0841(11) 0.066 ( 18) 

0(22) 0.1033(24) -0.0684( 15) 0.0501(11) 0.124(19) 

C(23) 0.0842(24) 0.0292 (14) 0.1855(10) 0.051 ( 15) 

0(23) -0.0211(17) -0.0084(10) 0.1889(7) 0.066 ( 11) 

C(31) 0.2947(27) o .0527( 14) 0.2917 (10) 0.062 (16) 

O( 3.1 ) 0.3704(18) 0.0135 ( 11 ) 0.3167(9) 0.085( 14) 

. C(32) 0.0319(25) 0.0942 (15) 0.2984 ( 10) 0.056 ( 15) 

O( 32) -0. 0534 ( 18 ) 0.0690(11) 0.3249(9) 0.087( 14) 

- C(41) 0.2575 (24) 0.3935(15) 0.2217 (11) 0.058 (16) 

0(41) 0.3114(18) 0.4549 ( 11) 0.2239( 10) 0.095(15) 

C(42) -0.0087(22) 0.3456(13) 0.2182 (10) 0.047 (13) 

0(42) -0.1150( 16) 0.3754(11) 0.2185 (8) 0.073(12) 

, C(45J 0.1378(40) 0.3035(17) 0.1172(13) 0.120(26) 

O( 45·) 0.1368(22) 0.3585(12) 0.0802(8) 0.094 ( 15 ) 

. - C(51-) 0.1547(23) 0.1557(13) 0.0477( 12) 0.055 (15) 

0(51) 0.1737(20) 0.1469(11) -0.0050(8) 0.080 ( 13) 

C(52) -0.0769(24) 0.1596(14) 0.1011(9) 0.048 ( 14) 

0(52) -0.1771 (16) 0.1426( 13) 0.0896(8) 0.079(13) 

C( 30) 0.4200(23) 0.0352(15) 0.0761 ( 12) 0.070 ( 17) 

C(50) 0.6794(24) 0.1767( 17) 0.2493(11) 0.070( 17) 

C(70) 0.4815 (26) o. 3521( 19) 0.0822(11) 0.083 ( 19) 

C(3) 0.4830(19) 0.1151(15) O. 1029 ( 10) 0.050(14) 

C(4) 0.5557(22) 0.1074(16) 0.1575(12) 0.069 (18) 

C(5 ) 0.6023(21) 0.1825( 16) 0.1897(11) 0.059( 16) 

C(6) 0.5677 (19) 0.2623 (15) 0.1672(11) 0.052 (14) 

C(7) 0.4976(23) 0.2682 ( 14) o. 1095 ( 11 ) 0.059 ( 15 ) 
C(8) 0.4579(19) 0.1939(12) 0.0788(9) 0.042 (12) 
C( 1) 0.3349(20) 0.2250 ( 12) 0.2515(10) 0.044( 13) 
O( 1) 0.3962 ( 13) 0.2448(9) 0.2970(6) 0.044(9) 
C( 81 ) 0.6681 (35) 0.0694(22) 0.4308( 16) O. 152 ( 1" 
C( 82) 0.5925 (31) 0.1553(20) 0.4121(14) 0.114(10) 

C(83) 0.6496(32 ) 0.2274(20) 0.4419(15) 0.133(10) 

C(84) 0.7742 (30) 0.2034(19) 0.4808 ( 14 ) 0.101(9) 

C(85) 0.7877(35) 0.1168(23) 0.4807( 16) o. 159 ( 11 ) 

C(86) 0.8535 (38) 0.0611 (24) 0.4979 ( 18) 0.204(13) 
. 
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Table A11.2 Fractional atomic coordinates for the 

hydrogen atoms for HRU6(U-CO)(CO)12(n7-C6H3Me2CH2) (XR11) 

H 0.07470 0.19360 0.20150 0.0800 
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TABLE A 11. 3 Anisotropic thermal parameters (A2) for 

7 
HRu6 (u-CO)(CO)12(n -C

6
H

3
Me

2
CH

2
) (XR11) 

Atom U 11 U
22 U

33 
.0

23 
U

13 
U

12 

Ru( 1) 0.048( 1) 0.049 (1) 0.035(1) -0.003(1) 0.003 (1) -0.001(1) Ru(2) 0.046(1) . ' O ~ 036( 1) 0.052 (1) -0 .007( 1) 0.001(1) O. 001( 1) 
Ru(3) 0.035(1) 0.037(1) 0.036(1) 0.004 (1) 0.000 (1) -0.001 ( 1) 
Ru(4 ) 0.040(1) 0.034( 1) 0.039 ( 1) 0.002 ( 1 ) 0.002 (1) 0.003(1) 
Ru(5 ) 0.038(1) 0.042(1) 0.034(1) 0.001 ( 1 ) -0.002 (1) 0.003 ( 1) Ru(6) 0.033(1) o. 037( 1) 0.038 (1) -0.001(1) 0.004 (1) o. OOO( 1) C( 11) 0.098(21) 0.055 ( 16) 0.040(15) 0.013(13) -0.003 (14) 0.022(14) O( 11) 0.121(18) 0.196(25 ) 0.047(13) 0.047( 15) -0.007( 12) -0.001(16) 

;J::o C( 12) 0.048 ( 14 ) 0.061 (16) 0.059 ( 16) -0.005 (13) -0.038(12) -0.006(12) 0\ O( 12) .. O. 100 ( 15) 0.065( 12) 0.086(15) -0.017 ( 11 ) -0.011(12) -0.003(11) 
0 

C(13) 0.064 (16) 0.064 ( 16) 0.041 ( 14 ) -0.010(12) 0.015(12) 0.014(13) O( 13) 0.062(12) 0.091(14) 0.086(15) -0.003( 11) 0.014(11) 0.000(10) C(21) 0.OJ8 (13) 0.048 ( 14 ) 0.073(18) -0.001(13) 0.015(12) 0.000(11) 0(21) 0.072( 12) 0.066(13) 0.116(17) 0.015(12) -0.024(11) 0.027( 10) C(22) 0.083 (20) 0.071 ( 18 ) 0.045 ( 15) -0.009(14) -0.007(14) -0.006( 15) 0(22) 0.131(19) O. 122 ( 19 ) O. 120 (20) -0.011(16) -0.036( 16) -0.OLJ9( 15) C(23) 0.066 ( 16) O. OLJ5 ( 14 ) o . OLJ 1 ( 1 LJ ) -0.007(11) 0.009 ( 12) -0.006( 12) 
0(23) 0.075( 12) 0.065 ( 11) 0.058 ( 11) -0.007(9 ) 0.000(9) -0.017 (9) C(3l) 0.097(20 ) 0.051 (15) 0.039 (ILJ) 0.012(12) -0.015 (13) -0.023(ILJ) 0(31) 0.086(13) 0.067( 12) 0.102 ( 16) 0.023(11) -0.038( 12) 0.028(10) 
C(32) 0.066 ( 11) 0.058( 15) 0.043 ( 14) -0.008(12) -0.019(13) 0.019(13) O( 32) 0.067(12) 0.079(13) 0.114(16) 0.026(12) 0.045( 11) -0.021(10) 
C(41) 0.059 ( 16) 0.049(15) 0.066( 17) -0.001(13) -0.005(13) 0.009( 12) 0(41) 0.082( 13) 0.063(12) 0.139 (20) -0.016(12) 0.018(13) -0.OLJ4( 10) C(42) 0.OLJ9(14) 0.034(12) 0.058 (15) -0.004(11) 0.008(12) O.OOO( 10) 



Table All.3 continued 

0(42) 0.055 (10) 0.014 (12) 0.090(13) 0.011(10) -0.005( 10) 0.014(9) 
C(45 ) 0.233(38) o. 05H 18) 0.011(21) -0.029 ( 16) 0.082(23) -0.022(21) 
0(45) 0.155(19) 0.088 (14) 0.039(11) 0.018(11) 0.000(11) -0.018(14) 
C(51) 0.054 ( 14) 0.032 ( 12) 0.080(20) 0.003(13) -0.005 (13) 0.004( 10) 
0(51) 0.121(16) 0.014 ( 12) 0.044 (11) -0.013(10) 0.018(11) 0.017(11) 
C(52) 0.052 ( 14 ) 0.058 ( 15) 0.034 ( 13) 0.004 ( 11) -0.016 ( 11) 0.008( 12) 
0(52) 0.035(9) 0.126(16) 0.075( 13) 0.006(12) -0.019(9) -0.019(10) 
C(30) 0.059( 15) 0.060(16) 0.090(20) -0.026( 15) 0.042 ( 14 ) 0.004 ( 12) 
C(50) 0.065 ( 16) 0.101(21) 0.045 (15) 0.028(15) -0.016( 13) 0.023 (15) 
C(70) 0.013(17) 0.125(24) 0.049( 16) 0.032 ( 16) 0.032 (13) -0.010( 11) 

:t:' CO) 0.026(11) 0.012 ( 11) 0.052(15) -0.014( 13) -0.004 (10) 0.007 (11) 0'1 C(4 ) 0.046( 14) 0.083(19) 0.017( 19) -0.024 ( 16) 0.033( 14) o. 021( 13) ..... 
C(5 ) 0.035(12) 0.013 (17) 0.069(11) -0.007 (15) 0.016(12) 0.000(12) 
C(6 ) 0.025 (11) 0.068(16) 0.063(16) 0.030(13) -0.0 11( 11 ) 0.012(11) 
C(1) 0.065(15) 0.048 (14) 0.064 ( 16) 0.003(13) 0.044 (13) -0.002 (12) 
C(8) 0.039(12) 0.037 ( 12) 0.051(14) -0.0 11( 11 ) 0.032 (10) -0.006(9) 
C( 1) 0.042(12) 0.039(12) 0.052 (15) 0.017(11) 0.006(11) 0.001 (10) 
O( 1) 0.044(8) 0.048(9) 0.041(9) 0.003(7) -0.002(7) -0.007(7) 



0 

TABLE A11.4 Bond lengths (A) for 

7 HRU6(U-CO)(CO)12(~ -C
6

H3Me2CH2 ) (XR11) 

Ru( 1) -Ru(3) 2.815(2) Ru(1) -Ru(4) 2.744(2) 

Ru(1) -C(l1) 1. 961C 25) Ru ( 1) - C ( 12 ) 1.900 (25) 

Ru( 1) -CC 13) 1. 86 (3) Ru( 1) -CC 1) 2.306(22) 

Ru(1) -0(1) 2.166( 13) Ru(2) -Ru(3) 2.850(2) 

Ru(2) -Ru(5) 2.716(2) Ru(2) -Ru(6) 2.788(2) 

Ru(2) -C(21) 1. 922 (23) Ru(2) -C(22) 1.82(3) 

Ru(2) -C(23) 1.988 (24) Ru(2) -C(30) 2.214(25) 

Ru(2) -C(3) 2.742(20) Ru(3) -Ru(4) 2.858(2) 

Ru(3) -Ru(5) 2.934(2) Ru(3) -Ru(6) 2.754(2) 

Ru(3) -C(23) 2. 183 (22) Ru(3) -C(3l) 1.912 (24) 

Ru(3) -C(32) 1. 955 (25) Ru(3) -CC 1) 2.275(20) 

Ru(3) -H 1.797(2) Ru(4) -Ru(5) . 2.679(2) 

Ru(4) -Ru(6) 2.843(2) Ru(4) -C(41) 1.910(24) 

Ru(4) -C(42) 1.849(22) Ru(4) -C(45) 2.11(3) 

Ru(4)-C(1) 2.254(20) Ru(4) -H 1.797(2) 

Ru(5) -Ru(6) 2.767(2) Ru(5) -C(45) 1. 99 (3) 

Ru(5) -C(51) 1.84 (3) Ru (5) -C (52 ) 1.938(23) 

Ru(5) -H 1.803(2) Ru(6) -C(3) 2.281 (22) 

Ru( 6) -CC 4) 2.281 (24) Ru(6) -C(5) 2.314(21) 

Ru(6) -C(6) 2.285(20) Ru(6) -C(7) 2. 311{ 23) 

Ru(6) -C(8) 2.311(21) Ru(6) -CC 1) 1.913(23) 

C ( 11) -0 ( 11 ) 1.07 (3) C ( 12) -0 ( 12 ) 1.12(3) 

C(13) -0(13) 1.15(3) C(21) -0(21) 1.10(3) 

C(22) -0(22) 1.18(3) C(23) -0(23) 1.21(3) 

C(31) -0(31) 1.12(3) C(32) -0(32) 1.12(3) 

C(41) -0(41) 1.12(3) C(42) -0(42) 1.15(3) 

C ( 45) -0 (45 ) 1.22 (3) C (51) -0 (51 ) 1.22 (3) 

C(52) -0(52) 1.05 (3) C(30) -C(3) 1.54(3) 

C(50) -C(5) 1.53(3) C(70) -C(7) 1.49(4) 
- . C( 3") -C(4 ) 1.41(3) C(3) -C(8) 1.40(3) 

C(4) -C(5) 1. 48 (4) C(5) -C(6) 1.41(3) 

C(6 ) -C(7 ) 1.46(3) C(7) -C(8) 1.43(3) 

CC 1) -0(1) 1 .22 (3) C(81) -C(82) 1. 62 (5) 

C (81) - C ( 85 ) 1. 78 (5) C(82) -C(83) 1.44(5) 

C(83) -C(84) 1. 54 (4) C(84) -C(85) 1. 40 (5) 

C(85) -C(86) 1.16(5) 

A62 



TABLE A11.S Bond angles (0) for 

7 
HRU6(P-CO)(CO)12(~ -C6H

3
Me2CH2 ) (XR11) 

C( 1) -Ru( 1) -Ru(3) 51.6(5) C( 1) -Ru(1) -Ru(4) 52. 1 (5 ) 

O( 1) -Ru(l) -Ru(3) 76.8(4) O( 1) -Ru(l) -Ru(4) 78.2(4) 

O( 1) -Ru( 1) -CC 1) 31.5(6) C(30) -Ru(2) -Ru(3) 139.S(6) 

C(30) -Ru(2) -Ru(S) 108.8(6) C(30) -Ru(2) -Ru(6) 82.7(6) 

C(3) -Ru(2) -Ru(3) 105.1(5) C(3) -Ru(2) -Ru(S) 90.3 (5) 

C(3) -Ru(2) -Ru(6) 48.1(S) C(3) -Ru(2) -C(30) 34.2(8) 

C( 1) -Ru(3) -Ru(1) 52.6(6) C( 1) -Ru(3) -Ru(2) 102.1(6) 

C( 1) -Ru(3) -Ru(4) 50.5(5) C( 1) -Ru(3) -Ru(S) 88. 1 (6 ) 

C( 1) -Ru(3) -Ru(6) 43.4(6) H -Ru(3) -Ru( 1) 84.3 ( 1) 

H -Ru(3) -Ru(2) 90.1 ( 1 ) H -Ru(3) -Ru(4) 37.3 ( 1) 

H -Ru(3) -Ru(S) 3S.S ( 1) H -Ru(3) -Ru(6) 79.8(1) 

H -Ru(3) -C(l) 81.0 (S) C( 1) -Ru(4) -Ru(1) S3.9(6) 

C( 1) -Ru(4) -Ru(3) Sl.2(S) C( 1) -Ru(4) -Ru( 5) 95. 1 (5 ) 

C( 1) -Ru(4) -Ru(6) 42. 1 (6 ) H -Ru(4) -Ru( 1 ) 86.S( 1) 

H -Ru( 4) -Ru(3) 37.3 (1) H -Ru(4) -Ru(S) 42.0 ( 1) 

H -Ru(4) -Ru(6) 77.2 ( 1 ) H -Ru(4) -C(1) 87.6(5) 

H -Ru(S) -Ru(2) 95.0 ( 1) H -Ru(S) -Ru(3) 35.3 ( 1) 

H -Ru(S) -Ru(4) 41.8(1) H -Ru(S) -Ru(6) 19.3 (1) 

C(3) -Ru( 6) -Ru(2) 64.6 (S) C(3) -Ru(6) -Ru(3) 124.3(6) 

C(3) -Ru(6) -Ru(4) 152.9(S) C(3) -Ru(6) -Ru(S) 99.7(S) 

C(4) -Ru( 6) - Ru(2) 78.0(6) C(4) -Ru(6) -Ru(3) 116.0(7) 

C(4 ) -Ru(6) -Ru(4) 170.9 (7 ) C(4 ) -Ru(6) -Ru(S) 130.9(6) 

C(4) -Ru( 6) -C(3) 36. 1( 8) C( S) -Ru(6) -Ru(2) 114.3(6) 

C(S) -Ru(6) -Ru(3) 12S.8(6) C(S) -Ru(6) -Ru(4) 135.7(6) 

C(S) -Ru(6) -Ru(S) 165.3(6) C(S) -Ru(6) -C(3) 66.0(8) 

C(S) -Ru(6) -C(4) 37.4 (9) C(6 ) -Ru(6) -Ru(2) 141.9(6) 

C(6) -Ru(6) -Ru(3) 147.0(6) C(6) -Ru(6) -Ru(4) 110.7(6) 

C(6 ) -Ru(6) -Ru(S) 141.8(6) C(6 ) -Ru(6) -C(3) 78.3 (8) 

C(6) -Ru(6) -C(4) 66.3(8) C(6) -Ru( 6) -C{S) 3S.8(8) , 
C(7) -Ru(6) -Ru(2) 123.1(6 ) C(7) -Ru(6) -Ru(3) 167.2(6) " j 

C(7) -Ru(6) -Ru(4) 106.2(6) C(7) -Ru( 6) -Ru(S) 101.1(6) I , 

C(7 ) -Ru(6) -C(3) 65.0 (8) C(7) -Ru(6) -C(4) 76.8(9) i 

C(7) -Ru(6) -C(S) 64.8(8) C(7) -Ru(6) -C(6) 37.1(8) 

C(8 ) - Ru(6) -Ru(2) 81.1(5 ) C{8 ) -Ru(6) -Ru(3) 146.7{S) , 

C(8 ) -Ru(6) -Ru(4) 123.4(S) C(8) -Ru(6) -Ru(5) 90.3 (S) , 

C(8 ) -Ru(6) -C(3) 3S.4 (8) C(8 ) -Ru(6) -C(4) 64.0(8) i 
I 

C( 8) -Ru(6) -C(S) 76.1(8) C(8) - Ru ( 6) - C ( 6 ) 6~. 8 (8) I , 
C(8 ) -Ru(6) -C(7) 36.0 (8) C( 1) -Ru(6) -Ru(2) 11S.5(6) I 

C( 1) -Ru(6) -Ru(3) S4.8(6) C( 1) -Ru(6) -Ru(4) S2.2(6) 
'I 

C( 1) -Ru(6) -Ru(5) 101.0(6) C( 1) -Ru(6) -C(3) 154.1(8) 

C( 1) - Ru ( 6) - C ( 4 ) 118.8(9) C( l) -Ru(6) -C(S) 93.7(9) 

C( 1) -Ru(6) -C(6) 94.0(8 ) C( 1) -Ru(6) -C(7) 121.4(8) 

C( 1) -Ru(6) -C(8) 157.4(8) 0(11) -C(ll) -Ru(1) 176(2) 

0(12) -C(12) -Ru(1) 178 (2) 0(13) -C(13) -Ru(l) 179(2) 

0(21) -C(21) -Ru(2) 178(2) 0(22) -C(22) -Ru(2) 174(2) 

Ru(3) -C(23) -Ru(2) 86.1(9) 0(23) -C(23) -Ru(2) 143(2) 

0(23) -C(23) -Ru(3) 130(2) 0(31) -C(31) -Ru(3) 17S(2) 

0(32) -C(32) -Ru(3) 171(2 ) 0(41) -C(41) -Ru(4) 174(2) 

0(42) -C(42) -Ru(4) 174(2) Ru(S) -C(4S) -Ru(4) 8H 1) 

O(4S) -C(4S) -Ru(4) 138 (2 ) 0(45) -C(4S) -Ru(5) 141(2) 

0(S1) -C(S1) -Ru(S) 172(2) 0(S2) -C(52) -Ru(S) 17S(2) 

CO) ~C(30) -Ru(2) 92 ( 1 ) Ru(6) -C(3) -Ru(2) 66.1(S) 

C(30) -C(3) -Ru(2) 54 ( 1 ) C(30) -C(3) -Ru(6) 120 ( 1) 

, 

i 
i , ' 



Table A11.5 continued 

C(4) -C(3) -Ru(2) 96 ( 1 ) C(4) -C(3) -Ru(6) 72 (1 ) 

C(4 ) -C(3) -CC 30) 117(2) C(B) -C(3) -Ru(2) 113(1) 

C(B) -C(3) -Ru(6) 73 ( 1 ) C(B) -C(3) -C(30) 122(2) 

C(B) -C(3) -C(4) 120(2) C(3) -C(4 ) -Ru(6) 72 (1 ) 

C(S) -C(4) -Ru(6) 72(1) C(5) -C(4) -C(3) 120(2) 

C(50) -C(5) -Ru(6) 12B(2) C(4 ) -C(5 ) -Ru(6) 70 (1 ) 

C(4) -CC 5) -C(50) 122(2) C(6) -C(5) -Ru(6) 71 (1) 

C(6) -C(5 ) -C(50) 119(2) C(6 ) -C(S) -C(4 ) 120(2) 

C(S) -C(6) -Ru(6) 73 ( 1 ) C(7) -C(6) -Ru(6) 72 (1) 

C(7) -C(6 ) -C(5 ) 119(2) C(70) -C(7) -Ru(6) 135 (2) 

C(6) -C(7) -Ru(6) 70 ( 1 ) C(6) -C(7) -C(70) 11B(2) 

C(B) -C(7) -Ru(6) 72 ( 1 ) C(B) -C(7 ) -C(10) 122(2) 

C(B) -C(7) -C(6) 120(2) C(3) -C(8) -Ru(6) 11( 1) 

C(7) -C(B) -Ru(6) 12(1) C(1) -C(B) -C(3) 122(2) 

Ru(3) -CC 1) -Ru(1) 7S.B(6) Ru(4) -CC 1) -Ru(1) 14.0(6) 

Ru(4) -C(1) -Ru(3) 1B.2(6) Ru(6) -C(1) -Ru( 1) 1S2 ( 1 ) 

Ru(6) -CC 1) -Ru(3 ) 81.8(8) Ru(6) -CC 1) -Ru(4) B5.1(8) 
Q( 1) -CC 1) -Ru( 1) 6B ( 1 ) Q( 1) -CC 1 ) -Ru(3) 125(2) 
Q( 1) -C(1) -Ru(4 ) 126 ( 1) Q( 1) -C(1) -Ru(6) 140(2) 

C( 1) -Q(1) -Ru( 1) B1( 1) C(BS) -C(B1) -C(B2) 95(2) 

C(B3) -C(B2) -C(81) 113(3) C(B4) -C(B3) -C(82) 111(3) 

C(BS) -C(B4) -C(B3) 109 (3) C(B4) -C(B5) -C(B1) 111(3) 

C(B6) -C(B5) -C(B1) 104 (3) C(B6) -C(BS) -C(B4) 14S(4) 

Ru{4) -H -Ru(3) 105.4(1) Ru(S) -H -Ru(3 ) 109.2( 1) 

Ru(5) -H -Ru(4) 96.2 ( 1) 
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Table A12.1 Fractional atomic coordinates and 

thermal parameters °2 (A ) for [RU
10

N(CO)24]- (XR12) 

Atom x U. U 
Y z ~so or eq 

Ru(1) 0.3167(3) 0.0133(2) 0.1349(1) 0.050(3) 
Ru(2) 0.1103(3) 0.0077(2) 0.1672(1) 0.039(2) 
Ru(3) 0.3025 (3) - 0.0786(2) 0.1983(1) 0.038(3) 
Ru(4 ) 0.3027<3 ) 0.0806(2) 0.2050(1) 0.036(2) 
Ru(5) -0.0940(3) -0.0003(2) 0.2022 (1) O. 041( 2) 
Ru(6) 0.0895(3 ) -0.0850(2) 0.2319(1) 0.035(3) 
Ru(7) 0.2769(3) -0.1658(2) 0.2622 (1) 0.040 (3) 
Ru(8) 0.2792(3) -0.0106(2) 0.2707(1) 0.033(2) 
Ru(9) 0.2797 (3) 0.1455(2) 0.2756( 1) 0.038(2) 
Ru( 10) 0.0905(3 ) 0.0746(2) 0.2395 ( 1 ) 0.033(2) 
P( 1) 0.3535(12) -0.2664(6) 0.4729(3) 0.045(9) 
P(2) o. 1646 ( 11 ) -0.1571(6) 0.4902(3) 0.047(9) 
N( 1) 0.2542(31 ) -0.2231(16) 0.4868(7) 0.046 (25) 
N(2 ) 0.1950(23) -0.0037(18) o. 2169( 7) 0.028(7) 
C( 11 ) 0.4688 (39) 0.0110 (27) 0.1326(11) 0.052(14) 
o ( 11 ) 0.5728(28) 0.0115(19) 0.1322(8) 0.088( 10) 
C( 12) 0.2900(56) -0.0522 (32 ) O. 0983( 16) 0.090(22) 
O( 12) 0.2697(39) -0.0980(24) 0.0734(12) O. 134 ( 17 ) 
C(13) 0.2989(48) 0.0906(29) 0.1041(14) 0.078( 17) 
O( 13) 0.2847(35) 0.1442(22) 0.0840(10) 0.119(14) 
C( 21 ) 0.0453(53) -0.0531 ( 30 ) 0.1353(15) 0.076(19) 
0(21) -0.0014 (32) -0.0985(20) 0.1114(9) 0.098(12) 
C(22 ) 0.0620(40) 0.0878(23) 0.1397(11) 0.053(13) 
0(22) 0.0250(30 ) 0.1407(18) 0.1211(8) O. 075( 11) 
C(31 ) 0.2767(48) -0.1596 (30) 0.1707( 14) 0.079 ( 18) 
O( 31 ) 0.2662(32 ) -0.2173(19) 0.1506(9) 0.095(12) 
C( 32) 0.4513(43) -0.0863(23) 0.2009(11) 0.041(13) 
O( 32) 0.5580(30 ) -0.0954(16) 0.2034 (8) 0.070(9) 
C(41) 0.4592(47) 0.0928(26) 0.2092(12) 0.046 ( 15) 

i , 

o (41 ) 0.5608(37) 0.1021(20) 0.2125(10) 0.082(13) , 

C(42) 0.2778(41) 0.1743 (25) 0.1810(12) 0.047 ( 14 ) 
0(42) 0.2580(26) 0.2352(16) 0.1713(8) 0.060(9) 
C( 51 ) -0.2002 <38 ) -0.0013(28) 0.2403( 12) 0.056 ( 14) 
0(51) -0.2507(28) -0.0047(20) . 0.2659(9) 0.094(11) 
C{ 52) -0.1761 (40) 0.0773(24) O.1778( 11) 0.067(14) 
O{ 52) -0.2265(28) 0.1284(17) 0.1653(8) 0.075(10) 
C(53) -0.1689(45) -0.0704(26) 0.1746(13) 0.040( 15) 

0(53) -0.2237(33) -0. 1176{ 19) 0.1558 (9) 0.077(12) 
C( 61) 0.0234 (39) -0.1034(23) 0.2754(11) 0.078( 13) 
0(61) -0.0375(27) -0.1072( 16) 0.3039 (8 ) 0.062 (9) 
C( 62) 0.0335(46) -0..1690(28 ) 0.2074(13) 0.045 ( 17) 
O( 62) -0.0062 ( 27 ) -0.2213( 17) 0.1903(8) 0.082( 10) 
C( 71) 0.4232(42) -0.1863(23) 0.2717(11) 0.055(13) 
0(71) o. 5230{ 29) -0.2042( 16) 0.2766(8) 0.062 ( 10) 
C( 72) 0.2411 (38) -0.2599(22) 0.2435 ( 11 ) 0.046 ( 12) 
0(72) 0.2166(27) -0.3202(16) O. 2326(8) 0.05H 10) 
C( 73) 0.2326(37) -0.1871(22) 0.3115(11) 0.051 ( 13) 

0(73) 0.2078(29) -0. 1978( 17) 0.3437(9) 0.076(11) 

C(81) 0.2363<38 ) -0.0133(26) 0.3203(13) 0.065( 15) 
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Table A12.1 continued 

O( 81 ) 0.2054(25) -0.0198 (16) 0.3493(8) 0.064 ( 10) 

C( 82) 0.4318 (39) -0.0164(23) 0.2870(11) 0.041(13) 

0(82) 0.5300(29) -0.0194(17) 0.2997(8) 0.081 ( 11 ) 

C( 91 ) 0.2422(47) 0.1581(27) 0.3231 ( 15 ) 0.098( 17) 
O( 91 ) 0.2298 (36) 0.1650(21) 0.3555(11) 0.104(14) 

C(92) 0.2376(44) 0.2444(26) 0.2621(13) 0.040 ( 15) 
O( 92) 0.2222(29) 0.3054 ( 17) 0.2539 (8) 0.073 ( 10) 
C(93) 0.4258(49) O. 1610 (25 ) 0.2882 ( 13) 0.083(16) 
0(93) 0.5219 (36) 0.1769(19) 0.2913(9) 0.107(12) 
C(101) 0.0137(40) 0.0832(23) 0.2877(12) 0.063(13) 
O( 101 ) -0.0331(31) 0.0815 ( 18) 0.3133(9) 0.059 ( 11 ) 
C(102) 0.0305(39) 0.1646(23) 0.2186 ( 11 ) 0.061(13) 
0(102) -0.0092(27) 0.2210 ( 16 ) 0.2093(8) 0.049(10) 
C( 112) 0.3957(27) -0.4180(24) 0.4802(8) 0.143(24) 
C(113) 0.3755 (27) -0.4925(24) 0.4696(8) 0.193 (30) " 
C( 114) 0.2841(27) -0.5103(24) 0.4437(8) 0.121(19) 
C("'5 ) 0.2129(27) -0.4535(24) 0.4284(8) 0.127(21) 
C(116) 0.2330(27) -0.3790(24) 0.4390(8) 0.128(20) 
C( 111) 0.3244(27) -0.3613(24) 0.4650(8) 0.086(17) 
C(122) 0.4336(24) -0.1523( 15) 0.4297(6) 0.085(17) 
C(123) 0.4862(24) -0.1219(15) 0.3992(6) 0.050 (12) 
C(124) 0.5133(24) -0.1679(15) 0.3692(6) 0.056(13) 
C(125) 0.4878(24) -0.2443 ( 15 ) 0.3698(6) 0.064( 14) 
C( 126) 0.4352(24) -0.2748( 15) 0.4004(6) 0.072 ( 16) 
C( 121 ) 0.4081(24) -0.2288 (15) 0.4304(6) 0.045 ( 12) 
C(132) 0.4447(22) -0.2649(15) 0.5448(9) 0.078(18) 

C( l33) 0.5308(22) -0.2687(15) 0.5741(9) 0.071 ( 14 ) 

C( 134) 0.6445(22) -0.2747( 15) 0.5657(9) 0.079 ( 16) 

C(135) 0.6720(22) -0.2770(15) 0.5280(9) 0.084 (17) 

C(136) 0.5859(22) -0.2732( 15) 0.4987(9) 0.034 ( 11) 
C( 131 ) 0.4723(22) -0.2672(15) 0.5071(9) 0.044(13) 
C(212) 

-" 0.2084 (24) -0. 0227 ( 16 ) 0.4516(7) 0.069 ( 14) 

C(2·13) 0.2678(24) 0.0441 ( 16 ) 0.4473 (7) 0.078 ( 17) 
C(214) 0.3476(24) 0.0684( 16) 0.4759(7) 0.074(16) 
C(215) 0.3680 (24) 0.0257 (16) 0.5088(7) 0.075 ( 16 ) 
C(216) 0.3087(24) -0. 04 11 ( 16 ) 0.5131(7) 0.070 ( 15) 
C( 211 ) 0.2289(24) -0.0654(16) 0.4845(7) 0.054(13) 

C(222) -0.0601(28) -0.1485(13) 0.4672(6) 0.064(14) 

C(223) -0.1539(28) -0.1515(13) 0.4406(6) 0.094(19) 
C(224) -0.1384(28) -0. 1685 ( 13 ) 0.4027(6) 0.067( 15) 
C( 225 ) -0.0292(28) -0.1825( 13) 0.3915(6) 0.059 ( 12) 
C(226) 0.0646(28) -0. 1794 ( 13 ) 0.4181(6) 0.082 ( 16 ) 
C( 221 ) 0.0491(28) -0. 1624 ( 13 ) 0.4559(6) 0.027 ( 10) 

C(232) 0.1047(26) -0.2246(13) 0.5541 (9) 0.079(17) 
C(233) 0.0582 (26) -0.2265(13) 0.5893(9) 0.091(18) 
C(234 ) 0.0201 (26) -0.1603(13) 0.6053(9) 0.090( 16) 
C( 235) 0.0286(26) -0.0923(13) 0.5861(9) 0.066(14) 
C(236) 0.0751<26 ) -0.0905(13) 0.5509(9) 0.065( 14) 
C(231) 0.1132(26) -0.1566(13) 0.5350(9) 0.050 (13) 
Cl ( 1 ) 0.2562 ( 13) 0.0073 (9) 0.6303(4) 0.119(5) 

Cl(2) 0.4275( 17) -0.0998(10) 0.6176(5) 0.148(7) 

C( 1) 0.3031(45) -0.0855(27) 0.6413 ( 13) 0.095(17) 
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Table A12.2 Fractional atomic coordinates for the 

hydrogen atoms for [Ru10N(CO)24]- (XR12) 

Atom x Y z 

H(112) 0.4664 -0.4042 0.5003 
H(113) 0.4306 -0.5364 0.4814 
H(114) 0.2685 -0.5679 0.4354 
H ( 115 ) 0.1421 -0.4673 0.4083 
H(116) 0.1779 -0.3351 0.4272 
H ( 122) 0.4127 -0.1167 0.4530 
H(123) 0.5060 -0.0627 0.3987 
H ( 124) 0.5540 -0.1443 0.3455 
H ( 125) 0.5087 -0.2799 0.3466 
H ( 126) 0.4154 -0.3339 0.4008 
H(132) 0.3568 -0.2602 0.5512 
H ( 133) 0.5095 -0.2669 0.6033 
H ( 134) 0.7112 -0.2777 0.5884 
H ( 135) 0.1600 -0.2817 0.5215 
H(136) 0.6072 -0.2750 0.4695 
H(212) 0.1461 -0.0415 0.4294 
.H(213) 0.2520 0.0711 0.4218 
H(214) 0.3935 0.1201 0.4125 
H(215) 0.4298 0.0445 0.5310 
H(216) 0 •. 3245 -0.0741 0.5386 
H(222 ) -0.0721 -0.1353 0.4964 
H(223) -0.2384 -0.1407 0.4492 
H(224 ) -0.2110 -0.1109 0.3822 
H(225 ) -0.0172 -0.1956 0.3623 
H(226) 0.1491 -0.1902 0.4095 
H(232) O. 1342 -0.2758 0.5418 
H(233) 0.0516 -0.2791 0.6041 
H (234) -0.0160 -0.1618 0.6325 
H(235 ) -0.0009 -0.0411 0.5985 
H(236) 0.0817 -0.0319 0.5361 
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Table A12.3 °2 -Anisotropic thermal parameters (A )[Ru
10

N(CO)24 1 (XR12) 

Atom U 11 U
22 U

33 
U

23 Un U
12 

Ru( 1) 0.056(3) 0.052(3) 0.042(2) 0.004(2) 0.013(2) -0.001(2) 
Ru(2) 0.050(3) 0.031(2) 0.031(2) 0.002(2) -0.005(2) 0.000(2) 
Ru(3) 0.038(3) 0.033(2) 0.043(2) -0.001(2) 0.006(2) 0.009(2) 
Ru(4) 0.030(3) o. 032( 2) 0.044(2) 0.005(2) 0.005(2) -0.001(2) 
Ru(5) 0.035(2) 0.031(2) 0.058(2) -0.00 1( 2) -0.001(2 ) 0.001(2) 
Ru(6) 0.040(3) 0.021(2) 0.038 (2) 0.002(2) 0.003(2) 0.000(2) 
Ru(1) 0.048(3) 0.026(2) 0.046(3) 0.006(2) -0.003(2) 0.006(2) 

:x:- Ru(8) 0.035(2) 0.021(2) 0.031(2) 0.001(2) -0.001(2) -0.002(2) 
(j'I Ru(9) 0.038(3) 0.030(2) 0.045(2) 0.000(2) 0.001(2 ) -0.003(2) m 

Ru( 10) 0.031(3) 0.021(2) 0.040(2) -0.003(2) 0.004(2) 0.002(2) 
P( 1) 0.059 ( 11 ) 0.034(1) 0.042(8) -0.002(6) -0.005 (1) 0.008(1) 
P(2 ) 0.051(11) 0.033(1 ) 0.052(8) 0.002(6) 0.001(1) 0.002(1 ) N( 1) 0.056(32 ) 0.054(23) 0.029(20) -0.002 ( 11) 0.009(19) 0.008(23) 



0 

Table A12.4 Bond lengths (A) for [RU
1O

N( CO )24]- (XR 12) 

Ru( 1) -Ru(2) 2.761(5) Ru(l) -Ru(3) 2.790(5) 
Ru(l) -Ru(4) 2.767(5) Ru( 1) -CC 11) 1. 80 (5) 
Ru( 1) -CC 12) 1. 75 (6) Ru( 1) -CC 13) 1.76(5) 
Ru(2) -Ru(3) 2.884(5) Ru(2) -Ru(4) 2.854(5) 
Ru(2) -Ru(5) 2.789(5) Ru(2) -Ru(6) 2.849(5) 
Ru(2) -Ru( 10) 2.845(4) Ru(2) -N(1) 1.966(25) 
Ru(2) -C(21) 1.70(5) Ru(2) -C(22) 1. 79 (4) 
Ru(3) -Ru(4) 2.846(5) Ru(3) -Ru(6) 2.855(5) 
Ru(3) -Ru(7) 2.173(5) Ru(3) -Ru(8) 2.862(5) 
Ru(3) -N( 1) 1. 98(3) Ru(3) -C(31) 1.76(5) 
Ru(3) -C(32) 1 .75 (5) Ru(4) -Ru(8) 2.864(5) 
Ru(4) -Ru(9) 2.780(5) Ru(4) -Ru( 10) 2.861(5) 
Ru(4) -N( 1) 2.03(3) Ru(4) -C(41) 1.85 (5) 
Ru(4) -C(42) 1.89(4) Ru(5) -Ru(6) 2.774(5) 
Ru(5) -Ru( 10) 2.791 (5) Ru(5) -C(51) 1 .90 (5) 
Ru(5) -C(52) 1.86(4) Ru(5) -C(53) 1. 78 (5 ) 
Ru(6) -Ru(7) 2.778(5) Ru(6) -Ru(8) 2.855(5) 
Ru(6)-Ru(10) 2.856(5) Ru(6) -N( 1) 2.00(3) 
Ru(6) -C(61) 1. 80 (4) R u ( 6) - C ( 62 ) 1.83(5) 
Ru(7) -Ru(8) 2.781(5) Ru(7) -C(71) 1. 77 (5) 
Ru(7) -C(72) 1 .84 (4) Ru(?) -C(73) 1. 90 (4) 
Ru(8) -Ru(9) 2.787(5) Ru(8) - Ru(10) 2.842(5) 
Ru(8) -N( 1) 2.079 (24 ) Ru(8) -C(81) 1.86(5) 
Ru(8) -C(82) 1. 85 (4 ) Ru(9) -Ru( 10) 2.783(5) 
Ru(9) -C(91) 1. 78 (5) Ru(9) -CC 92) 1.88(5) 
Ru(9) -C(93) 1.76(6) Ru(10)-N(1) 2.06(3 ) 
Ru( 10)-C( 101) 1.99(4) Ru( 10 )-C( 102) 1.88 ( 4) 
C ( 1 1) -0 ( 11 ) 1.22 (6) C ( 12) -0 ( 12 ) 1.21(7) 
C ( 13) -0 ( 13 ) 1.19(6) C(21) -0(21) 1.26(6) 
C(22) -0(22) 1.21(5) C(31) -O( 31) 1.25 (6) 
C(32) -0(32) 1 .26 ( 6) C(41) -0(41) 1 .20 ( 7) 
C ( 42) -0 ( 42 ) 1.16(5) C ( 51) -0 (51 ) 1.12(6) 
C(52) -0(52) 1.15(5) C(53) -0(53) 1.22 (6) 
C ( 61) -0 ( 61 ) 1. 28 (5) C ( 62) -0 ( 62 ) 1.19(6) 
C(71) -0(71) 1 .22 (6) C ( 72) -0 ( 72 ) 1.17(5) 
C ( 73) -0 ( 73 ) 1.21(5) C ( 8 1) -0 ( 8 1 ) 1 • '12 (5 ) 
C(82) -0(82) 1.21 (5) C(91) -0(91) 1.17(7) 
C ( 92) -0 ( 92 ) 1. 14(6) C(93) -0(93) 1.16(7) 
C ( 10 1 ) -0 ( 10 1 ) 1.10(6) C( 102)-0( 102) 1.15(5) 
P( 1) -N( 2) 1.51(4) P( 1) -C(111) 1.74(4) 
P( 1) -C(121) 1.81(3) P ( 1) -cc 131) 1. 78(3) 
P(2 ) -N(2 ) 1.59 (3) P(2 ) -C(211) 1.82 (3) 
P(2) -C(221) 1. 75 (3) P(2) -C(231) 1.73(3) 
C( 112)-C( 113) 1. 39 C( 112)-C( 111) 1. 39 
C(113)-C(114) 1. 39 C(114)-C(115) 1.39 
C( 1 15)-C( 1 16) 1. 39 C( 116)-C( 111) 1. 39 
C(122)-C(123) 1.39 C( 122)-C( 121) 1.39 
C(123)-C(124) 1.39 C(124)-C(12S) 1.39 
C(125)-C(126) 1. 39 C( 126)-C( 121) 1.39 
C(132)-C(133) 1. 39 C(132)-C(131) 1.39 
C(133)-C(134) 1. 39 C(134)-C(135) 1. 39 

C(135)-C(136) 1. 39 C( 136)-C( 131) 1. 39 
C(212)-C(213) 1.39 C(212)-C(211) 1. 39 
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Table A12.4 continued 

C(213)-C(214) 
C(215)-C(216) 
C(222)-C(223) 
C(223)-C(224) 
C(225)-C(226) 
C( 232 )-C( 233) 
C(233)-C(234) 
C(235 )-C(236) 
Cl (1) -C( 1 ) 

1.39 
1.39 
1.39 
1. 39 
1. 39 
1. 39 
1.39 
1. 39 
1.78(5) 
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C(214)-C(215) 
C(216)-C(211) 
C(222)-C(221) 
C(224)-C(225) 
C(226)-C(221) 
C(232)-C(231) 
C(234)-C(235) 
C(236)-C(231) 
Cl(2) -C(1) 

1. 39 
1. 39 
1. 39 
1. 39 
1. 39 
1.39 
1. 39 
1. 39 
1. 76 (6) 



Table A12.5 Bond angles (0) for [Ru 10N(CO)24 J- (XR12) 

N( 1) -Ru(2) -Ru(1) 88.3(8) N( 1) -Ru(2) -Ru(3) 43.3(9) 
N( 1) -Ru(2) -Ru(4) 45.3 (9) N( 1) -Ru(2) -Ru(5) 89.6(8) 
N( 1) -Ru(2) -Ru(6) 44.7(9) N( 1) -Ru(2) -Ru( 10) 46.4(9) . 
N( 1) -Ru(3) -Ru(l) 87.1(8) N( 1) -Ru(3) -Ru(2) 42.9(7)' 
N( 1) -Ru(3) -Ru(4) 45.5(9) N( 1) -Ru(3) -Ru(6) 44.6(9) 
N( 1) -Ru(3) -Ru(7) 89.8(8) N( 1) -Ru(3) -Ru(8) 46.6(7) 
N( 1) -Ru(4) -Ru( 1) 86.9(8) N( 1) -Ru(4) -Ru(2) 43.5(7) 
N( 1) -Ru(4) -Ru(3) 44.2 (8) N( 1) -Ru(4) -Ru(8) 46.5(7) 
N( 1) -Ru(4) -Ru(9) 91.0(8) N( 1) -Ru( 4) -Ru( 10) 46.0(8) 
N( 1) -Ru( 6) -Ru(2) 43.6(7) Ne 1 ) -Ru(6) -Ru(3) 44.0(9) 
N( 1) -Ru(6) -Ru(5) 89.2(8) N( 1) -Ru(6) -Ru(7) 89.2(8) 
N( 1) -Ru(6) -Ru(8) 46.7(7) N( 1) -Ru( 6) -Ru( 10) 46.2(9) 
N( 1) -Ru(8) -Ru(3) 43.9(8) N( 1) -Ru(8) -Ru(4) 45. 1( 8) 
N( 1) -Ru(8) -Ru(6) 44.6 (8) N( 1) -Ru(8) -Ru(7) 87.7(9) 
N( 1) -Ru( 8) -Ru(9) 89.8(9) N( 1) -Ru(8) -Ru(10) 46.3(8) 
N( 1) -Ru( 10 )-Ru(2) 43.7(7) N( 1) -Ru(10)-Ru(4) 45.2(8) 
N( 1) -Ru(10)-Ru(5) 87.7(8) N( 1) -Ru( 10)-Ru(6) 44.6(8) 
N( 1) -Ru( 10 )-Ru(8) 46.9(7) N( 1) -Ru(10)-Ru(9) 90.3 (8) 
Ru(3) -N(1) -Ru(2) 94 ( 1) Ru(4) -N(1) -Ru(2) 91C 1) 
Ru(4) -N(1) -Ru(3 ) 90( 1) Ru(6) -N(1) -Ru(2) 92( 1) 

Ru(6) -N(1) -Ru(3) 91C 1) Ru(6) -N(1) -Ru(4) 177 ( 1 ) 
Ru(8) -N(1) -Ru(2) 177(2 ) Ru(8) -N(1) -Ru(3) 89(1) 
Ru(8) -N( 1) -Ru(4) 88(1) Ru(8) -N( 1) -Ru(6) 89 ( 1 ) 
Ru(10)-N(1) -Ru(2) 90( 1 ) Ru(10)-N(1) -Ru(3) 176( 1 ) 
Ru( 10 )-N( 1 ) -Ru(4) 89(1) Ru( 10 )-N( 1) -Ru(6) 89(1) 
Ru( 10 )-N( 1 ) -Ru(8) 87( 1 ) 0(11) -CC 11) -Ru( 1) 177(4) 
O( 12) -CC 12) -Ru( 1) 179(6) 0(13) -C(13) -Ru(1) 178(5) 
0(21) -C(21) -Ru(2) 179 (5) 0(22) -C(22) -Ru(2) 177( 4) 
0(31) -C(31) -Ru(3) 176(5) 0(32) -C(32) -Ru(3) 177 (3) 
0(41) -C(41) -Ru(4) 178 (4 ) 0(42) -C(42) -Ru(4) 170(4) 
0(51) -C(51) -Ru(5) 171(4) 0(52) -C(52) -Ru(5) 174(4) 
0(53) -C(53) -Ru(5) 178 (4 ) 0(61) -C(61) -Ru(6) 169(3) 
0(62) -C(62) -Ru(6) 177(4) 0(71) -C(71) -Ru(7) 176(3) 
0(72) -C(72) -Ru(7) 178 (4 ) 0(73) -C(73) -Ru(7) 177(3 ) 
0(81) -C(81) -Ru(8) 174(4) 0(82) -C(82) -Ru(8) 176(3) 
0(91) -C(91) -Ru(9) 173( 5) 0(92) -C(92) -Ru(9) 174(5) 
0(93) -C(93) -Ru(9) 170(4) O( 101 )-C( 101 )-Ru( 10) 173(4) 
0(102)-C(102)-Ru(10) 173(4 ) C( 111)-P( 1 ) -N(2 ) 114(2) 
C( 121 )-P( 1) -N(2) 114 ( 1) C ( 121)-P( 1) -CC 111) 108 ( 1) 
C(131)-P(1) -N(2 ) 112(2) C( 131 )-P( 1) -CC 111) 104 ( 1) 
C( 131 )-P( 1) -C(121) 105 ( 1) C(211)-P(2) -N(2) 112(2) 
C( 221 )-P(2) -N(2 ) 113(1) C(221 )-P(2) -C(211) 106 ( 1) 
C(231)-P(2) -N(2) 111(1) C(231)-P(2) -C(211) 106 ( 1) 

C(231)-P(2 ) -C(221) 109 ( 1 ) P(2 ) -N(2 ) -Pc 1) 159(2) 
C( 112 )-C( 111 )-P( l) 122(2) C(116)-C(111)-P(1) 117(3) 
C(122)-C(121)-P(1) 118(2) C(126)-C(121)-P(1) 122(2) 
C( 132)-C( 131 )-P( 1) 115(2) C(136)-C(131)-P(1) 125(2) 
C(212)-C(211)-P(2) 122 (2) C(216)-C(211)-P(2) 117(2) 
C(222)-C(221)-P(2) 118(2) C(226)-C(221i-p(2) 122(2) 
C(232)-C(231)-P(2) 119(2) C(236)-C(231)-P(2) 121(2) 
C(236)-C(231)-C(232) 120(3) Cl(2) -C(l) -Cl ( 1) 107(3) 
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Table A13.1 Fractional atomic coordinates and thermal 

parameters (A2) for OS3(CO)10{PhCCH2 }(AUPEt
3

) (XR13) 

Atom 
U. U 

x y Z 150 or eq 

Os( 1) 0.24301(4) 0.21695(4) -0.21092 (3) 0.0367(3) 

Os(2) 0.04305(4) O. 18270 (4) -0.16941(3) 0.0425(3) 

Os(3) 0.17915(4) 0.21489(4) -0.05253(3) 0.0367(3) 

Au( 1) 0.26553(4) 0.40030(4) -0.12152(3) 0.0457(3) 

P( 1) 0.3118(3) 0.5796(3) -0.1238(3) 0.065(3) 

C(3) 0.2411(15) 0.6723(17) -0.0520(13) 0.104(7) 

C(4) 0.2384 ( 16 ) 0.6222 ( 19 ) 0.0278( 13) 0.116(7) 

C(5 ) 0.2842( 16) 0.6414 ( 18 ) -0.2222 ( 13 ) 0.111(7) 

C(6) 0.2949(15) 0.7635(18) -0.2309 (13) 0.109(7) 

C(7) 0.4395 ( 16) 0.6044(17) -0.1041 (13) 0.108(7) 

C(8) 0.5030(21) 0.5319(23) -0.1467(17) 0.143(10) 

C( 1) 0.2902(9) 0.1149(11) -0.1238(7) 0.047(3) 

C(2) 0.2327(9) 0.0395(10) -0.0785(7) 0.044 (3) 

C(112) 0.4489(6) 0.2033(6) -0.0936 (5) 0.052 (3) 

C(113) 0.5463(6) 0.1942(6) -0.0826(5) 0.066(4) 

C(114) 0.5907(6) 0.0922(6) -0.0870(5) 0.082(5) 

C(115) 0.5376(6) -0.0007(6) -0.1025(5) 0.074(5) 

C( 116) 0.4401(6) 0.0084(6) -0.1135(5) 0.056(4) 

C( 111) 0.3958(6) 0.1104(6) -0.1091 (5) 0.049(3) 

C( 1l) 0.3697(10) 0.2602(11) -0.2407(8) 0.049 (3) 

o ( 11 ) 0.4423(8) 0.2874(9) -0.2670(7) 0.077(3) 

C( 12) 0.1960(10) 0.3309(12) - 0.2727(8) 0.054(3) 

- O( 12) 0.1680(8) 0.3981 (9) -0.3123(7) 0.081 (3) 

C ( 13) 0.2373(10) o. 1095( 12) -0.2842(8) 0.057(4) 

0(13) 0.2327(9) 0.0402(10) -0.3299(7) 0.086(4) 

C( 21 ) 0.0302 ( 11 ) 0.3365(13) -0.1621(9) 0.064(4) 

0(2 1-) 0.0181 (8) 0.4303(9) -0.1573(6) 0.076 (3) 

C (22-) 0.0023 ( 12) 0.1887(13) -0.2687(9) 0.063(4) 

_ - O( 22) -0.0202(9) 0.1938(10) -0.3313(7) 0.086(4) 

C(23) -0.0725(12) 0.1523(13) -0. 1127 (9) 0.068(4) 

0(23) -0.1445(9) 0.1301(10) -0.0757(8) 0.097<4 ) 

C(24 ) 0.0714(9) 0.0295 ( 10) -0.1836(7) 0.042(3) 

0(24 ) 0.0861(7) -0.0595(8) -0.1961(6) 0.061 (3) 

C(31 ) 0.1201(11) O. 3447( 13) -0.0203(9) 0.062 (4) 

O( 31 ) 0.0754(9) 0.4198(10) 0.0062 (7) 0.084(3) 

C(32) 0.0918(11) 0.1356( 13) 0.0077(9) 0.064 (4 ) 

O( 32) 0.0327(8) 0.0919(9) 0.0475 (7) 0.078(3) 

C(33) 0.2728( 10) 0.2338 ( 11) 0.0210(8) 0.049(3) 

0(33) 0.3222(8) 0.2480(9) 0.0698 (7) 0.076 (3) 
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Table A 13.2 Fractional atomic coordinates for the 

hydrogen atoms for OS3{CO)10{PhCCH2}{AUPEt
3

) (XR13) 

Atom x Y z 

H(112) 0.4153 0.2828 -0.0914 
H(113) 0.5870 0.2648 -0.0681 
H(114) 0.6640 0.0827 -0.0731 
H(115) 0.5693 -0.0813 -0.1016 
H(116) 0.3975 -0.0633 -0.1249 
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Table A13.3 Anisotropic thermal parameters (A2) for 

.-
OS3(CO)10{PhCCH2}(AUPEt

3
) (XR13) 

Atom U 11 U22 U
33 

U
23 

U
13 

U12 

Os( 1) 0.0396 (3) 0.0388(3) 0.0311(3) -0.0002(2) -0.0014(2) 0.0008(2) 
Os(2) 0.0311(3) 0.0434 (3) 0.0412(3) -0.0003(2) -0.0064(2) 0.0009(2) 
Os(3) 0.0386(3) 0.0382 (3) 0.0332 (3) -0.0001(2) -0.0009(2) 0.0000(2) 
Au( 1) 0.0410(3) 0.0382 (3) 0.0518 (3) -0.0029(2) -0.0022(2) -0.0025(2) 
P( 1) 0.080(3) 0.043(2) 0.011 (3) -0.004(2) 0.009(2) -0.009(2) 

;1>1 
..... 1 

"'" 
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Table A13.4 Bond lengths (A) for 

OS3(CO)10{PhCCH
2

} (AUPEt
3

) (XR13) 

Os( 1) -Os(2) 2.880 ( 1) Os(l) -Os(3) 2.874(1) 

Os( 1) -Au( 1) 2.770(1) Os(l) -C(l) 2.115(13) 
Os(1) -C(l1) 1 .895 ( 13) Os(1) -C(12) 1.911(14) 
Os ( 1) - C ( 13 ) 1.847(15) Os (2) -Os (3) 2.917(1) 
Os(2) -C(21) 1 .894 ( 16 ) Os (2) - C ( 22 ) 1.874(17) 
Os(2) -C(23) 1 .885 ( 16 ) Os(2) -C(24) 1.930 ( 12 ) 
Os(3) -Au(1) 2.812(1) Os(3) -C(1) 2.290( 13) 
Os(3) -C(2) 2.311(12) OsO) -COl) 1.864 ( 16) 
Os(3) -CO2) 1 .843 ( 15 ) Os(3) -C(33) 1.913(14) 
Au( 1) -PC 1) 2.288(4) Au( 1) -COl) 2.707(15) 
P( 1) -CO) 1.927(22) P( 1) -C(5) 1.950(23) 
P( 1) -C(7 ) 1.868(23) CO) -C(4 ) 1.530) 
C(5) -CC 6) 1.51(3) C(7) -C(8) 1.43(4) 
C( 1) -C(2 ) 1.434 ( 18 ) C( 1) -C(111) 1.519(16) 
C(112)-C(113) 1.395 C(112)-C(111) 1.395 
C(113)-C(114) 1.395 C(114)-C(l15) 1.395 
C(115)-C(116) 1.395 C(l16)-C(111) 1.395 
C ( 11) -0 ( 11 ) 1.140(17) C ( 12) -0 ( 12) 1. 162 ( 19) 
C( 13) -O( 13) 1.175( 19) C(21) -0(21) 1.164(19) 
C ( 22) -0 ( 22 ) 1.166(21) C(23) -0(23) 1.196(20) 
C ( 24) -0 (24 ) 1.129( 16) C( 31) -0(1) 1 • 191 (20 ) 
C02) -0(2) 1.179(19) C (3) -0 <33 ) 1.151(18) 
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o 
Table A13.5 Bond angles ( ) for OS3(CO)10{PhCCH2 }(AUPEt

3
) (XR13) 

Os(3) -Os(l) -Os(2) 
Au( 1) -Os( 1) -Os(3) 
C(l) -Os(l) -Os(3) 
C(ll) -Os(1) -Os(2) 
C( 11) -Os (1) -Au( 1) 
Os(3) -Os(2) -Os(l) 
Au(l) -Os(3) -Os(l) 
C(l) -Os(3) -Os(l) 
C(l) -Os(3) -Au(l) 
C(2) -os(3) -Os(2) 
C(2) -Os(3) -C(l) 
P( 1) -Au( 1) -Os( 1) 
C(3) -pc 1) -Au( 1) 
C(5) -P(l) -C(3) 
C(7) -P(l) -CO) 
C(4) -C(3) -P(l) 
C(8) -C(7) -P(l) 
C(2) -C(l) -Os(l) 
C(111)-C(1) -Os(1) 
C(111)-C(1) -C(2) 
C( 111 )-C( 112)-C( 113) 
C( 115 )-CC 114 )-C( 113) 
C( 111 )-C( 116)-C( 115) 
C(116)-C(111)-C(1) 
.O( 11) -cc 11) -Os( 1) 
O( 13) -cc 13) -Os( 1) 
~(22) -C(22) -Os(2) 
0(24) -C(24) -Os(2) 
0(31) -COl) -Os( 3) 
0(32)_ -C(32) -Os(3) 

60.9(1) 
59.7 ( 1 ) 
52.0 (3) 

171.9(4 ) 
78.1(4 ) 
59.4 ( 1 ) 
58.3 ( 1) 
46.7(3) 
86.3(3) 
87.3(3 ) 
36.3(4) 

144.0 ( 1 ) 
114.9(7) 
103.4(9) 
104(1) 
110( 1) 
112(1) 
126.4(9) 
119.8(8) 
114(1) 
120.0 
120.0 
120.0 
117.2(8) 
172(1) 
179 ( 1 ) 
178 ( 1) 
176( 1 ) 
172 ( 1 ) 
175( 1) 
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Au(l) -Os(l) -Os(2) 
C(l) -Os(l) -Os(2) 
C(l) -Os(1) -Au(l) 
C(ll) -Os(l) -Os(3) 
C(l1) -Os(1) -C(1) 
Os(2) -Os(3) -Os(l) 
Au(l) -Os(3) -Os(2) 
C(l) -Os(3) -Os(2) 
C(2) -Os(3) -Os(l) 
C(2) -os(3) -Au(1) 
05(3) -Au(l) -05(1) 
P( 1) -Au( 1) -Os(3) 
C(5) -PC 1) -Au( 1) 
C(7) -P(1) -Au(1) 
C(7) -P(l) -C(5) 
C(6) -C(5) -P(l) 
05(3) -C(l) -05(1) 
C(2) -C(l) -Os(3) 
C(111)-C(1) -05(3) 
C(l) -C(2) -Os(3) 
C(114)-C(113)-C(112) 
C(116)-C(115)-C(114) 
C( 112)-C( 111 )-C( 1) 
C( 116)-C( 111 )-C( 112) 
0(12) -C(12) -05(1) 
0(21) -C(21) -Os(2) 
0(23) -C(23) -Os(2) 
Au( l) -C(1) -05(3) 
0(31) -C(31) -Au(l) 
0(33) -C(33) -Os(3) 

96.7(1) 
94.2(3 ) 
90.9(4) 

120.0(4) 
92. 1( 5) 
59.6(1) 
95.0 ( 1) 
89.6(3) 
74.9(3) 

122.6(3) 
62.0 ( 1) 

153.6(1) 
108.4(9) 
115.2(7) 

110(1) 
117(2) 

81.3(4) 
72.6 (7) 

124.1(8) 
71.1(7) 

120.0 
120.0 
122.7(8) 
120.0(8) 

178 ( 1) 
177(1) 
178 ( 1) 
73.3(5) 

115(1) 
174(1) 



TABLE A14.1 Fractional atomic coordinates and thermal 

parameters CA2) for HOS
3

(CO)9(MeCCMe)(AUPPh
3

) (XR14) 

Atom x y z Uiso or U eq 

Os( 1) 0.21054(12) 0.34750(19) 0.0 1481( 9 ) 0.0566(13) 
05(2) 0.39015(12) 0.26262(20) 0.03384(9) 0.0562 ( 12) 
Os(3) 0.23165( 11) 0.05508(18) -0.00488(9) 0.0518 ( 12) 
Au( 1 ) 0.21871(12) 0.14053(19) 0.09543(9) 0.0591( 13) 
P( 1) 0.2109(8) 0.1054( 13) 0.1830(5) 0.064(8) 
C( 111) 0.3092(20) 0.1890(29) o. 2488( 12) 0.067(13) 
C(112) 0.2929(20) 0.2806(29) 0.2866(12) 0.066(13) 
C(113) 0.3687(20) o. 349l( 29) 0.3315(12) 0.097( 17) 
C(114) 0.4608(20) 0.3261 (29) 0.3385( 12) 0.131 (23) 
C(115) o. 4771( 20) 0.2345 (29 ) 0.3007(12) O. 120 ( 19 ) 
C(116) 0.4013(20) 0.1660(29) 0.2558(12) 0.107(19) 
C( 121) 0.2162 (21 ) -0.0781(24) 0.2052 ( 15) 0.058(12) 
C( 122) 0.1650(21) -0.1712(24) 0.1596(15) 0.073( 14) 
C(123) 0.1644(21 ) -0.3125(24) O. H20( 15) O. 092( 17) 
C( 124) 0.2149(21 ) -0.3609(24) 0.2300(15) 0.103(19) 
C( 125) 0.2661(21 ) -0.2678(24) 0.2755(15) 0.089( 16) 
C(126) 0.2668(21) -0.1265(24) 0.2631 (15) 0.094(17) 
C(131) 0.1078(15) 0.1720(28) 0.1861(13) 0.050(11) 
C( 132) 0.0747 ( 15) 0.3005(28) 0.1591(13) 0.077(14) 
C(133) - 0 • 0062 ( 15 ) 0.3590(28) 0.1597(13) 0.097(17) 
C( 134 ) -0.0541(15) 0.2891(28 ) 0.1873( 13) 0.069(13) 
C( 135) -0. 0211( 15 ) 0.1605(28) 0.2143(13) 0.089(16) 
C(136) 0.0598(15) 0.1020(28) 0.2137 ( 13) 0.085 ( 16) 
C( 11 ) 0.0828<37 ) 0.3381 (54) -0.0094(24) 0.095(17) 
o ( 11 ) 0.0041 (22) O. 3251( 32) -0.0181( 14) 0.084 ( 10) 
C( 12) 0.2742<30 ) 0.4152(46) 0.1030(22) o. 065( 14) . 
o ( 12) 0.3021 (22 ) 0.4606(36) 0.1431(16) 0.091 ( 11 ) 
C( 13) O. 1980 (29 ) 0.5286(47) -0.0109(20) 0.069( 13) 
0(13) 0.1910(23) 0.6463(39 ) -0.0275( 15) 0.122(11) 
C( 21 ) 0.4604(28) 0.2099(42) O. 1144 ( 21 ) 0.058(13) 
0(21) 0.5015(25) 0.1773 (39) 0.1644 ( 18) 0.150( 13) 
C( 22) O. 4331( 33) 0.4368(56) 0.0502(23) O. 104 ( 16 ) 
0(22 ) 0.4656(23) 0.5537 ( 39 ) 0.0593 ( 16) 0.127 ( 12) 
C(23) 0.4771(32) O. 1972 (47) 0.0129(21) o. oBl( 14 ) 
0(23) 0.5329(21) 0.1604(33) -0.0070 ( 14 ) 0.094(10) 
C(3l) 0.2808(31 ) -0.0897(48) 0.0557(22) o. 08l( 14) 
O( 31 ) 0.3026(21) -0.1838(34) 0.0868( 15) 0.089 ( 11 ) 
C( 32) 0.2558(27) -0.0617(48) -0.0694(21) 0.056(13) 
O( 32) 0.2543(25) -0.1229(40) -0.1012(17) 0.140(13) 
C(33) O. 1047( 38) 0.0100(55) -0.0337(24) 0.099(18) 
O( 33) 0.0276(24) -0.0303 (36) -0.0516(16) 0.101(11) 
C(3) 0.1235(26) 0.2291(42) -0.1 186( 18) 0.063(12) 
C( 1) 0.2030 (30) 0.2266(46) -0.0637(21) 0.069(14) 
C(2 ) o. 2783( 29) 0.3125(45) -0.0502(20) 0.067(13) 
C(4) 0.2860 (27) 0.4238(40) -0.0912 ( 19 ) 0.056( 12) 
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TABLE A14.2 Fractional atomic coordinates for the 

hydrogen atoms for HOS
3

(CO)9(MeCCMe)(AUPPh3) (XR14) 

Atom x Y z 

H(112) 0.2216 0.2984 0.2812 
:1(113) 0.3561 0.4200 0.3607 
H(114) 0.5195 0.3792 0.3732 
H(115) 0.5483 0.2167 0.3061 
H(116) 0.4138 0.0951 0.2266 
H ( 122) O. 1259 -0.1338 O. 1147 
H( 123) 0.1248 -0.3846 0.1368 
H ( 124) 0.2144 -0.4703 0.2396 
H( 125) 0.3052 -0.3052 0.3204 
H ( 126) 0.3064 -0.0545 0.2984 
H ( 132) 0.1118 0.3546 0.1378 
H(133) -0.0318 0.4585 o. 1388 
H( 134) -0.1168 0.3344 0.1878 
H (i 35) -0.0582 O. 1064 0.2357 
H(136) 0.0854 0.0025 0.2346 
H(3a) 0.0734 O. 1509 -0.1197 
H(3b) O. 1443 0.2095 -0.1538 
H(3c) 0.0911 0.3307 -0. 1247 
H( 4a) 0.3524 0.4787 -0.0692 
H(4b) 0.2281 0.4967 -0.1038 
H(4c) 0.2832 0.3729 -0.1304 
H 0.3615 0.0748 0.0280 
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TABLE A14.3 Anisotropic thermal parameters (A2) for 

HOS
3

(CO)g(MeCCMe)(AuPPh
3

) (XR14) 

Atom U 11 U22 
U

33 
U

23 
U

13 
U12 

Os( 1) 0.056 (1) 0.041( 1) 0.066(2) 0.023( 1) 0.029(1) 0.005 (1) 
Os(2) 0.048( 1) 0.060( 1) 0.061(1) O.OOH 1) 0.026( 1) -0.008 (1) 
Os(3) 0.042 (1) 0.041 (1) 0.066(2) 0.020(1) 0.014(1) 0.001 (1) 
Au( 1) 0.052( 1) 0.062 (1) 0.063(2) 0.030( 1) 0.020( 1) 0.001(1) 
P( 1) 0.062(1) 0.080(9) 0.050(9) 0.041(1) 0.031(1) 0.003(6) 

0-
r-
~ 



TABLE A14.4 

Os(1) -Os(2) 
Os( 1) -Au( 1) 
Os ( 1) -0 ( 11 ) 
05(1) -C(13) 
05(1) -C(l) 
05(2) -05(3) 
Os(2) -C(21) 
Os (2) -0 (22 ) 
Os(2) -0(23) 
Os(2) -C(2) 
Os(3) -C(31) 
Os(3) -C(33) 
Os(3) -C(3) 
Os(3) -C(2) 
Au( 1) -CC 12) 

· p(n -C(lln 
P(1) -C(131) 
C(111)-C(116) 
C(113)-C(114) 
C(115)-C(116) 
C( 121 )-C( 126) 
C(123)-C(124) 
C( 1~5 )-C( 126) 
C(131)-C(136) 
C(133)-C(134) 

- C ( 1 35 ) - C ( 1 36 ) 
C(12) -0(12) 
C(21) -0(21) 
C(23) -0(23) 
C(32 -) -0(32) 
C(3 r -CC 1) 

_ C(2'. -C(4) 

o 
Bond lengths (A) 

2.769(3) 
2.796(3) 

2.98 (3) 
1.84(4) 
2.24(5) 

3.001(2) 
1.90(4) 
3.00(4) 
3.00(4) 
2.13(4) 
1 .95 (5 ) 
1 .85 (6 ) 
3.09(4) 
2.94(5) 
2.76(4) 
1.88 (3) 
1.77(3) 
1. 39 
1.39 
1. 39 
1.39 
1. 39 
1.39 
1.39 
1. 39 
1.39 
1.00(6) 
1.17(6) 
1.23(7) 
0.98(7) 
1.40(5) 
1 .52 (7) 
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for HOS
3

(CO)9(MeCCMe)(AuPPh
3

) (XR14) 

Os(1) -Os(3) 2.898(3) 
Os( 1) -CC 11) 1.83(6) 
Os(1) -C(12) 2.09(5) 
Os( 1) -O( 13) 3.03(4) 
Os(1) -C(2) 2.32(6) 
Os(2) -Au(1) 3.821(3) 
Os(2) -C(22) 1.78(5) 
Os(2) -C(23) 1.78(6) 
Os(2) -CC 1) 2.91 (4) 
Os(3) -Au(1) 2.731(3) 
Os(3) -C(32) 2.13(5) 
Os(3) -0(33) 3.01(4) 
Os(3) -C(1) 2.12(5) 
Au(1) -pen 2.272(15) 
Au(1) -C(31) 2.77(5) 
P(1) -C(121) 1.84(3) 
C ( 111 ) - C ( 112 ) 1 • 39 
C( 112)-C( 113) 1.39 
C(114)-C(11S) 1.39 
C(121)-C(122) 1.39 
C(122)-C(123) 1.39 
C(124)-C(12S) 1.39 
C( 131)-C( 132) 1.39 
C(132)-C(133) 1.39 
C(134)-C(135) 1.39 
C ( 11) -0 ( 11 ) 1 • 16 ( 7 ) 
C( 13) -O( 13) 1.19(6) 
C(22) -0(22) 1.21(6) 
C(31) -0(31) 1.14(6) 
C(33) -0(33) 1.16(7) 
C(l) -C(2) 1.36(6) 



TABLE A14.5 Bond angles (0) for HOS
3

(CO)g(MeCCMe)(AUPPh
3

) (XR14) 

Os(3) -Os(l) -Os(2) 63.9(1) Au(l) -Os(l) -Os(2) 86.7(1) 
Au(1) -Os(1) -Os(3) 57.3(1) C(1) -Os(1) -Os(2) 70(1) 
C(l) -Os(l) -Os(3) 47(1) C(l) -Os(l) -Au(l) 103(1) 
C(2) -Os(l) -Os(2) 48.4(9) C(2) -Os(l) -Os(3) 68(1) 
C(2) -Os(1) -Au(1) 121(1) C(2) -Os(1) -C(l) 35(2) 
Os(3) -Os(2) -Os(l) 60.1(1) Au(l) -Os(2) -Os(l) 46.9(1) 
Au(l) -Os(2) -Os(3) 45.2(1) C(l) -Os(2) -Os(l) 46(1) 
C(l) -Os(2) -Os(3) 42(1) C(l) -Os(2) -Au(l) 71(1) 
C(2) -Os(2) -Os(l) 55(1) C(2) -Os(2) -Os(3) 68(1) 
C(2) -Os(2) -Au(l) 93(1) C(2) -Os(2) -C(l) 26(2) 
Os(2) -Os(3) -Os(l) 56.0(1) Au(l) -Os(3) -Os(l) 59.5(1) 
Au(l) -Os(3) -Os(2) 83.5(1) C(3) -Os(3) -Os(l) 64.8(8) 
C(3) -Os(3) -Os(2) 89.0(7) C(3) -Os(3) -Au(l) 116.9(9) 
C(1) -Os(3) -Os(1) 50(1) C(1) -Os(3) -Os(2) 67(1) 
C(l) -Os(3) -Au(l) 109(1) C(l) -Os(3) -C(3) 23(1) 
C(2) -Os(3) -Os(l) 47(1) C(2) -Os(3) -Os(2) 41.9(7) 
C(2) -Os(3) -Au(l) 103(1) C(2) -Os(3) -C(3) 47(1) 
C(2) -Os(3) -C(1) 25(1) Os(2) -Au(1) -Os(1) 46.3(1) 
Os(3) -Au(l) -Os(l) 63.2(1) Os(3) -Au(l) -Os(2) 51.3(1) 
P(1) -Au(1) -Os(1) 142.8(3) P(1) -Au(1) -Os(2) 141.0(3) 
P(l) -Au(l) -Os(3) 153.9(3) C(111)-P(1) -Au(l) 114(1) 
C(121)-P(1) -Au(1) 115(1) C(121)-P(1) -C(111) 103(1) 
C(131)-P(1) -Au(l) 115(1) C(131)-P(1) -C(111) 103(1) 
C(131)-P(1) -C(121) 105(2) C(112)-C(111)-P(1) 123(2) 
C(116)-C(111)-P(1) 117(2) C(116)-C(111)-C(112) 120(2) 
C(113)-C(112)-C(111) 120 C(114)-C(113)-C(112) 120 
C(115)-C(114)-C(113) 120 C(116)-C(115)-C(114) 120 
C(115)-C(116)-C(111) 120 C(122)-C(121)-P(1) 116(2) 
C(126)-C(121)-P(1) 124(2) C(126)-C(121)-C(122) 120 
C(123)-C(122)-C(121) 120 C(124)-C(123)-C(122) 120 
C(125)-C(124)-C(123) 120 C(126)-C(125)-C(124) 120 
C(125)-C(126)-C(121) 120 C(132)-C(131)-P(1) 117(2) 
C(136)-C(131)-P(1) 123(2) C(136)-C(131)-C(132) 120 
C(133)-C(132)-C(131) 120 C(134)-C(133)-C(132) 120 
C(135)-C(134)-C(133) 120 C(136)-C(135)-C(134) 120 
C(135)-C(136)-C(131) 120 0(11) -C(ll) -Os(1) 172(5) 
C(l1) -0(11) -Os(1) 5(3) Au(1) -C(12) -Os(1) ,69(1) 
0(12) -C(12) -Os(1) 172(4) 0(12) -C(12) -Au(1) 118(4) 
0(13) -C(13) -Os(1) 179(4) C(13) -0(13) -Os(1) 1(3) 
0(21) -C(21) -Os(2) 178(5) 0(22) -C(22) -Os(2) 176(6) 
C(22) -0(22) -Os(2) 2(3) 0(23) -C(23) -Os(2) 173(4) 
C(23) -0(23) -Os(2) 4(2) Au(l) -C(31) -Os(3) 68(1) 
0(31) -C(31) -Os(3) 173(4) 0(31) -C(31) -Au(1) 116(4) 
0(32) -C(32) -Os(3) 169(4) 0(33) -C(33) -Os(3) 174(5) 
C(33) -0(33) -Os(3) 4(3) C(l) -C(3) -Os(3) 36(2) 
Os(2) -C(l) -Os(l) 63(1) Os(3) -C(l) -Os(l) 83(2) 
Os(3) -C(l) -Os(2) 71(1) C(3) -C(l) -Os(l) 122(4) 
C(3) -C(l) -Os(2) 165(4) C(3) -C(l) -Os(3) 122(3) 
C(2) -C(l) -Os(l) 76(3) C(2) -C(l) -Os(2) 43(2) 
C(2) -C(l) -Os(3) 114(3) C(2) -C(l) -C(3) 123(5) 
Os(2) -C(2) -Os(l) 77(2) Os(3) -C(2) -Os(l) 65(1) 
Os(3) -C(2) -Os(2) 70(1) C(l) -C(2) -Os(l) 69(3) 
C(l) -C(2) -Os(2) 111(3) C(l) -C(2) -Os(3) 41(2) 
C(4) -C(2) -Os(l) 124(3) C(4) -C(2) -Os(2) 123(3) 
C(4) -C(2) -Os(3) 163(3) C(3) -C(2) -C(1) 125(3) 
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TABLE A15.l Fractional atomic coordinates and thermal 

parameters (A2) for OS7(CO)16(MeCCMe)3 (XR15) 

Atom 

Os ( 1) 
Os(2) 
Os(3) 
05(4) 
05(5) 
Os(6) 
05(7) 
C( 1 a) 
C(2a) 
C(3a) 
C( 4a) 
C(lb) 
C(2b) 
C(3b) 
C(4b) 
C(lc) 
C(2c) 
C(3c) 
C(4c) 
C( 11 ) 
o ( 11 ) 
C(21) 
0(21) 
C(22) 
0(22) 
C(31 ) 
0(31 ) 
C02) 
O( 3~) 
CO-3 ) 
0(33) 
C (41 ) 
O( 41 ) 
C(42) 
0(42) 
C(43) 
O( 43) 
C( 51 ) 
O( 51 ) 
C(52) 
0(52 ) 
C( 61 ) 
o (61 ) 
C( 62) 
O( 62) 
C( 71 ) 
o (71 ) 
C(72 ) 
O( 72) 

x 

0.11216(4) 
0.10699(5) 
0.10161 (5) 
0.12988(5) 
0.17551 (4) 
O. 15135 (5) 
0.22581(5) 
0.0614(12) 
0.0854(10) 
0.0900 ( 10) 
0.0705(13) 
0.0218(9) 
0.0668 (10) 
0.0748(11) 
0.0367(11) 
o. 1880 ( 12) 
0.1757(10) 
0.1661(12) 
0.1685 ( 12) 
0.0855(13) 
0.0650(9) 
0.0677(12) 
0.0420 ( 10) 
0.1445( 15) 
0.1675( 11) 
0.1018( 14) 

- 0.0974(10) 
: O. 1379 ( 15 ) 

0.1561(11) 
0.0534(14) 
0.0243(12) 
O. 1769 ( 12 ) 
0.2067(11) 
0.0974(14) 
0.0786(10) 
0.1417(15) 
0.1503(11) 
0.2056(11) 
0.2323(9) 
0.2098( 12) 
0.2315(8) 
0.1768( 13) 
0.1924(10) 
0.1525( 12) 
0.1526(9) 
0.2531(13) 
0.2608( 10) 
0.2538( 17) 
0.2697 ( 11) 

y 

-0.06068 ( 12 ) 
0.05491 (13) 
0.14982(13) 
0.26173(13) 
0.07878(13) 

-0. 15775 ( 13 ) 
-0.09982 (14) 
-0.2541(32) 
-0.1586(28) 
-0. 1067 (27) 
-0.1483(37) 

0.0146 (29 ) 
0.0549(28) 
0.1705 (30) 
0.2238 (30) 

-0.0736 (34) 
-0.0636(29) 
-0. 161604 ) 
-0.2815 (31) 
-0. 1459 <36 ) 
-0.1887(25) 
0.0950(31) 
0.1211(28) 
0.0678(40) 
0.0662 (32) 
0.0633 (39) 
0.0157(29) 
0.2536(42) 
0.3143(31) 
0.2074 (38) 
0.2562(33) 
0.3533(32) 
0.3924(28) 
0.3914 (38) 
0.4676(30) 
0.2972(43) 
0.3142(30) 
O. 1394 (32) 
0.1702(24) 
0.1498(34) 
0.1954(22) 

-0.1505 (38) 
-0.1656(29) 
-0. 3024 <36 ) 
-0.4038(27) 
-0.2492(41) 
-0.3368 (31 ) 
-0.0763(47) 
-0.0441 (31 ) 
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z 

-0.05471(14) 
-0.29099(14) 

0.04780(15) 
-0. 14807( 16) 
-0.03455 (14) 
-0.20799(15) 
-0.03130(16) 
-0.2166(40) 
- 0 • 2189 (32 ) 
-0.3326 (32) 
-0.4731(39) 
-0. 1570 <32 ) 
-0.1347(32) 
-0. 1787 <34 ) 
-0.2535 (36) 
0.2315(38) 
0.0776 (32) 
0.0116 (38) 
0.0762 (38) 
0.0471(40) 
0.1102 (30) 

-0.4416 <38 ) 
-0.5408 <35 ) 
0.6021(48 ) 
0.5340(38) 
O. 1911 (46) 
0.2879(36) 
0.1559(50) 
0.2411 (37) 
0.0597(44 ) 
0.0764 (38) 
0.9507 (38) 
0.0062 (34) 
0.8383(44) 
0.8463 (34) 

-0.3233(52) 
-0.4143 (36) 
-0.1424(37) 
-0.2039(27) 

O. 1134 (39) 
0.2008(26) 

-0.3413(43) 
-0.4360 (36) 
-0.2232(40) 
-0.2358(31 ) 
0.0022(45) 

-0.0069 (33) 
-0. 1633 (56 ) 
-0.2409 (38) 

u. U 
150 or eq 

0.0374(8) 
0.0384(9) 
0.0454(10) 
0.0470 ( 10) 
0.0382(9) 
0.0461(10) 
0.0516 ( 10) 
0.067( 12) 
0.037(8) 
0.039(9) 
0.077 ( 13) 
0.044(9) 
0.044(9) 
0.047(10) 
0.053 (10) 
0.074( 12) 
0.042(9) 
0.059(11) 
0.059 ( 11) 
0.066( 12) 
0.084(9) 
0.053(11) 
0.102(11) 
0.082(14) 
0.120(13) 
0.080(14) 
O. 109 ( 12) 
0.090( 16) 
0.117(12) 
0.077 ( 14) 
0.130(14) 
0.055 ( 11 ) 
0.106(11) 
0.076 ( 14) 
0.110(12) 
0.092(16) 
0.103(12) 
0.056(11) 
0.078(9) 
0.059(11) 
0.066(8) 
0.072( 13) 
0.112(12) 
0.065( 12) 
0.091 ( 10) 
0.079 ( 14) 
0.100(11) 
O. 109 ( 19 ) 
0.114(12) 



Table A15.1 continued 

C(73 ) 0.2733 (15) -0.0385(43) 0.1070(51) 0.096 ( 16) 
0(73) 0.2913 ( 11) 0.0074<31 ) O. 1950 (39) O. 126 ( 13) 
O( 15) 0.0650(20) 0.5291(53) 0.1918 (66) 0.131(21) 
C(2s) 0.0242(25) 0.5143(74) 0.4013(82) 0.086 (25) 
C(3s) 0.0794 (30) 0.5665(81) 0.3328(82) 0.103(29) 
C(4s) O. 1294 <31 ) 0.5651(81) 0.4002(85) 0.144 (31) 
C(5s) 0.0737 (30) 0.4913 (78 ) 0.4542(87) 0.093(27) 
C(6s) 0.0361(28) 0.4864(78) 0.2815 (95) 0.097(29) 
C(7s) 0.0997 (30) 0.5515(81) 0.4377(96) 0.104(28) 
C(8s) 0.0444(31 ) 0.4386(86) 0.3925(84) 0.130 (32) 
C(9s) 0.1051 (32) 0.5616(82) 0.2658(99) 0.119(31) 
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TABLE A15.2 Fractional atomic coordinates for the 

hydrogen atoms for OS7(CO)16(MeCCMe)3 (XR 1 5) 

Atom x Y z 
H(11a) 0.0631 -0.2781 -0.1149 
H( 12a) 0.0723 -0.3203 -0.2671 
H ( 12a) 0.0298 -0.2354 -0.2686 
H(41a) 0.0787 -0.0939 -0.5441 
H(42a) 0.0374 -0.1508 -0.4917 
H(43a) 0.0819 -0.2295 -0.4841 
H(11b) 0.0219 -0.0680 -0.1201 
H( 12b) 0.0061 0.0166 -0.2625 
H( 13b) 0.0061 0.0676 -0.1032 
H(41b) 0.0436 0.3048 -0.2830 
H(42b) 0.0158 0.2298 -0.1906 
H(43b) 0.0225 o. 1764 -0.3417 
H(110) 0.1951 0.0059 0.2770 
H( 120) 0.2149 -0. 1255 0.2612 
H ( 130) O. 1630 -0 ,. 1099 0.2638 
H(410) 0.1588 -0.3424 -0.0013 
H(420) 0.1491 -0.2858 0.1440 
H(430) 0.2001 -0.2966 0.1308 
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r'-' 

TABLE A15.3 Anisotropic thermal parameters (A2) for OS1{CO)16{HeCCHe)3 (XR15) 

Atom U 11 U
22 U

33 
U

23 U
13 U

12 

Os{ 1) 0.031(1) 0.031(1) 0.039(1) 0.006(1) 0.013(1) 0.002{ 1) Os(2) o. 040( 1) o. 041( 1) 0.034 (1) 0.004(1) O. 006( 1) -0.005 (1) Os(3) 0.041( 1) 0.042 (1) 0.041( 1) -0.005( 1) 0.016(1) -0.002(1) Os(4) O. 053( 1) O. 034( 1) O. 054( 1) 0.004 (1) 0.012(1) -0.001( 1) Os(5) 0.032 (1) 0.046 (1) 0.031( 1) 0.002(1) 0.005(1) -0.003 (1) Os(6) O. 048( 1) o. 046( 1) O. 045( 1) 0.005( 1) 0.018(1) 0.009 (1) Os(1) 0.040(1) 0.064 (1) 0.050(1) 0.010(1) 0.012(1) 0.012(1) 

~ 
(l) 
Ul 



o 
TABLE A15.4 Bond lengths (A) 

Os( 1) -Os(2) 
Os( 1) -Os(5) 
Os( 1) -C{2a) 
Os( 1) -C(2c) 
Os(1) -C(ll) 
Os (2) -0 s ( 5 ) 
Os(2) -COa) 
Os(2) -C(3b) 
Os(2) -C(22) 
Os (3) -Os (5 ) 
Os(3) -COb) 
Os(3) -C02) 
Os(4) -Os(5) 
Os(4) -C(41) 
Os(4) -C(43) 

. Os (5) -Os (7) 
Os(5) -C(51) 
Os(6) -Os(7) 
Os(6) -COal 
Os(6) -C(61) 
Os(7) -C(2c) 
Os(7) -C(71) 
Os(7) -C(73) 
C(2a) -C(3a) 
C( lb) -C(2b) 
C(3b) -C(4b) 
C(2c) -COc) 
C ( 11) -0 ( 11 ) 
C(22) -0(22) 
C(32.) -0(32) 
C(4l) -0(41) 
C(43) -0(43) 
C( 52) -0 (52 ) 
C ( 62) -0 ( 62 ) 
C(72) -0(72) 
O(ls) -C(3s) 
O( ls) -C(9s) 
C(2s) -C(6s) 
C(3s) -C(4s) 
C(3s) -C(6s) 
C(3s) -C(9s) 
C(4s) -C(9s) 
C( 5s) -C(7s) 
C(6s) -C(8s) 

2.791 (2) 
2.694(2) 

2.08 (3) 
2.21 (3) 
1 .87 (5 ) 

3.034(2) 
2.07(3) 
2.28(4) 
1.89 (6) 

2.965(2) 
2.29 (3) 
1.90(5) 

2.790(2) 
1 .99 (4 ) 
2.01 (6) 

2.757(2) 
1.85 (4 ) 

2.774(2) 
2.21 (3) 
1.81(5) 
2.31(4) 
2.03(5) 
1.99(5) 
1 .38 (5 ) 
1.55(5) 
1.47(5) 
1 .37 (5) 
1.19(6) 
1.18(7) 
1.19(6) 
1.12(5) 
1.08(7) 
1.14(4) 
1 .25 (5 ) 
1.15(8) 
1.48(9) 
1.42(9) 
1.44(9) 
1.64 (9) 
1.72(9) 
1 .24 (9 ) 
1.42(9) 
1.19(9) 
1 .25 (9) 
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for OS7(CO)16(MeCCMe)3 (XR15) 

Os(l) -05(3) 2.842(2) 
Os(1) -Os(6) 2.604(2) 
Os(l) -C(2b) 2.08(3) 
Os(l) -C(3c) 2.15(4) 
Os(2) -Os(4) 2.928(2) 
05(2) -Os(6) 3.008(2) 
05(2) -C(2b) 2.37(4) 
05(2) -C(21) 1.82(3) 
05(3) -Os(4) 2.814(2) 
Os(3) -C(2b) 2.26(3) 
05(3) -C(31) 1.82(5) 
05(3) -C(33) 1.80(5) 
Os(4) -C(3b) 2.12(4) 
Os(4) -C(42) 1.91(5) 
05(5) -Os(6) 3.387(2) 
Os(5) -C(2c) 2.09(3) 
Os(5) -C(52) 1.87(4) 
Os(6) -C(2a) 2.19(3) 
Os(6) -C(3c) 2.19(4) 
Os(6) -C(62) 1.78(4) 
Os(7) -C(3c) 2.30(4) 
Os(7) -C(72) 1.88(6) 
C ( 1 a) - C (2a ) 1 .42 (5) 
C(3a) -C(4a) 1.52(5) 
C(2b) -C(3b) 1.53(5) 
C(lc) -C(2c) 1.54(5) 
C(3c) -C(4c) 1.61(6) 
C(21)-O(21) 1.20(5) 
C ( 31) -0 (31 ) 1 .20 (6 ) 
C(33) -0(33) 1.20(7) 
C ( 42) -0 ( 42 ) 1 • 14 ( 6 ) 
C (51) -0 (51 ) 1 .29 (5 ) 
C(61) -0(61) 1.24(6) 
C (71) -0 (71 ) 1 • 11( 6 ) 
C(73) -0(73) 1.10(6) 
O(ls) -C(6s) 1.60(9) 
C(2s) -C(5s) 1.64(9) 
C(2s) -C(8s) 1.17(9) 
C(3s) -C(5s) 1.61 (9) 
C(3s) -C(7s) 1.13(9) 
C(4s) -C(7s) 1.17(9) 
C(5s) -C(6s) 1.90(9) 
C(5s) -C(8s) 1.21(9) 
C(7s) -C(9s) 1.84(9) 



o 
TABLE A15.5 Bond angles ( ) for OS7(CO)16(MeCCMe)3 (XR15) 

C(2a) -Os(1) -Os(2) 70(1) C(2a) -Os(1) -Os(3) 
C(2a) -Os(1) -Os(5) 126(1) C(2a) -Os(1) -Os(6) 
C(2b) -Os(1) -Os(2) 56(1) C(2b) -Os(1) -Os(3) 
C(2b) -Os(1) -Os(5) 95(1) C(2b) -Os(1) -Os(6) 
C(2b) -Os(1) -C(2a) 87(1) C(2c) -Os(1) -Os(2) 
C(2c) -Os(1) -Os(3) 88.8(9) C(2c) -Os(1) -Os(5) 
C(2c) -Os(1) -Os(6) 79(1) C(2c) -Os(1) -C(2a) 
C(2c) -Os(1) -C(2b) 138(1) C(3c) -Os(1) -Os(2) 
C(3c) -Os(1) -Os(3) 125(1) C(3c) -Os(1) -Os(5) 
C(3c) -Os(1) -Os(6) 54(1) C(3c) -Os(1) -C(2a) 
C(3c) -Os(1) -C(2b) 169(1) C(3c) -Os(1) -C(2c) 
C(3a) -Os(2) -Os(1) 69.4(9) C(3a) -Os(2) -Os(4) 
C(3a) -Os(2) -Os(5) 112.2(8) C(3a) -Os(2) -Os(6) 
C(2b) -Os(2) -Os(1) 46.7(8) C(2b) -Os(2) -Os(4) 
C(2b) -Os(2) -Os(5) 80.8(7) C(2b) -Os(2) -Os(6) 
C(2b) -Os(2) -C(3a) 88(1) C(3b) -Os(2) -Os(1) 
C(3b) -Os(2) -Os(4) 45.9(9) C(3b) -Os(2) -Os(5) 
C(3b) -Os(2) -Os(6) 131.1(9) C(3b) -Os(2) -C(3a) 
C(3b) -Os(2) -C(2b) 38(1) C(2b) -Os(3) -Os(1) 
C(2b) -Os(3) -Os(4) 81.2(9) C(2b) -Os(3) -Os(5) 
C(3b) -Os(3) -Os(1) 76.8(9) C(3b) -Os(3) -Os(4) 
C(3b) -Os(3) -Os(5) 83(1) C(3b) -Os(3) -C(2b) 
C(3b) -Os(4) -Os(2) 51(1) C(3b) -Os(4) -Os(3) 
C(3b) -Os(4) -Os(5) 90(1) C(2c) -Os(5) -Os(1) 
C(2c) -Os(5) -Os(2) 107.2(8) C(2c) -Os(5) -Os(3) 
C(2c) -Os(5) -Os(4) 145(1) C(2c) -Os(5) -Os(6) 
C(2c) -Os(5) -Os(7) 55(1) C(2a) -Os(6) -Os(1) 
C(2a) -Os(6) -Os(2) 64.6(9) C(2a) -Os(6) -Os(5) 
C(2a) -Os(6) -Os(7) 139.5(9) C(3a) -Os(6) -Os(1) 
C(3a) -08(6) -08(2) 43.5(9) C(3a) -08(6) -Os(5) 
C(3a) -Os(6) -08(7) 148.4(9) C(3a) -Os(6) -C(2a) 
C(3c) -Os(6) -Os(1) 52(1) C(3c) -08(6) -08(2) 
C(3c) -Os(6) -Os(5) 61(1) C(3c) -Os(6) -Os(7) . 
C(3c) -08(6) -C(2a) 90(1) C(3c) -Os(6) -C(3a) 
C(2c) -Os(7) ~Os(5) 47.8(9) C(2c) -Os(7) -08(6) 
C(3c) -08(7) -Os(5) 72(1) C(3c) -Os(7) -Os(6) 
C(3c) -Os(7) -C(2c) 35(1) Os(6) -C(2a) -Os(1) 
C(1a) -C(2a) -Os(1) 126(3) C(1a) -C(2a) -08(6) 
C(3a) -C(2a) -08(1) 108(2) C(3a) -C(2a) -08(6) 
C(3a) -C(2a) -C(1a) 126(3) 08(6) -C(3a) -Os(2) 
C(2a) -C(3a) -Os(2) 110(2) C(2a) -C(3a) -Os(6) 
C(4a) -C(3a) -08(2) 123(2) C(4a) -C(3a) ~08(6) 
C(4a) -C(3a) -C(2a) 123(3) Os(2) -C(2b) -Os(1) 
08(3) -C(2b) -08(1) 82(1) Os(3) -C(2b) -08(2) 
C(1b) -C(2b) -Os(1) 115(2) C(1b) -C(2b) -Os(2) 
C(1b) -C(2b) -08(3) 124(2) C(3b) -C(2b) -08(1) 
C(3b) -C(2b) -Os(2) 68(2) C(3b) -C(2b) -Os(3) 
C(3b) -C(2b) -C(1b) 119(3) Os(3) -C(3b) -Os(2) 
Os(4) -C(3b) -Os(2) 83(1) Os(4) -C(3b) -08(3) 
C(2b) -C(3b) -Os(2) 74(2) . C(2b) -C(3b) -08(3) 
C(2b) -C(3b) -Os(4) 131(2) C(4b) -C(3b) -08(2) 
C(4b) -C(3b) -Os(3) 130(3) C(4b) -C(3b) -Os(4) 
C(4b) -C(3b) -C(2b) 112(3) Os(5) -C(2c) -Os(1) 
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139.2(9) 
54 (1 ) 

51.9(9) 
120 ( 1 ) 
112(1) 

49.3(9) 
129 ( 1) 
115(1) 
76 ( 1) 
94 (1 ) 
37 (1) 

162 ( 1 ) 
47.4(8) 
77. 1(8) 
97.7(8) 
78. 1 (9 ) 
81.2(8) 

124 ( 1) 
46.5(8) 
84.1(9 ) 
47.6(9) 

39 ( 1 ) 
53.2(9) 
53.3(8) 

88 (1) 

63.2(9) 
50.5(9) 
97.4(9) 
71.5(9) 
97. 1 (9) 

37 (1 ) 
106 (1) 
53 (1) 

122 (1) 

73.8(7) 
50.2(9) 

75 ( 1 ) 
125(3 ) 
73(2) 
89(1) 
71(2) 

124(3) 
77 (1) 

108(1) 
128(2) 
125(2) 
71(2) 

110 ( 1) 

79 (1 ) 
69(2) 

118(2) 
117(3) 
77(1) 



Table A15.5 continued 

Os(7) -C(2c) -Os(1) 
C(1c) -C(2c) -Os(1) 
C(lc) -C(2c) -Os(7) 
C(3c) -C(2c) -Os(5) 
C(3c) -C(2c) -C(lc) 
Os(7) -C(3c) -Os(1) 
C(2c) -C(3c) -Os(l) 
C(2c) -C(3c) -Os(7) 
C(4c) -C(3c) -Os(6) 
C(4c) -C(3c) -C(2c) 
0(21) -C(21) -Os(2) 
0(31) -C(31) -Os(3) 
0(33) -C(33) -Os(3) 
0(42) -C(42) -Os(4) 
0(51) -C(Sl) -Os(S) 
0(61) -C(61) -Os(6) 
0(71) -C(71) -Os(7) 
0(73) -C(73) -Os(7) 
C(9s) -0(1s) -C(3s) 
C(6s) -C(2s) -C(5s) 
C(8s) -C(2s) -C(6s) 
C(5s) -C(3s) -0(1s) 
C(6s) -C(3s) -O(1s) 
C(6s) -C(3s) -C(5s) 
C(7s) -G(3s) -C(4s) 
C(7s) -C(3s) -C(6s) 
C(9s) -C(3s) -C(4s) 
C(9s) -C(3s) -C(6s) 
C(7s) -C(4s) -C(3s) 
C(9s) -C(4s) -C(7~) 
C(6s) -C(Ss) -C(2s) 
C(7s) -c.( Ss) -cc 2s) 
C(7s) -C{Ss) -c{6s) 
C(8s) -C(Ss) -C(3s) 
c(8s) -C(Ss) -C(7s) 
C(3s) -c(6s) -0{1s) 
C(5s) -c(6s) -O(ls) 
C(5s) -c(6s) -C(3s) 
C(8s) -C(6s) -C(2s) 
C(8s) -C(6s) -C(Ss) 
C(5s) -C(7s) -C(3s) 
C(9s) -C(7s) -cc 3s) 

. C(9s) -C(7s) -C(Ss) 
C(6s) -C(8s) -C(2s) 
C(3s) -C(9s) -O{ls) 
C(4s) -C(9s) -C(3s) 
C(7s) -C(9s) -C(3s) 

114(1) 
126 (3 ) 
117(2) 
119(3) 
114(3) 
117(2) 
74(2) 
73(2) 

115(2) 
127 (3) 
180(2) 
171(4) 
172(4) 
172(4) 
169 (3) 
168 (4) 
163(3) 
161(5) 

51 (6) 
76(6 ) 
56(8) 

121(8) 
59 (5) 
69(6 ) 
46(8) 

117(9) 
57(7) 

117(9) 
44(7) 
90 (9) 
47(5) 

125(9) 
102(8) 
98 (8) 

11.4(8) 
53 (5) 

100(6) 
53(5) 
51 (7) 
39(6) 
88(9) 
41(7 ) 

116(8) 
73 (8) 
67 (7) 
76(8) 
37(6) 

A88 

Os(7) -C(2c) -Os(5) 
C(lc) -C(2c) -Os(5) 
C(3c) -C(2c) -Os(l) 
C(3c) -C(2c) -Os(7) 
Os(6) -C(3c) -Os(l) 
Os(7) -C(3c) -Os(6) 
C(2c) -C(3c) -os(6) 
C(4c) -C(3c) -Os(l) 
C(4c) -C(3c) -Os(7) 
o ( 11) - C ( 11 ) -Os ( 1 ) 
0(22) -C(22) -Os(2) 
0(32) -C(32) -Os(3) 
0(41) -C(41) -Os(4) 
0(43) -C(43) -Os(4) 
O(S2) -C(S2) -Os(S) 
0(62) -C(62) -Os(6) 
0(72) -C(72) -Os(7) 
C(6s) -O(ls) -C(3s) 
C(9s) -O(ls) -C(6s) 
C(8s) -C(2s) -C{Ss) 
C(4s) -C{3s) -O(1s) 
C(Ss) -C(3s) -C{4s) 
c(6s) -C(3s) -C(4s) 
C(7s) -C(3s) -0(1s) 
C(7s) -C(3s) -C(Ss) 
C(9s) -C(3s) -O(ls) 
C(9s) -C(3s) -C(Ss) 
C(9s) -C(3s) -C(7s) 
C(9s) -C(4s) -C(3s) 
C(3s) -C(Ss) -C(2s) 
C(6s) -C(Ss) -C(3s) 
C(7s) -C(Ss) -C(3s) 
c(8s) -C(Ss) -C(2s) 
C(8s) -C(Ss) -C(6s) 
C(2s) -C(6s) -O(1s) 
C(3s) -C(6s) -C(2s) 
C(Ss) -C(6s) -C(2s) 
C(8s) -c(6s) -O(ls) 
C(8s) -c{6s) -C{3s) 
C(4s) -C(7s) -C(3s) 
C(Ss) -C(7s) -C(4s) 
C(9s) -C(7s) -C(4s) 
C(Ss) -C(8s) -C(2s) 
C(6s) -C(8s) -C(Ss) 
C(4s) -C(9s) -0(1s) 
C(7s) -C(9s) -O(ls) 
C(7s) -C(9s) -C(4s) 

77 (1) 
127(2) 
69(2) 
72(2) 
74 ( 1 ) 
76( 1) 

117(3) 
127(3) 
116(2) 
171(4) 
174(4) 
167(S) 
170(4) 
176(4) 
177(4) 
179 (3) 
169(5) 
68(6) 

114(7) 
48(6) 

117(9) 
89(7) 

145(8) 
148.2(5) 

48(7) 
62 (7) 

131(9) 
101.3(1) 

47(7) 
88(6) 
58(5) 
4S(6) 
45(7) 
40(6) 

141 (8) 
90(7) 
57(5) 

131(8) 
91 (7) 

90.6(5) 
149(2) 
50(7) 
87(9) 

100.9 ( 1) 
139.3 (3) 

100(8) 
40(6) 



Appendix B 

Patterson solution and vector assignment 



Appendix B Patterson solutions. 

Included in this appendix are the vector assignments made to the Patterson 

syntheses, only heavy metal atom co-ordinates were obtained for each 

structure. 

B.' Location of the six ruthenium atoms in RU6C(CO)'5PhCCH (XR6) by use of 

Patterson synthesis. 

The number of molecules in the unit cell was assumed to be four, since this 

gave a calculated density of 
. -3 
2.534 gcm , a value typical of similar 

heanuclear species. Systematic abscences in the data of the type: OkO; k 

= 2n + and hOl; h = 2n + " indicated that the space group was P2,/a. 
/ 

Interchange of the a and c axes converts this into the standard space group 

The equivalent positions for the space group P2,/c are obtainable from 

International Tables (Vol 1) and are as follows: 

x, y, z, 

x, y, z, 

x, : 1/2-y, 1/2+z, 

X, 1/2+y, 1/2-z. 

The series of unique vectors between two atoms (i) and (j) are 

given by: 

xi - xj, yi - yj, zi - zj 

xi + xj, 'yi + yj, zi + zj 

xi - xj, 1/2 + (yi + yj), 1/2 + (zi zj) 

xi + xj, 1 /. 2 + (yi y j ), 112 + (zi + zj) 

The first of these vectors for any pair of metal atoms is usually assigned 

to the shortest distance (i.e., two atoms within one molecule). Previous 
o 

s tructures reported have Ru-Ru bond distances ca. 2.8 A. For an 

0ctahedral cluster there will be Gix metal atoms and twelve vectors of 
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about this length would be expected but this reduces to six as the edges of 

an octahedron occur in parallel pairs. From the Patterson map six 'short' 

vectors of this type were found and these are listed below together with 

their relative height (R.H.). 

0 

R.H. u v w A 

258 0.288 0.000 O. 117 2.898 

150 0.244 0.039 -0.042 2.885 

142 0.046 0.019 0.159 2.950 

138 0.038 0.159 -0.046 2.899 

130 0.204 0.120 0.005 2.833 

123 0.069 0.132 0.104 2.910 

Five of these vectors have a similar height, of about 135, as expected, 

since peak heights in a Patterson synthesis are proportional to the product 

of the atom number of the two atoms. The sixth vector is approximately 

double the peak height, at 258, due to the value of 0 in v, which causes 

-vectors of the type uvw and uvw (equivalent in monoclinic Patterson maps) 

to superimpose. 

From these six metal-metal vectors a cluster geometry can be generated, by 

forming triangles between triplets of these 'short' vectors, and then 

linking these to build up a metal framework. Note that the following 

vector pairs (or pairs of atoms) are parallel in the octahedron: 

2-6 = 1-5 

2-1 = 6-5 

2-3 = 4-5 

2-4 = 3-5 
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3-1 = 6-4 

3-6 = 1-4 
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Considering the triangle of metal atoms [Ru(l), Ru(2) and Ru(3)], the 

positions of the ruthenium atoms Ru(1), Ru(2), and Ru(3) can be obtained as 

follows (applying appropriate Patterson symmetry as neccesary). 

(3-1 ) 
- (2-1) 

(3-2) 

0.244 
0.038 

0.206 

-0.039 -0.042 
-0. 159 -0.046 

O. 120 0.004 

The calculated value for the vector (3-2) is very similar to the observed 

'short' vector at height 130 and can be used to solve for the positions of 

Ru(2) and Ru(3) as shown later. Con t inuing this approach the following 

short vectors were assigned: 

t-1-M u v w 

2-1 0.038 -0.159 -0.046 

2-3 -0.204 -0.120 -0.005 

2-4 -0.046 -0.019 -0.159 

2-6 -0.290 0.000 -0. 117 

3-1 0.244 -0.041 -0.042 

3-6 -0.069 0.132 -0. 104 

In the next stage, each short vector can be used to solve for the real cell 

x,y,z, values of the related metal atoms. For example, consider the vector 

between Ru(2) : and Ru(3): 

_ (x3-x2) (y3-y2) (z3-z2) i) 

0.206 0.120 0.004 

A vector of the following type can be searched for: 

(x3-x2 ) 1/2+(Y3+y2) 1/2+(z3-z2) H) 

0.206 ? 0.504 

The suitable peak is found at height 62:-

0.205 0.946 0'.504 

Therefore, (Y3+Y2) = 0.446, this can be use to look for:-

(Y3+y2) (z3+z2) Hi) 

? 0.446 ? 
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A possible maximum was found at peak height 65:-

-0.432 0.439 0.003 

To check the values of (x3+x2) and (z3+z2) indicated here and using the 

(y3-y2) value, the following vector must be searched for: 

(x3+x2 ) 

-0.432 

1/2+(y3-y2) 

0.620 

This was found at height 61:-

-0.431 0.613 

1/2+(z3+z2) iv) 

0.503 

0.503 

If vectors i) and iii) are used as simultaneous equations the positions of 

the two metal atoms can be obtained. 

Ru(3)+Ru(2) 
Ru(3)-Ru(2) 

2Ru(3 ) 
2Ru(2) 

-0.432 
0.206 

-0.226 
-0.638 

0.439 
0.120 

0.003 
0.004 

0.559 0.007 
0.319 -0.001 

These 2x,2y,2z vectors were found on the map at heights 40 and 43 

respectively. It is also important to check for the other vectors between 

symmetry related atoms. 

-The two vectors of the type .-

o 1/2+2y 1/2 should occur at 

o 1.059 1/2 

o 0.819 1/2 

but were both attributed to the peak of height 205, at 0 1.0 1/2, as the 

values of 2y are not resolved into separate peaks. This is not uncommon 

with c-glides as the Patterson density along the line 0 v 1/2 may be almost 

continuous, all atoms contributing to it. Finally vectors of the type: 

2x 1/2 1/2+2z 

were searched for and found at peak heights 82 and 68 respectively. 

-0.226 1/2 0.507 

-0.638 1/2 0.499 
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The above method is followed for all six vector pairs, each individual atom 

posi~ion is therefore calculated twice, and it is essential that exactly 

the same value is obtained both times. This does not usually happen with 

the first attempt at solution and adjustment of signs on some of the 

starting triangles may be neccesary before a completely consistent set is 

obtained. The procedure adopted above is used throughout, and ultimately 

gave the following six metal atom positions: 

Ru ( 1 ) -0.348 0.317 0.049 

Ru(2) -0.319 0.162 -0.001 

Ru(3) -0. 111 0.276 0.008 

Ru(4) -0.273 0.185 O. 159 

Ru(5) -0.066 0.307 0.166 

Ru(6) -0.023 0.148 O. 118 

B.2 The transformed vectors of the Patterson synthesis used to solve 

HRU
5

C(CO)14(C5H4N) Isomer A (XR1). 

R.H. u v w Vector assignment 
170 0.000 0.682 0.500 (x1+x4 ) (y1+y4 ) (z 1 +z4) 

169 0.119 0.000 -0. 149 (x2-x4) (y2-y4) (z2-z4 ) 
169 0.228 0.500 0."919 (x2+x4 ) 0.5+(y2-y4 ) 0.5+(z2+z4) 
163 0.000 0.945 0.500 0 0.5+2y1 0.5 

0 0.5+2y3 0.5 
157 -0.215 0.000 -0. 139 (x1-x3) (yl-y3) (zl-z3) 
149 0.212 0.500 0.995 (x1+x3) 0.5+(yl-y3) 0.5+(zl+z3) 
102 -0.046 -0. 138 -0.179 (x2-x3 ) (y2-y3) (z2-z3) 
100 -0.218 0.943 0.361 (xl-x3) 0.5+(yl+Y3) 0.5+(zl-z3) 
99 0.500 0.234 0.500 (x4+x5 ) (y4+y5) (z4+z5) 
98 -0.215 0.088 0.080 (x3-x5) (y3-y5) (z3-z5 ) 
96 -0.428 0.078 -0.060 (xl-x5) (yl-y5) (z 1-z5) 
95 0.123 0.685 0.348 (x2-x4 ) 0.5+(y2+y4 ) 0.5+(z2-z4 ) 
91 0.150 0.820 0.536 (x3-x4 ) 0.5+(Y3+y4) o .5+(z3-z4) 
91 0.387 0.362 0.951 (x2+x3) 0.5+(y2-y3) 0.5+(z2+z3) 
91 -0.430 0.859 0.440 (xl-x5) 0.5+(y1+y5) 0.5+(Zl-z5) 
90 0.165 0.308 0.319 (xl +x2) (yl+y2) (z 1+z2) 
90 0.001 0.500 0.855 2x 1 0.5 0.5+2z1 
90 0.426 0.360 0.418 (x1+x5) (yl+y5) (zl+z5) 
89 -0.260 -0.054 -0.103 (x2-x5) (y2-y5) (z2-z5 ) 
88 0.423 -0.421 0.916 (xl+x5) 0.5+(yl-y5) 0.5+(zl+z5) 
87 0 .274 0.318 0.599 (x3+x4) (Y3+y4) (z3+z4 ) 
>3 7 - 0 .042 0.818 0.321 (x2-x3 ) 0.5+(y2+Y3) 0.5+(z2-z3) 
% 1).602 0.233 0.371 (x2+x5 ) (y2+y5) (z2+z5 ) 
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85 0.056 0.642 0.960 (x 1 +x4 ) 0.5+(yl-y4) 0.5+(zl+z4) 
85 0.216 0.446 0.494 (xl+x3) (yl+y3) (zl+z3) 
84 0.227 0.176 0.424 (x2+x4 ) (y2+y4) (z2+z4) 
84 0.638 0.589 1.057 (x3+x5) 0.5+(y3-y5) 0.5+(z3+z5) 
82 0.160 0.138 0.030 (x3-x4 ) (y3-y4 ) (z3-z4 ) 
82 0.273 0.637 1. 101 (x3+x4 ) 0.5+(Y3-y4) 0.5+(z3+z4) 
81 0.671 0.368 0.556 (x3+x5) (Y3+y5) (z3+z5) 
81 -0.175 0.128 0.046 (xl-x2 ) (yl-y2) (zl-z2) 
81 0.602 0.449 0.874 (x2+x5 ) 0.5+(y2-y5) 0.5+(z2+z5) 
80 -0.217 0.863 0.579 (x3-x5) 0.5+(Y3+Y5) 0.5+(z3-z5) 
78 0.344 0.500 0.771 2x2 0.5 0.5+2z2 
77 -0.056 0.126 -0.108 (xl-x4 ) (y1-y4) (z1-z4) 
76 -0.062 0.810 0.398 (xl-x4 ) 0.5+(yl+y4 ) 0.5+(zl-z4) 
76 0.000 0.218 0.500 0 0.5+2y5 0.5 
76 0.000 0.782 0.500 0 0.5+2y2 0.5 , , 

0 0.5+2y4 0.5 
75 0.431 0.500 1 • 131 2x3 0.5 0.5+2z3 
75 -0.175 0.807 0.544 (xl-x2 ) 0.5+(yl+y2) 0.5+(zl-z2) 
75 0.174 0.628 0.813 (xl+x2) 0.5+(yl-y2) o • 5 + ( z 1 + z2 ) 
73 -0.375 0.733 0.544 (x4-x5 ) 0.5+(y4+y5) 0.5+(z4-z5) 
72 -0.259 0.727 0.401 (x2-x5) 0.5+(y2+y5) 0.5+(z2-z5) 
72 0.386 0.327 0.450 (x2+x3) (y2+y3) (z3+z2) 
71 0.487 0.451 1.015 (x4+x5) 0.5+(y4-y5) 0.5+(z4+z5) 
69 0.500 0.450 0.000 
64 -0.375 -0.050 0.045 (x4-x5 ) (y4-Y5) (z4-z5) 
56 0.436 0.456 0.628 2x3 2y3 2z3 
56 0.337 0.178 0.276 2x2 2y2 2z2 
47 0.002 0.432 0.356 2x1 2y1 2z1 
38 0.856 0.284 0.476 2x5 2y5 2z5 

This gave the following fractional coordinates for the five ruthenium 
_atoms: 

Ru( 1) 0.001 0.217 0.178 
Ru(2) 0.172 0.090 0.136 
Ru(3) 0.215 0.228 0.315 
Ru(4 ) 0.058 0.093 0.284 
Ru(5) 0.428 0.142 0.237 

6.3 Patterson solution for HRU5C(CO)13(C5H4N)(C5~5N) (XR3) 

R.H. u v w Vector a~signment 
187 0.500 0.000 0.500 0.5 0: 5+2y2 0.5 
183 0.462 0.000 0.262 o • 5+ ( x2 -x4 ) O. 5+(y2+y4) 0.5+(z2-z4) 

0.5+(x5-x3) 0.5+(y5+Y3) 0.5+(z5-z3) 
167 0.307 0.500 -0.059 0.5+(x3+x2) 0.5+(Y3-y2) 0.5+(z3+z2) 

0.5+2xl 0.5 0.5+2z1 
0.5+(x5+x4 ) 0.5+(y5-y4) 0.5+(z5+z4 ) 

162 0.471 0.500 -0.128 0.5+2x4 0.5 0.5+2z4 
0.5+(x2+x4 ) 0.5+(y2-y4) 0.5+(z2+z4) 

150 O. 181 0.441 -0.460 (x3+x2) (Y3+Y2) (z3+z2 ) 
(x4+x5) (y4+Y5) (z4+z5 ) 

148 0.500 0.076 0.500 0.5 0.5+2Y3 0.5 
0.5 0.5+2y4 0.5 
0.5 0.5+2y5 0.5 

145 0.102 0.000 -0.314 (x3-x2 ) (y3-y2) (z3-z2) 
144 0.358 0.037 -0.423 0.5+(x5-x2) 0.5+(y5+y2) o • 5 + ( z5 - z2 ) 

O. 5+(x3-x4 ) 0.5+(Y3+y4) 0.5+(z3-z4) 
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133 0.324 0.500 0.464 (x3+x5) (Y3+y5) (z3+z5 ) 

130 0.018 0.500 -0.369 2x4 2y4 2z4 
(x2+x4 ) (y2+y4 ) (z2+z4 ) 

114 0.051 0.000 0.263 (x2-x4 ) (y2-y4 ) (z2-z4) 

106 o. 107 0.216 0.079 (x5-xl) (y5-y 1) (z5-z1) 

102 0.182 0.062 0.166 (x5-x4 ) (y5-y4 ) (z5-z4) 

98 O. 136 0.074 -0.089 (x5-x2 ) (y5-y2) (z5-z2 ) 

97 0.254 0.284 -0.106 0.5+(x5+x1 ) 0.5+(y5-yl) 0.5+(z5+z1) 

94 0.024 o. 134 -0.176 (x1-x2) (y1-y2) (zl-z2 ) 

91 o. 153 0.039 -0.061 (x3-x4 ) (Y3-y4 ) (z3-z4) 

91 0.065 0.340 0.444 (x 1 +x4 ) (yl+y4 ) (z1+z4) 

90 0.222 0.469 -0.218 (x2+x5 ) (y2+y5) (z2+z5 ) 

90 0.398 0.064 -0. 185 0.5+(x3-x2 ) 0.5+(Y3+y2) 0.5+(z3-z2) 

89 0.318 0.053 0.336 0.5+(x5-x4) 0.5+(y5+y4) 0.5+(z5-z4 ) 

89 O. 141 0.457 0.300 (x3+x4 ) (Y3+y4 ) (z3+z4 ) 

89 0.359 0.463 0.199 0.5+(x3+x4 ) 0.5+(Y3-y4) 0.5+(z3+z4) 

89 0.283 0.382 0.113 . 0.5+(x1+x3) 0.5+(x1-x3) 0.5+(z1+z3) 

88 O. 115 0.316 -0.297 (x 1 +x2) (yl+y2) (z 1 +z2) 

87 0.279 0.418 -0.283 0.5+(x5+x2 ) 0.5+( y5-y2) o • 5 + ( z5 + z2 ) 
86 0.177 0.402 0.036 0.5+(x5+x3) 0.5+(y5-y3) 0.5+(z5+z3 ) 

85 0.076 0.155 0.085 (x1-x4 ) (y1-y4 ) (z 1-z4 ) 

85 . 0.216 0.303 0.386 (x1+x3) (Y1+Y3) (z1+z3) 

85 o. 146 0.500 -0. 189 0.5+2x5 0.5 0.5+2z5 
84 0.500 0.312 0.500 0.5 0.5+2y1 0.5 

83 0.244 0.401 -0.392 (x1+x5) (yl+y5) (z 1 +z5 ) 

83 0.028 0.099 0.222 (x5-x3) (y5-y3) (z5-z3) 

83 0.424 o. 196 -0.354 0.5+(x1-x3) 0.5+(y1+Y3) 0.5+(zl-z3) 

83 0.426 o. 161 0.415 0.5+(x1-x4 ) 0.5+(y1+y4) 0.5+(zl-z4) 

82 0.204 0.500 0.256 0.5+2x3 0.5 0.5+2z3 
80 0.43"4 0.347 0.056 0.5+(x1+x4 ) 0.5+(y1-y4) 0.5+(z1+z4) 

80 0.385 0.365 -0.202 o . 5 + ( x 1 + x2 ) 0.5+(y1-y2) o • 5 + ( z 1 + z2 ) 

78 0.471 o. 183 -0.330 0.5+(x1-x2) 0.5+(yl+y2) 0.5+(z1-z2) 

78 0.077 O. 118 -0. 145 (x1-x3) (y1-y3) (zl-z3 ) 

76 0.392 O. 101 0.419 0.5+(x5-x1 ) 0.5+(y5+yl) 0.5+(z5-z1) 

75 0.410 0.500 -0.313 0.5+2x2 0.5 0.5+2z2 

57 0.136 0.186 -0.473 2x 1 2yl 2z1 

53 0.354 0.387 -0.317 2x5 2y5 2z5 

52 0.08l 0.456 -0.120 2x2 2y2 2z2 
42 -- 1).293 0.420 0.246 2x3 2y3 2z3 

This gave the following fractional coordinates for the five ruthenium atomS: 

Ru ( 1 ) 0.069 0.094 0.265 
Ru(2) 0.045 0.225 0.436 
Ru(3) 0.147 0.210 0.122 
Ru(4) -0.004 0.246 0.180 
Ru(5) 0.176 0.307 0.345 
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B.4 Patterson solution for Ru6C(CO)15(C6H8 ) (XR5). 

The structure was originally solved by H. Curtis in the space group P2 1• 

However the two apparently independent molecules in the asymmetric unit 

were found to be related by a c-glide, at an arbitrary y value. The atomic 

coordinates were adjusted so that the two molecules were related by a 

c-glide at y=1/4 and one set of atoms was eliminated from the list leaving: 

Ru(l) 0.760 0.587 0.839 
Ru(2) 0.822 0.636 0.719 
Ru(3) 0.645 0.622 0.688 
Ru(4 ) 0.840 0.355 0.793 
Ru(5) 0.660 0.359 0.745 
Ru(6) 0.731 0.398 0.628 

Part of the original problem had arisen because the c-glide systematic 

absences were violated by a number of reflections. Furthermore the 

Patterson synthesis contained a number of high peaks with near zero v 

coordinates making solution difficult. One of the major problems with 

solution was that the vectors of the type 0 1/2+2y 1/2 were not resolved. 

-Use of the new coordinates, after adjustment from the P2 1 solution allowed 

the following assignments to be made. 

R.H. u 
402 0.483 

308 0.180 

297 0.000 

I 
271 -0.019 

169 0.339 
154 -0. 180 

154 0.115 

149 O. 162 
142 -0.066 

v 
0.000 

0.000 

0.233 

0.500 

0.000 
0.227 

0.000 

0.500 
0.037 

w 
0.461 

0.049 

0.500 

0.422 

0.489 
0.450 

0.172 

0.472 
0.122 

Vector 
(xl+x6) 
(x2+x5) 
(x3+x4 ) 
(x2-x3) 
(x4-x5) 
o 
o 
o 
o 
o 
o 
(x2-x4 ) 
(x3-x5) 
(x2+x4 ) 
(x2-x3) 
(x4-x5) 
(xl-x3) 
(x4-x6) 
(x2-x5 ) 
(x l-x2) 
(x5-x6) 
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assignment 
(yl+y6) 
(y2+Y5) 
(Y3+y4 ) 
(y2-y3) 
(y4-y5) 
0.5+2yl 
0.5+2y2 
0.5+2Y3 
0.5+2y4 , 
0.5+2y5 
0.5+2y6 
0.5+(y2+y4 ) 
0.5~(Y3+y5) 
(y2+y4 ) 
0.5+(y2+Y3) 
0.5+(y4+y5) 
(yl-y3) 
(y4-y6) 
0.5+(y2+y5) 
(yl-y2) 

. (y5-y6) 

(zl+z6 ) 
(z2+z5 ) 
(z3+z4 ) 
(z2-z3) 
Cz4-z5 ) 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5+(z2-z4) 
0.5+(z3-z5) 
(z2+z4) 
0.5+(z2-z3) 
0.5+(z4-z5) 
(zl-z3) 
(z4-z6) 
0.5+(z2-z5) 
(zl-z2) 
(z5-z6) 



142 -0.096 0.485 0.406 (xl-x5) 0.5+(yl+y5) 0.5+(zl-z5) 
(x2-x6 ) 0.5+(y2+y6) 0.5+(z2-z6) 

140 -0.482 0.232 0.039 (x2+x5) 0.5+(y2-y5) o. 5+(z2+z5) 
(x3+x4 ) 0.5+(Y3-y4) 0.5+(z3+z4) 

140 0.086 0.500 0.456 (xl-x4 ) 0.5+(yl+y4 ) 0.5+(zl-z4) 
(x3-x6) 0.5+(Y3+y6) 0.5+(z3-z6) 

139 0.019 0.273 0.077 (x2-x4 ) (y2-y4 ) (z2-z4 ) 
(x3-x5 (y3-y5) (z3-z5) 

137 0 .096 0.233 0.095 (xl-x) (y1-y5) (z 1-z5) 
(x2-6) (y2-y6) (z2-z6) 

135 -0.084 0.231 0.045 (xlx4) (yl-y4 ) (z1-z4) 
(xx-x6 ) (y3-y6) (z3-z6) 

134 -0. 197 0.500 0.373 (x3-x4 ) 0.5+(Y3+y4 ) 0.5+(z3-z4) 

132 -0.499 0.500 0.038 (x4+x5) 0.5+(y4-y5) 0.5+(z4+z5) 

131 0.065 0.269 0.378 (xl-x2 ) 0.5+(yl+y2) 0.5+(zl-z2) 
(x5-x6) 0.5+(y5+y6) 0.5+(z5-z6) 

127 -0.463 0.500 O. 116 (x2+x3) 0.5+(y2-y3) 0.5+(z2+z3) 
125 0.378 0.000 0.299 (x3+x6) (Y3+y6) (z3+z6) 
123 0.302 0.000 0.414 (x3+x5) (Y3+y5) (z3+z5 ) 
121 -0.029 0.500 0.293 (xl-x6) 0.5+(yl+y6) 0.5+(zl-z6) 
121 -0.114 0.273 0.328 (xl-x3) 0.5+(yl+Y3) 0.5+(zl-z3) 

(x4-x6) 0.5+(y4+y6) 0.5+(z4-z6) 
108 -0.444 0.000 0.350 (x2+x6 ) (y2+y6) (z2+z6) 
88 -0.339 0.216 0.012 (x2+x4) 0.5+(y2-y4) (z2+z4 ) 

87 -0.317 0.500 0.087 2x4 0.5 0.5+2z4 

85 -0. 161 0.276 0.028 (x2-x5) (y2-y5) (z2-z5) 

82 o. 199 0.263 0.127 (x3-x4) (y3-y4 ) (z3-z4) 

77 -0.301 0.232 0.085 (x3+x5 ) 0.5+(y3-y5) 0.5+(z3+z5) 

77 -0.393 0.500 O. 121 (x5+x6) 0.5+(y5-y6) 0.5+(z5-z6) 
74 0.026 0.185 0.208 (x1-x6) (y1-y6) (z1-z6) 

73 -0.401 0.265 0.132 (x1+x4 ) 0.5+(yl-y4) (z1+z4) 

71 0.498 0.289 0.460 (x4+x5 ) (y4+y5) (z4+z5 ) 

69 Q.401 0.500 0.003 (xl+x3) 0.5+(yl-y3) (zl+z3) 

69 -0.317 0.500 0.009 2x5 0.5 0.5+2z5 

69 0.444 0.262 O. 151 (x2+x6) 0.5+(y2-y6) (z2+z6 ) 
68 -0.427 0.248 0.423 (x4+x6) (y4+y6) (z4+z6) 

67 -0.460 0.500 0.248 2x6 0.5 0.5+2z6 

66 0'. 427 ~ 0.468 0.077 (xl +x2) 0.5+(yl-y2) (zl+z2) 
(x4+x6 ) 0.5+(y4-y6) (z4+z6) 

-
66 0.353 0.500 0.065 2x2 0.5 0.5+2z2 

65 0.418 0.272 0.084 (x1+x5) 0.5+(y1-y5) (zl+z5) 

65 -0.378 0.272 0.203 (x3+x6) 0.5+(Y3-y6) 0.5+(z3+z6) 

65 -0.418 0.054 0.415 (xl+x5) (y1+y5) (zl+z5) 

64 -0.478 0.500 . 0.178 2x 1 0.5 0.5+2z1 

64 0.400 0.064 0.367 (x 1 +x4 ) (yl+y4) (z1+z4) 

63 -0.292 0.500 0.158 2x3 0.5 0.5+2z3 
61 0.467 0.258 0.386 (x2+x3) (y2+Y3) (z2+z3 ) 

60 0.417 0.223 0.443 (x 1 +x2) (y1+y2) (zl+z2) 

60 0.390 0.243 0.367 (x5+x6) (y5+y6) (z5+z6 ) 

57 -0.417 0.450 0.058 
55 0.401 0.210 -0.495 (xl+x3) (Y1+Y3) (zl+z3) 

55 -0.401 0.210 0.495 
42 -0.358 0.265 0.433 2x2 2y2 2z2 
42 · 0.319 0.286 0.494 2x5 2y5 2z5 
41 0.316 0.289 0.411 2x4 2y4 2z4 

38 0.461 o. 198 0.253 2x6 2y6 2z6 

33 -0.120 0.500 0.160 
33 0.289 · 0.246 0.336 2x3 2y3 2z3 

32 0. 476 0.173 0.324 2x 1 2yl 2z1 
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8.5 Patterson solution for RU6C(CO)15(PhCCMe) (XR7) 

Solution yielded the following fractional co-ordinates for the six 

ruthenium atoms defining the cluster octahedron: 

Ru( 1) -0.3403 
Ru(2) -0.1822 
Ru(3) -0.2315 
Ru(4) -0.2528 
Ru(5) -0.2998 
Ru (6) -0. 1405 

-0.1693 0.0634 

R.H. u 
451 0.483 

306 0.159 

306 0.159 
301 -0.090 

297 0.113 

295 0.069 

295 0.049 

285 -0.040 

- 161 0.020 
161 0.118 
156 0.372 
155 0.359 
155 -0.201 
152 0.414 
150 -0.429 
149 -0.479 
145 0.448 
142 0.321 
141 0.468 
140 -0.393 
137 0.433 
135 -0.439 
135 · 0.404 
135 0.408 
93 0.461 
84 -0.281 
82 0.402 
82 -0.317 
77 0.361 
60 0.491 

-0.0722 0.0775 
-0.1203 0.3307 
-0.3575 -0.1167 
-0.3983 0.1566 
-0.3011 o. 1542 

v 
0.473 

0.095 

0.095 
0.185 

0.056 

0.281 

0.046 

0.231 

0.235 
0.325 
0.423 
0.434 
0.129 
0.195 
0.288 
0.242 
0.244 
0.370 
0.479 
0.342 
0.428 
0.303 
0.468 
0.476 
0.243 
0.402 
0.207 
0.341 
0.142 
0.281 

w 
-0.220 

0.007 

0.007 
0.177 

0.272 

0.185 

-0.264 

-0.081 

0.447 
-0.081 
-0.487 

0.224 
-0.097 
-0.408 
-0.398 
-0. 142 

0.039 
-0.231 

0.486 
0.040 
0.034 
0.311 

-0.059 
-0.050 

0.334 
0.316 
0.310 

-0. 127 
-0 ~ 159 
-0.231 

Vector 
(xl+x6) 
(x2+x5 ) 
(x3+x4) 
(x l-x2) 
(x5-x6) 

(xl-x4) 
(x3-x6) 
(xl-x3) 
(x4-x6) 
(x2-x4 ) 
(x3-x5) 
(x2-x3) 
(x4-x5) 
(xl-x5) 
(x2-x6) . 
(x3-x4 ) 
(x2-x5) 
(x3+x6) 
(xl+x5) 
(xl-x6) 
( x2+x3) 
(xl+x3) 
(xl+x2) 
(x4+x5 ) 
(x2+x6 ) 
(x3+x5) 
(x4+x6) 
(x2+x4 ) 
(x5+x6) 
(x 1 +x4 ) 

2x3 
2x6 
2x5 
2xl 
2x2 
2x4 
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assignment 
(yl+y6) 
(y2+y5) 
(Y3+y4 ) 
(yl-y2) 
(y5-y6) 

(yl-y4 ) 
(y3-y6) 
(yl - y3) 
(y4-y6) 
(y2-y4 ) 
(y3-y5) 
(y2-y3) 
(y4-y5) 
(yl-y5) 
(y2-y6) 
(Y3-y4 ) 
(y2- y5) 
(Y3+y6) 
(yl+y5) 
(yl-y6) 
(y2+Y3) 
(Y1+Y3) 
(yl+y2) 
(y4+y5 ) 
(y2+y6) 
(Y3+y5) 
(y4+y6) 
(y2+y4 ) 
(y5+y6) 
(yl+y4) 

2y3 
2y6 
2y5 
2yl 
2y2 
2y4 

(zl+z6) 
(z2+z5) 
(z3+z4) . 
(zl-z2) 
(z5-z6) 

(zl-z4) 
(z3-z6) 
(zl-z3) 
(z4-z6) 
(z2-z4 ) 
(z3-z5 ) 
(z2-z3) 
(z4-z5 ) 
(zl-z5) 
(z2-z6 ) 
(z3-z4) 
(z2-z5) 
(z3+z6) 
(zl+z5) 
(zl-z6) 
(z2+z3) 
(zl+z3) 
(zl+z2 ) 
(z4+z5) 
(z2+z6) 
(z3+z5 ) 
(z4+z6) 
(z2+z4) 
(z5+z6 ) 
(zl+z4) 

2z3 
2z6 
2z5 
2z1 
2z2 
2z4 



B.6 Patterson solution for RU
6

C(CO)'4(PhCCH)(AUPEt 3 )2 (XR8) 

Solution yielded the fractional coordinates of the six ruthenium atoms and 

the two gold atoms of the fundemental polyhedron: 

Au ( 1 ) 0.259 0.001 0.037 
Au( 2) O. 167 O. 131 0.107 
Ru( 1 ) 0.218 -0.006 0.296 
Ru(2) 0.316 0.050 0.lB4 
Ru(3) 0.364' -0. loB 0.272 
Ru(4 ) O. 14B -0.054 O. 147 
Ru(5) 0.202 -0.208 0.239 
Ru(6) 0.310 -0.153 0.129 

R.H. u v w Vector assigment 

334 0.000 0.500 0.500 0 0.5+2yl 0.5 
0 0.5+2y3 0.5 

201 0.472 0.000 0.334 (x1+x3) (yl+y3) (z1+z3) 
(x4+x6) (y4+y6) (z4+z6) 

154 -0.040 0.000 0.259 (x1-x3) (yl-y3) (z1-z3) 

153 0.000 0.214 0.500 0 0.5+2y2 0.5 
0 0.5+2y5 0.5 
0 0.5+2yB 0.5 

153 0.000 0.214 0.500 
152 -0.151 0.500 0.474 (x2-xB) 0.5+(y2+yB) (z2-zB) 

(x4-x6) 0.5+(y4+y6) 0.5+(z4-z6) 

149 0.469 0.202 0.2BO (xl+x7) (yl+y7) (zl+z7) 
(x2+x4 ) (y2+y4 ) (z2+z4) 
(x6+xB) (y6+yB) (z6+z8 ) 
(x2+x8 ) 0.5+(y2-yB) 0.5+(z2+zB) 

147 0.041 0.500 0.241 (xl-x3) 0.5+(yl+Y3) 0.5+(zl-z3) 

140 -0.055 0.441 0.357 (xl-x4) 0.5+(y1+y4 ) 0.5+(z1-z4) 
(x2-x7 ) 0.5+(y2+y7) 0.5+(z2-z?) 
(x3-x6) 0.5+(Y3+y6) 0.5+(z3-z6 ) 

131 -0.4B2 : 0.000 0.075 2xl 2yl 2z1 

130 0.099 0.354 0.433 (x1-x2) 0.5+(yl+y2) o • 5 + ( z 1-z2 ) 

129 ":0.476 0.500 0.167 (xl+x3) 0.5+(yl-y3) 0.5+(zl+z3) 

127 0.061 0.046 O. 147 (x1-x4 ) (yl-y4 ) (zl-z4) 
(x3-x6) (y3-y6) (z3-z6) 

'" (x5-xB) (y5-yB) (z5-zB) 

126 -0.107 0.055 O. 111 (x1-x6) (y1-y6) (zl-z6) 
(x3-x4 ) (y3-y4) (z3-z4) 
(x7 -x8) (y7-y8) (z7-z8) 

124 0.48; 0.500 0.425 
121 0.052 O. 154 0.092 (x 1-xB ) (yl-y8) (zl-zB) 

(x6-x7) (y6-y7) (z6-z7 ) 

121 -0.42B 0.360 0.357 (x4-x5 ) (y4-y5) (z4-z5 
(x 1 +x2 ) 0.5+(yl-y2) 0.5+(zl+z2) 

120 0.426 0.142 0.144 (x 1 +x2) (yl+y2) (zl+z2) 

119 -0.333 0.500 0.2B5 
116 0.479 0.000 0.236 (x2+xB) (y2+y8 ) (z2+z8 ) 

113 -0.481 O. 161 0.423 (x3+x8) (Y3+y8 ) (z3+z8) 
(x4+x7 ) (y4+y7 ) (z4+z7 ) 
(x5+x6) (y5+y6) (z5+z6 ) 

107 -0.092 0.142 0.071 (x 1-x2 ) (y1-y2) (zl-z2) 

99 - 0 .007 0.200 0.047 (x2-x6) (y2-y6) (z2-z6 ) 
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(x3-x7) (y3-y7) (z3-z7) 
(x4-x8 ) (y4-y8 ) (z4-z8) 

97 -0.374 0.105 0.312 (xl+x5) (yl+y5) (z 1 +z5 ) 
(x4+x8) (y4+y8) (z4+z8 ) 

91 0.106 0.450 0.389 (xl-x6) 0.5+(yl+y6) 0.5+(zl-z6) 
(x3-x4 ) 0.5+( y3+y4) 0.5+(z3-z4) 

78 -0.375 0.351 0.101 (x2+x3 ) 0.5+(y2-y3) 0.5+(z2+z3) 
(x6+x7 ) 0.5+(y6-y7) 0.5+( z6+z7) 
(x6+x7) 0.5+(y6-y7) 0.5+(z6+z7) 

76 -0.474 0.407 0.211 (x2+x4) 0.5+(y2-y4 ) 0.5+(z2+z4 ) 
(x6+x8) 0.5+(y6-y8) 0.5+(z6+z8) 

75 -0.376 0.150 0.157 
74 -0.463 0.007 0.383 (x2+x5) (y2+y5) (z2+z5 ) 
74 0.407 0.052 0.183 (xl+x6) (yl+y6) (zl+z6) 
73 -0.418 0.151 0.163 
73 0.424 0.454 0.279 (xl+x8) (yl+y8) (zl+z8) ' I 

(xl +x4) 0.5+(yl-y4 ) 0.5+(zl+z4) 
73 -0.316 0.304 0.244 (x2+x6) 0.56+(y2-y6) 0.5+(z2+z6) 
70 0.166 0.103 0.042 (x4-x6) (y4-y6) (z4-z6) 
69 0.014 0.410 0.464 (x2-x6 ) 0.5+(y2+y6) 0.5+(z2-z6) 
69 -0.198 0.480 0.335 (x2-x5) 0.5+(y2+y5) 0.5+(z2-z5) 
68 -0.150 0.309 0.422 (x2-x4 ) 0.5+(y2+y4) 0.5+(z2-z4) 
68 -0.406 0.444 0.318 (xl+x6) 0.5+(yl-y6) 0.5+(zl+z6) 
68 0.109 0.107 0.235 (xl-x5) (yl-y5) (z1-z5) 
66 0.000 0.402 0.500 0 0.5+2y4 0.5 

0 0.5+2y6 0.5 
66 -0. 107 0.396 0.264 (xl-x5) 0.5+(y1+y5) 0.5+(zl-z5) 
66 0.313 0.088 0.258 (x2+x6 ) (y2+y6) (z2+z6 ) 
65 0.196 0.251 0.164 (x2-x5) (y2-y5) (z2-z5 ) 
65 0.060 0.293 0.300 (xl-x7) 0.5+(yl+y7) 0.5+(z1-z7) 
65 -0.423 0.049 0.220 (xl +x4) (yl+y4) (zl+z4 ) 
64 0.383 0.136 0.403 (x2+x3 ) (y2+Y3) (z2+z3) 

-64 0.432 0.348 0.334 (xl+x8 ) o. 5 + (y 1-y8 ) 0.5+(z-1+z8 ) 
63 0.373 0.392 0.190 (xl+x5) 0.5+(yl-y5) 0.5+(zl+z5) 
61 -0.048 0.369 0.309 (xl-x7 ) (yl-y7) - (zl-z7) 
61 -0.056 0.211 0.202 (x2-x3 ) 0.5+(y2+Y3) 0.5+(z2-z3) 
60 -0. 159 0.100 0.020 (x3-x5) (y3-y5) (z3-z5 ) 

(x6-x8) (y6-y8 ) (z6-~8 ) 

59 0.150 0.092 0.072 (x2-x4 ) (y2-y4 ) (z2-z4 ) 
(x5-x7 ) (y5-y7) (z5-z7 ) 

59 -0.459 0.289 0.223 (xl+x7 ) o • 5 + ( y 1 - y7 ) 0.5+(zl+z7) 
57 0.369 0.068 0.348 (x2+x7 ) (y2+y7) (z2+z7 ) 
57 0.049 0.150 0.189 (x2-x3) (y2-y3) (z2-z3) 
56 0.143 0.295 0'.022 (x2-x8 ) (y2-y8) (z2-z8 ) 
56 0.038 0.350 0: 133 (x2-x7 ) (y2-y7) (z2-z7 ) 

55 0.470 0.249 O. 115 (x2+x5 ) 0.5+(y2-y5) 0.5+(z2+z5) 
(x4+x7 ) 0.5+(y4-y7) 0.5+(z4-z7) 

53 0.333 0.283 0.213 2x2 2y2 2z2 '": . 

52 -0.053 0.350 0.406 (x1-x8) 0.5+(y1+y8) 0.5+(zl-z8) 
51 0.349 0.288 0.205 
49 -0.366 0.452 0~058 (x3+x6) 0.5+(Y3-y6) 0.5+(z3-z6) 
46 0.347 0.269 0.387 (x6+x7 ) (y6+y7) (z6+z7 ) 

45 -0.319 0.064 0.459 (x4+x5) (y4+y5) (z4+z5 ) 
44 0.366 0.061 0.443 (x3+x6) (Y3+y6) (z3+z6 ) 
44 0.219 0.052 -0.123 (x5-x6) (y5-y6) (z5-z6 ) 

42 -0.272 0.500 0.045 
42 -0.404 0.500 0.022 
42 0.000 0.078 0.500 0 0.5+2y7 0.5 

42 0.000 0.078 0.500 
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42 0.317 0.336 0.042 (x4+x5 ) 0.5+(y4-y5) o .5+ (z4+z5 ) 

39 0.322 0.459 0.101 
38 -0.214 0.332 0.378 (x5-x6) 0.5+(y5+y6) 0.5+(z5-z6) 

37 0.370 0.500 O. 131 
36 -0.329 0.258 0.401 (x5+xB) (y5+y8 ) (z5+z8 ) 

35 -0.424 0.216 . 0.462 (x3+x7) (Y3+y7) (z3+z7) 

35 0.107 0.140 0.387 (x7 -x8) 0.5+(y7+yB) 0.5+(z7-zB) 

35 0.378 0.500 0.246 
34 -0.416 0.396 0.065 (x3+x5) 0.5+(Y3-y5) 0.5+(z3+z5) 

33 -0. 114 0.261 0.056 (x4-x7) (y4-y7 ) (z4-z7 ) 

32 0.433 0.500 0.094 (x5+x7) (y5+y7) (z5+z7) 

32 -0.467 0.042 0.4Bo 
32 0.435 0.319 0.485 
31 -0.295 0.500 0.207 
31 -0. 164 O. 181 0.466 (x5-x7 ) 0.5+(y5+y7) 0.5+(z5-z7) 

31 0.468 0.438 0.015 (x3+x4 ) 0.5+(Y3-y4 ) 0.5+(z3+z4) 

30 0.474 0.352 0.075 (x3+x8 ) 0.5+(Y3-y8) 0.5+(z3+z8) 

29 -0.434 0.403 0.015 (x5+x7 ) O. 5+(y5-y7) 0.5+(z5+z7) 
28 O. 151 0.390 0.475 (x3-x5) 0.5+(Y3+y5) 0.5+(z3-z5) 

28 -0.319 0.500 . 0.095 (x5+x8 ) 0.5+(y5-y8 ) 0.5+(z5+z8 ) 

27 0.420 0.297 0.036 (x3+x7) 0.5+(Y3-y7) 0.5+(z3+z7) 

27 0.040 0.000 0.261 
27 -0.093 0.147 0 ~ 167 (x3-x8) (y3-y8 ) (z3-z8 ) 

27 -0.056 0.237 0.354 (x5-x8) 0.5+(y5+y8 ) 0.5+(z5-z8) 

B.7 Patterson solution for RU6C(CO)14(C6H3Me) (XR9). 

Solution yielded the following fractional atomic coordinates for the four 

unique ruthenium atoms of the octahedron: 

Ru(l) -0.263 0.340 -0.202 
Ru(2) -0.474 0.250 -0.432 
Ru(4) ~0.28 1 0.340 -0.522 
Ru(6) -0.070 0 .250 -0.300 

R.H. u v w 
457 0.459 0.500 0.275 

309 -0.191 0.091 0.094 

302 0.211 0.091 0.227 

293 0.000 0.180 0.000 

286 0.020 0.000 0.320 
171 -0.351 · 0.410 0.183 

169 0.021 O. 181 0.320 
166 0 .405 0 .000 0.135 

Vector 
(x2+x6) 
(xl +x4 ) 
(x2+x6) 
(x1-x6) 
(x2-x4 ) 
(xl-x6) 
(x2-x4 ) 
(x l-x2) 
(x4-x6) 
(x l-x2) 
(x4-x6) 
0 
0 , 
(xl-x4 ) 
(x4+x6) 
(x4+x6) 
(xl-x4 ) 
(x2-x6) 

. B13 

assignment 
(y2+y6) (z2+z6 ) 
0.5+(yl-y4) (z1+z4 ) 
0.5+(y2-y6) (z2+z6 ) 
(y1-y6) (z1-z6) 
(y2-y4 ) (z2-z4 ) 
0.5+(y1+y6) (z1-z6) 
0.5+(y2+ylt) (z2-z4 ) 
(y1-y2) (z1-z2) 
(y4-y6 ) (z4-z6 ) 
0.5+(y1+y2) (z1-z2) 
0.5+(y4+y6) (z4-z6 ) 
0.5+2yl 0 
0.5+2y4 0 
(y1-y4) (z1-z4) 
(y4+y6) (z4+z6 ) 
0.5+(y4-y6) (z4+z6) 
0.5+(yl+y4) (zl-z4) 
(y2-y6) (z2-z6) 



(x2-x6) 0.5+(y2+y6) (z2-z6) 
150 -0.331 0.410 -0.498 Oc1+x6) (y1+y6) (z1+z6) 

(x1+x6) 0.5+(y1-y6) (z1+z6) 
148 0.241 0.410 0.046 (x2+x4 ) (y2+y4 ) (z2+z4 ) 

(x2+x4 ) 0.5+(y2-y4) (z2+z4 ) 
144 0.458 0.320 0.277 (x1 +x4 ) (y1+y4 ) (z 1 +z4 ) 
141 -0.438 0.500 0.042 2x4 0.5 2z4 
135 -0.477 0.500 0.402 2x1 0.5 2z1 

133 0.262 0.410 0.364 (x1+x2) (y1+y2) (z1+z2) 
(x1+x2) 0.5+(y1-y2) (z1+z2) 

91 -0.438 0.318 0.043 2x4 2y4 2z4 
79 -0.140 0.500 0.408 2x6 2y6 2z6 

2x6 0.5 2z6 
70 0.054 0.500 0.132 2x2 2y2 2z2 

2x2 0.5 2z2 
67 -0.478 0.320 0.403 2x1 2y1 2z1 

B.8 Patterson solution for Ru6(CO)15(C6H3Me 3) (XR10). 

Thi s ga ve the following fractional coordinates for the six ruthenium atoms: 

Ru( 1) -0.411 0.152 -0.108 
Ru(2) -0.034 o. 186 -0.231 
Ru(3) -0.221 0.200 -0.142 
Ru(4 ) -0.366 0.246 -0.338 
Ru(5) -0.190 0.265 -0.393 
Ru(6) -0.258 0.433 -0. 170 

R.H. u v w Vector assigment 
315 0.183 0.019 -0.058 (x1-x3 ) (y1-y3) (z1-z3 ) 

(x2-x3 ) (y2-y3) (z2-z3) 
(x4-x5) (y4-y5) (z4-z5) 

263 0.037 0.080 -0.242 (x1-x4) (y1-y4) (z1-z4) 
(x3-x5) (y3-y5) (z3-z5 ) 

262 -0.151 0.063 -0.182 (x2-x5) (y2-y5) (z2-z5) 
(x3-x4 ) (y3-y4) ( z3-z4-) 

236 0.408 0.433 -0.487 (x1+x5) (y1+y5 ) (z1+z5) 
(x3+x4 ) (Y3+y4) (z3+z4 ) 

228 -0.404 0.445 0.444 (x2+x4 ) (y2+y4) (z2+z4 ) 
(x3+x5) (Y3+y5) (z3+z5 ) 

162 0.446 -0.493 o !.?66 (x4+x5 ) (y4+y5) (z4+z5 ) 
152 -0.333 0.062 -0.107 (x2-x4 ) (y2-y4) (z2-z4 ) 
146 -0.254 0.385 -0.372 (x2+x3) (y2+Y3) (z2+z3 ) 
146 -0.224 0.449 0.372 (x2+x5) (y2+y5) (z2+z5 ) 
146 -0.376 0.320 -0.491 (x4+x6) (y4+y6) (z4+z6) 
145 0.224 0.398 -0.450 (x1+x4) (y1+y4) . (z1+z4) 
145 0.447 0.301 -0.435 (x5+x6) (y5+y6) (z5+z6 ) 
141 0.221 0.114 -0.284 (x1-x5) (y1-y5) (z 1-z5) 
141 0.108 0.187 0.166 (x4-x6) (y4-y6) (z4-z6) 
140 0.155 0.282 -0.061 (x1-x6) (y1-y6) (z1-z6) 
139 0.378 0.034 -0.122 . (x1-x2) (y1-y2) (z1-z2) 
139 0.290 0.381 0.401 (x2+x6) . (y2+y6) (z2+z6) .! 

i 

138 -0.223 0.248 0.064 (x2-x6) (y2-y6) (z2-z6) 

138 -0.037 0.236 -0.028 (x3-x6) (y3-y6) (z3-z6 ) 

137 0.478 0.366 0.312 (x3+x6) (Y3+y6) (z3+z6) 
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134 -0.068 0.169 0.221 (x5-x6) (y5-y6) (z5-z6) 

133 -0.331 0.415 0.278 (xl+x6) (y1+y6) (z1+z6) 

132 0.369 0.355 -0.248 (xl+x3) (yl+Y3) (zl+z3) 

124 -0.444 0.343 -0.336 (xl+x2) (y1+y2) (zl+z2) 

79 -0.484 0.135 0.347 2x6 2y6 2z6 

76 -0.068 0.373 -0.464 2x2 2y2 2z2 

73 0.377 0.472 -0.214 2x5 2y5 2z5 

66 -0.398 0.218 0.267 
66 0.177 0.305 -0.223 2x1 2y1 2z1 

56 -0.003 0.007 -0. 197 
56 -0.003 0.007 -0.197 
56 0.003 -0.007 O. 197 
56 0.003 -0.007 0.197 

The above solution yielded the following metal atom co-ordinates 

Os( 1) 0.243 0.217 -0.211 
Os(2) 0.043 o. 183 -0. 169 
Os (3) 0.179 0.215 -0.053 
Au( 1 ) 0.266 0.400 -0. 122 

R.H. u v w Vector assigment 
281 0 •. 000 0.072 0.500 0 0.5+2yl 0.5 

0 0.5+2y2 0.5 
0 0.5+2y3 0.5 

247 0.064 0.000 -0. 159 (xl-x3) (yl-y3) (zl-z3) 

240 0.423 0.500 0.237 (xl+x3) 0.5+(yl-y3) 0.5+(zl-z3) 

152 0.137 - 0.000 0.118 (x2-x3 ) (y2-y3) (z2-z3) 

150 0.222 : 0.500 0.279 (x2+x3) 0.5+(y2-y3) 0.5+(z2+z3) 

137 0.285 . 0.486 0.120 (xl+x2) 0.5+(yl-y2) 0.5+(zl+z3) 

137 0. 201 . 0.014 -0.043 (xl-x2) (y1-y2) (z1-z2) 

136 0.358 0.500 0.396 2x3 0.5 0.5+2z3 

128 0.000 0.303 0.500 0 0.5+2y4 0.5 

125 0.220 0.398 -0.221 (x2+x3) . (y2+Y3) (z2+z3) 

123 0.284 0.400 -0.380 (x1+x2 ) (yl+y2) (zl +z2) 

120 , 0.485 0.500 0.078 2x 1 0.5 0.5+2z1 

120 0. 137 0.103 -0.382 (x2-x3) 0.5+(x2+x3) 0.5+(x2-x3) 

117 0.064 0.068 0.341 (xl-x3) 0.5+(xl+x3) 0.5+(xl-x3) 

112 0.086 0.500 o. 162 2x2 ' 0.5 0.5+2z2 

112 0.201 0.100 0.458 (xl-x2) 0.5+(yl+y2) 0.5+(zl-z2) 

112 0.424 0.433 -0.262 (xl+x3) (yl+Y3) (zl+z3) 

111 0.447 0.313 0.327 (x3+x4 ) 0.5+(Y3-y4) 0.5+(z3+z4) 

111 0.224 0.084 -0.452 (x2+x4 ) 0.5+(y2-y4 ) 0.5+(z2+z4) 

109 0.223 0.219 0.048 (x2-x4 ) (y2-y4) (z2-z4 ) 

107 0.489 0.318 -0.168 (xl+x4 ) 0.5+(yl-y4 ) 0.4+(zl+z4) 

107 0.447 . 0.383 -0.174 (x3+x4) (Y3+y4 ) (z3+z4 ) 

104 0.488 0.379 0.333 (xl +x4) (yl+y4) (zl+z4) 

y04 0.086 0.187 -0.067 (x3-x4) (y3-y4 ) (z3-z4 ) 

102 0.022 0.184 0.093 (x 1-:<:4 ) (yl-y4) (zl-z4) 

101 0.087 O. 117 0.432 (x3-:<:4) 0.5+(Y3+y4) 0.5+(z3-z4) 

101 0.464 0.500 -0.259 _ 2x4 0.5 0.5+2z4 
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101 0.307 0.281 0.210 (x2+x4 ) 0.5+(y2-y4) 
96 0.310 0.416 -0.291 (x2+x4 ) (y2+y4 ) 

96 0.024 0.119 -0.409 (x1-x4) 0.5+(yl+y4) 
68 0.357 0.432 -0.103 2x3 2y3 
63 0.486 0.437 -0.425 2xl 2yl 
62 0.085 0.365 -0.338 2x2 2y2 
48 0.469 0.197 0.242 2x4 2y4 

B.l0 Patterson solution for HOS
3

(CO)9(MeCCMe){AuPPH3 ) (XR14) 

Solution yielded the following fractional coordinates: 

Os( 1) 0.211 0.348 0.015 
Os(2) 0.390 0.263 0.034 
OS(3) 0.232 0.055 -0.005 
Au( 1 ) 0.219 O. 141 0.095 

R.H. u v w Vector assignment 
225 0.434 0.500 0.117 (x3+y4) (Y3+y4) 
219 0.000 0.206 0.500 2x3 0.5+2y3 

2x4 0.5+2y4 
208 -0.007 0.000 0.421 (x3-x4) 0.5+(Y3+y4) 
162 0.000 0.000 0.500 0 0.5+2y2 
131 0.401 0.383 -0.041 (x2+x3) (y2+Y3) 
128 0.437 0.396 0.003 (xl+x3) (Y1+Y3) 
126 0.438 0.208 -0.493 (xl+x3) 0.5+(yl-y3) 
125 0.013 0.301 0.400 (xl-x4) 0.5+(yl+y4) 
124 O. 161 0.179 -0.462 (xl-x2) 0.5+(yl+y2) 

- 124 0.022 0.295 -0.020 (xl-x3) (y1-y3) 
122 0.178 0.117 -0.479 (x2-x3) 0.5+(y2+Y3) 
120 0.456 0.198 0.096 (xl+x4 ) (y1+y4) 
119 0.382 0.316 -0.027 (xl +x2) (yl+y2) 
116 0.443 0.500 -0.310 2x4 0.5 
116 0.000 0.391 0.500 0 0.5+2yl 
115 0.223 0.500 0.433 2x2 0.5 
115 0.460 0.500 0.489 2xl 0.5 
113 0.417 0.500 -0.471 2x3 0.5 
112 0.174 0.098 0.441 (x2-x4 ) 0.5+(y2+x4 ) 
111 0.172 0.121 -0.059 (x2-x4 ) (y2-y4) 
110 0.160 0.208 0.039 (x1-x2) (yl-y2) 
109 0.183 0.084 0-.019 ( x2-x3) (y2-y3) 
109 0.382 0.290 0.473 (xl+x2) 0.5+(y1-y2) 
104 0.007 0.207 0.079 (x3-x4 ) (y3-y4) 
103 0.434 0.294 -0.383 (x3+x4 ) 0.5+(Y3-y4) 
102 0.020 0.097 0.482 (xl-x3) 0.5+(y1+Y3) 
99 0.403 0.416 0.452 (x2+x3 ) 0.5+(y2-y3) 
98 0.457 0.413 -0.406 (xl+x4) 0.5+(y1-y4) 
98 0.014 0.087 -0.098 (x1-x4 ) (y1-y4) 
96 0.221 0.500 -0.064 2x2 2y2 
95 0.395 0.400 -0.124 (x2+x4 ) (y2+y4) 

95 0.395 0.376 0.375 (x2+x4 ) 0.5+(y2-y4) 
59 0.441 0.282 0.196 2x4 2y4 
57 0.459 0.104 -0.011 2xl 2yl 
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0.5+(z2+z4) 
(z2+z4 ) 
0.5+(zl-z4) 
2z3 
2z1 
2z2 
2z4 

(z3+z4) 
0.5 
0.5 
0.5+(z3-z4 ) 
0.5 
(z2+z3) 
(z1+z3) 
0.5+(zl+z3) 
0.5+(zl-z4) 
0.5+(zl-z2) 
(zl-z3) 
0.5+(z2-z3) 
(zl+z4) 
(zl+z2) 
0.5+2x4 
0.5 
0.5+2x2 
0.5+2xl 
0.5+2x3 
O. 5+(z2-z4) 
(z2-z4) 
(zl-z2) 
(z2-z3) 
0.5+(z1+z2) 
(z3-z4) 
o. 5+(z3+z4) 
0.5+(zl-z3) 
0'.5+(z2+z3 ) 
0.5+(z1+z4) 
(z1-z4) 
2z2 
(z2+z4 ) 
0.5+(z2.+z4 ) 
2z4 
2z1 
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B.ll Patterson solution for OS7(CO)14(MeCCMe)3 (XR15) 

Solution yielded the following fractional coordinates: 

Os ( 1 ) O. 112 -0.061 -0.055 
Os (2) 0.107 0.055 -0.291 
Os(3) 0.102 0.150 0.048 
Os (4) o. 130 0.262 -0. 148 
Os(5) 0.176 0.079 -0.035 
05(6) O. 151 -0. 158 -0.208 
05(7) 0.226 -0.100 -0.031 

R.H. u v w Vector assigment 

220 0.440 0.500 0.484 0.5+(x1-x5) 0.5+(y1+y5) 0.5+(zl-z5) 
0.5+(x5-x7 ) 0.5+(y5+y7) 0.5+ (z5-z7) 

185 O.SOO 0.370 o.soo 2xl 2y1 2z1 
2x2 2y2 2z2 
2xS 2y5 2zS 
2x7 2y7 2z7 

lS3 0.220 0.000 -0.345 (x 1 +x2) (y1+y2) (zl+z2) 

137 0.497 O.SOO 0.265 o . S + ( x 1 - x2 ) 0.S+(y1+y2) 0.S+(zl-z2) 

137 -0.497 0.500 -0.265 
122 0.282 0.000 -0.099 (x1+xS) (y1+yS) . (zl+zS) 

121 O. 157 O.SOO -0.419 0.S+(x1+x7) 0.S+(y1-y7) 0.5+(z1+z7) 
0.S+2x5 0.5 0.5+2z5 

119 0.401 0.000 -0.066 (xS+x7 ) (yS+y7) (zS+z7 ) 
1 18 0.022 0.223 0.154 (x1-x3) (yl-y3) (zl-z3) 

117 0.281 0.120 -0.340 (x2+x5 ) (y2+y5) (z2+zS) 
(x3+xS) (Y3+YS) (z3+z5) 
(x4+x6) (y4+y6) (z4+z6) 

116 0.222 O.SOO -0.174 0.S+(x2+xS) 0.S+(y2-yS) 0.S+(z2+z5) 
0.5+2x4 O.S 0.S+2z4 

114 0.259 0.188 -0.296 (xl+x4) (yl+y4 ) (z 1 +z4 ) 
(x3+x6) (Y3+y6) (z3+z6) 

113 O.SOO 0.191 . 0.500 0.5 0.S+2x3 0.5 
O.S 0.5+2x6 O.S 

112 8.041 0.198 O. 101 (x2-x6) (y2-y6) (z2-z6) 
(x4-x5) (y4-yS) (z4-z5) 

106 0.261 0.000 -0.148 (x3+x6) (Y3+y6) (z3+z6) 

98 0.039 0.102 -0. 16S (xl-x6) (yl-y6) (z l-z6) 
(x3-x4 ) (Y3-y4) (z3-z4 ) 

98 O.SOO 0.000 O.SOO 0.5 o. S+2x4. O.S 

97 0.452 0.500 -0.233 0.S+(x3-x6) 0.5+(Y3+y6) 0.S+(z3-z6) 

97 0.482 0.401 -0.426 0.S+(xl-x3) 0.5+(yl+YJ) 0.S+(zl-z3) 
0.5+(x4-x6) 0.S+(y4+y6) 0.5+(z4-z6) 

91 0.060 0.153 0.017 (xl-x5) (yl-y5) (z l-z5) 
(x5-x7 ) (y5-y7) .(z5-z7) 

90 0.342 O. 161 -0.080 (xl+x7) (yl+y7) (zl+z7) 
2x5 2y5 2z5 

82 0.069 0.000 0~252 (x2-xS) (y2-y5) (z2-z5 ) 

79 0.283 0.383 -0.159 0.5+(xl+x2) 0.5+(yl-y2) 0.5+(zl+z2) 

76 0.461 O. 163 0.383 0.5+(x2-x4 ) 0.5+(y2+y4) 0.5+(z2-z4) 
0.5+(x4-x5 ) 0.5+(y4+yS) 0.5+(z4-z5) 

75 0.283 0.500 0.079 0.5+2x2 0.5 I 0.5+2z2 

74 0.460 0.280 -0.352 0.S+(xl-x6) 0.5+(yl+y6) 0.5+(zl-z6) 

72 Q.303 0.346 -0. 187 (x4+x5 ) (y4+yS) (z4+z5 ) 
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71 0.243 0.286 -0.002 0.5+(x2+x6) 0.5+(y2-y6) 0.5+(z2+z6) 
71 0.243 0.286 -0.002 
71 0.019 0.323 -0.095 (xl-x4) (yl-y4) (zl-z4) 

(x2-x4 ) (y2-y4 ) (z2-z4) 
71 0.238 0.200 -0.207 (xl+x4 ) (yl+y4) (z 1 +z4 ) 

(xl+x6) (yl+y6) (zl+z6) 
(x2+x3 ) (y2+Y3) (z2+z3) 

71 0.220 0.095 -0.128 0.5+(x4+x6) 0.5+(y4-y6) 0.5+(z4+z6) 
2xl 2yl 2z1 

71 0.472 O. 181 0.360 
70 0.279 0.500 -0.390 0.5+2xl 0.5 0.5+2z1 
70 -0.001 O. 117 0.236 (xl-x2) (yl-y2) (zl-z2) 
70 0.001 0.117 -0.236 
70 0.099 0.322 -0.434 0.5+(x5+x7) 0.5+(y5-y7) 0.5+(z5+z7) 
69 0.120 0.155 0.261 (x2-x7 ) (y2-y7) (z2-z7 ) 
69 0.198 0.500 -0.082 0.5+2x6 0.5 0.5+2z6 
67 0.279 0.229 0.017 0.5+(x2+x4 ) 0.5+(y2-y4 ) 0.5+(z2+z4) 
66 0.237 0.318 -0.438 (x2+x4 ) (y2+y4 ) (z2+z4 ) 
66 0.380 0.461 0.237 0.5+ (x2-x7 ) 0.5+(y2+y7) 0.5+(z2-z7) 
66 0.379 0.257 -0.236 (x6+x7) (y6+y7) (z6+z7) 
65 0.099 0.364 O. 121 (x4-x7 ) (y4-y7) (z4-z7) 
65 0.259 0.102 0.500 (x2+x6) (y2+y6 ) (z2+z6) 
65 0.423 0.270 -0.423 
65 0.121 0.249 -0.082 (x3-x7 ) (y3-y7) (z3-z7) 
65 0.298 0.500 0.408 0.5+2x3 0.5 0.5+2z3 
64 0.283 0.290 0.499 0.5+(xl+x3) 0.5+(yl-y3) 0.5+(zl+z3) 
64 0.021 0.420 -0.060 (x4-x6) (y4-y6) (z4-z6) 
64 0.477 0.300 -0.403 o. 5+(xl-x4 ) 0.5+(yl+y4) 0.5+(zl-z4) 
64 0.216 0.088 0.001 (xl+x3) (yl+Y3) (zl+z3) 
64 0.216 0.088 0.001 
63 -0.003 0.093 0.346 (x2-x3) (y2-y3) (z2-z3) 
63 0.003 0.093 -0.346 
63 0.220 0.428 0.484 
63 O. 141 0.140 -0.324 O. 5+(x4+x7) 0.5+(y4-y7) 0.5+(z4+z7) 
61 0.120 0.441 -0.264 o. 6+(x6+x7) 0.5+(y6-y7) 0.5+(z6+z7) 
60 0.196 0.315 -0.311 0.5+(x4+x5) 0.5+(y4-y5) 0.5+(z4+z5) 
60 0.176 0.262 -0.253 0.5+(x5+x6) 0.5+(y5-y6) 0.5+(z5+z6) 
59 0.498 0.295 -0. 153 0.5+(x2-x3) 0.5+(y2+Y3) 0.5+(z2-z3) 
59 -0.498 0.295 0.153 
59 0.260 0.294 -0.059 
58 0.359 o ~ 163 -0. 177 (x4+x7 ) (y4+y7 ) (z4+z7) 
58 0.239 0.402 -0.234 0.5+(xl+x6) 0.5+(yl-y6) 0.5+(zl+z6) 

0.5+(x3+x5) 0.5+(y3-y5) 0.5+(z3+z5) 
58 O. 119 0.015 0.034 (xl-x7 ) (yl-y7) (zl-z7) 
58 0.433 0.367 0.248 0.5+(x2-x5) 0.5+(y2+y5) 0.5+(z2-z5) 
57 0.217 0.354 -0.411 0.5+(xl+x5) 0.5+(yl-y5) 0.5+(zl+z5) 
56 0.078 0.073 -0.076 (x3-x5) (y3-y5) (z3-z5) 
56 0.401 0.336 0.377 0.5+(x4-x7) 0.5+(y4+y7) 0.5+(z4':'z7) 
56 0.175 0.248 0.489 0.5+(x3+x7) 0.5+(y3-y7) 0.5+(z3+z7) 
56 0.297 0.398 -0.242 0.5+(x2+x3) 0.5+(y2-y3) . 0.5+ (z2+z3 ) 
55 0.163 0.346 -0.183 0.5+(x2+x7) 0.5+(y2-y7) 0.5+(z2+z7) 
55 0.204 0.208 -0.253 
55 0.382 0.339 0.469 0.5+(xl-x7) 0.5+(yl+y7) 0.5+(zl-z7) 
54 0.474 0.085 -0.293 0.5+(x3-x4 ) 0.5+(Y3+y4) 0.5+(z3-z4 ) 
54 0.423 0.241 0.317 0.5+(x6-x7) 0.5+(y6+y7) 0.5+(z6-z7) 

53 0.336 0.042 -0.318 (x2+x7 ) (y2+y7) (z2+z7 ) 
52 0.481 0.420 0.330 0.5+(x5-x6) 0.5+(y5+y6) 0.5+(z5-z6) 

52 0.458 0.395 0.421 0.5+(x2-x6) 0.5+(y2+y6) 0.5+(z2-z6) 

51 0.324 0.082 -0.252 (x5+x6) (y5+y6) (z5+z6) 

B.18 



51 0.377 0.451 -0.414 0.5+(x3-x7) 0.5+(Y3+y7) 0.5+(z3-z7) 
50 0.323 0.046 0.005 (x3+x7) (Y3+y7) (z3+z7) 
50 0.323 0.046 0.005 
50 0.045 0.500 -0.445 0.5+2x7 0.5 0.5+2z7 
47 0.048 0.310 -0.265 (x3-x6) (y3-y6) (z3-z6 ) 
46 0.079 0.060 0.185 (x6-x7) (y6-y7) (z6-z7) 
44 0.261 0.500 -0.304 2x4 2y4 2z4 
43 0.233 0.411 -0.092 (x3+x4 ) (Y3+y4 ) (z3+z4 ) 
41 0.202 0.299 0.095 2x3 2y3 2z3 
37 0.264 0.388 -0.411 0.5+(x3+x4) 0.5+(Y3-y4) o • 5+ (z3+z4 ) 
33 0.217 O. 110 0.418 2x2 2y2 2z2 
28 0.453 0.200 -0.056 2x7 2y7 2z7 
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~orrnation of Cationic Molybdenum '12-Vinyl Complexes; Structural Evidence for the 
OUPling of '12-Vinyl and Alkyne Ligands . . .' 

Qrlln . • S n. C. Conol.,- Mleha.1 Gr •• n,b Mary MePartlln,- Carolyn R •• V.,b and Chrlltoph.r M. Woolhou •• b 

b o~hoOI of Chemistry, Polytechnic ot North London, Holloway Road, London N78D8, U.K. . 
P8rtment of Chemistry, King's College London, Strand, London WC2R 2LS, U.K. 

, Pr ' 
1)(~~HBF.'Et20) of (MoX('Il2·MeC2MelzL) (X = ~I, B.r, I; L ~ 'Il.C5H~ or 'Il5·CgH71 affords the cations . . 
(~ ~~(Me)CHMe(y12-MeC2Me)LJ [BF.), which react With LIX to give [X2MoaC(MeICHMeh12-MeCzMeIL) or with PR3 

- bei" Me, or OMe) to give the C-C coupled products (XMo=C(Mel,y)3·{C(MeIC(MeICHMeHPR3) (L)J(BF.), the latter 
la i!!!"Ucturally identified by X·ray crystallography; carbon-carbon coupling also occurs on reduction of 

. (~:Mo.c(MeICHMe('Il2-MeC2MeH'Il.C!lH5)) with Mg/Hg in the presence of CO to form [MoBr(CO){1'1.·CHMe-C. 
t",~'C,(Me)-CHMe}('Il.C5H!I))' and treatment of the phosphine promoted coupled products with Li[N(SiMe31z) leads to 

. ~e deprotonation reactions affording (MoX{l'j4·CHMe=C(Me)·C(Me)=C=CH2}(PR3)L). 
, 'tit' 

CO:t sY~thesis and structural characterisation of complexes 
rOr lining l'j2(3e).vinylligands l - .1 has interesting implications 
~Pe~atalysis. in that co.ordinatively unsaturated T1I(le )-vinyl 

_ ~1ll) I~s can in principle be stabiHsed., and in a ~ense stored. by 
, le) to l'j2(3e) transformallon of the bonding mode of the 

vinyl ligand. However. the development of this chemistry has 
so far been centred around the neutral l'j2·vinyl complexes 
prepared by nucleophilic attack on three· or four-electron 
donor alkynecomplexes. and therefore has been restricted in 
its scope. In this paper we describe how protonation of neutral 
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bis( alkyne )molybdenumt complexes provides access to reac
tive cationic .,,2..vinyl/alkyne species. 

The neutral halogeno-complexes (1) to (3)t containing 
three-electron donor alkyne ligands can be readily synthesised 
as yellow to orange crystalline materials by reaction (refluxing 
tetrahydrofuran. thf) of LiX with the cations [Mo(NCMe)(T)2-
MeC1Me h( .,,-CsHs or ."s-C9H7) ][BF4 ).4 Protonation (-78 ·C, 
CH2CI2) of (I), (2), and (3) with HBF4·Et20 affords the 
orange to red crystalline cations (4), (5), and (6), charac
terised by 1 Hand 13C_ {I H} n .m. r. spectroscopy:j: as complexes 
containing T)2( 4e )-alkyne and T)2(3e )-vinyl Iigands. The 
I3C-{ IH} n.m.r. spectrum of. for example (5), showed a 
low-field resonance at 297.6 p.p.m. characteristic 1 of the 
a -carbon or carbene carbon of an T)2-vinyl complex. and at 
room temperature there were resonances due to a non
rotating but-2-yne ligand. In view of the isolobal relation
shipl.3 between HC2H and CHCH2 - it is likely that these 
cations have a structure analogous to that founds in [WCI(T);:
CF3C2CF3h(T)-CsHs») with the C-C vector of both the 
but-2-yne and C(Me)CHMe T)2-vinyl fragments in (4)-(6) 
lying approximately parallel to the Mo-X axis. 

Treatment of solutions of (4), (5) , and (6) with lithium 
halides in CH!CI2/thf results in the formation of the neutral 

. purple crystalline complexes (7), (8), and (9):j: (Scheme 1). 
These molecules show low-field DC resonances due to the 
T)2-vinyl fragment ; however. in contrast with the parent 

t It is interesting that protonation rHX) of [Pt(Tl2-RC2R)(PPh,hJ 
affords trans-[PtX{TlI-CCR)=CHR)(PPhl hJ. See B. E. Mann . B. L. 
Shaw. and N. I. Tucker, J. Chem. Soc. (A), 1971, 2667. 

~ Selected spectroscopic data for (2) : n.m.r. 11C-{IH} (CD~CI~). /) 
180.3 (MeC::). 165.4 (MeC::) . 101.3 (C~H~ ). 20.2 (MeC). 15.7 (MeC) . 
Ccmpound (5) : n.m.r. IH (CD~N02). () 6.0 (s. 5H. C~H~) . 2.8 (5 . 3H. 
MeC:). 2.4 (s. 3H-. MeC:). 2.15 (5. 3H. MeC:). 2.0 [d. 3H. CHMe. 
~J(HH) 6.0 HzJ; IlC-(IH} (CD,N02). () 297.6 [Mo=C(Mell. 134.6 
(br.s MeC::). 104.0 (C~H~). 73.6 (CHMe) [IJ(CH) 66.2 Hz from 
off-resonance spectrum OCTl5-4H, analogue), 31.0 [Mo=C(Me)J . 16.6 
(Mea:). 16.1 (CHMe). 12.2 (MeC::) . Compound (7) : n.m.r. ' H 
(CD2CJ2), b 5.70 (5. 5H. -C5H~). 2.80 (5. 3H. MeC::). 2.08 (5. 6H. 
MeC::). 2.03 [d. 3H. CHMe. lJ(HH) 6.04 HzJ. 1.90 [q. IH. ClIMe. 
·'JrHH) 6.07 HzJ; DC·{lH} (CD2CI2). () 291.3 [Mo=C(Mel). 134.2 
(MeC::). 113 .6 (MeC::). W2.6 (C5H~) . 70.0 (CHMe). 27.5 (Me). 16.8 
(MeC::). 16.4 (MeC::) . 11.1 (Me) . Compound (11) (major isomer) : 
IH n.m.r. (CD2Ch). () 7.7-7 .35 (m. 4H. C~H. ). 6.15 . 5.96. 5.55 (m . 
3H. C.H~ ). 2.89 (d. 3H. Me\ 'JrHP) 5.37 Hzl. 2.36 (m. IH. CHMe". 
J(HH) 5.90 Hzl. 2.32 (5. 3H. Me?) . 1.98 (s . 3H. Me"). 1.56 [d. lJH. 
PMe, . J(HP) 10.36 Hz] . 1.18 (m. 3H. CHMe". lJ(HH) 5.86 Hzj; 
DC·{lH} (CD2CI2). /) 29B.1 (d. MO'"C(Me). JJ(CP) 16.9 Hz] . 127.1 
(MeC). 115 .8 (MeC) . 132.6. 131.7. 127.3. 127.Q(~H,). 117.1. 107.3 
(Co.H,). 92.7. 92.4. 8B.6 (C~H,) . 77.3 (CHMe). 30.3 (Me). IB.O (d . 
PMe, . 'J(CP) 33.0 Hz]. 17.6 (Me) . 15.5 (Me). 10.9 (Me); .\lp.{IJI} 
(CD~CI2 ) () -1).17 p.p.m. Compound (12) : n.m.r. IH (C~D~) : () 5.39 
(dd. IH. ClfbH. 'J(HP) 3.30. 2J(HH) 0.94 Hz]. 4.55 (d. 5H. C~H •. 
'J(HP) 1.43 Hzl . 3.69 (dd. IH. CHH" . ' J(HP) \.%. 2J(HH) 0.1)41 . 
3.33[d. 9H. POMe. -'J(HP) 10.36 Hzl. 2.39 (dd. 3H. Me? 4J(HP) 1.6. 
4J(HH) 1.0Ij. 2.07 (dqq. IH. ClIMe. ClIMe". WCHH) 6.05 . .\J(HP) 
2.5. 4J(~H) 1.0 Hzl. 1.91 (5. 3H. Me"' . I.X6 [d. 3H. Me". J(HP) 6.09 
Hzl ; IJC-{ IH} (C~D~). () 196.5 (d. CH~=C. ~J(CP) 10.5 Hz]. 129.1 
(Mee) . 103.6 (MeC). 93 .0 (C~H~ ).1)1.7 (CH~ ,. 65.2 (CHMel. 52.6(d. 
POMe. 2J(CP) 6.1 Hzl.17 . 8(Me~, . IS .9(Me") . I·U(Me7) ; "P.{'HI 
(CD~CI2) ' b 168.6 p.p.m. Compound (14) : Vco (Et~O) 19455 cm ' ' : 
n.m.r. 'H (CD ~Ch) . /) 4.94 (5. 5H . C.H., . 2047 (q . IH. CHMe . 
' j(HH) 5.95 Hzl. 2.41 (5. 3H. MeC). 1.99 (s. 3H. Mee). 1.70 Id . 3H. 
'\-feCH . 'JrHH) 5.95 Hz]. 1.34 Id . 3H . MeCH . ' J(HHI 5.1)7 Hzl. 0 .H4 
(4 . IH . MeCH. 'JCHH) 0.00 Hz] : "C·{ 'HI ( CD ~C1, ) . ,) 24·to (CO) . 
1~3 . 0 (MeC I. 109.0 (McC). n.3 (CH. ,. /)1) . 1 ICIfMcl. 5lJ.4 
(Lll:vte, . 1'1 .1 DieC). 17.5 (Mt'C ). 15 .'1 (Mt'CH l. 15.0 p.p.m. 
(.\II'C II I. 

• 

1311 ,. ... 
cations the .,,2.MeC2Me ligands donate only two eiectrons to 
the molybdenum, and it is interesting that relatively lower 
barriers to alkyne rotation are observed. as is illustrated bY~; 
coalescence of the MeC2Me IH resonances [~G;288J( 5 . 

(I) X a Cl.l a,,-CsHs 

(Z) X • Br,l a,,-CsHs 
(3) X z Br. l a,,5.-cgH, 

(4) X ,. CI.l ",,-CSHS 

(5) X • Br . l a,,-CsHs 

(5) X .. Br . l ,."S-CgH, 

(10) 

(11) 

(lZ) 

(13) 

(i i ) -....---
(iii) 

l 

I ~ X-IOI0_l:. 
X-'~ toI. · toI. 

101. H 

(7) X • Cl.l .,,_CsHS 

(I) X • Br .l.,,_CSHS 

(t) X ,. Br . l .. "S_CgH7 

, " ) -+-
Scheme J. Rt'ullt'nts and condition.!' : (i I + HBF.,· Et ~O. CH~CI~~ (~ P. 
LiX . CH:CI !'·lh. (I : I): (111/ + AgBF •• -AgX. CH~CI~ ; ~v thf. 
CH,CI: : (v, + L i N(SiMe,, ~ . lhl. - 71{ QC: (viI Mg/Hg. + C . 



1312 

' (t 0.5) kJ mol-I) in the dichloro-complex (7). It was 
, confirmed that in the formation of (7H9) from (4H6). 

COupling of the TJ2(3e)-vinyl and TJ2..alkyne ligands had not 
OCcurred because when (7H9) were treated with AgBF •• a 
p( recipitate of AgX was produced and the parent cations 
4)-(6) were reformed in good yield. 

I .• In contrast, linking of the TJ2..vinyl and but-2-yne ligands 
does OCCUr on treatment of. for example. (4) with trimethyl 
phoSphite and (6) with trimethylphosphine. In both reactions 

. ,orange crystalline products are formed. the reaction with 
~(OMeh and (4) giving (10). and PMe3 and (6) affording two 
JSomeric complexes of (11) in the ratio of (6: 1). These 
mat,erials all showed; low-field (= 300 p.p.m.) 13C resonances 
a~.tributable to Mo=C. In addition there were I3C and I H 
SI~als:j: present in the respective n.m.r. spectra consistent 
.Wlth tbe presence of TJ4(5e)-butadienyl,6.7.8 i.e. Mo=C(Me)
'1,3_{ C(Me )C(Me )CHMe}. ligands. This was confirmed by a 
~lngle crystal X-ray crystallographic study with the major 
ISOmeric complex of (U).§ 

I, As is shown in Figure 1 the molecule contains a molyb-
~~um atom to which are co-ordinated a slipped TJs-indenyl. 

el and Br ligands. In addition there is an TJ4-bonded 
f~ur-carbon fragment C(1l)·C(12)·C(I3)·C(l4) beginning 

<. AJth a 'molybdenum to carbon double bond to C(ll) (1.91(1) 
l~' ~d , and terminating with a CHMe group (Mo-C( 14») at 

. " 2.32(1) A from the molybdenum. The other two carbons 
• 't\ C(12) and C(13) are also bonded to the metal with Mo-C( 12) 

i h ~d MO-C(13) distances of2.36(2) and 2.48(1) A respectively . 
us. twisting of the C. chain. reflected in the torsion angles 

t ~se( e Figure 1). allows TJ4-bonding. Interestingly. the C(ll)
i 12) and C(13)-C(l4) distances of 1.35(2) and 1.40(2) A 

r~spectively suggest that the butadienyl fragment adopts an 
~(3e) bonding mode.9•1O However. this is clearly inconsistent 

• ti th the short Mo-C( 11) distance and the presence of a low 
eld nC resonance. Whatever the precise details of the mode . 

+1 ----------------------\', . 
. le 
,·r· (p 'YStQ/ data: for (BrMo-C(Me)-TJJ-{C(Me)C(Me)CHMe)-

· f s MeJ)(C~H711 (BF.)·{0.5(CH2CI2)) (11) : M = 576.05. monoclinic. 
1~~ce group C2Jc, a = 26.765(4). b -= 13.310(2). c = 15.482(3) A. ~ = 
l .S87t2)O, U .. 4888.29 Al, F(OOO) = 2424. J.I(Mo-K",) = 22.71 cm-I . 
d'C; 8, D. '= 1.63 g cm-J. Data were collected on a Philips PWllOO 

. u I. ractometer in the a-range 3-25 o. with a scan width of 0.70 o. 

" i ~tng the technique descnbed previously. 1 Lorentz and polarisation 
• "&i rrecttons were applied .• and equivalent reflections were merged to 

, a~e 3020 data with 110(1) > 3.0. The co-ordinates of the molybdenum 
.~ no III Were deduced from a Patterson synthesis. and all remalmng 

t Iy '!hhYdrogen atoms were loc:ated from subsequent difference Fourier 
an? CSes. There appears to be some rotational disorder of the ~F4-
Ih on. shown by regions of extended electron densuy In the V1clnuy of 
pafee of the fluorine atoms. resulting In high anisotropic thermal 
i1 rameters for these atoms. Half a dichloromethane solvent molecule 
2'f~resent per asymmetric: urut. with the central carbon lying on a 
lto Id axis (0.,,0.25). The hydrogen atom H(1), attached to carbon 
f:'o Ill. C(l4) of the organic fragment. was located in a difference 
'to uner synthesis using data with sin a <0.35. The parameters of this 

" refj III were included in the structure factor calculations but were not 
all ~ed. ~e remaaning hydrogen atoms were Included in geometrlc

, I ~deaJlSCd positions and were constrained to 'ride' on the relevant 
1tI01 n atoms with Isotropic thermal parameters fixed at 0.80 A~ . The 

• .' the Ybdenum. phosphorus. and bromine atoms. and all five atoms of 
S,: fina;=ounter ion were asSIgned amsotroplC thermal paramelers In the 
· ' o.~Ycles of full-matnx refinement which gave R 0.0639 and R' 

feo .' With weights of w = Ila2F" assigned to the mdlvldual 
the ectlons. Atomic co-ordinates. hond lengths and angles. and 
ar, i;.al parameters have been deposited at the Cambridl!e Crystalln-

p le Data Centre. See Notice to Authors, Issue No. I. 
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Figure I. Molecular structure of cation in (11) , Selected bond lemHhs 
(A) : Mo(l)-Br 2.641(1); Mo(l)-P 2.S31(.t) ; Mo(l)-C(ll) 1.91(1) ; 
Mo(ll-C(12) 2.36(2); Mo(l)-C(l3l 2..t8(l); Mo(I)-C(l.t) 2.32(1) : 
mean Mo(l}-CqH7 2.36(2); P-C(OI) 1.82(2); P-C(02) 1.79(2) ; 
P-C(OJ) 1.81(2) ; C(ll)-C(l2) 1.35(2); C(Il)-C(lll) 1.52(2); C(12)
C(l3) 1.42(2); C(12)-C(121) 1.57(3); C(l3)-C(l4) 1.-W(2) ; C(1.t)
OWl 1.53(2) . 

of bonding of the C4 fragment to the molybdenum it is clear 
that coupling of the TJ2-vinyl and but-2-yne ligands has 
occurred suggesting that the recently reported7 formation of 
an TJ-I(5e)-C.R.H ligand by protonation of the bis(alkyne)di
thiocarbamate complexes (M(RIC2R2h(S2CNR2)/ (M :: Mo • 
~) might also involve a stepwise ll process. As shown in 
Ftgure 1 the hydrogen substituent of the TJ-I(5e).butadienyl 
fragment . which has its origin in the proton source 
HBF4 •Et20 • occupies an inside or pseudo-anti position. 

It is interesting that whilst the carbon-carbon coupling 
reaction initiated by reaction with P(OMeh is selective , the 
reaction with PMel forms two isomers presumably via attack 
on either of the two XMoL faces. ' , 

These cationic TJ4(5e)-butadienyl complexes are reactive 
towards nucleophilic reagents. and of particular interest is 
their reaction with the sterically demanding reagent UrN
(SiMelhJ. Reaction at low temperature leads to a regioselec
tive deprotonation of the methyl group. which is bonded to the 
carbenoid or ex carbon atom. and formation in good yield of 
the neutral complexes (12) and (13),tThese molecules can be 
represented as TJ4(4e)-vinylallene complexes and it is interest
ing that (12) and (13) can be regioselectively reprotonated 
[HBF4,Et20 J on the 'allenic' methylene carbon to reform the 
cations (10) and (11) in quantitative yield. This suggests a 
pOSSIble general route to other rr

'
(5e)-butadienyl complexes 

via proton~tion of species carrying TJ4-vinylallene Iigands. 
Fmally. to exploring the reduction of the neutral fJ2..vinyll 

alkyne complexes (7)-(9). it was found that treatment of. for 
I!xample. (8) with magnesium amalgam suspended in thfin the 
presence of carbon monoxide (I atm) leads to a novel 
carhon-carbon coupling reaction and the formation (43% 
yiddl of the l1~-I.3-uiene complex (14) .± 
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~(4tUdi6; Les reactions photolytiques de [(n-C5H5)2 M02 (~-H) (J.I.-PMe2) (CO)4] avec des. alcynes ant 
Q C~3)a:.CS. Avec MeC == CMe le produit principal .est le complexe ~-vinylique [(n-CsH5)zM02{J.I.-a:n2-
~~lIpe8 FTli!HCH3} (J.I.-PMe2) (CO)a] qui a ete caracterise par diffraction des rayons X. Cel/e-ci montre que les 
~e"j ~lJr d thYle du ligand /.1-vinylique adoptent una orientation mutuel/ement trans, la longueur moyenne 
l1~ - ,CR' [~ux molecules independantes de la liaison Mo- Mo est de 3,056 (1) A. Les alkynes non symetriques 
PM sh'Mo {== Me, A' = H ou A = Et, A' = H] donnent un melange inseparable d'isomeres constitue de [(11-
~~)(CO ~-a : T'l2-C(A)=CHA'}(~-PMe2)(COhJ et de [(n C5H5)zModJ.l.-a:n2-C (A') =CHA} (/.1-
[( • PlelCes la! r:nai~ HC == .CH et PhC == CPh ne donnent pas d~ simple~ produits /.1-vinyliques. Chacun des 
~~ ,CS~8) -~ Vlnyhques cl-dessus est accompagne par une petite quantlte du complexe oxo correspondant 
'I~~efn'ent~- d ' ~z (0) (J.l-vinyl) (J.I.-PMe2) (CO)] et une faible qu~ntite d'un c~mp.lexe de ce genre est obten.u 
.~Yllea av ans la reaction avec I'acetylene lui-meme. Les dlffllrences qUI eXistent. entre les ,.~actions des 

~a) (Cote] [(T'I-C5H!5) M02 (~-H) (J.I.-PMe2) (CO)4] et les reactions correspondantes avec [Mnz (J.l-H) (J.I.-
~8 ,., 8 et avec [(n-C5H5) Mo Mn (J.I.-H) (~-PPh2) (CO)s] sont discutees. 
~ S:AACT.' _ _ . . 

. C(~ltcJ'Wi T~e photolytic reactions of [(n-C5Hs)z.M02 (~-H) (~-PMe2) (CO)4] With alkynes have been 
~, ~3) 'ltC th MeC == CMe the major product IS th~ J.1-vlnyl . complex [(n- C5Hs)z M02 {J.I.-a: n2-
~ 8how- .HCH~} (~-PMe2) (CO)a] which has been characterised by a smgle crystal X-ray diffraction study, 
~C d len: ~ha~ the methyl 9roups on the ~-vinyl ligand adopt a mutually trllns orientation; the Mo-Mo 
C(R'CR'[~ IS 3.056 (1) A (mean for two independent molecules). The unsymmetrical alkynes 
'~d ) ~CHA'===} Me, R' = H or R = Et, R' = H] give inseparable isomeric mixtures of [(T'I-CsHsh M02 {J.l-a: 112-
'Il1,Phc l;i C (~-PMe2) (CO)J] and [(T'I-C5Hs)2M02 {~-a: n2-C (A') =CHRl (J.I.-PMe2) (CO~3] but He == CH 
Of .Ir'lor Yield Ph do not give simple ~-vinyl products. Each of the above J:1-vmyl complexes IS accompanied' 'by 
~~ ~ch a c of the. corresponding oxo complex [(n-~5H5)2 Moz(~) (J.I.-vlnyl) (J.I.-PMe2) (CO» and a low yield 
~) ~r'le8 Wit~mple)( IS also obtained in the reaction With acetylene Itself. Differences between the reactions of 

.1t·PPh
2
) ([(T'I-CsHs) M02 (~-H) (J.I.-PMe2)iCO)4] and the corresponding ~eactions of alkynes with [Mn2 (J.l-

, COla] and with [(n-C5Hs) MoMn (~-H) (J.1-PPh2) (CO)s] are discussed. 

~ .~. ' 

(~p~ons f ' 
~oto ~).(CO) 0 the . dimanganese complex [Mnz (j.l-H) 
~ lYtic co~!~~) WIth a wide range of aIkynes under 
~I ~2 {It ~tJ~ns invariably lead to complexes of the 
~ I Or fi) I,;c· Tt -C(R) =CHR'H~-PPh2)(COhJ (R =aJkyL 
~1lI~t one ~. In addition, when the alkyne substrate has 
0bttj e~es of methyl or -x-methylene substituent. "J_allyl 
~t ll~ the f~he t~ [Mn 2 (J.I-PPh z)( "J-allyl)(COhJ are 
k~'t WIthin th rrn~tlon of which involves a 1,2 hydrogen 

11i,) MOM e hgand 2. The heterodimetallic complex 
~1'Ii nfl.l-H) (I.I-PPh 2)(CO)"J (2) j exhibits a M-

IQIJItI>4 

(erent pattern of reactivity. With acetylene itself the major 
product is [(,,-C,H,) MoMn f ~-a: ll·-CHCHCHICHPPbI}_ 
(CO).J, the formation of which involves the incorporation 
of two molecules of the alkyne 3, With alkynes having cx
methyl or a-methylene substituents (2) gives nJ-allyl com
plexes in which the allyl ligand is exclusively bonded to the 
manganese atom but ~-vinyl complexes. which are formed 
as major products in the reactions of these alkynes with (I) 
are not obtained 2. A further difference between (I) ~nd (2) 
is that whereas substituted allyl complexes obtained from ( I) 

"l I),. CH 
. EMISTRY. VOL. 12.101" 6-7-19HH. OJ9!1-9HJ6/XX ./l-7 559 06/$ 2.60/ © CNRS - Gaulhier- Vil/ars 
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are exclusively syn, those obtained from (2) exist as a mixture 
of syn and anti isomers 2. 

(1) (2) 

These variations in the reactivity towards alkynes of the 
dimanganese and molybdenum-manganese complexes sug
gested thar the study of a related dimolybdenum complex 
would be of interest. Such a complex, [('1-C5H,b M02 (Jl-H)
(Jl-PMel) (CO)4] (3), has been synthesised previously 4 and 
we now report the results of an investigation of the reaction 
of (3) with alkynes under photolytic conditions. 

Results and discussion 

Reactions of (3) with :.ieC == CH, MeC == CMe and 
EtC == CH under photolysis give, as the major products, the 
orange Jl-vinyl complexes [('1-C5H5b M02 {Jl-a : '1l-C (R 1)
=CHR J }(Jl-PMe2)(COh] (4) the proposed structures of 
which are shown in the Scheme. The symmetrical alkyne 
MeC == CMe gives only one such complex, (4c), but the two 
unsymmetrical alkynes gives isomeric mixtures of products 
corresponding to the two alternative modes of insertion into 
the metal-hydrogen bond. In addition to the Jl-vinyl com
plexes low yields of red products are obtained in each case. 
These have not been fully characterised but they have been 
identified from their spcctroscopic properties as the oxo com
plexes [('1-C,H-,h MOl (OH Jl-a : '12-C(R I) =CHR J } (CO)] 

MeCs:CH 

MeCS:CMe 

EtCECH 

ComQlex 

~ (4..0) R',. Me . Rl= H 

l (4..b) R': H . ~= Me 

(4..c) R' = Rl = Me 

~(4..d) R' :Et.R':H 

l (4..e) R': H • R3= Et 

• see ref 5 and text 

Scheme 1 

(5) (Scheme,. The proposed structures for these complex.;' 
are based on that of an analogous complex (50 (R 1 :=P, 

R J = Ph; R 4 = Ph) which is formed in very low yield on 
reaction of [('1-C,H,b M02 (CO)4] with Ph j P=CH2 and h~ 
previously been characterised by an X-ray diffraction study . 

Reaction of ClHz with (3) does not give a Jl-vinyl com~lex 
analogous to that obtained with (1) or a double insertIon . 
product analogous to that obtained with the molybdenum-
manganese complex. (2). Instead there is significant deco~- . 
position and only the oxo complex (5 g) (R 1 :=: R J:=: ':'; 

R 4 = Me) could be isolated from the reaction mixture. agatO 
in low yield. No significant reaction took place between 
PhC == CPh and (3); unreacted (3) was recovered in ncat 
quantitative yield after photolysis of the reaction mixture for 
1.5 h. 

The structure of the Jl-vinyl complex (4c) has ~n 
determined by a single crystal X-ray diffraction studY. ihe 
crystallographic unit cell contains two independent moleculf, 
(A) and (B). Equivalent views onto the Mo (1). Mo (2). P ( b 
plane of (A) and (B) are shown in Figures 1 a and 1 
respectively. Selccted bond lengths are in Table I a and inte~
bond angles in Table I b. Atomic coordinates are given In 
Table 11. 

The structures of molecules (A) and (B) are very si~i1arj 
differing mainly in a slight rotation of the cyc1opentadie~~ 
ring ' bonded to Mo (1). The vinyl group in' each molecule IS 
linked to Mo (1) via a It-bond [mean Mo (1) - C (2) 2.0a8. (9) 
and mean Mo (I)-C (3) 2.328 (l2)A], and to Mo (2) VIa a 
a -bond [means Mo (2)-C (2) 2.325 (9) A]. ) 

The mean dihedral angle between the Mo(1)-Mo(2)-P.(l) 
plane and the Mo(1)-Mo(2)-C(2) plane is 135.4°, WhICh 
is considerably larger than the value of 124.7° found for the 
comparable angle in [¥nz {Jl-a : '12-CH .Cf{l} (I'" 
PPh2) (COh] I. The Jl-vinyl ligand is thus more nearly tTans 

MeC=CMe 

EtC=CH 

HC=CH 

Comp-Iex 

~ (SF) R': Me. R3: H . ~: Me 

~ (S,!» R' = H • R3= M~. Ft= Me 

(55) R'=~=Me. Ft=Me 

~ (Sd) R'::ICHaH\1e~~::IH . ~::IMe 
? (Se) R'=H .~aCHaHbMe~R'~M. 

(50' R' = H. Ft= Ph • R4
,. Ph 

(5g) R' : R3= H • R':Me 

NEW JOURNAL 0 1' CHEMISTRY. VOL. 12. 1'1" 6-7_198
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~ (a) (h) . 

(8); 1. - Molecular structure of (4c) showing the atom numbering scheme for the two independent molecules (a) molecule (A). (b) molecule 

r"" . 
~Ol~(a). - Selected bond lengths (A) for the two independent 
(CO) 1 (ea of [('l-C,H,h MOl {J.L-a: 'll.C(Me) -CHMe} (J.L-PMel) 

~ ------------------------------
~ Molecule (A) Molecule (B) 

!.to ~I)-Mo (2) 3.052 (I) 3.060 (1) 
l.i

o 
1I)_p(1) 2.294 (3) 2.306 (3) 

l.io d)r C (2) 2.097 (9) 2.080 (9) 
!.to (1)-c (3) 2.328 (12) 2.327 (\1) 
!.to::)-C(I6) 1.925 (13) 1.910 (11) 

!.to (2:'=;~.{lJIean) 2.344 (14) 2.34 (2) 
!.to (2 '~ (1) 2.509 (3) 2.521 (2) 
!.to( )-C (2a) 2.329 (9) 2.321 (10) 
!.to ~,-C (26) 1.907 (12) 1.958 (11) 
!.t/2), C (27) 1.938 (12) 1.953 (10) ~ 12) ... C - . 

H) ' P (mean) . 2.358 (11) 2.365 (11) 
~llrC (31) : . 1.86 (2) 1.839 (13) 
C( ~C (32) 1.87 (2) 1.85 (2) I) - . ' -
C(2) -c; (2) 1.59 (2) 1.54 (2) 
tu -:: C (3) . 1.37 (2) 1.388 (13) 
C I/;:'C (4) . 1.48 (2) 1.493 (IS) 
t 6)~O(l6) 

1.17 (2) 1.159 (13) d26)-O(26) 1.191 (16) 1.131 (13) 
~7) 1.1721lS) 1.149 (12) 

to lh" .. . 
~lIa ~oPhosPhjdo bridge in the M02 complex than in the 

1'b ' , I1lplex. 
. e· Vi 

t~Peri'nt nyl . bond lengths C (2) -C (3) are equal within 
~ the ental error for the two independent molecules of (4c) 
~Olllthe mean value of 1.38 (2) A is not significantly different 

OIl .Stud value of 1.396 (4) A observed in the neutron diffrac-
~hYlg/ o( [Os 3 (I1-H)(I1-a: Tl 1-CH""CH2)(CO)IO) 6. The 
~ toO~ on the 11-.vinylligand adopt a trans orientation. 
'''''0 : 'Ill ~ at of the related bridging ligand in [Rh2 (I1-H)-I QrRIiooM~) ,~R)-CHR} {P(O-j-CJH7h}~)(R".CflH~-p-Me 

, 3 l'lie relat' I b,OS~(I)A t ely I .o~g mean Mo-Mo bond distance of 
~Qllds 8 b n .( 4c) IS 10 the range observed for Mo-Mo single 
! 'Ut t . . e Prec I IS ca. 0.2 A shorter than that found in either 

Ursor molecule [(Tl-C5H,h M02 (~-H)(~-PMe ~ ) . 
. ~~~ 

lOUR", 
ALOFCHEMISTRY. VfJL, 12. N" 6.7- 1988 

Table I (b). - Selected bond angles for the two independent 
molecules of [('l·C,H,h MOl {J.L-a: 'l2.C(Me)-=CHMe}(J.L-PMe2)

(CO)Jl(4c:). 

Molecule (A) Molecule (B) 

P(I)-Mo (I)-Mo (2) 53.7 (1) 53.8 (I) 
C (2)-Mo (I)-Mo (29) 49.7 (2) 49.3 (3) 
C (2)-Mo (1) -P (I) 97.6 (2) 97.8 (3) 
C (3)-Mo (I)-C (2) 35.4 (4) 36.2 (3) 
C (l6)-Mo (I)-Mo (2) 111.8 (3) 114.9 (3) 
C (l6)-Mo (1)-PO) 80.3 (4) 84.3 (4) 
C (16)-Mo (l)-C (2) 102.5 (4) 103.5 (4) 
C (16) -Mo (I) -C (3) 69.0 (5) 68.3 (4) 
P(I)-Mo (2)-Mo (I) 47.5 (1) 47.6 (1) 
C (2)-Mo (2)-Mo 0) 43.3 (2) 42.8 (2) 
C (2)-Mo (2)-P(I) 86.1 (2) 86.1 (2) 
C (26)-Mo (2)-Mo (I) 113.4 (4) 113.8 (3) 
C (26)-Mo (2)-P (\) 73.8 (4) 73.1 (3) 
C (26)-Mo (2)-C (2) 120.9 (5) 123.7(4) 
C (27)-Mo (2)-Mo (I) 105.1 (4) 123.0 (3) 
C (27) - Mo (2) - P (1) 120.7 (4) .120.2 (3) 
C (27)-Mo (2)-C (2) 67.0 (4) 68.1 (4) 
C (27)-Mo (2)-C (26) 77.0 (5) 78.5 (4) 
Mo (2)-P (I)-Mo (I) 78.8 (I) 78.5 (I) 

C (31)-P(I)-Mo (I) 122.0 (6) 122.0 (6) 
C (31)-P(I)-Mo (2) 120.8 (5) 121.2 (4) 
C (32)-P(I)-Mo (I) 123.9 (4) 125.2 (5) 
C (32)-P(I)-Mo (2) 111.1 (5) 108.8 (4) 
C (32)-P(l)-C (31) 1()().4 (8) 1()().7 (7) 
Mo (2)-C (2)-Mo (I) 87.0 (3) 88.0 (4) 
C (l)-C (2)-Mo (I) 125.4 (6) 126.1 (7) 
C (I) -C (2)-Mo (2) 113.6 (7) 114.8 (7) 
C (3) -C (2) - Mo (1) 81.6 (6) 81.6 (6) 
C (3) -C (2) - Mo (2) 126.2 (7) 124.0 (7) 
C (3)-C (2)-C (I) 116. (1) 116 (1) 

C (2)-C (3)-Mo (I) 63.0 (6) 62.2 (5) 
C (4)-C (3)-Mo (I) 125 (I) 123.6 (8) 
C (4) -C (3) - C (2) 128 (1) 129 (I) 
o (l6)-C (I6)-Mo (I) 179 (1) 175.6 (9) 
o (26)-C (26)-Mo (2) 175 (J) m.1 (8) 
o (27) -C (27) - Mo (2) 174 (I) 174.7 (8) 



562 O. CONOLE et al. 

Atom :c y : 

Mo/la) 0.18568/5) 0.23031 (6) -0.02352 (5) 
Mo (2a) 0.09541 (5) 0.14707 (6) -0.18799 (5) 
P(1 a) 0.1497 (2) 0.3077 (2) -0.1455 (2) 
C (la) 0.1076 (8) 0.0205 (9) -0.0240 (9) 
C (2a) 0.0950 (5) 0.1256 (6) -0.0531 (5) 
C (3a) 0.0576 (7) 0.1821 (8) -0.0093 (8) 
C(4a) -0.0212 (9) 0.2343 (13) -0.0382 (11) 
C (31a) 0.0788 (11) 0.4101 (11) -0.1634 (11) 
C (32a) 0.2255 (9) 0.3453 (9) -0.2014 (9) 
C (16a) 0.1255 (7) 0.3336 (9) 0.0050 (7) 
o (l61l) 0.0899 (6) 0.3972 (6) 0.0216 (6) 
C (26a) 0.0201 (8) 0.2319 (9) -0.2564 (8) 
o (26a) -0.0290 (6) 0.2797 (7) -0.3026 (6) 
C /27a) -0.0114 (7) 0.1074 (8) -0.1763 (7) 
O(27a) -0.0763 (5) 0.0779 (6) -0.1747 (6) 
C /11 a) 0.3239 (8) 0.1941/14) -0.0177 (8) 
C /12 a) 0.2960 (9) 0.1229 (9) 0.0221 (13) 
C (13a) 0.2793/8) 0.1619 (16) 0.0894 (10) 
C (14a) 0.2984 (9) 0.2541 (14) 0.0899/10) 
C(l5a) 0.3237 (8) 0.2734 (10) 0.0259/11) 
C (21 a) 0.1229 (7) -0.0041 (7) -0.2261 (7) 
C (22a) 0.2002 (7) 0.0287 (7) - 0.1769 (7) 
C (23a) 0.2229 (6) 0.1057 (7) - 0.2167 (7) 
C (24a) 0.1641 (7) 0.1204 (7) -0.2882 (7) 
C (25a) 0.0981 (6) 0.0525 (7) -0.2964/6) 

(CO)4J (3) 8 or [('1-C5H5hMo2(!l-H)(!l-PMe2)(CO)3-
P(OMehJ 9, where bridging hydride Iigands are present. 
Although (4c) obeys- the l8-electron rule overall, assuming a 
single. non-dative Mo - Mo bond. Mo (1) is electron poor 
and Mo (2) is electron rich. The electron imbalance is 
reflected in the asymmetric bridging of the Mo - Mo bond 
by the phosphido· ligand. The Mo (1) - P distance is ca. 
0.21 A shorter than the Mo (2) - P distance, implying that 
the stronger bond is to the electron-poor metal atom. This 
compares with a difference in M - P bond distance of ca. 
0. 11 A in [Mn2 {!l-a : ,,2-CH =CH2} (!l-PPh2) (COhJ land 
of only 0.02A in (3) . 

The cyclopentadienyl Iigands in molecules (A) and (B) 
adopt a relative cis orientation with respect to the Mo - Mo 
axis. The mean Mo-C (cyclopentadienyl ligand) distances 
for Mo (1) and Mo (2) are equal within experimental error 
[mean for Mo (I) 2.34 (2) and for Mo (2) 2.36 (I) Al. 

The Mo (2) -C (26) distance in molecule (A) of 
1.907 (12) A is shorter than the corresponding distance of 
1.958 (11) A in molecule (B). Although this difference is of 
low significance it may be related to the difference in the 
C (2) - Mo (2) -C (26) angles in the two molecules 
[120.9 (5)0 for (A) and 123.7 (4)0 for (8)). The larger angle 
corresponds to the greater Mo (2) -C (26) distance. and is 
therefore connected with the known high trans influence of 
a-bonded C-atoms. The carbonyl ligands in molecules (A) 
and (B) are all essentially linear. 

1 H NMR spectra of the complexes (4) suggest that they 
all possess in solution the structure found for (4c) in the 
solid state. Thus the spectrum of (4c) exhibits a singlet 
resonance at 62.98 and a doublet at i:i 0.48 which may be 
assigned to Me l and MeJ respectively on the Il-vinyl ligand. 
The doublet is coupled to a quartet at 03.23 which may 
therefore be assigned to Hl. The presence of two equal 
t.:yclopentadienyl rcsonances and two P-Me r~sonances indi-

Atom x y 
z _____ 

Mo (l b) 0.67791 (5) 0.19047 (6) 0.44989 (5) 

Mo (2b) 0.56323 (5) 0.18763 (5) 0.27688 (5) -
P(1 b) 0.7042/1) 0.2588 (2) 0.3373 (2) 

C (1 b) 0.4920 (8) 0.1119 (9) 0.4257 (9) 

C (2b) 0.5491 (5) 0.1881 (6) 0.4082 (5) 

C (3 b) 0.5575 (6) 0.2672 (7) 0.4566 (7) 

C(4b) 0.5390 (8) 0.3665 (7) 0.4319 (8) 

C (31 b) 0.7212 (9) 0.3851 (9) 0.3315 (10) 

C (32b) 0.7767 (7) 0.2135 (10) 0.2824 (9) 

C (16b) 0.7012 (6) 0.3118 (8) 0.4967 (6) 

o (l6b) 0.7187 (5) 0.3828 (6) 0.5294 (5) 

C (26b) 0.5688 (6) 0.3010 (7) 0.2147 (6) 

o (26b) 0.5669 (5) 0.3645 (5) 0.1750 (5) 

C (27b) 0.4632 (6) 0.2533 (7) 0.2838 (6) 

O(27b) 0.4012 (4) 0.2887 (5) 0.2823 (5) 

C (11 b) 0.7290 (14) 0.0350 (10) 0.4565 (9) 

C(12b) 0.6793 (9) 0.0415 (12) 0.5087 (18) 

C (13b) 0.7204 (17) 0.1029 (16) 0.5662 (12) 

C (14 b) 0.7898 (14) 0.1337 (12) 0.5505 (11) 

C (15b) 0.7945 (9) 0.0939 (14) 0.4836 (11) 

C (21 b) 0.4841 (8) 0.0575 (8) 0.2208 (8) 

C (22b) 0.5570 (8) 0.0189 (7) 0.2723 (8) 

C (23 b) 0.6243 (7) 0.0470 (7) 0.2427 (7) 

C (24b) 0.5920 (7) 0.0998 (8) 0.1719 (7) 

C (25 b) 0.5032 (8) 0.1070 (8) 0.1580~ 

. ·on. III 
cate the presence of only one isomer of (4c) tn solu~ frolll 
contrast. the 1 H NMR spectra of the major produCts sets 
reaction of (3) with MeC50CH and EtC50CH sho~t:-"°lJlers 
of resonances due to the presence in solution of ~wo'ISPScbe. 
in each case i. e. (4a)/(4b) and (4d)/(4e) respecUvel.~k tbe 
me). In the spectrum of the product from MeC s . blet at 
more intense set of Il-vinyl resonances. a double dOUblet of 
09.02 (HI), a double quartet at 04.07 (H2) an~ a dou coJ1\~ 
relative intensity 3 at 00.67 (Me3), may be asSIgned to 1'bt •. 
plex (4 b) with a methyl group on the ~-vinyl carbo~, anO 
less intense set of resonances, singlets at 02.92 (H ~Mel ~ 
00.40 (H 3) and a singlet of relative intensity 3 at .5 3.05 is 011 
may be assigned to (4a), in which the methyl groUp .(4 b) 
the ex-vinyl carbon. The ratio of the two isomers (4')~ctiOIl 
is ca. 2: 5. In contrast, the analogous products fro~ re ratio 
of (3) with EtC = CH. (4d) and (4e). are prescn.t In ~ t;'iiti 
of ca. 5 : 1. The increase in the proportion of the Is~rn goif\J 
the alkyl group (Me or Et) on the ex-vinyl carbon, on sterie; 
from RI = Me to RI = Et. may be due to the larger 'te 011 
bulk of the ethyl group favouring the less crowded. ~lJleriC 
the ex-vinyl carbon. Repeated recrystallisation ~f the IStallised 
mixture of (4d) +(4e) yielded pure (4d) which crys. , 
out preferentially, leaving (4e) in solution. J( '~aJsO 

The 13CO-{'H} NMR spectrum of (4a) at ~43. to . tbe 
consistent with a solution structure for (4a) siJJ1l~ared ona ' 
solid state structure of (4c). The spectrum. obtaUl eaeU0II 
sample of (4 a) uncontaminated with (4 b) [f~om th~ rws ,be 
of allenc with (3)10 see experimental section], 5 ne tWO . 
expected three equal intensity carbonyl resonanccs

be 
siltglet · . 

doublet resonances [lJ(PC) 24.2. 23.3 HzJ and t ,udY bY 
may be assigned respectively, on the basis ~f the ~e pyra' 
Todd et al. of l I p_1 lC coupling constants I~ Sque1a!ive to 
midal molybdenum complexes 11 , to two c/3 (r , 
PPh2) and one tram carbonyl. ' • 'd (~." 

Each of the minor red products. (SaHSe) ana single 
obtained in the reactions of (3) with alkynes shoWS 
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:rared V 1 CO) absorption band, indicating the likely pre
~ce of one carbonyl group_ Further. the mass spectrum of 
CO h of the complexes exhibits a parent molecular ion peak 
rr~ponding to the proposed formula. The 1 H NMR spec
~ for each complex indicates the presence of a J.1-vinyl 
co&an~ but it is not possible to determine from the 1 H - 1 H 
su~~~lng co~stants whether R J. when this group is an alkyl 
(Sa) tituent. IS eis or tram to R 1_ The fact that (5aH5e) a.nd 
Ih are formed on irradiation of the complexes (4) in which 
re: P-SUbstituent. if present. adopts a tram orientation with 
Po ~ to RI suggests that the Il-vinyl groups in the corres
~~ng oxo complexes have a similar orientation. In con
tio 1, the X -ray study on (S 0 revealed a relative cis orienta
tyc~ for RI and R 3. ' The X-ray study also showed that the 
but °Pcntadienyl groups in (S 0 are trans in the solid state. 
ahow~though the 1HNMR spectra of (5a)-(Se) and (Sg) 
dien In each case only two resonances due to the cyclopenta
Sol ~I gr~ups. indicating the presence of only one isomer in 
~:on. I~. is impossible to deduce whether this has a cis or 

Configuration. 

th;n~ above results show that the pattern of reactivity of 
Icv dunolybdenum complex (3) towards alkynes differs in 
Co~ral respects from that of either the dimanganese 
l'b Plex 0) or the molybdenum-manganese complex (2). 
re:. Whereas allyl complexes are the major products of the 
il'lll:ons of (1) and (2) with alkynes containing 
1I0t ;~YI ~r ex-methylene substituent.s. such complexes are 
IlICCh Ou.nd In the reactions of (3) with these alkynes. The 
rOflll ~Stn which has been put forward to account for the 
illv latlon of allyl products in reactions with (1) and (2) 
of ~ Ves the oxidative addition of a C - H bond across one 
lIId tC.llletal centres. with concomitant loss of a CO ligand. 
rath hiS pr.esumably takes place more easily at a manganese 
Pou er than at a molybdenum centre in this type of co m
tio~d. ~ertainly (2) reacts readily under photolytic condi
PPb With P(OMeh to give [('l-C,H,) MoMn (Il-H) (Il
beenl ) (CO), P(OMeh]. in which the organophosphite has 
on t~h~wn by an X-ray study to have displaced a CO ligand 
COItl C manganese rather than the molybdenum atom 12. 
Pltll Plcltcs' (1) and~. (3) [but not (2)] both give Il-vinyl Com
a.Jt.y CS as Illajor . products of their reactions with various 
10' t~cs, bllt the stereochemistry of these products is sensitive 
on [M metal combination employed. Thus an X-ray study 
Show n2 {J,l-a: 'll-CCPh)=CHPh} (Il-PPh2) (CO)6 (CNBu'») 
a rei: }hat t.he t~o phenyl groups on the Il-vinyllig~nd adopt 

, PrOd ti,.ve elS onentation. and further X-ray studies on the 
{Il-C~'~ of reaction of 2-electron donor Iigands with [Mnl
t~ )=CHPh} (J.1-PPh2) (CO),] indicate a similar stereo
&tou try for this latter compound ll. In contrast the methyl 
atio:s o~ the vinyl ligand in C 4 c) take up a tram configur-

. &reat' ,This difference in stereochemistry may be related to 
it hase~ Steric crowding in the dimolybdenum system although 
cOlllpI cen noted previously that. even in mononuclear vinyl 

' tn~ exes. eis/tram stereochemistry shows a delicate depend
Ii&an~n the identity of the metal. oxidation state. auxilIary 
!hc f and ~he nature of the substituents on the alkyne 14. 

III th~~~ors Involved in determining Il-vinyl stereochemistry 
Plcll. Inuclear systems are expected to be even more co m-

'the I k 
Sttric ae of reaction of (l) with PhC=CPh may be due to I canno~OWding in the insertion step but the same explanation 

~. PrOQu aCCOunt for the failure to isolate a simple Il-vinyl 
il rapi~t In the reaction of (I) with acetylene itself. Certainly 
CoIllPo reaction takes place and it seems likely that all-vinyl 

und IS farmed in the first instance but that the facile 
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insertion of a second molecule of acetylene into the Mo - C 
a-bond gives more complex products which are not stable 
under the conditions of the reaction. Such a double insertion 
has been observed in the reaction of acetylene with (2) I'. 
and carbon-carbon bond forming reactions involving the 
coupling of alkynes at a dimolybdenum centre are well 
known 16. Similar double insertions have been observed for 
complexes of other metals 17. 

The formation of the red oxo products. C5a)-(5e) and (Sg). 
in the reactions of (3) with alkynes probably arises via the 
decomposition of the initially formed Il-vinyl complexes (4). 
In accord with this suggestion (4 aH 4 e) do decompose under 
UV irradiation to give low yields of (S a)-{S e). Traces of 
atmospheric oxygen are presumably the source of the oxo 
ligand. Indeed in a related study we have shown that 
[('l-C,H,h MOl CJ.L-PPh2h(COhl is quantitatively oxidised 
by air to [C'l-C,H,h MOl (Il-PPh 2h (0) CO] 18. 

Experimental 

Details of experimental procedures and of the instrumentation 
used to obtain spectroscopic data have been given in Part I of this 
series 9 . The complex [(TJ·C,H')l MOl IIl-H)(Il-PMel)(CO)J (3) was 
prepared by the literature method 4 . All other reagents were obtained 
from the usual commercial suppliers and used without further purifi
cation. 

REACTIONS OF ALKYNES WITH (3) 

a) With MeCECH. - Complex (3) (0.2g, 0.4mmol) Was dissolved 
in 30: 1 hexane: benzene I SO mL) and irradiated with UV light 
lHanovia 125 w medium pressure lamp) for 1.25 h in the presence 
of MeC = CH (excess. bubbled slowly into solution). The solvent 
was removed on a rotary evaporator and the residue. after being 
dissolved in the minimum of CH1CI1• was applied to the base of t.l.c. 
plates. Elution with hexane: ethyl acetate (19: 1) and evaporation of 
the solvent gave unreacted (3) 10.045 g. 23 'Y.,). an inseparable mix· 
ture of orange [(TJ-C,H,h MOl {Il-a: TJ1-C(Me)-CH1} (Il-PMel)
(COh) (4 a) and ((TJ-C,H,h MOl {Il-a: TJ1.CH-CHMe} (Il-PMel)' 
(COIl] (4 b) (combined yield 0.105 g. 52~~). red [(TJ-C,H,hMo1IO)-
111'0: TJ1-CIMe)-CH 1) (Il-PMel) (CO») (S a) (0.005 g) and red 
(ITJ-C,H')l MolIO) {Il.a: TJ1.CH-CHMe} (Il-PMel) (CO») (S b) 
(0.005 g) Isomeric mixture of (4 a) and (4 b) mass spectrum m /e 
508 IM·). M·-nCO (n= 1-3); vmll(CO)(n-hexane) at 19541, 19495. 
18845.18745,18685 cm-I. NMR(IH. CDCIl) (Ratio (4a) : (4b). 
2: 5) (4a) 05.17 [5. 5 H. C,H,]. 5.11 [5. 5 H. C,H,). 3.05[1, 3 H. Me']. 
2.92(s.IH. Hl). 1.98 (d. lJ(PH)9.1. 3H.PMt"MeB). 1.80 (d. 
2J(PH) 9.7. 3 H. PMe"Me8 ), 0.40[5. 1 H. Hl); (4b) ~9.02(dd, J Il 8.3. 
lJ(PH) 2.0. 1 H. HI). 5.20(5. S.H. C,H,). S.10[s. SH. C,H,). 
4.07 (dqd. ]2]5.9. J](PH) 1.0. IH. Hl). 1.98 (d. lJ(PH) 9.0. 3H. 
PMt"Me8). J.70(d. lJ(PH)9.8. 3H. PMe"MeB]. 0.67[d, 3H. Mel ). 
Complex (Sa): mass spectrum mle468(M+), M+·CO; v .... (CO)(n. 
hexane) at 1863 cm-I. NMRI·1H. CDCJl) ~.5.63(d, lJ(PH)0.7. 5H • 
C,H,). 4.85(d. l](PH) 1.1. SH. C,H,). 2.96(1, IH. Hl] i71(s, 3H. 
Me'). 2.24(5.1 H. HlJ. 2.0S(d. · Z](PH1.10.8. 3H. PMt"MeB]. 1.80[d. 
lJ(PH) 9.7. 3 H. PMe"Mel'}. Complex (5b): mall spcc:trum: 
m/e468IM+). M·-CO; V .... (CO)(n-hexane) at 1878 cm-I. 

NMR('H. CDCI3) o8.13(d. J I1 9.2. lit Hi~ 5.49(d, lJ (PH) 0.9. 
SH. C,H,]. 4.76 (d. lJ(PH) 1.2. 5H. C,H,). 3.17(ddd. J 23 6.1. 
lJ(PH) 0.6. 1 H. H1J. 2.07 (d. zJ(PH)2.o. 3H. PMt"MeB]. 1.94 (d. 
2J(PH) 1.0. 3 H. PMeAMe8 ). 1.80(d. 3 H. Mel ). 

b) Wilh MeC_CMe. - (n an analogoul procedure to that in (a) 
above a solution of complex (3) (0.2 g, 0.4 mmol) in 30: 1 
henne: benzene 150 mL) was photolysed with MeC. CMe (large 
\!xcess). Separation by t.l.c. as in la) gave unreacted (3) 10.04 g, 
20'!~) orange crystalline (4c:110.102 g, 49";':) and red ISe) (0.005 gl. 
Complex 14c:1 (Found: C.43.0; H.4.3; P. S.1. C'9HuMoz03P requi
res c..n. 7; H. 4.4; P. 5.9"1.,) : mass speclrum 522 (M· I. M· • 
IICO(nos 1-3); vonl.(COlln-hexanel at 1 946 s. 1 87h. 18705. 
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NMRttH. CDCI 3} 55.23[s. 5H. C,H,j, 5.09[5. 5H. C,H,j, 3.23[q. 
123 6.1. I H. Hl). 2.98[5, 3H, Me l ). 1.94(d, 11(PH)8.9, 3H. PMe
AMeBJ. 1.66[d, ll(PH) 9.7. 3H, PMeAMeB'j, 0.48[d, 3H, Me'j. 
Complex (Se) mass spectrum: 482(M"}, Moo-CO; v .... (CO)(n-hex
ane) at 1859 cm-I. NMR(IH, COO,} 115.17(<1; lJ(PH) 0.6, 5H, 
C,H,). 4.92(d, 3](PH) 1.4, 5H, C,H,j, 3.20 Id, 4J(PH) 0.9, 3H, 
Me' ), 2.10(d, l](PH) 10.1, 3 H. PMeAMeBJ. 2.01 (d, lJ(PH) 10.8, 3 H. 
PMeAMeB'j. 1.84[obscured, Hl). 1.74[d,113 6.3, 3H, Me' ). 

cl With EtCl'JICH. - In an anaJogous procedure to that in (a) above 
a solution of (3) (0.2 g, 0.4 mmol) was photolysed with EtC == CH 
(large excess). Separation by t.l.c. as in (a) gave unreacted (3) (0.06 g, 
30"1.), an inseparable mixture of orange (4d) and (4e) (combined 
yield 0.085 g, 41%), red (5d) (0.002 g) and red (Se) (0.002 g). Iso
meric mixture of (4d) and (4e) (Found: C.43.2; H,4.5; P,6.5 
CI9H13Moz03P requires C.43.7; H,4.4; P,5.9%): mass spectrum 
m/e522(M·). M·-nCO(n-I.2); v ..... (CO)(n-hexane) at 19535. 
19505, 18845, 18825, 18735, 18655 cm-I. NMR('H, CD03) 
(Ratio (4d):(4e). 5: I) (4d) 115.17[5, 5H, C,H,).5.09[s, 5H, C,H,), 
3.30[dq. J •• 14.0. J", 7.3, 1 H, H"J, 3.05 [5, 1 H. W), 2.82[dq. 11>< 7.3. 
1H. H~. 1.98 [d. 11(PH)9.I, 3H. PMeAMeB). 1.81 [d. lJ(PH) 9.6. 
3H. PMeAMeBI. 1.66(1, 3H, Me'l, 0.42(5, 3H, HJ): (4e) 11 9.30 (dd, 
J 11 8.3, J](PH)2.2, IH. HI). S.20[s, SH, C,H,I. 5.09(5, SH. C,H,), 
1.98 [d, 3 H, PMeAMeB), 1.81 (d, 3 H, PMeAMeB), 1.00[t, 1",7.2, 3 H. 
Me']. Complex (5d): mass spectrum m/e482(M·). M· -CO; 
V ..... (CO)(n-hexane) at 1862 cm-I. NMR(IH, CD03). 115.21 [d, 
31(PH) 0.7, SH, C,H,). 4.94(d, 3J(PH) 1.6. SH. C,H,I. 3.20 [dq. 

. 1 •• 18.9. 1",7.4 •. I H. H"J, 3.15[5, 1 H. Wl. 2.53 [dq. 11>< 7.4. I H. 
H~. 2.14[d, 11(PH) 10. 1, 3H. PMeAMeB). 2.06[d, lJ(PH) 10.5. 3H. 
PMeAMeBI. 2.00[s. 1 H. H3). 1.90[t, 3 H. Me<]. Complex (Se): mass 
spectrum m/e482(M·). M·-CO; V ..... (CO) at 1879 cm-I . 
NMR(IH, CD03)1I8.17[d, 112 9.1. IH, HII. S.48[d, ll(PH) 0.8. 
5H, C,H,j. 4.74[d, Jl(PH) 1.1. 5H. C,H,). 3.05 [dt, 11.6.6. J lb 6. I, 
IH. Hl). 2.11[dq, 1 •• 13.3. 1 .. 7.3. IH"J. 2.02 [d. 11(PH) 1.7. 3H. 
PMeAMeB). 1.98[5.3 H, PMeAMeB). 1.66[dq. I;' 7.3. I H. H~. 1.22[t. 
3H. Me<]. 

cl) With C1H1• - In an anaJogous procedure to that in (a) above a 
solution of (3) (0.2 g, 0.4 mmol) was photolysed with C1H1 (large 
excess bubbled through solution) to give a cloudy brown solution. 
The only pr9duct isolated in significant yield was (Sg) . 
Complex (Sa): mass spectrum mie4S4(M"'), MOO-CO; v", .. (CO)(n
hexane) at 1863 cm-I . NMR(IH, CDCI3} 119.04(ddd,11J9.9.112 8.7, 
'I(PH) 1.5. IH. HI). 5.19[5. SH. C,H,j. 4.93(d, 31(PH)1.5. 5H. 
C,H,). 3.48[dd, 31(PH) 1.0. I H, Hl). 2. 14(d. lJ(PH) 10.1. 3H. PMe
AMeB). 2.03[d. 11(PH) 10.7. 3H. PMeAMeB). 1.53(d. I H. HJ). 

REACTION OF ALLENE WITH (3) 

Complex (3) (0.2 g, 0.4 mmol) was dissolved in I: I hex
ane: benzene (60 mL) and a small excess (ca. x 2) of allene was 
bubbled into the solution. After UV irradiation for 3 h. the solvent 
was removed on a rotary evaporator and the residue redissolved in 
the minimum of CH1Clz' Column chromatography ( 10 x 1.5 cm) on 
F10risil (60-100 mesh I using 3:1 hexane:CH2Clz as eluant gave 
unreacted (3) (0.12 g, 6O"/J. The remaining products were separated 
by t.l.e. using hexane: ethylacetate (9: 1) as eluant to give (4., 
(O.04S g, 22"1.) and red (C,H,lzM02(j.1-PMez}(l'\J-C3H,}(CO)3)18 
together with 0.005 g combined yield of at least three other products: 
Complex (4.) (Found: C.42.1; H.4.4. C U H21 Mo Z0 3P requires 
C,42.5; H.4.1 %) v ..... (CO}(n-hexane) at 19495. 18845. 1874 cm-I. 
NMR (IH spectrum already given under (a) above): 13C(CDzClz, 
243 K) 11 239.5 [5, I CO (trans,), 238.6(d, 11(PC) 24.2 I CO (cis)). 
236.8(d, 1](PC)23.3,ICO(cis)) 169.9(d, l1(PC) 8.9. C(Me)CHz). 
92.8 [5, C,H,), 92.4(5, C,H,I. S1.6[5. C(Me) CHz). 42.6[s. 
C( Me)CH z). 30.9 [d, IJ(PC) 15.2, PMeAMeB). 24.6[d, I J(PC) 30.6, 
PMeAMeB). 

X·RAY SINGLE CRYSTAL STRUCTURE ANALYSIS OF (4e) 

Crystals of (4 c) were grown by slow evaporation of hex' 
ane/CH20 2 solution. 

Crystal data for [Moz (C4H 7) (j.1~PMez) (COl, (C,H,)J (~c)!. 
- CI9Hz3Moz03P, M=S22.16, Monoclinic, a_16.742(. I 

b= 14.331 (3), c= 17.100(3) A, 13-105. 70(2}· (by least squares refl;:! 
ment on diffractometer angles for 25 automatically cent 8 
reflections) 19. V-3949.75A3. space group P21/C (No. 14), Z"~ 
Dc=1.756gcm- J

• A burgund~ red crystal of 5 O. 
0.17 x 0.21 x 0.23 mm, j.1(Mo-KJ =012.24 cm-I. F(OOO)_208., 
Blocked full matrix refinement of the atomic parameters, (anisotr~:. 
thermal parameter for all non-hydrogen atoms), using 4875 re r 
tions with I> 3 a (I). (3 < 6 < 2S0) lead to a satisfactory final value 0 

R=0.OS91 and Rw=O.0606. 
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Abstract 

An X-ray diffracticn study has ccnfirmed that reacticn cf [Ru ~ C(CO)lS] (1) with 
an excess pyridine gives an equimclar mixture ef two. isemers ef [HRu sC(CO)14-
(CSH4N») (2a and 2b) that differ cnly in the crientaticn ef a bridging ligand. alcng 
with a third mincr prcduct [HRusC(CO)13(CsH4N)(CsHsN)] (3); la and 2b 
undergo. quantitative thermal decarbenylatien to. give the same unstable product 
[HRi.! S C(CO) 13(CS H4 N)] (4). which can be recarbcnylated quantitatively under 
mild ccnditiens to. regenerate equal prcpcrtiens ef the isemers 2a and 2b. 

Metal cluster isemers are relatively rare in the sclid state but several have new 
been structurally characterised. These have previcusly invclved different sites fer 
hydride er ether menodentate ligands [1-3). alternative metal framewerk pclyhedra 
(3). or isemerism cf an crgane ligand [4]. 

An X-ray structural study ef [HRu sC(CO)14(CsH4N)] (2) * shews cluster ise
mers differing cnly in the crientaticn ef a bridging ligand (Fig. 1). and prcvides the 

• Crystal data Cor la: C2oH~NO,.Ru~. M - 988.06. monoclinic. space group P2, le. a 8.864(2). b 
17.962(5). c 17.200(5) A. /1 95.84(3)0 . U 2724.29 Al. F(OOO) -1856. I'(Mo-K .. ) 25.21 cm -I. Z - 4. Dc 
2.41 g cm - l . R - 0.0281 for 3995 reflections with Ila( /) > 3.0. 
Crystal data Cor lb: C2oH~ NO,.Ru~. M - 988.06. triclinic. space group Pt (No. 2). a 19.095(S). b 
17.870(5). c 9.479(3) A. a 97.86(3). /1106.52(4). y 63.02(2)0. U 2763.39 Al. F(OOO) -1856. I'(Mo-K .. ) 
24.86 cm - '. Z - 4. Dc 2.37 g cm - J. R - 0.0436 Cor 4140 reflections with Ila( /) > 3.0. 
Data were collected Cor both compounds in the 8-range 3-25 0 with a scan width oC 0.80 0. The H 
ligands in isomer la and in both molecules oC 2b were located directly by difference-Fourier syntheses 
(sin (J < 0.35). and evidence for their positions were also obtained from potential energy minimization 
calculations (8) and examination of computed space filling models. Confirmation of the N-atom sites 
in the two isomers was obtained by reversal of the assignment of the coordinated N-atom and C-atom · 
in each structure. which gave unreasonable thermal parameters on refinement. 

0022-328X/89/$03.50 re) 1989 Elsevier Sequoia S.A. 
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first example of this type of isomerism in the solid state. The metal framework in 
each isomer may be described as a bridged • butterfly' or as arachno-pentagonal 
bipyramidaI. an expected structure for a 76 electron cluster (S = 8). [5] The hydride 
ligand bridges the Ru(1)-Ru(4) hinge bond in both compounds. and the 
Ru(4) ... Ru(5) unbonded edge is bridged by the orthometallated pyridine via the 
nitrogen atom and the deprotonated carbon atom. Essentially. the two new 
ruthenium isomers differ only in the orientation of this aromatic ligand: in isomer 
2a the nitrogen atom is bonded to the bridging metal (Ru(5)-N 2.169(4) A). whereas 
in isomer 2b it is bonded to the hinge ruthenium atom (Ru(4)-N 2.134(12) A). This 
difference has a large effect on the chemical shift of the hydride in the 1H NMR 
spectrum * which in 2a is approximately 5 ppm upfield from that in 2b. 

The structure of isomer 2a is essentially similar to that reported for the osmium 
analogue [HOSSC(CO)14(CsH4N)]. for which no evidence of a second isomer has 
been observed so far [6]. 

Lengthening of metal-metal bonds bridged by ,u-hydride ligands is a feature of 
many cluster compounds [2,7.8]. This is observed in isomer 2a. in which the 
hydrido-bridged bond (Ru(1)-Ru(4) 2.895(1) A) is the longest in the structure. In 
coiurast. in isomer 2b the equivalent' hinge' bond. which is also hydrido-bridged. is 
much shorter in both independent molecules (mean 2.833(2) A). the longest Ru-Ru 
bonds in this structure being those from the 'wing-tip' spanning ruthenium atom 
(mean lengths Ru(5)-Ru(2) 2.896(2) and Ru(5)-Ru(3) 2.899(2) A). Relatively short 
H-bridged M-M distances have been observed previously; for example the ,u-H 
edge in [OssH(COhir (Os-Os 2.848(1) A) and the ,uJ-H face in [OssH(COh2I] 
(mean Os-Os 2.787 A) [9]. 

Both isomers 2a and 2b are converted quantitatively (as determined by IR) to 
[HRu sC(CO)\3(CsH4N)] (4) on prolonged heating in heptane (Scheme 1). However. 
the -decarbonylation of 2a is twice as fast as that of 2b. indicating a greater kinetic 
stability for isomer 2b. When kept at room temperature in heptane solution in air. 4 
decomposes to give a mixture that includes small but equimolar amounts of 2a and 
2b~ Treatment of a hot solution of 4 for 10 min with CO regenerates 2a and 2b in 
equimolar proportions and no other detectable products. indicating that this reac
tion is kinetically controlled. 

The reaction of pentanuclear clusters with pyridine and its derivatives provides 
interesting scope for further investigation. There are parallels to the types of 

• Selected spectroscopic data (lR in hexane. NMR in CDCI; (la) or CD2CI 2 (2b. 3. 4). coupling 
constants in HI. all I H unless stated otherwise. Compound la: IR: ,,(CO) 2099m. 2072s. 20SSvs. 
2029m. 2016s. 2006m. 1999m. 1991w. 1967m. 1937vw cm-I: IH NMR: -2S.83 (s). 6.46 (dt. 3J(H-H) 
5.8. 4J(H-H) 1.7).6.87 (dt. 3J(H-H) 7.5. 4J(H-H) 1.7).7.28 (dd. 3J(H-H) 7.5. 4J(H-H) 1.7).8.42 (dd. 
3J(H_H) 5.8. 4J(H-H) 1.7). Compound 2b: IR: ,,(CO) 2099m. 2072s. 20SSvs. 2029m. 2016s. 2006m. 
1999m. 1991w. 1967m. 1937vw cm -I: I H NMR: - 20.90 (s). 6.42 (dt. 3J(H-H) 5.7. 4J(H-H) 1.8). 6.83 
(dt. 3J(H-H) 7.8. 4J(H-H) 1.8).7.45 (dd. 3J(H-H) 7.8. 4J(H-H) 1.8).8.22 (dd. 3J(H-H) 5.7. 4J(H-H) 
1.8). For la. peak intensity of 2016> 2072 cm - I and 2006 > 1999 cm -I: for lb. 2072 > 2016 cm - I 
and 2006 > 1999 cm -I. Compound 3: IR: ,,(CO) 2092m. 20585. 2039vs. 2021m. 2oo7m. 1996w. 
1978vw. 1971w cm-I; IH NMR: -21.56 (br sI. 7.06 (m). 7.49 (m. 2H). 8.20 (m). Compound 4: IR: 
,,(CO) 2087m. 2052s. 20445. 2031s. 2010sh. 2000m. 1993m. 1969m. 1957w cm-I; IH NMR: -21.31 
(5).6.44 (dt. 3J(H-H) 5.8. 4J(H-H) 1.5).6.85 (dt. 3J(H-H) 7.5. 4J(H-H) 1.5).7.87 (dd. 3J(H-H) 5.8. 
4JeH_H) 1.5). 8.84 (dd. 3J(H-H) 7.5. 4JeH-H) 1.5). 7.5-7.6 (m. 3H. C~H~N). 8.0-8.1 (m. 2H. 
C5H~N). 
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Scheme 1. Reactions of [RusC(COltsl (I) with pyridine; (i) excess pyridine. CH 2CI 2 • 4Q°C. 5 h; (ii) 
98°C. heptane. 24 h; (iii) 98°C. hcptane. 48 h; (iv) CO(g). heptane. 80°C. 10 min: (v) air. heptane. 
ambient temperature. several days. 

bonding and reactivity observed in the reactions of trinuclear analogues. but the 
pentanuclear clusters have a greater flexibility in terms of metal core rearrangement. 
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, ~~~hanism of Protonation of Side-on Bonded Vinylidene Complexes; Structural 
4tV ance for the Formation of a Cationic Di-molybdenum Complex containing an 
/\ ~rnetrically Bridged Allyl Ligand 
~t'ln 
'sch n_ C. Conole,- Simon F. T. Froom,b Michael Green,b and Mary McPartlin-
IOefJ~OI of Chemistry, The Polytechnic of North London, Holloway Road, London N78D8, U.K. 

rtment of Chemistry, King's College London, Strand, London WC2R 2LS, U.K. 

~PtOt ' 
I~o~{~.~at~on of side-on bonded vinylidenes is indicated by the observations that reaction of CF3C02D with 
¥ihetea .'1 (4eIC=CH2}(COI4(l')-C5HsbJ affords (M02{ a-OC(OICF3}(Tj-CD=CH2)(COI4(l')-CsHsbJ. 
ICOI ( s. CF3C02H and [Mo2{IJ.-a.l')2(4e)C=CD2}(CO)4('1-C5H5bJ gives [M02{a-OC(OICF3}(IJ.-CH=CD2)
Iolo~i'C5HslzJ; in contrast. reaction of HBF4·Et20 with [M02{IJ.-a.'12(4e)C--CMe2}(CO)4('1-CsHs)21Ieads 

I
t"'Illrn of ~O and formation of the M02 triple bonded cation [M02(1J.-'13-2-MeC3H4)(COb('1-C5HsbJ[BF4J. an 
~O~{" etr,cally bridged allyl complex which is also formed on protonation of 
~3'CHC(Me)CH2} (CO)4(T)-CsH5lz). 
h~ . 
~ve ~een suggestedl-3 that surface bound vinylidenes might 
~ttrsed role In the Fischer-Tropsch reaction. and this has 

VinYlide atte.~tion on the development of the chemistry of 
nUClear ne hgands4 co-ordinated onto mono-, di-. and tri
U'O'n2( 'Centres. Recently.s.6 the side-on bonding mode. i.e .. 
toIllPle~)' has been recognised for dinuclear vinylidene 
~lIlpar es and clearly it is important to understand and 
11011&1 u e· the reactivity of such species with that of conven
.the tegiPnght· [J.l-a.at2e) I bonded vinylidenes. 7 In establishing 
~"'Ctur~~ele~tivity of protonation reactions we have obtained 
I1Qged I eYldence for the formation of an unusually bonded 
~tOto a lyl system. 

(CO) ( nation (-78°C. toluene) of [Mo~{ J.l-a.T)2( 4e)C=CH1}
~l1gh: ~'~5H5hI6 (I) with trifluoroacetic acid affordedt 
. t(O)t crystals of the bridged vinyl complex (Moz{a
~lrI be J:\}(~-CH=CH2)(CO)4(T)-C~H~hl (2). This reaction 
Inditectt"Pla,ned if a proton is delivered either directly or 
~Pture y:j: to the a or carbenoid carbon of (1) followed by 
pl1nUOto of the resulting unsaturated j.L-vinyl ca~ion with 
athWay ~cetate anion. There is. however. an alternative 
~I~ J.l'c rom (I) to (2). which is suggested by recent studies 
I ehvery ~;byne Fe1H and OSJ 9 complexes. This involves 
ratrnent a proton to the ~-carbon of the j.L-a.T)2(4e)-C=CH1 
r~rbYneOf (1) resulting in the formation of a cationic bridged 

lCO I .complex [M02(j.L-CCH\)(CO)4(T)-C~H~)~I-
2 , Wh,ch then undergoes a ) .2-hydrogen shift from 

• , 1\ Silll' 
o.,,~( liar re . '. _ 

'1 4e)C=-CH actlon has been reported (ref. ) between IMo~{,,· 
; /lr 2}(CO).(lJ-C~Me~hJ and CF,C02H. 
i~ Otonat . . 
h tile. j.t'lon or the molybdenum atom which camcs the ,,-vlnyl-
/dro~en ~ MO=C=CH2• rollowed by mlgralOry InserllOn or the 
,y. It i . nto the Q-carbon would also lead to the same regioselectiv
QIStil\!U~tlanned to carry out calculations which should help 10 

. between these two paths. 

the methyl carbon to the electron deficient carbyne carbon 
thus generating the Il-vinyl ligand. We have distinguished 
between these two pathways by deuterium labelling experi
ments. Protonation (-78°C. toluene) of (1) with CF3C02D 
afforded (M02{ a-OC(O)CF3}(IJ.-CD=CH2)(CO)4(T)
CsHshl·§ Secondly. reaction of CF3C02H with (M02{1J.
a.l')2(4e)C=CD2}(CO)4(T)-CsHsh), which was synthesised by 
deprotonation6 [-78°C, BunLi. tetrahydrofuran (thf») of 
[Mo2(j.L-DCzD)(CO)4(T)-C~Hsh) followed by quenching 
(-78°C) with CF3C02D, gave [Mo2{a-OC(O)CF3}-

§ Selected spectroscopic data for compound (I) : n,m.r. IH (CDCh). [) 
5.44 (s. 5H. C~H,). 5.30 (5. 5H. C,H~), 3.44 Id. 1H, =CHH. J (HH) 
14.2 Hzl. 2.83 [d. 1H. =CHH. 14.2 Hzl; 11C-{IHJ (CDC!.), [) 329.5 
(MO--C). 241.8. 231.6. 231.0. 230.3 (CO). 94.6 (C~H,). 93.0 (C,H,). 
*0.0 (MO--C=CH~); Veo (hexane) 1976w. 19285. 1905m. 1868w cm;;l. 
Compound (2-DJ : n.m.r. IH (CDCI). b 9.05 (dd. CH-CH2 • J(H.H) 
12. J(H.H) 8 Hz. 10%).5.32 (5. 5H. C,H,), 5,16 (5. 5H. C,H,). 4.00 
(bs. IH. CD=CH2). 3.30 (bs. IH. CD=CH2 ); lD (CH2Ch). [) 9.05 
p.p.m. (bs. ID. CD=CH2) . Compound (2-02) : n.m.r. IH (CDCh). [) 
9.05 (bs. IH. CH=CD2). 5.32 (5. SH. C~H,). 5.16 (5. SH. C,H,). 4.00 
Id. CH=CH2• residual proton <5%. J (HH) 12 Hzl. 3.30 [d. CHaCH2, 

residual proton <5%. J (HH) 8 HzJ. Compound (4): n.m.r. IH 
(C02CI2• room temperature). b 5.66 (5. SH. C,H,), 5.41 (5. SH. 
C,H,). 3,05 (br. 5. 2H). 2.56 (5. 3H. Me). 1.95 (br. s. 2H); IH 
(CD1Ci2• -60°C). b 5.72 (5. SH. C,H,), 5,47 (5. SH. C,H,), 3.59 Id. 
IH. H".J (H-H") 3.3 HzJ 2.56 (5. 3H. Me). 2.43 [dd. IH. Hc.J(HoHC) 
3.3. J (HcHU) 1.9 Hzl. 2.36 [d. IH. Hd. J (HdHc) 1.9 Hzl. J.~3 (5. IH. 
H~): LlC-{IH}(CD2CI2• -60"C). [) 233.4.(CO). 228.B · (~), 228.1 
(CO). 111.5 [CH~C(Me)CHI. 98.5 (C,H,). 95.3 (C!H~,"43 . 1 [al. 
CH2.J (CH) 160 Hzl. 25.0 [at. CH2• J(CH) ISO HzJ. 29.6 [Me. J(CH) 
130 Hzl: Veo (CH!CI2) 1999w. 1938m. 1920 5h cm-I . Compound (5): 
n.lIl.r. IH (cDCI!. -41)"C). b 7.61-HOo(m. SH. Ph). 5.78 (5. SH. 
CH~). 5.07 (5. SH. C.H!). *.12(d. IH. Ho.J tJiofic) 3.9 Hzl.2.85 (dd. 
IH. H". J CHcHa) 3.9. J (H<Hu) 2.8 HzJ. 2.37 Id. IH. Hd.J (HuHC) 2.8 
Hzl. I.H3 (s. IH. Hh). 
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(4) (B) 

Scheme I. X = BF. - or CF .. SO .. -- ; i. HBF. · Et ~O. or CF,SO .. H ; Ii . -CO . 

FiIlUR I. The structure of the novel asymmetrically hridging allyl 
complex [Mo1{,,-a:Il.l-CH~C(Ph)CH~}(CO).(Il~-C~H.hIlCF.sO,1 
(5) . Principal bond lengths (A) and angles (0) : Mo( 1 )-Mo(:!) 2.561(2) . 
Mo(l)-C(l) 2.462(18). Mo(1)-C(4) 1.975(19). Moll)-C(5) 
2.016(18). Mo(1)-C(6) 2.692(20) . Mo(2)-C(1) 2.364IIH). Mo(2)
C(2) 2.197(17) . Mo(2)-C(3) 2.317(16) . Mo(2)-C(6) 1.937(2U). ClIJ
C(2) 1.450(23). C(2)-C(3) 1.455(25). C(2)-Cl211) 1A7H(20) : C(1)
Mo(l)-Mo(2) 56.1(4). C(1)-Mo(2)-Mo(1) 59.8(4) . C(2)-Mo(2)
Mo(l) 96.1(4). C(2)-Mo(2)-C(1) 36.H(6) . C(3)-Mo(2)-Mo(l) 
107.8(4). C(3)-Mo(2)-C(1) 63 .5(6). C(3)-Mom-Cm 37.5(6) . C(J)
Mo(2)-C(1) 63.5(6). C(3)-Mo(2)-C(2) 37.5(6). Mo(2)-CII )-Mo( I) 
64.1(5). C(2)-C( I)-Mo(1 ) 128(1). C(2)-C( I )-Mo(2) n:U(9) . ClIJ
C(2)-Mo(2) 78(1). C(3)-Cl2)-Mo(2) 7ll( I). C(3)-CC2)-CC I) IInl I). 
C(2)-C(3)-Mo(Z) M .8(9). 

-d ce for (!!-CH=CD2)(CO)4(TJ-C5 H5)~) there being no eVI en . nd. 
deuterium leakage onto the Q:-carbon of the vinyl Itga an
Thus. these observations strongly support the former rnech 
ism. i.e .. Q:-protonation . . the 

Additional insight into the reaction paths available I~ ted 
protonation reaction came from a study of the re a { • 
reactions of ~.W -disubstituted vinylidenes such as [Mo2 t~. 
o.TJ~(4e)C=CMe2}(CO)~(TJ-C~H~h)l1J (3) . which when pr~jon 
nated with CF_1C02H undergoes an analogous reaCH" 
leading to the formation of [Mo2{ o-OC(O)CF1}(W with 
CMe2)(CO)~(TJ-CsHs b) . However. protonation of (3) ead 
HBF~ · Et!O did not afford a stable !!-vinyl complex. Ins~uct 
the IH and 1.lC-{IH} n.m .r. spectra§ of the catiOniC pro ree 
(4) showed the presence of only one methyl group an.d thwas 
terminal carbonyl ligands. Interestingly . the same catJon

f 
the 

obtained on protonation~ (HBF~ ' Et20 or CFSO,H) 0 • (Y\~ 
!-l-allylidene complex [M02i !-l-a : TJ1-CH ' C(Me)CH2}(C~)t of 
CsHsh) formed on thermolysish (70°e. hexane. 4 t intO 
[M02{f.l-o.TJ;(4e)C=CMe2}(CO)4(TJ-C~H~hJ · An mSlgh x.raV 
the structural identity of (4) was gained from an red 
diffraction studyli of the related cation (5). which was prep~ 11.1. 
by reaction (-7RoC. CH2Cl z) of CF1SOlH with IM02{!!-O. 
CHC(Ph)CH!}(CO)J(TJ-C, H~)21 · '" 

.--:---
------------------ (t110 
'! Addition (-78°C) of K/BHBu' ,1 to a tctr:lhydrofur:lO alio" 
suspension of (4) results in a deprolonation/dispropor!lo~t-l.). 
reaction and formation (311%) of / Mo~ (11-0 : Ill-CH ·C( Mc) -
(CO).cll-C~H~bl · 

: Recently a complex has heen reported in which an Ill-allyl g~~~ 
bonded to Mo is involved in an ilgostlC interaction to a Mo ~11"Y' 
C. M. Ha\". A. D. Honon. M. J . M:lVs. and P. R. Ral 
Polyhedron'. "IHX. 7. XlJ7 _ -

.--
----------._---
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. The structure'· of the protonated product (5) is show!1 in 
. Figure 1. The metal-metal bond length of 2.561(2) A is 

C?mparable to that found for other formally triply bonded 
dlmolybdenum structures. 1I This compound is the first struc
tur~lIy characterised cationic species with a !I-allyl ligand. 
Which adopts a markedly different bridging role to that usually 
~bserved where the central C-atoOl bonds symmetrically to 
oth metal atoms. IZ In (5). the unusual bonding mav be 

< ~nvisaged as 1l2-co-ordination to Mo(2) only [Mo(2)-C(2) 
:197(17) and Mo(2)-c(3) 2.317(16) AI. and a 3c-2e interac

;Ion between the a:-carbon and both metal atoms [Mo( 1 )-C( I ) 
-.462(18) and Mo(2)-C(!) 2.364(18) AI. This type of three 
centred bonding is rare for alkvlligands.I3·I~ and has not been 
previously observed for an allyl group. Variable temperature 

·n.m.r. studies* show that in solution there is a dvnamic 
process which on the n.m.r. time scale equilibrates the two 
ends.ot' the allyl ligand. i.e .. Ha;: He. HI> ;: Hd. 

It I~ reasonable to sUlZgest that the formation of (4) involves 
et-prOtonation of the !I:-o.l'j2(4e) bonded vinylidene to form a 
c~-ordinatively unsaturated vinyl species. Unlike the reaction 
~th CF,CO~H. an agostic MO(J.l-H)C interaction with one of '8; ~-me~hyl groups intervenes when the counteramon IS 
h 4 • This sets things up for transfer. vIa the metal. of a 
s~drogen from one end of the Cl chain to the other (see 
Sa he me ~). thus allowing formation of the cation (A) . This 

me catIOn is apparentl\' accessed bv a:-protonatlon of the 
. t-alIYlidene complex [Moz {J.l-O : 1']3-CHC(Me )CHz} (CO )4( 1']
I sIishl. This latter reaction relates to the formatlon l5 of 

. " i~02(I4-C~Me~)(J.lMo.C"H)(l'j-C~H5h)[BF4J from the bis-!l.-allyl

. , Ca ne Complex fMoz(J.l-C~MeM)(1']-CsHshJ . However. 111 the 
e' rbonyl substituted svstem the reaction does not stop at 
a~~er (A~?r (8)11 (Sche'me I). instead carbon monoxide is lost 

. Illul .stablhty is achieved by formatIOn of a metal-metal 
' s hple bond. Examination of the I. r .• IH and I3C n.m.r . 
. Pectra§ of (4) and (5) showed that there was no evidence for 

----, " -----------------------------------------
I ~pS?~la/ ·dala for (5): C~3HI~Mo~O~S. id = 672.25. orthorho~bic. 

':'47~gro~p Pbca .. a = 20.665 (4). b = 20.274 (4). c = 11..w6 (2) A. U 
,.ho 7 S.44-Al. Z = 8. Dc = 1.86 g cm-'. F (000) = 2656. I-l(Mo-K,,) 

iQ " t~ cm -I . Data were collected ori a Phi lips PW 1100 ~iffractometer 
_, rentct. El-range 3-25°. with a scan width of 0.70. EqUivalent 

110 (~Ions Were merged to give 1757 absorption corrected data wlIh 
'.~i ::'3 .0. R 0 .~19 and R., 0.0582 with weights of w = lIo2F~ 

t Afoed to, the individual reflections. 
Param mic co-ordi~ates. bond lengths and angles. and thermal 
Data ~ters have been deposlIed at the Cambndge Crystallographlc 

(~r entre. See Notice to Authors. Issue No. I. 
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an agostic MO(Il-H)C interaction. In This leads to the impor
tant conclusion that although in mononuclear systems unsatu
ration at a metal centre frequently leads to stabilisation by an 
agostic M( ",-H)C interaction. in dinuclear and perhaps in 
polynuclear systems alternative modes of achieving stability 
mav over-ride M(u-H)C interactions. 

We thank the 'S.E.R.C. for support and a studentship 
(5. F. T. F.) . 
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~~b~irst Isolation of an Intermediate in the Formation of a Hexaruthenium 
!~u, I~O-clus~er from the Reaction of [Ru3(CO)'2]: X-Ray Structure Analyses of 
~ (11 -"'4-CO)2(CO)'3(1J6-CsH3Me3)] and [HRus(1J2-"'4-COHCO),3(1J7-"'2-CsH3Me2CH2)] 
",,~~her E. Anson,- Philip J. Bailey,- Grainne Conole,b Brian F. G. Johnson,- Jack Lewis,--
IIJ . CPartlin,b- and Harold R. Powellb 
b~~ ·. . . 
Sello ,Slty ChemIcal Laboratory, Lensfleld Road, Cambrtdge CB2 1 EW, U.K. 

o of Chemistry, The Polytechnic of North London, London N7 BOB, U.K. 
t!) . . 
( etll'lOI ' . 
l~e8ityl YSIS of (Ru](CO)d (1) in hydrocarbons heated under reflux containing excess ofl,3,5-trimethylbenzene 
b lIe(lJ2: ene) has yielded [RusC(CO)'4('1s-CsH]Me3)} (2a) and two new hexaruthenium compounds 

, I f V ~.ta "",CO)2(CO)13(l)s-CeH3Me3)} (3) and [HRus(l)2_J.l.4-CO)(CO)13('17_!l2-CsH3Me2CH2)} (4). shown , • 
\lrt~et 'i structure analyses to have metal frameworks previously unknown in ruthenium cluster chemistry; on 
QlttitlJthher.molYSiS the cluste~ (3) gives (2a) and is there~ore t,h.e first intermediate in the well established conversion 

, ~m to hexaruthenlum carbido-clusters to be Identified. 

J'h~ f' ~ I~ , . 
III \I~C:(COruthemum carbido-clusters to be characterISed. 
,l)I~Sis Of h~(l'Jh-arene)j (2a-d).1 were prepared by ther
I~ Stlldie [RU~(CO)d (J) in the appropriate arene (Scheme 
~acarbiJ on the sealed-tube pyrolysis of (I) established that 
~ot~s I/iq th7atom in the parent cluster [Ru"C(CO)i71 origi
fot'W repOr e cleav~ge of a co-ordinated carbonylligand . ~ We 
, ~atjon t

f 
the first Isulatlon of an intermediate In the 

~ t'lIe reac~' a he,xaruthenium carbido-cluster from ( I) . 
~Ilge Of Ion ot ( I ) with mesitylene has been investigated ut 

temperatures hv carrying out the thermolvsis in 01 

..... 

number of different hvdrocarbons . containing 10% (v/V) 
mesitylene (Scheme I)" and ' it is apparent that the yield is 
strongly dependent on temperature . At the highest tempera
tures. in ret1uxing n-nonane or n-octane. , the reaction gave 
only I Ru"C(CO)I~('1h-C"H,Me,)1 (2a) in 15% yield. while in 
n-heptane it gave not only (2a) but abu the new compounds 
I R u,,( 'l';- ~l~-CO h( CO) 1:\( '1h-C"H ,Me,) I (3) and I H Ru,,( 'l';-~l~
CO)(CQ)I'(117.!I~-C"H,Me~CH2>1 (4) in upproximately equal 
vield. At the lowest temperature studied. in n-hexane. the 
~eaction guve 01 low yield of (3) only . 
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IRuSC(CO~""'lS- arfnf)] 

(Z) 

1,1 1,111 

Arfnf:a; CsH3Mf3 -+---------, 

b; CSH4Mf2 

C; CsHsMf 

d; C~6 

11 I V (RUS(lJZ-JJ4CO)2(CO~3(1l6_CsH3M.3)] v 

(3) 

" 2 7 
IHRuSCll -~4CO)(CO)13Cll 7~2C;;~Mf2CH2)) 

(4) 

Scheme I. Summarv of the reactions occurrinl! in the transformation 
of [Ru,(CO)d into arene-substituted hexaruthenium carbido·c1us
ters . Real(enls and conditions: i. arene. heat. 5 h : ii. 10% C,H~Me, in 
n-heptane. 97 .c. 5 h: iii. 10% ChH,Me~ in n·octane. 125 cc. or 
n·nonane. 150 · C . 5 h: iv. 10% ChH3Me~. in n·hexane. 6!! QC. 5 h : v. 
C,H.,Me,. 165 cC. 30 min. 

X-Ray structure analysest of (3) and (4) showed that they 
had the unusual structures illustrated in Figures 1 and 2 
respectively. The metal framework of (3) may be described as 
a tetrahedral Ru~ arrangement with two edge-bridging ruthen
ium atoms. and as such requires an electron count of 88. In 
contrast. (4) has a trigonal bipyramidal structure with a further 
ruthenium atom bridging an apical-equatorial edge. a rare 
example of this alternative to the octahedron for a cluster with 
seven skeletal electron pairs and 86 electrons. 3 

The mesiiylene ligand in (3) adopts the conventional 
TJ/)-terminal bonding mode. whilst that in (4) has undergone a 
hydride shift from a methyl group to the metal framework: the 
resulting hydride ligand has been located by potential energy 
minimisation calculations~ and is bonded in a face-capping 
(ll3) mode to the ::: Ru(3)-Ru(4)-Ru(5) face. whilst the 
( e~H3Me~eH2) group adopts the unusual (TJ 7'll2) bon<~ing 
mode. This mode oLeo-ordination is nominallv similar to that 
found in rRu~(!!~-p)(!!2-e"H5eH2)(eO),~1 in which the benzyl 
lil!and bridl!es two ruthenium atoms. 5 and has been observed 
for toluene-adsorbed onto a Pt (11) surface." 

7 Crystal data for [Ru,(T]:·!L,·CO): (COlt,('lh·C,,!-l,Medl (3) : 
C:,H,~OI<Ru, .. \4 = 1130. 12. triclinic. space group PI (No. 2). a = 
I·U23(,,) . b = 11.573(3). c = '1 .024(3) A. a = 1(jI.lY(3).I~ = '16. 1<)(3). 
" = )j7. 15(2)· . U = 1533--'2 A~. F(OOO) = IOo" . !i (Mo·Ko ) = 26 .i7 
cm - I. Z = 2. D< = 2--'5 gl:m -' . A red crystal of dimensions 0.:14 x 
(J.40 x 0.11 mm . ohtained from IOluene solution. was used in the <.lata 
collection. R = " .0334 for 3434 retlectionswith IJa(1) > J.O. 

er.vstal da/Q for [HRu~(T]~·~,·CO)(CO)D(ll',~~,ChH,Me ~ · 
CH~)HC,H .. ) (4) : C~"H~~O .. Ru, • • ..., = 1423.16. monoclinic. space 
group nl/c. a :. ~.H76(3). b = 16.0S()(5). c = 22.503(6) A. I~ = 
CJ I.55(2)" : U= 3575.15 AI. F(o()()) = 2724 . I!(Mo-K. ) = 23 .34cm -o ,. Z 
= .J. D, = 2.64 g cm - .I . A grecn crv~tal uhtained from hexane sulutlon 
wa~ used in data collection : R = 11 .0742 for 35R2 reflections with /lo( /) 
:;.. 3.0. 

.'\tomlc co·ordinates. bond lengths and angles. and thermal 
parameters have heen deposited at the Camhridge Crystallographic 
Data Centre. See Noticc to Authors. bsue No . I . 

. ~3 

()(13) ()(23) 

M )1(3)· 
Figure I. The structure of (Ru~(T]~'!i,.CO)~(CO"~(T]t·.C~H, c·2785. 
Principle bond lengths (A) are : Ru-Ru; (I )-(3) 2.!!39. (I )_(4) 3i~(6) 
(2)-(3) 2.842. (2)-(5) 2.776. (3)-(4) 2.733. (3)-(5) 2.740. ( d.s. 
2.783. (4)-(5) 2.628. (4)-(6) 2.S43. (5)-(6) 2.820. maximum e.sC(2) 
0.001 A. Ru-C.O; (I )-C(l) 2.270(8). (I)-O( I) 2.135(5). (2)- 11) 
~ . 2n(7). (2)-0(2) 2.137(5). (3)-Cn) 2. 187(7). (3)-C(2) 2.16~(2j 
(4)-C(1) 2. 163(9), (5)-C(2) 2. 159(8). (6)-C(1) 1.969(9). (6)~ cl 
1.969(7). (4)-C(45) 2.091(11). (5)-C(45) 2.153(8) . Ru(6)-c(a:;~). 
range 2.256(8)-2 .303(8). C(l)-OO) l.245(11). C(2)-O(2) 1.2 

C(70) 

0(32) 

) ('1"1':' 
Figure 2. The structure of [HRuh('l~-!i4-CO)(CO 1.~(l)~(3J 
C"H,Me~CH!)1 <"). Principle bond lengths CA) are: Ru-R~). 27SS. 
2.!!15 . (1)-(4) 2.744 . /2)-(3) 2.850. /2)-(5) 2.716. (2)-( 4)-l6) 
(3)-(4) 2.858. (3)-(5) 2.934. (3)-(0) 2.755. (4)-(5) 2.67~(S~C'1J 
2.843. (5)-(6) 2.767 . maximum c .s.d .s. O.!XJ2 A. Ru-C.O. ) (6)-' 
2.31(2) . (1)-0(1) 2. 17(1). (3)-C(I) 2.27(2). (4)-C(1) 2 '~~~_Cc23) 
C(l) 1.91 (2). (2J-C(30) 2.21(3). (2) ... C(3) 2.75(2)'5) 200(3)· 
1.99(3). (3)-C(23) 2. 1!!(2). (4)-C(45) 2.10(3). (5)-C(4 . 
Ru(6)-C(areneJ range 2.28(2)-2 .31(2). C(I)-O(l) 1.23(3) . 

h w ,CO 
The two (11~-~I~-eO) Jigands in cluster (3) s3~4 1351 

stretching modes at 1423 and 1392 cm-I (vllea 1 t)446 
cm-I U while (4) has one such lijtand which absorbs a 

. ------------------:-:Me.)1 (3): 
+ Spt'ctrmcvplc datQ lor I RUh(IJ ~'!i.·COh(CO)n(lJh.C,,(~: 2()IR(fII)' 
u . (hexane solutIOn): v(CO) 2089(mJ. 2061-1(5). 2026 ·1~5S(W. sh)· 
2!1I2(m. sh). 2()()7(m. ~hJ . 1l)<JJ(wI . 19H6(w) . 1%!I(w). 1423. 1:l'J2 
1K4:1(m . br) cm - I: i . r.fC~1 disc. 130 K): \' ClJ~'!i,-CO)D C"Dc) : /) 
cm ' ': \' (ll~·~IJ·I'CO) 1394. 1357 cm-I : IH n.m.r.(C .' 
1.66!s. 3Hl. 4.(JO(s. IHJ . 

------~--------------~~ 
... 



~~-I (VI 3CO I.UO cm- I).§ in the solid state i.r. ~pectra. The 
th!etchlng trequencies of the nc labelled analogues contirm 
th~se assignments . These stretching frequencies are ~imilar to 

I~reported for other (l]2_!!4-CO) ligands (Yco range 
. 1457cm- I ).7 

14~~gnificantlY thermolysis of (3) in mesitylene gives (2a) and 
Ih In a~proximately equal yield (Scheme I). thus confirming 
iu at (3) IS an intermediate in the formation of the hexaruthen
la~ ~arbido-cluster (la) from [Ru\(CO)d (l) . Carbon-13 
in (~lng experiments have established that the carbido-atom 
se .) IS derived from a carbonvlligand . It would therefore 

. CI~1ll likely that the transformation -?f (3) into the carbido
f 2 ter (2al occurs ~ 'ia cleavage of one of the activated 
e{ '!44'CO) ligands. However. if this transformation involves 
preCtlon of CO~ it cannot ~roceed I'ia an intramolecula~ 
ca~ess as this would result In a cluster containing only 1-, 
~lligands. 

~~PtCtrosCOPiC data for [HRu,( 112·~.·CO)( CO) 1'( 117 ·~~·C,H ,-
2O)b~H~)J (4) : i.r.(hexane solution); v (CO) 2087(s). 2051(sl. 203I(s). 
LrkS), 1989(m). 1978(m). 1943(m). 1865(w. br. ). 185Hm. br. l: 
t~'I .S~ disc. 130 K); v(Tj2-~.-COI 1446 cm- I: V(Tj2_f!._t>CO) I·HO 
(s: 1~11i n.m.r . (CD~CI~ solution): b 5.36 (5 . IH). ·4.14 (s. IH). 4. 19 
1s.3H)·3.33(d.J6Hz.1 H).2.99(d . J6Hz. l H). 1.93(s.3H). l.83 
. • -19.50 (s. IH) . 

J. CHDI. soc. . . l HDI. lO~I~IL':-; .. Il}Sl} 

.-\ mechanism tor the tormation ot (3) from I 11 is difficult to 
envisage and we are currentlv attempting to i~ola te an 
intermediate between these two c1ustt!rs . 

We thank the S.E.R.C. 1 P. 1. Boo G. C. and H. R. P. ) alltl 

British Petroleum (P. J . B.I for financial support. and 10hnson 
Matthey for generous loans of ruthenium trichloride. 

Reeeil'ed. 10th October 1988: Cam. 80·1O·I2G 
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~h?SPhorus-Carbon Bond Formation in Dimolybdenum Alkyne Compl~xes induced by 
)Udative Addition of Chlorodiphenylphosphine 

,Gr'inne Conole,. Katherine A. HiII,b Mary McPartlin,· Martin J. Mays*c and Michael J. Morris*b.c 
: ~Choo/ of Chemistry, The Polytechnic of Nonh London, Holloway Road, London N78DB, U.K. 
c U9T?an"!ent of Chemistry, University of Manchester, Manchester M13 9PL, U.K. 

nl"erSlty Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, U.K. 

~~ reacti?n of [M02(CO)4(Il-R'C2R2)(Tl-CsHsbJ (R' ,R2 = H, alkyl, or aryl) with PPh 2CI proceeds "ia P-CI bond cleavage 
Flat COUpling of the diphenylphosphido group with the alkyne in one of three different ways depending on the 
[M Ure of R' and R2; two of the resulting complexes, [M02(~-CI) r u-Ph 2PCIH)=CH} (COb(Tl-CsHsbJ and 

02CI2/!.L-PPh2)(Il-Ph2PC=CHMe)(Tl-CsHsbJ have been characterised by X-ray analysis. 

'---------------------------------------------------------------------------------------
' ~ cleavage of phosphorus-hydrogen. phosphorus-phos
are rus. and phosphorus-carbon bonds at dimetalJic centn:s 
din Well known reactions which lead to a wide variety of 
cle~clear transition metal complexes. I- 3 In contrast. the 
une:~ge of phosphorus-halogen bonds remains relatively 
dim Plo~ed4 and has not been previously reported for 
this etalhc co~plexes containing bridging organic ligands . In 
Pho~OfmUOlCation we report the reaction of chlorodiphenyl
[Mo,P Ine with the dimolybdenum alkyne complexes 
l\'hic~~O)4(Il-RIC2R~)(Tl-C~H5h) (la-e) . These reactions. 
rorm Involve novel examples of phosphorus-carbon bond 

atlon and unprecedented transformations of the alkyne 

: . 

" 'f 

(la) 

(2b) 

(le) 

(ld) 

ligands. suggest that a more general study of oxidative 
addition reactions of this type is warranted . 

Treatment of [Mo~(CO)~(Il-RIC~R")(Tl-C5H~)~) (RI = H . 
R; = H. Me. Ph) (la-c)5 with PPh~CI (1-2 equiv .• retluxing 
toluene. 17 h) affords the chromatographically separable 
complexes [Mo~( u-Cl)(~·Ph2PCR ICR2)(COl~( Tl-C5H5)~) 
(2a--c I and (Mo~Cl~(!!-PPh2)(~-Ph~PC=CRI R~)(Tl-C~H<);j 
(3a--c) in low to moderate yields (see Scheme 1). In the 
reaction with (la) a species reiated to (3a) , (Mo~CI~(~I-CI)(~
Ph;PC=CH2)(rt-C5H~);) ("'). is also obtained and is the major 
product. Similar reactions of the disubstituted alkvne com
plexes (Id)( RI = R2 = COcMe) and (le) (RI = R: =\1e) with 

(3a) 

(3b) 
(3e) 

PPh 2Cl 

-co 

SCheme 1. Structural formula..: tor th..: n.:w comrl.:x.:s with ,om.: rO"lbk r':;I,'lIlln r~thwavs . For llil . onl\' lhet was i~olated . 
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PPh -C! kad to (2d) and (5) respectlve i\" as the oniv i sola bi ~ 
~ompounds. All new complexes 'were characterised 'by anal\'
-I S and standard spectroscopic methods .';-

The occurrence of phosphido-alkync.:: coupling in orange . 
cn·stailine . slightl ... air-sensitive (2a) was dearh' shown bv its 
n. m .r. spectra. and subsequently confirmed ' by an X-ray 
diffraction studv. the results of which are summarised in 
Fi gure 1 . and ' its caption .± The Mo-Mo single bond 
[2. S7 11 1) Al is bridged by a chloride ligand and by a u-vinyi 
:Igand which is a-bonded to Moll) [Mo( li-CC!) 2.207(9 ) A] 
:lnd asymmetrically :t-bound to Mo(2) [Mo(2)-C( I) 2.212( $). 
\lo( 2 )- C (2) 2.074(8) AJ . One of the 13-substituents of this 
\ Invl ligand is the diphenylphosphido group which is itsel f 
~o-ordinated to Mo( 1) [Mo( I)-P( 1) 2'-+67(2) Al. thus forming 
a tour-membered MoCCP ring. Similar ligands have previ 
o usly been formed by the insertion of alkynes into phosphido
bridged complexes." but this is the first example resulting from 
the insert ion of a phosphido group into a ll-alkyne complex . 
Thc n .m.r . spectra of (2b) and (2c) rcveal the presencc o t a 
Single isomer of each. in which the phosphido group is joined 

- SelecTed specTroscopic daTa [i .r. in CH:CI: . n.m.r. in COCI., unkss 
olheT\\'lse stated. coupling constants in Hz: 3! P n.m.r. shifts are 
relallve to PIOMe).l = Il .Op .p.m.J: 

12a) vfCO) 1865cm - l: IH n.m.r. b 6.47 (dd. lHH .+.7 . lHP 1Il .1!. 
3 . ~5 I dd. l HH 4. 7. lHP 10.5): I3C n.m.r. 110.7 (d. l cp 18. It·CHl. 30.11 
(d. J.-p .. 2. CH): .l Ip n.m .r. -130.3 p.p.m. 

12b) vfCO) 1804 cm-I : IH n.m .r. b 3.57 (d. lHP 6.8 . CH) . 2.86 (d. 
lHP 3.5. C:vte): .1 1p n.m.r. -132.7 p.p.m. 

12cI v(C011875 cm- I: IH n.m.r. () 4. 16 (d.1HP 6.8 . CH): DC n.m.r. 
122 .8 (d .1cp 20. CPhl. 29.3 (d . l c p 40 . CH ): .l Ip n.m.r. -130. 1 p.p.m. 

(3al ' H n.m.r. 11 4.ilO (td. lHu.p 0.9 . lHH = lHP = 3.8. IH of CH: ). 
: .27 Iddd. lHu.p 0.7. lHP 8.5. JHH 3.S. 1H of CH:): Jlp n.m.r. 38.9 (d. 
Jpp 47. u-P) . -247.2 (d. Jpp 47) p.p.m. 

13bl lH n.m.r. b 3.05 (dq . lHH 6.4. lHP 10.6. CH). 2.63 (d . J HH 6 ... . 
\Iel : JJC n.m.r. 154.5 (d. l c p lb. ~-C) . 73.3 (d . Jc p 13 . C1IMel: .'I P 
n. m.r. 42 .5 (d. lpp 58. u- P). -243.3 (d. J pp 58) p.p.m. 

f3cI IH n.m.r. Il 3.44 (d . lHP 10.3. CHPh) : I3C n.m.r. (CO:CI:I 
134.2 Id. l c p 48. u-C) 71:0 (d. l c p 13. C1IPh ): .l Ip n.m.r. 39.7 (d. J pp 
54. LI-P) . -227.3 (d. Jpp 54) p.p.m. 

i .all H n.m:r. ll·3.60 (dd . lHP 1.6. lHH 5.0. IH of CH: l. 2.21 (dd . J HH 
5.0. lHP 6.8 . 1H of CH:) : I.1C n.m.r. ICO:Cl:) 14Y. 2 (s. u-el. 40.4 Id. 
f c p 12. CH~): .l Ip n.m.r. - 249. 1 p.p.m. 

151 vICO) 1866 cm-I : IH n.m.r. Cl 2.05 (dd . J HP 5. ~ and 1.1. :VIe J. 
!.79 (dd . lHP 7. 1 and 0.6. Me): DC n.m.r. 152.7 I!.·lcp 37. C\1c!1. 
152 .5 I I. l c p 40. CMe) : .lI p n.m.r. -31.5 (d . lpp 34) . -44.9 (d. J pp 34 I 
p. p.m. . 

16c1 vfCO) 1970 cm-I :! H n.m.r. b 9. 1.3 (s . ~-CH): I.'C n.m.r . 12 U 
, ~. CPh) 111.7 (s. u-CH) ::·" P n.m.r. 12 .2 p.p.m. . 

Satistactorv elemental analvses wc:re obtaine:d for all n<!w com
oounds. and: in- -most cases molecular ions we:re obser\'<!d in theIr 
!:lst-atom bombardment mass spectra. 

: Crl'Swl dOlO ior f2a): CcI>H::CIMo,O:P. If = f,24.fJll . monoclInic . 
-oace group P2 JIJ . U = 17.735(3 ). h = IO.023<:~1. [ = 14.790( 3) A . li = 
: 12.5412 I' . U = 2421l .25 A-'. FlOOOI = 1240.!l1 MO-A,) = I I. OX cm -: . 
Z = .. . D.: = 1. 71 g cm- -'. R = 1). fJ424. lor 2420 retiect ions with /loill > 
:: .fJ . 

e rr.Hul dUla for f3bl : C di ,.Ci ,Mo:P:- .If = x03.33. lriclinic. space: 
~roup PI 1:-'<0 . 21 . a = 21.263141 .. b = 17.675(31. c = Y.Y7()121A . l\ = 
- l.fJ2121 .ll = 106.22(2).'/ = 11l.J2(2 )' . L' = 3345 .36 A'. FlllI M11 = 
!fJ lfJ. uIY!o-KnJ = 'i .:!8cm- l • Z = 4. D, '" 1.60 g cm- ": R = tl .0:'i7S for 
'llY:! retlectlons with /loll ) '-> 3.0. 

Data were collected on a Philips PW I ilK) diffractometcr in th~ H 
ra ",~e 3-25'. Lorentz-polarisatlon and absorption corrections wc:re: 
applied . One of the cyclopentadienvl Iigands of (2a) is disordered. and 
:his disorder was successfullv modelled . Anisotropic Ihc:rmai 
:Jarameters were assigned 10 the' non-hvdrol!en atoms of (2al . t:xcepl 
:or the carbon atoms~! the ph~nvl rines·. ;J,nd to ~o . P. Cl. 0 1). Cl: J. 
and Un21 of Ubi. AlomlC co-ordmates. bond lenl!ths and anl!les . and 
i:,ermal parameters ha\'e: he:e:n dcpo'Jled at Ihe C'~mbridge L~r\'~IJllll' 
~ rapnIc O:Jt a Centre . Sce :'>Iotlce 10 AUlhors. Issue: :'>1 0 . I. 

/ , ...... -. 
'.("" . j ) 
c,~ J~C(l25J 

~ P( 1) H(l1 _ Cl2Ji 

~,c<12) 0'i; "" l ~(241 
J'~ -,,,,--I 
'- ' MO (~) C(2)! MO~ -

\ ., t. ' H(2)", l~) ~ 
~ (~4) 
,,--. .--, CI V 

Figure 1. The struclure of [MO:( ~-CIl(u-Ph :PC(H)c ( H))(C?)1( 1];; 
C H, I:i (231. PrinCIpal bond Ie:ngths (A) and angles l) 3; 
\IOfll-Mo(2) 2.1'71111. MO(!I-P(l) 2.467(21. :vto(!)-CI 2.496(ii· 
\loI1l-C(2 ) 2.207IY ). :VlolIl-C(3) 1.919(10) . Mo(2)-Cl 2 . 4fO~11 : 
\lol:: )-Cl1 ) 2.::12(8). \;lo(2)-C(:!j 2.074(8). \10(2)-Cl41 1.95 ((61 
P(II-Cl 1) 1'. 782(10), P(1 )-Olll) 1.833(5). Pll )-Cm!) 1.8!3

1
.
1l

: 
CII I- Cl 21 U 63(/OI. 03)-0(31 1.188(13). CP)-OI4 ) !.14,( i 
ran!!e :Vloll l-C(Cp) 2.303(21)-2 .373(20) . ran!!e Y1o(2)-CICP 
2.:: ';3(101-2.390113), C(111)-P(l)-Mo(l) 11 8. 112). CllIll-.:2:I) 
CIl ) 108.3(4). cmU-p(l)-Mo(!) 127.9(2) . C(l21)-P(1) 
l1 4.0(3). c(121)-P(lK(lIl) 100.4(3). P(l)-C(l)- Mo(2) !O~/:i~ 
C(:: )-C( l)-Mo(2) 65.0(4) . C(2)-C(1)-P(l) 97 .8(6). Mo(2) '(5) 
Mo( 11 84.2(31.0 1)-C(2)-Mol 1) 106.0(6) . C(1 )-C(2)-Mo(2) 75 .• 
I Cp = cyclopentadienyl) . 

~ 

to the CH terminus of the unsymmetrical alkyne. U . the 
coupling process is regiospecific . dS 

The disubstituted alkyne complex (Id) similarly affOr
h, 

(2d). but in contrast the but-2-yne complex (le) yields onct 
(races of the analogous product (2e): instead the main prod{ UjS. 

is the mononuclear complex [MoCI(CO) ca. 
Ph:PC(Me)=C(Me)PPh~}(TJ-C5H5 )1 (5). in which inc?rpO~e 
tion of MO phosphido groupsi has occurred to gIve t t! 

chelating ligand cis-2.3-bis( diphenylphosphino Ibut-2-e;,eis 
Although at present we have no direct evidence that. ( he 
formed ~'ia the species (2e). this seems plausible despIte ~er 
fact that the complexes (2a-d) appear inert to furt 
reaction with PPh:CI. ., as 

TI1C IH and 13C n.m .r . spectra ot (3a-c) . Isolated s. 
a ir-stable. purple. crystalline solids. likewise indicated P~d 
phido-alkyne linkage and also that a 1.2-hydrogen shift t of 
occurrcd on the alkvne . e.g. the observation of a double b) 
quartets ( IH) and a doublet (3H) for the CHMe group in (3 1'1; 
Figure:; depicts the structure of one of the two indepereav 
molecules in the unit cell of (3b) :;: as determined by -rl1v 
lliffraction. The two molybdenum atoms . now both forrn~e. 
\401!l . are each Iigated by a C5H~ ring and a termmal chlon (2) 
and are linked hy a formal double bond [mean MO(l)-Mo.do 
2. 792( 1) AI . This bond is spanned by a diphenyl~hosphlo" 
brillge and an C\:-phosphino vinyl ligand \ .... hich is a ) electr to 
donor. There has heen a shift of the H-atom from C(.t) hiS 
C( 2). and C(l) is now bonded to a second PPh: group • . t"g. 
links to Mo( I) thus formin~ a three-membered MoCP ;:1 is 
ne rather short p(2)-Cn) bond length [1.724(12) a 
consistent with an . alternative vie~ of this li~and a~ed 
phospha-allene ." This unusual co-ordmatlon mode IS refle at 
in the high-field .11p n.m .r . shift of P(2) [a dOublet

jJaf 
-:;·B .3p .p.m . rclative to P(OMe)3 = D.Op.p.m . l· A SIl

11 "d 
\ ignal. a ~ ingil:t. comprises the .l Ip n.m .r. spectrum of (~). ady 
c: lcmt:ntal anal\'sis indicates that this complex IS dlrec , 

_ .. _----- ---=------------/ 
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" C(Z1li\. . C(OZ) ;--x cm" \:-J: ,.' V C(226) C(21S) . ' 

~:re 2. The structure oi one of the tWO virtually identic~1 
C.liJ)endent molecules oi [~o~CI2(WPPh:)(I'·Ph:PC=CHMe HT] ' 
MO(~hl (3bl. ~ean principal bond lengths (A) and angles (') are: 
~ I-MO/2) ~.792(1). Molll-P(l) 2.428(3). ~o(l)-P(2) :!.~~!(3). 

. ~~g-Ci(ll 2.450(5). MOflJ-C(l) 2.1~(lO). Mo(2)-P(l) 2.385(3). 
P(1 -Cl(2) 2.472(~1. Mo(2)-C(l) 2.124(91. Mo(2)-C(~) 2.304( ltll. 

, p(i~~(111) 1.836(7), P(l)-C(12I) 1.8S3(9). p(2)-Cm l.7:!~(12). 
C(2)-c(211) 1.814(101. P(21-C(2211 1.816(6). C(l)-C(2) 1.-W9(18). 
ran (02) 1.502(1S) ; range Mo(l)-C(Cp) 2.293(15)-2.410(141 . 

. C(2~~ ~0(2)-C(Cp): 2811l~1-2.408(l4) . CO)-P(2)-Mol 1158.8(3). 
P(2) M"P(Z)-MOll1 132.1(3). C(211)-P(2)-C(l) 120.0(5). C{:!:!I)
C(,ii 0(11 120.0(3) . c{2211-P(2)-C{I) 113 .1(S). C(:!21 )-P[~)-
17;6rS~ 104.4(4). Mo(2)-Cll )-Mo( 1) 81.8(3), P(2)-Clll-Mo( I1 
C(2)-<:'( P(2)-C( 1 )-Mo(2) 12S.0(b). C(2)-C(!)-Mo(l) 132.1(81. 
~ 1)-MoI2) 7R.6(6)' C{~)-C(l)-P(2) 1~7 . 5(7) . Cll)-C(~)-
12(;/9),64 ,6(S). Q02)-C(2)-Mo(21 124.9(9). C(02)-C(2)-C( 1) 

related 
. Ihird 10 ~3a) by the replacement of the !!-PPh: group by a 

S Chl~f1de ligand . 
trea~rne Insight into the formation of (3) can be gained by 
I rnent of (le) :With one equivalent of PPh"Cl (retluxmg 

J. CHBI. soc.. l HE~. CO~IMt::-; .. 1l)l'Iy 

toluene. 6 h. relatively dilute conditions) which allows the 
isolation of an intermediate compiex (6c, ,'" On heating with 
further PPh:CI. (6c I is rapidly converted into UCl. This 
process is evidently facile since only traces of an analogous 
complex can be isolated from (lb); even with one equivalent 
of PPh:Cl, (3b) is the major product. 

A plausible mechanism for the reaction is shown in Scheme 
1. We propose that the key step is oxidative addition of PPh:Cl 
followed by migration to a bridging position of eilher the 
chloride ligand [leading to (2)) or the phosphido group 
[leading to (6) and ultimately (3»). 

No evidence for P-C bond formation was found in (he 
reactions of (l) with PPh"lU PPh"H Y' or P~Ph.l. 1 i Its 
occurrence in the products (2)-(5) attests to the markedly 
different reactivitv obtained with PPh,CI. 

We thank the S.E.R.C. and the lJ~iversitv ot Manchester 
for support. and Miss G. Acum for assistance in characterisa
tion of (3a). 

Recei~'ed, 10th February 1989: Corn. 9/00663J 
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~nthesis of a Series of Hexanuclear Ruthenium Carbido Cluster Alkynes under 
[R,ld Conditions: X-Ray Structure Analyses of the Complexes . 

U,C(CO)1s(fJ.3-'tJ2-PhCCH)] and [RueC(CO)15(fJ.3-'tJ2-PhCCMe)] t 
s· 
(J~~on ~. Drake, Brian F. G. Johnson, and Jack Lswis' 
G,,,erS1ty Chemical Laboratory, Lensfield Road Cambridge CB2 1 EW 
Sell Inns Conols and Mary McPartlin • 

001 of Chemistry, The Polytechnic of North London, Holloway Road, London N7 8DB 

'-------------------------------------------------------------------
~~re8.~tion of [AueC(CO),.]2- (1) with alkynes in the presence of [Fe(cp)2]8F. (cp = ll'-C,Hs ) or 
(4) 3 gives the alkyne cluster derivatives (AueC(CO),s(ll3-Tl2 -ACCA')] [A = A' = H (2), Me (3), Et 
t8~ Or Ph (5); A :1= A', H and Ph (6). Me and Ph (7)] as the respective major products at room 
eOIlPerature. Prolonged heating of the cluster [AueC(CO),s(ll3-TJ2 -PhCCH)] (6) in toluene over 3 d 
to averts it into [AueC(CO),s(ll-H)(CCPh)] (8), with hydride migration from the organo-fragment 
ray r~thenium metal centre. The structure of complexes (6) and (7) have been established by X
~'h~lffraction studies which show the alkyne ligands bonding to triangular ruthenium faces in a 

'1 Illode. 

'---------------------------------------------------------------~/naIOgy between the chemistry of alkyne- or alkene
Ot~~Uted cluster complexes and the chemisorption of such 
IIQde IC molecules on a metal surface is well known. 1 An 
!ltetafStanding of the interaction of an alkyne with a transition
ilIletacCI.USter may provide some insight into the nature of the 
'lid a tlon occurring between an unsaturated organic molecule 
'Q~ M metal surface. The chemistry of alkyne derivatives of M 3 

lQ~ fo; (~ == Fe, Ru. or Os) clusters is now well established.2.3 

~lIste (tnnuclear ruthenium clusters the use of the activated 
~bil/ RU J (CO)12 .• (NCMel.] (n = 1 or 2)4 containing the 
PrOdUc ~cetonitrile . ligand has considerably simplified the 
toltllit: tlon of specific cluster complexes under mild reaction 
~ "ons.' · 

IIQli1.°~s in the area of organo higher-nuclea~ty cluste~. has 
rtqUire CCently been.. restricted due to the forcmg conditions 
or Dtu d, and many early RUfl organo complexes were products 
litrt a l(CO) 12] aggregation reactions. b Ansell and Bradley 1 

dirtc:t ble t~ iSOlate [RU6C(CO)14(CI4HI4)] in high yield by the 
(C'1i reaction of [ RU6C(COh6]2- (I) and tropylium bromide 
orlhe'~br. The incoming ligand bitropyl (C I4H I4) is a product 
!topYI~lmple redox reaction between [RUIjC(CO)16]2- (I) and 
!~Ith~m .. More recently Hayward and ShapleyH have shown 
~&b y' l°ltldation 0((1) under CO to [ RU6C(CO) I 7] occurs in 
~~Ii~~~' It has now been found that this approach is widely 
OfU).9 e, for the synthesis of a range of substituted complexes 

-~I ' . 'lie hts .,lId Discussion ~ 
~~ aYe p . . I 
Il;,tton . rev~ously shown that the electrochemlca two-
(bOI\O~id~ltldatlon of [RUflC(CO)16]2- (I) under a carbon 
(;. "'i-A atmosphere at a platinum electrode occurs at + 0.5 V 
~ ~q,) ]fl) and on the same scale the couples [Fe(cph]/ 
lItlllr ~ IF 4 (cp = 'l'-C,H,) and FeCI1-FeCI] occur at 

a Ues of +0.53 V. IQ This provides the basis for an 
t~ . ' 
{~~'Carbid ~----------------
,'"1IY1vin O·I .I.2.2.2.J.J.J.4.4.5.5.6.6.6-pentadecacarbonyl-1'3-
S~ (' '(Rur~;ne~c '(Ru 1'~ICl(Rul"l]- and -1'3-[methyl(phenyl)vinyl-
.t '/l/llf~ lC (Ru 1·'l]-OclaJredro-hexaruthenium. 
"'"C D II,ClI'v cl. . 

, II/lfJ r. ala at'ailable: see Instructions for Authors. J. Cl/em. 
11 'all.f .• 1990. Issue I. pp. xix-xxii. 

alternative method of synthesis using either chemical or 
electrochemical oxidation of ruthenium cluster dianions in the 
presence of the ligand at room temperature. which results in a 
higher and more selective yield of the product desired. 

The reactions of [Ru6C(CO)t6]2- (I) with allcynes in the 
presence of 2 equivalents of either of the oxidants [Fe(cph]BF" 
or FeCI 3 results in the formation of products of general formula 
[Ru6C(CO)I,(RCCR')]. All of the products were isolated 
from the reaction mixtures in high yield. by the use of 
chromatography. The clusters (2H7) have been characterised 
by i.r .• I H n.m.r .• electron-impact mass spectrometry (Table 1), 
and satisfactory microanalysis. The derivatives all had clear 
molecular ions consistent with the formulation [RU6C(COh,
(RCCR')]. and the mass spectra showed the stepwise loss of 15 
carbonyl groups. The i.r. spectra (Table I) indicated the 
presence of only terminal carbonyl Iigands. and no resonances 
in the metal hydride region were observed in the 1 H n.m.r. 
spectra. The nature of the bonding of the organic fragments and 
the overall molecular geometries of (6) and (7) were established 
by single-crystal X-ray structure analysis. Selected bond lengths 
and angles are in Table 2. 

In the structures of (6) and (7) shown in Figures 1 and 2 the 
six ruthenium atoms adopt a slightly distorted octahedral 
geometry [Ru-Ru 2.764-2.980(2) for (6) and 2.782-2.991(1) 
for (7)]. with the interstitial carbon atom Iying -clo_se to the 
geometric centre in each [Ru-C 2.015(14)-2.073(15) for ./6) 
and 1.992(13)-2.098(11) A for (7)] and mean Ru-C(carbido) 
distances of 2.045(25) in (6) and 2.045(42) in (7), which are 
shorter than that in [RU6C(CO)16]1- (1).1/ The organo ligand 
is bonded to the triangular face Ru(l), Ru(2), Ru(3), the co
ordination of each metal being completed by carbonylligands. 
with three carbonyls on each of the three remaining ruthenium 
atoms. 

In structures (6) and (7) both carbon atoms of the allcyne 
group bond to Ru(3) [Ru(3)-C(l) 2.264(11) (6) and 2.181(11) 
(7), Ru(3)-C(2) 2.174(11) (6) and 2.201( (1) (7)], in addition 
each bonds to one other ruthenium atom of the triangular 
face [Ru(I}-C(I) 2.095(13) (6) and 2.069(8) (7); Ru(2}-C(2) 
2.076(13) (6) and 2.078(9) A (7)]. -

The alkynic C(l)-C(2) bond lies nearly parallel to the 
Ru(l)-Ru(2) edge of the two clusters (Figures I and 2), and in 
both cases a reduction in the formal C-C bond order upon co-
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----------------------------------------------------------------------------------------------
Table I. Selected spectroscopic data for complexes 11H8) 

I.r.· v(CO)/cm-1 Complex 

(2) 
(3) 
(4) 

1 089w. 2 046vs, 2 039s. 2 025rrt, 2 018m. 1 995w. 1 987w. 1 973vw 
2 087w. 2 042vs. 2 035s Ish). 2 02Om. 2 Ollm, I 988w. 1 960w Ish) 

m/zb 

1070 
1098 
1126 
1222 
1146 
1160 
1146 

lH N.m.r.' (0) 

9.09 (s. 2 H) 
302 (s. 6 H) 

IS) ,6, 
i1) 

2 088w. 2 043vs. 2 0365 (sh). 2 019m.-i OIOm. I 982w Ish). I 963vw (sh) 
1 088w. 2 045vs. 2 038s (sh), 2 018m Ish). 2 014m. 1 986w. 1 962vw (sh) 
1 088w. 2 044vs. 2 0395 (sh). 2 019m Ish). 2 014m. I 988w. 1 963vw Ish) 
2 088w. 2 046vs. 2 037s (sh). 2 022m. 2 OISm (sh). I 982w. 1964vw 

3.12 (q, 3 H). l.S7 (t, 2 H) 
7.42 (m. Ph) 
10.17 (s. I H). 7.41 (m. Ph) 
7.38 (m. Ph). 3.40 (s, 3 H) 

(8) 1 096w. 2 OSlvs. 2 039s Ish). 2 028m. 2 016m. 1 994w Ish) 7.36 (m. Ph), - 17.04 (s. Ru-H-Ru) 
\1 

---------------------------------------------------------------------------------------------, 
0(41 ) 

:Q0(11) 

Figure I. The structure of [Ru~C(CO)I,(1'3-1]l-PhCCH)] (6). The 
carbonyl carbon atoms have the same number as the corresponding 
oxygen atoms 

Fi~ure 2. The structure of [Ru~C(CO)l ,(l'l-1]l-PhCCMel] (7). The 
carbonyl carbon atoms have the same number as the corresponding 
oxygen atoms 

ordination of the alkyne is indicated by the C(1 )-C(2) bond 
lengths of 1.365( 17) in (6) and 1.395(13) in (7). The interaction of 
the alkyne with metal atoms Rull) and Ru(2) in both structures 
may be formally described as a bonding in character. with that 

-

, 
to Ru(3) being 1t bonding (Figures 1 and 2). This 'parallel' IlJ-n
mode of bonding is more widely observed in clusters containin~ 
alkyne ligands than the alternative perpendicular J1J-TJ 1 mode. I 
Formally in (6) and (7) the alkyne ligand is contributing a total 
of four electrons to the overall polyhedral count of the cluster 
giving a total of 86 electrons, as expected for octahedral clusters. 

The alkyne clusters (2HS) and (7) were found to be stable 
to extremes of heat, e.g. (3) was heated under reflux in toluene 
for 4 d and recovered in near-quantitative yield. In contr~t 
the cluster [Ru6C(CO)15(IlJ-T11-PhCCH)] (6) on heating JO 
toluene at 60°C for 3 d is convened into the new cluster 
[Ru6C(CO)15(J1-H)(CCPh)] (8). The mass spectrum showS a 
clear molecular ion and the I H n.m.r. spectrum of (8) in CDzCIz 
is consistent with the presence of a metal hydride. It appears 
that there has been a transfer of a hydrogen atom fro~ the 
organo fragment to the metal core. We attribute this thennal 

stability to the presence of the interstitial carbido atom in thes~ 
hexanuclear ruthenium clusters. The corresponding 056 , a~ 
OS7 alkyne-based clusters have been found to undergo major 
skeletal rearrangements on prolonged heating. IJ.14 

Experimental 
All reactions were carried out under nitrogen using ~ry 
degassed solvents. Infrared spectra were recorded on a perktM Elmer PE 983 spectrometer. I H n.m.r. spectra on Bruker W aJ I 

250 and WH 400 instruments using CD1CI1 as the intern 
reference. Electron-impact mass spectroscopy was perfonned 

on a N.E.I. MS 12 spectrometer using tris(perfluoroheptyl.r 
s-triazine as calibrant. Microanalyses were performed In 
the University Chemical Laboratory, Cambridge. Thin-Iaye: 
chromatography plates (20 x 20 cm) were bought from Mere 
and were coated with a 0.25-mm layer of silica gel. The cluster 
[N(PPh3h]l[Ru6C(CO)16J was prepared by the literature 
method. I I 

Preparalions.-[Rut;C(CO)15(HCCH)] (2). The salt [N- .. 
(PPh3hJl[Ru6C(CO)'6J (lOO mg. 0.0467 mmol) was diSSOIV: 

in CH 2CI 2 (freeze-thaw degassedJ (15 cm J ) and HCCH bubbl 
through the solution for 10 min. The oxidant [Fe(cphJBF. ~30 
mg. 0.111 mmol) was then added as a solid and the reaCtl~n 
monitored by i.r. spectroscopy. It was complete after IS roln 

with a change in colour from red to black. The reaction roixtU~ 
was then filtered through a sintered funnel and reduce~ . In 
volume. The resulting solution was then separated on thin stllC3 
plates using 20"10 CH 2CI 2-80% hexanc to yield a yellow band at 
d . 0.1 (ferrocene) and the alkyne cluster [RUt;C(CO)'i> 
(HCCH)] (2) as a brown band at d . 0.4. Black crystals of ( 
were obtained by slow diffusion of a layered CH1Ch-hexan~ 
solution under Nl over 24 h at O°C (yield 16 mg, 27%). a~ . 
were characterised by i.r. I H n.m.r., mass spectroscopy (Ta ~ e 
I), and microanalysis (Found: C, 20.35; H, 0.20. cale. or 
CISH2015Ru,,: C. 20.20; H,O.20%). 
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tl\ie ~ 2. Selected bond lengths (A) and angles (0) for complexes (6) and m 

(6) (7) (6) (7) 

i;I Ru( I )-Ru(2) 2.837(2) 2.815(1) Ru(3}-C(2) 2.174(11) 2.201(11) 

r. RU(l)-Ru(3) 2.815(2) 2.791(1) Ru(4)-Ru(5) 2.874(2) 2.9IS(1) 

RU(l)-Ru(4) 2.980(2) 2.989(1) Ru(4)-Ru(6) 2.857(2) 2.836(1) 

: RU(l)-Ru(S) 2.863(1) 2.952(1) Ru(4)-C(41) 1.946(20) 1.916( 11) 

, ,Ru(l )-C(1I) 1.894(15) 1.883(13) Ru(4)-C(42) 1.925(16) 1.894( 12) 

· .Ru(l )-C(12) 1.89S(15) 1.882(12) Ru(4)-C(43) 1.930(16) 1.908(17) 

RU(1)-C(l) 2.09S(13) 2.069(8) Ru(5)-Ru(6) 2.912(2) 2.870(1) 

t' 
' Ru(2)-Ru(3) 2.764(2) 2.782(1) Ru(5)-C(51) 1.902(14) 1.910(13) 

\ ~,I - Ru(2)-Ru(4) 2.963(2) 2.991(1) Ru(5)-C(S2) 1.908(19) 1.876(17) 

RU(2)-Ru(6) 2.934(1) 2.885(1) Ru(5)-C(53) 1.880(18) 1.902(11) 

Ru(2)-C(2l) 1.892(16) 1.904(13) Ru(6)-C(61) 1.913(19) 1.929(12) 

RU(2)-C122) 1.871(17) 1.888(10) Ru(6)-C(62) 1.893( 16) 1.890( 13) 

1\, RU(2)-C(2) 2.076(13) 2.078(9) Ru(6)-C(63) 1.862(21) 1.880(14) 

aU(3)-RuI5) 2.969(2) 2.880(1) C(1)-C(2) 1.365(17) 1.395(13) 

'. RU(3)-Ru(6) 2.930(2) 2.974(1) C(1 )-C(ll1) 1.475(13) 1.504(12) 

~ RU(3)-C(3() 1.864(17) 1.906(9) C(2)-C(3) 1.519(13) 

RU(3)-c(32) 1.915(15) 1.902(12) C)(I)-C(S) 1.61(6) 

RU(3)-C(l) 2.264(11) 2.181(11) CI(2)-C(S) 1.97(6) 

RU-Carbide 2.015-2.073 1.992-2.098 

RU(3)-Rul I )-Ru(2) 58.6(1) 59.5(1) C(32)-Ru(3)-Ru( I) 110.5(5) 102.1(3) 

RU(4)-Ru( I)-Ru(2) 61.2(1 ) 62,0(1) C(32)-Ru(3)-Ru(2) 165.8(4) 162.7(3) 

. RU(4)-Ru(1)-Ru(3) 90.1(1) 90.7(1) C(32)-Ru(3)-Ru(5) 94.3(4) 81.1(3) 

RU(5)-Ru( I )-Ru(2) 9U(1) 89.6(1) C(32)-Ru(3)-RuI6) 131.6(4) 126.4(3) 

RU(5)-Ru( I)-Ru(3) 63.0( I) 60.1(1 ) C(41 )-Ru(4)-Ru(1) 73.9(5) 76.1(3) 

, RU(5)-RU(l)-Ru(4) 58.9(1) 58.8(1) C(41)-Ru(4)-Ru(2) 113.0(5) 117.7(3) 

_ :U(3)-Ru(2)-RU(i) 60.3(1) 59.8(1) C(41)-Ru(4)-Ru(5) 102.7(5) 102.6(4) 

· U(4)-RuI2)-Ru(1) 61.8(1) 61.9(1) C(41)-Ru(4)-Ru(6) 161.3(5) 161.5(4) 

-, RU(4)-Ru(2)-Ru(3) 91.5(1) 90.9(1) C(42)-Ru{4)-Ru( I) 121.3(5) 109.5(4) 

, RU(6)-Ru(2)-Ru(1) 90.1(1) 91.5(1) C(42)-Ru(4)-Ru(2) 75,4(6) 68.7(3) 

RU(6)-Ru(2)-Ru{3) 61.8(1) 63.3(1) C(42)-Ru(4)-Ru(5) 157.1(6) 154.1(3) 

:U(6)-RU(2)-RU(4) 58.0(1) 57.7(1) C(42)-Ru(4)-Ru(6) 96.4(6) 98.4(3) 

U(2)-Ru(3)-Ru( I) 61.1(1) 60.7(1) C( 43)-Ru( 4)-Ru(l) 144.5(4) 157.9(S) 

. RU(S)-Ru(3)-Ru(l) 59.3(1 ) 62.7(1) C(43)-Ru(4)-Ru(2) 152.1(5) 143.4(4) 

• RU(S)-Ru(3)-Ru(2) 90.6(1) 91.7(1) C(43)-Ru{4)-Ru(5) 93.8(5) 104.4(6) 

· RU(6)-Ru(3)-Ru(l) 90.6(1) 90.1(1 ) C(43)-Ru(4)-Ru(6) 96.7(6) 96.2(5) 

RU(6)-Ru(3)-Ru(2) 61.9(1) 6O.1(1) C(SI)-Ru(5)-Ru(1) 171.2(5) 143.2(3) 

RU(6)-RUi3)-Ru(5) 59.2(1) 58.7(1) C(51 )-Ru(5)-Ru(3) 119.5(6) 90.4(3) 

'. :U(2)-RU(4)-RU(l) 57.0(1) 56.2(1) C(51)-Ru(5)-RuI4) 110.1(5) 143.7(4) 

," U(S)-RuI4)-Ru{ I) 58.5(1) 60.0(1) C(51)-Ru(5)-RuI6) 81.8(S) 90.1(4) 

~ ~ :U(S)-:RU(4)-RU(2) 88.6(1) 86.9(1) C(52)-Ru{S)-Ru( I) 97.S(4) 81.0(6) 

, U(6)-Ru(4)-Ru(l) 88.8(1) 88.9(1) C(S2)-Ru(5)-Ru(3) 8S.4(S) 106.1(4) 

RU(6)-Ru(4)-Ru(2) 6O.S(I) S9.3(1) C{S2)-Ru(S)-RuI4) IS8.7{S) 120.8(5) 

I' RU(6)-RuI4)-Ru(5) 61.1(1) 59.8(1) C(52)-Ru(5)-Ru(6) 132.6(6) 167.8(5) 

" . '" RU(3)-RU(5)-Ru(l) 57.7(1 ) 57.2(1) C(53)-Ru(5)-Ru(l ) 88.3(4) 121.9(4) 

, RU(4)-Ru(5)-Ru( I) 62.6(1) 61.3(1) C(53)-RuIS)-RuI3) 145.1(4) 161.1(4) 

. RU(4)-Ru(S)-Ru(3) 89.2(1) 90.5(1) C(53)-Ru(S)-Ru(4) 80.7(5) 74.8(4) 

, RU(6l-RU(S)-RU(1) 90.1(1 ) 89.0(1) C(53l-Ru(5)-Ru(6) 135.0(5) 99.4(4) 

. , RU(6)-:Ru(S)-Ru(3) 59.7(1 ) 62.3(1) C(61 )-Ru(6)-Ru(2) 120.2(4) 107.4(4) 

".1' \ RU(6)-Ru(S)-Ru(4) 59.2(1) 58.7(1) C(61)-Ru(6)-Ru(J) 78.2(5) 76.5(4) 

RU(J)-RuI6)-Ru(2) 56.3(1) 56.7(1) C(61 )-Ru(6)-Ru(4) 162.1(5) 166.6(4) 

• RU(4)-RuI6)-Ru(2) 61.5(1) 63.0(1) C(61 )-Ru(6)-RuI5) 102.4(5) 111.2(4) 

. • .. RU(4l-RuI6)-Ru(3) 90.3( I) 90.2(1) C(62)-Ru(6)-Ru(2) 76.9(4) 85.1(4) 

in' ~U(Sl-Ru/6)-RUI2) 88.5(1) 89.8(1) C(62)-Ru(6)-Ru(3) 117.1(5) , 132.9(4) 

R U(S)-RU(6)-Ru(3) 61.1(1) 59.0(1) C(62)-Ru(6l-Ru(4) 102.7(6) 96.0(4) 

- C U(Sl-Ru(6)-Ru(4) 59.7(1) 61.4( I) C(62)-Ru(6)-Ru(5) 161.4(5) 156.4(3) 

. J C(ltl-Ru(1)-Ru(2) 95.7(5) 90.6(3) C(63)-Ru(6)-Ru(2) 142.6(8) 156.0(4) 

" • C{ lt l-RuII)-Ru(3) 140.7(6) 140.0(3) C(63)-Ru(6)-Ru(3) , 151.7(6) 134.0(4) 

C(ltl-Ru( I )-Ru(4) , 103.1(5) 98.0(4) C(63)-Ru(6)-Ru{4) 87.8(8) 93.6(3) 

• ~ c(lt l-RU(1 )-Ru(5) 153.9(6) 153.0(3) C(63)-Ru(6)-Ru(5) 94.1(7) 83.1(3) , 

• , dgl-RU(1)-RU(2) , 168.(}(6) 164.2(3) Ru(3)-CII)-Rull ) 80.4(4) 82.0(4) , 

cUtRU(l)-RU(3) 111.3(5) 112.5(3) C(2)-C(1)-Rull) 108.2(9) 110.2(6) 

· C l-RulI )-Ru(4) 128.1(4) 133.7(3) C(2)-C(1)-Ru(3) 68.5(7) 72.2(6) 

~: d~~tRU(1)-RU(5) 88.7(4) 97.8(4) C(1 11 )-C(1 )-R u(1 ) 125.3(8) 124.1(6) 

. _ Cl21 RU/2)-Ru( I) 94.3(5) 96.4(3) C(lII)-C(1)-R u(3) 127.9(8) 130.7(7) 

! Cl2 l-RU(2)-Ru(3) 143.8(5) 141.3(3) C(1II)-C(1)-C(2) 125(1) 121.8(7) 

I. !;t(2~tRU(2)-RU(4) 98.6(6) 104.6(3) Ru(3)-C12)-Ru(2) 81.1(4) 81.(}(3) 

~ A .' RU(2)-Ru(6) 150.0(5) 153.7(3) C(1 )-C(2)-R u(2) 113(1) 109.8(6) 

.. '" -~ \" 
; .. ~1 .. ; ~ 1~ I 

· '('''',.I, ,<-'. 

r-
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Table 2 (continued) 

(6) (7) (6) (7) 

C(2:!}-Ru(2}-Ru(l) 158.8(5) 165.4(3) C(1}-C(2}-Ru/3) 75.7(7) 70.7(6) 
022)-Ru(2)-Ru(3) 105.5(5) 107.4(3) C(3}-C(2)-Ru(2) 123.6(7) 
C(22)-Ru(2)-Ru(4) 138.0(5) 128.9(3) C(3}-C(2}-Ru/3) 128.7(7) 
C(22)-Ru(2)-Ru(6) 96.6(4) 88.3(4) CO}-C(2}-C(1) 124.4(9) 
C(31 )-Ru(3)-Ru(l) 15S.4(4) 155.3(4) C(112}-C(lll}-C( 1) 123.4(7) 122.1(8) 
031)-Ru(3)-Ru(2) 99.7(4) 106.8(4) C(116}-C(llI l-C(1) 116.6(7) 117.9(8) 
031 )-Ru(3)-Ru(S) 141.2(4) 141.9(4) CI(2}-C(S}-CUll 106(3) 
031)-Ru(3)-Ru(6) 93.1(4) 101.9(4) 

------------------------------------------------------------------~ 
Table 3. Fractional atomic co-ordinates for complexes (6) and (7) 

(6) (7) 
A .-, 

Atom x Y : x Y : 

Ru(l) -0.34780(12) 0.31726(6) 0.04907(6) -0.340 26(4) -0.169 29(8) 0.06342(8) 

Ru(2) -0.31918(12) 0.16252(6) -0.000 65(6) -0.18220(41 -0.072 17(8) 0.07753(8) 

Ru(3) -0.11141(12) 0.27584(6) 0.00783(6) -0.231 52(4) -0.12032(8) 0.33074(8) 

Ru(4) -0.27323(12) 0.18485(7) 0.15868(6) -0.25276(5) -0.35748(8) _0.11674(8) 

Ru(5) -0.065 82(12) 0.30721(6) 0.16620(6) -0.29979(5) -0.39829(8) 0.15663(8) 

Ru(6) -0.02955(12) 0.14802(6) 0.11814(6) -0.140 53(4) -0.301 12(8) 0.15424(8) 

CCII) -0.5548(16) 0.3176(10) 0.010 6(9) -0.3685(6) - 0.086 O( 11 ) _0.0836(11) 

0(1 \} -0.6784(12) 0.3155(7) -0.0127(8) -0.3857(5) . -0.033 1(9) _0.1700(9) 

C(I2) -0.3486(17) 0.427 1(9) 0.0681(8) -0.4426(6) -O.l882(1ll 0.0965(12) 

0(12) - 0.345 5(13) 0.4920(6) 0.079 1(6) -0.504 9(5) -0.1954(11) 0.115 7(12) y 

C(21) -0.5224(17) 0.141 8(9) -0.037 8(9) -0.1975(6) 0.0316(lll _0.0563(12) 

0(21) -0.6435(12) 0.1304(8) -0.0561(7) -0.2085(5) 0.0945(9) _0.1373(10) 

022) -0.2938(17) 0.0828(9) -0.0619(8) -0.0766(61 0.0143(10) 0.140 O(lll 

0(22) -0.271 5(13) 0.0343(7) -0.100 1(7) -0.0129(4) 0.0695(9) 0.1808(10) 

C(31) -0.021 7(16) 0.2276(8) -0.0509(7) -0.1554(6) -0.011 2(11) 0.5063(11) 

0(3ll 0.0287(13) 0.1960(6) -0.088 1(6) -0.109 2(5) 0.0555(9) 0.6066(9) 

Cm) - 0.008 5(15) 0.3685(8) -0.0023(7) -0.2949(6) -0.161 2(10) . 0.466 0( 11l 

0(32) 0.0528(12) 0.420 2(6) c... 0.0121(6) -0.334 1(5) -0.1867(9) 0.5428(10) 

041) -0.431 1(20) 0.2430(8) 0.1731(9) -0.3501(6) -0.3898(10) _0.2528(12) 

0(41) -0.5165(13) 0.272 1(7) 0.1886(7) -0.4058(5) -0.4169(8) _0.3425(10) 

0 42) -0.3675(18) 0.0834(9) 0.1332(10) -0.1922(6) - 0.266 4( 11 ) -0.222 HI!) 

0(42) -0.4256(15) 0.0266(7) 0.1224(7) -0.1596(5) -0.2308(9) _0.3049(S) 

043) -0.181 1(18) 0.1579(8) 0.2629(9) -0.2288(9) -0.525 5(17) -0.223 H(8) 

0(43) - 0.1246(13) 0.1456(7) 0.3233(6) -0.213 6(7) -0.6283(14) _0.2794(15) 

OS!) 0.1180(17) 0.2835(9) 0.242 1 (9) -0.2683(7) -0.452 1(11) 0.3308(12) 

0(51) 0.2246(14) 0.271 5(9) 0.2887(8) -0.2491(6) -0.4871(8) 0.4309(9) 

052) 0.0059(19) 0.4078(11) 0.1506(9) -0.404 5(9) -0.4227(16) 0.172 8(17) 

0(52) 0.044 6(16) 0.4706(7) 0. 1456(7) -0.4676(8) -0.4476(13) 0.1884(15) 

C(53) -0.1486(17) 0.3505(10) 0.2312(8) -0.3153(6) -0.5748(12) 0.0135(12) 

0(53) -0.1953(14) 0.3785(8) 0.2719(7) - 0.3259(6) -0.6863(8) _0.0566(10) 

C(61) 0.1429(18) 0.158 1(9) 0.0955(9) -0.0787(7) -0.233 6( 12) 0.358 8(\4) 

O(6ll 0.2495(12) 0.1567(7) 0.085 om -0.0375(5) -0.2026(10) 0.4734(9) 

C(62) -0.071 0Cl7) 0.0434(9) 0.081 6(9) -0.0532(6) -0.268 1(13) 0.0662(14) 

.0(62) -0.084 3( 1 5) -0.0220(6) 0.0640(8) -0.000 5(5) - 0.2551(1 I) 0.0138(\3) 

063) 0.0658(24) 0.1106(12) 0.2 14 8(12) -0.1350(6) -0.4836(13) 0.1I89(\4) 

0(63) 0.1265(19) 0.0820(10) 0.271 2(10) -0.1298(6) -0.5946(9) 0.0977(12) 

C -0.1944(16) 0.232 1(8) 0.0842(H) -0.2422(7) -0.2377(12) 0.1013(13) 

C(J) -0.3385(13) 0.3225(7) -0.057 5(6) -0.2995(5) 0.0073(9) 0.246 HlO) . 
cm -0.3210(14) 0.2474(7) . -0.07R 7(7) -0.221 6(5) 0.0575(9) 0.251 7(10) 

, 

COIl) -0.3793(9) 0:391 6(4) -0.1076(4) -0.3505(4) 0.0965(7) 0.321 5(8) • 

C(1I2) -0.3186(9) 0.4666(4) -0.0872(4) -0.3665(4) 0.101 3(7) 0.4653(8) 

0113) -0.364 3(9) 0.5292(4) -0.1376(4) - 0.4160(4) 0.1825(7) 0.5286(8) 

C(l14) -0.4707(9) 0.5169(4) -0.2083(4) -0.4496(4) 0.2590(7) 0.448 U8) • 

C(l15) -0.5314(9) 0.4419(4) -0.2287(4) -0.4336(4) . 0.2542(7) 0.304 4(8) 

C(116) -0.4857(9) 0.3792(4) -0.1784(4) -0.3841(4) 0.172 9(7) 0.241 t(S) 

cm -0.1794(6) 0.2021(11) 0.338 S(12). 

OS) 
-0.0201(31) -0.429 3(52) -0.359 3(59) . 

CUI) -0.0546(5) -0.5528(10) _0.3032(13) 

CI(2) 0.023 1(8) -0.509 3(13) -0.540~ 

. c reacti~" 
[Ru~ClCO). ~(MeCCMe)] (3). The salt [N(PPh3h]2[Ru~- (38 mg. 0.1 t 1 ~mol) was then added as a solid and ~cr IS fill" 

c(CO).,,] (\00 mg. 0.0467 mmol) was dissolved in C H 2Ct! mOnItored by t.r. spectroscopy. It was completc a.t n lfIi~ttJ~ 
(freeze-thaw degassed) (IS cmJ ) and MeCCMe (S 111.0.060 with a change in colour from red to black. The reactJ

o 
duCCd 10 

mmol) added at 0 °C to the solution. The oxidant [FdcP12JBF .. was then littered through a sintered funnel and re 
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, p~~~e. , The resulting solution was separated on thin silica 
Can CS UStng 20010 CHICI,-80% hexane to yield a yellow 
C(C~ at Rr 0.1 (ferrocene) and the alkyne cluster [Ru~
~ l,,(MeCCMe)] (3) as a brown band at Rr 0.4. Black 
ca tals"of (3) were obtained by slow diffusion of a layered 
1Ila.=iI2-hexane solution under NI over 24 h at O°C (yield 45 
$pe 9%), and were characterised by i.r.. I H n.m.r.. mass 
o.6f~scopy (Table 1), and microanalysis (Found: C. 22.20: H. 
[It alc for C 20H60 1 ~RU6: C. 21.85: H. 0.55~~). 

CIC~6C(CO)I~(EtCCEt)] (4). The salt [N(PPh3h]z[Ru~
I! .)16] (lOO mg, 0.0467 mmol) was dissolved in CH2Cl 2 

aQ~.thaw degassed) (15 cmJ ) and EtCCEt (5 Ill. 0.061 mmol) 
1Ila. eo at 0 °C to the solution. The oxidant [Fe(cph]BF.1 (30 
llIon' .Il! mmol) was then added as a solid and the reaction 
'lijlhltored by i.r. spectroscopy. It was complete after 15 min 
~as ~char:ge in colour from red to black. The reaction mixture 
vOlu e~ filtered through a sintered funnel and reduced In 

Plal llle. The resulting solution was separated on thin silica 
al re; USing 20'!~ CH2Ciz-80°1o hexane to yield a yellow band 
(tlce 0.1 (ferrocene) and the alkyne cluster [RU6C(CO)13-
'IIere Et)~ (4) as a brown band at Rr 0.4. Black crystals of (4) 
SoI'UtiObtatned by slow diffusion of a layered CH 2Clz-hexane 

. 'IIere on under N 2 over 24 h at O°C (yield 48 mg, 90%), and 
I), a Chara~terised by i.r., 1 H n.m.r., mass spectroscopy (Table 
C, lInd rnlcroanalvsis (Found: C, 23.50; H. 1.00. Calc. for 

· lq 0 . 
[~IO I sRu~: C. 23.45: H, 0.90°;';) . 

. CIC~)6C(CO)I5(PhCCPh)] (5). The salt [N(PPh3h]I[Ru.;
(r~l 16] (lOO mg, 0.0467 mmol) was dissolved in CH 2Ci 2 

,!QJnorthaw degassed) (IS cmJ ) and PhCCPh (10 mg, 0.0562 
(30 Ill) added at 0 °C to the solution. The oxidant [Fe(cph ]BF.1 
lIlolli g, 0.111 mmol) was then added as a solid and the reaction 
\lijth tored by i.r. spectroscopy. It was complete after 15 min 
'IIas ~Change in colour from red to black. The reaction mixture 
YOlulll en filtered through a sintered funnel and reduced in 

J Plates e. !he resulting solution was separated on thin silica 
J aI , R Using 20~~ CHzCI 2-80% hexane to yield a yellow band 

CrCO) 0.1 (ferrocene) and the alkyne cluster [Ru~
~ital 1,(PhCCPh)] (5) as a brown band at Rr 0.4. Black 

SIi CIS of (5) were obtained by slow diffusion of a layered 
. 'lIta. \4rhexane solution under N 2 over 24 h at 0 °C (yield 54 
lPett X;), and were characterised by i.r.. I H n.m.r.. mass 
0.95 ~scopy <Table 1), and microanalysis (Found: C. 29.65: H. 

.' [It\( alc. for C30H 100 1 ~Rul\: C. 29.45: H. 0.80%). 

. C(CO)C(CO)I ~(PhCCH)] (6). The salt [N(PPh 3h]z[Ru,,
' (r~e 16] (lOO mg, 0.0467 mmoi) was dissolved in CH1Clz 
adclcd ·thaw degassed) (15 cm J ) and PhCCH (7 Ill. 0.060 mmon 
ilia. a.lat O°C to the solution. The oxidan.t [Fe(cp)z]BF 4 (30 
ilIonh I! rnmol) was then added as a solid and the reaction 
I,oith a ored by ' i.r. spectroscopy. It was complete after 15 min 

f~as th~hange in colour from red to black. The reaction mixture 
~olulll n filtered through a sintered funnel and reduced In 

Plates~' !he resulting solution was then separated on thin silica 

J 
~rO.1 (~slng 20% CHzClz-80% hexane to yield a yellow band at 
(61 as ~rrocene) and the alkynecJuster [Ru/iC(CO)1 ~(PhCCH) 
b~ sloa r~wn band at Rr 0.4. Black crystals of (6) were obtained 
N~'o~: diffusion of a layered CHzCl 2-hexane solutipn u~der 
~hr ?4 h at 0 QC (yield 50 mg. 92%), and were charactertsed 

w ~IlaIY~i Ii n.m.r .. mass spectroscopy (Table I). and micro
If: 5.15' ~ (Found: C. 25.25; H. 0.70. Calc. for Cz4H,,01 ~Ru~: C. 
IJ (~~ ,0.55,%). 

(ICO)C](CO)I ~(PhCCMe)] (7). The salt [N(PPh3h]I[Ru,,-
. rr~.~6 (100 mg. 0.0467 mmol) was dissolved in CHzCI2 

\ IIllltol) haw degassed) (15 cm J ) and PhCCMe (7 Ill. 0.0604 
r3afrlg,~ded at 0 °C to the solution. The oxidant [Fe(cp)z]BF.1 

. 1lI~llito .111 mmol) was then added as a solid and the reaction 
~Ith a red by i.r. spectroscopy. It was complete after IS min 
,'Iias thChange in colour from red to black. The reaction mixture 
, en filtered through a sintered funnel and reduced in 

999 

volume. The resulting solution was separated on thin silica 
plates using 20°;'; CH2CI1-80~ ~ hexane to yield a yellow band at 
Rr 0.1 (ferrocene) and the alkyne cluster [RU6C(CO)W 
(PhCCMe)] (7) as a brown band at Rr 0.4. Black crystals of (7) 
were obtained by slow diffusion of a layered CHzCl 2-hexane 
solution under Nz over 24 h at O°C (yield 50 mg, 91%), and 
were characterised by i.r .. 1 H n.m.r .. mass spectroscopy (Table 
I). and microanalysis (Found: C. 26.05; H. 0.85. Calc. for 
C 25 H80 1 ~RU6 : C. 25.85: H. 0.70°1,, ). 

[RU6C(CO)1 ~ (Il-H)(CCPh)] (8). The cluster [RU6C(CO) \ ~
(PhCCH)] (lOO mg. 0.0873 mmol) was dissolved in toluene 
(freeze-thaw degassed) (15 cm J ) and heated at 60°C for 3 d. The 
reaction was monitored by i.r. spectroscopy and was complete 
after this time with a change in colour from brown to black. The 
reaction mixture was then filtered throullh a sintered funnel and 
reduced in volume. The resulting solutio'i. was separated on thin 
silica plates using 40°,~ CH zCl z-60% hexane to yield a red
brown band of [RU6C(CO)1 3(J.L-H)(CCPh)] (8) at Rr 0.5. Black 
crystals of (8) were obtained by slow diffusion of a layered 
CHzClz-hexane solution under Nz over 24 h at 0 QC (yield 82 
mg. 82%), and were characterised by i.r.. I H n.m.r.. mass 
spectroscopy (Table I). and microanalysis (found: C. 25.40: H . 
0.75. Calc. for C 24H6 0 1 ~RU6: C. 25.15: H. 0.55~~) . 

X-Ray Structure Analyses.-Crystal data f or complex (6) . 
C14H6013Ru6. M = 1140.30, monoclinic. space group P2 1:c. 
a = 9.853(2), b = 16.911(3). c = 19.312(4) A. P = 111.79(2)°, 
U = 2987.93 A3. Z = 4. Dc = 2.534 g cm-3, F(OOO) = 2 136, 
Il(Mo-K,) = 27.S1 cm-I. 

Crystal datafor complex (7)·0.5 CHzCl z, C25 . ~H9Ci2013Ruf\' 
M = 1 197. triclinic. space group pI (no. 2). a = 17.809(3). b = 
10.567(2), c = 9.310(2) A. x = 106.99(2). P =98.135(2), "( = 
98.824(2)°, U = I 623.23 A J , Z = 2, Dc = 2.449 g cm-3• 

F(ooO) = I 126. Il(Mo-K,) = 28.2 cm-I. 
Data collection. Crystals of sizes 0.38 x 0.26 x 0.18 mm for 

(6) and 0.25 x 0.20 x 0.18 mm for (7) were used for data 
collection using a Philips PWlloo diffractometer in the e range 
3-25°. as described previously. 1 3 with scan widths of 0.80° for 
(6) and 0.90° for (7). Equivalent reflections for (6) and for (7) 
were merged to give 3 033 and 4037 data respectively with 
Iicr(/) ~ 3.0. 

Structure solution and refinement. 16 The co-ordinates of the 
six ruthenium atoms in each structure were deduced from a 
Patterson synthesis. and the remaining non-hydrogen atoms 
were located from subsequent difference Fourier syntheses. 
Absorption corrections were applied to the data using the 
method of Walker and Stuart. 17 For both structures the metal 
atoms and the atoms of the carbonyl Iigands were assigned 
anisotropic thermal parameters in the final cycles of full-matrix 
refinement. in which weights of IV = l /cr~(Fo) were assigned to 
the individual reflections. Refinement converged at R = 0.0487 
and R' = 0.0483 for 16) and R = 0.0460 and R' = 0.0469 for (7). 

Additional material available from the Cambridge Cry.S
tallographic Data Centre comprises H-atom co-ordinates, 
thermal parameters. and remaining bond lengths and angles. 
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Chemistry of Phosphido-bridged Dimolybdenum Complexes. Part 5.' Synthesis 
and Protonation of a Phosphido-bridged Dimolybdenum Complex containing a 
Terminal Alkyne Ligand: X-Ray Crystal Structures of [Moz{fL-PPhz)z{CO)('l
CaMez)('l-CsHs)z] and [Moz{fL-~O)(fL-PPh2){fL-Ph2PC(Me)=CHMe}{'I)-
C,Hs)z] [SF.] t 

Gr6inne Conole and Mary McPartlin 
School 01 Chemistry, The Polytechnic 01 North London, Holloway Road, London N7 8DS 
Martin J. Mays' and Michael J. Morris 
University Chemical Laboratory, Lenslield Road, Cambridge CS! 1 EW -
The reaction between the alkyne complex [M02(J,l-C2Me2)(CO).("-C,,HII)2] and P2Ph. in refluxing 
toluene affords a 42% yield of [M02(J,l-PPh2)2(CO)("-C2Mez)(,,-C,,HII)J, An X-ray diffraction study 
has revealed that the but-2-yne ligand is co-ordinated to only one molybdenum atom, and that the 
molecule contains a planar M02(J,l-PPh2)2 unit with a formal Mo-Mo double bond of length 
2.865(1) A. Several other minor products are discussed in relation to the proposed mechanism of 
the reaction. Reaction of the terminal alkyne complex with H B F .,0 Et2 causes a structural 
rearrangement in which the protonated but-2-yne is inserted into one of the Mo-P bonds to-give a 
bridging Ph2PC(Me)=CHMe vinylphosphine ligand; the structure of the product has been 
Confirmed by X -ray diffraction. -ihe organic chemistry of dimolybdenum complexes derived 
rorn [M02(COMTJ-C,H,hJ and [Mo2(CO).(TJ-C,H,hJ is 

eXtensive, and has been recently reviewed,2 As part of our 
CUrrent effort to develop a similar range of chemistry for 

, Phosphide-bridged dimolybdenum systems 3.4 we have recently 
I I repOrted that the thermal reaction of [M02(COMTJ-C,H,hJ 
, . (With tetraphenyldiphosphane produces [M02(Jl-PPh2h(COh

'l.-C,H,hJ (1), which on further photochemiq.1 decarbonyl
atj~n gives [M02(Jl-CO)(Jl-PPh2h(TJ-C,H,hJ (2).' Despite 

q theIr formally unsaturated nature, however, neither (1) nor (2) 
c.: I'tacted with alkynes either thermally or under u. v. irradiation, a 

fact We attribute to steric hindrance by the bulky diphenyl-
y Phosphido groups. To circumvent this problem we decided to 

. ~l[Plore an alternative synthetic strategy, in which the alkyne 
, r~d is introduced into the dimolybdenum complex prior to 

• ~A~_~corporation of the phosphido groups. In this paper we 
, ~be the reaction of P 2Ph. with the complex [M02(Jl
~2Me2)(COMTJ-C,H,hJ (3), containing a transversely bound 
Ut-2-yne ligand. and the protonation of the resulting product. 

• I 

. ,. Results and Discussion . 
(a) Synthesis of [M02(Jl-PPh2h(CO)(TJ-C2Me2)(TJ-C,

Ii')~].-Heating [M02(Jl-C2Me2)(COMTJ-C,H,hJ ' with 1 
;, equIvalent of P2Ph. in reftuxing toluene for 96 h resulted in the 
~nsumption of most of the starting material according to spot 
. c" rnonitoring. Subsequent chromatographic work-up pro

. \tIded [M02(Jl-PPh2h(CO)(TI-C2Me2)(TJ-C,H,hJ (4) as an air
stable. red-purple crystalline solid in 42% yield. as well as 

I ,~\t,eral other minor products which are described in detail 
~ow . 

:-:"W Th~ i.r. spectrum of(4) showeli a single peak at 1 826 cm~'. As 
~ - thell,8S two cyclopentadienyl resonances (one split into a tnplet), 

r e .. H n.m.r. spectrum showed phenyl and methyl .protons in a 
.' ,i atlo of 20:6, indicating the incorporation of two PPh2 groups 

<,: 1:a0 !he dinuclear molecule with retention of the aUcyne ligand. 
e e 'P-{' H} spectrum consisted of a single peak in the region 
. ltpeeted for bridging phosphido ligands [cS 30.2 p.p.m. relative 

o 
c 

@-,/'.©., 
: +-Mo = Mo-+ : 
'.' ,~ / '.' 

PPh2'P~ 

(2) 

to P(OMeh = 0.0 p.p.m.], and a mol.ccular ion was observed in 
the mass spectrum at m/z 774 (96Mo) with one carbonyl loss 
peak at m/z 746. Peaks corresponding to a single tenninal 
carbonyl ligand and two inequivalent C,H, rings were observed 
in the 'le n.m.r. spectrum, with the resonance due to the 
internal carbons of the alkyne appearing at 155.8 p.p.m. The 
general similarity of the spectroscopic data to those of the oxo 
complex trans-[M020(Jl-PPh2h(CO)(".C,H,hJ (5)' indi
cated a similar structure with the a1kyne acting jlS a two
electron ligand tcnninally bound to one molybdenum atom. No 
evidence was found fOr the existence of a cu isomer of (4) . 

It has previously been shown by Templeton and Ward 6 that 
for mononuclear molybdenum(u) a1kyne complexes there is an 
experimental correlation between the number of electrons 
formally donated by an alkyne ligand and its 13C n.m.r. 
chemical shift. The value obserVed for (4) lies to somewhat lower 
field than might be expected for a two-elcctron donor alkyne, 
and an alternative canonical fonn, (4'), can be envisaged in which 
the but-2-yne ligand is donating four electrons and the metal 
atoms are joined by a single bond (see Scheme 1). An X-ray 

t [1 (Tt 1 )-But·2-yne ]carbonyl-2"C-bis[ I ,2(Tt ')-cyclopentadienyl)bis(,,
diphenylphosphido)-dimolybdenum (2 M~Mo) and ,,-carbonyl
bis[ 1,2('1' )-cyclopentadienyl] -,,-dipheny Iphosphido-,,-[2-( diphenyl· 
phosphino-2"P)bul-2-ene-lIclCl·J)-dimolybdenum (3 M~Mo) lelra
fluoroborale. 

Supp/tmtntary data tivallab/t: see Instructions (or Authors. J. Chtm . 
Soc~ Da/ton Tram., 1990, Issue I, pp. xix-xxii. . 
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H 

x, /~~ fJ> 
Mo=Mo 

\ RI 

OC~-/~\ fJ> 
fi '~~ "-co 

+ Mo=Mo 

fi "~~ ~ 

(3) (4) 

(1) X:a CO 
(5) X=O 

+ 

(41 

(68) RI 
.. R2 .. Me" 

(6b) RI. H, R2 .. El 

(Se) RI .. H, R2 .. El 

Me Me 
'C-C' 

CI,/X\f)> 
Mo--Mo 

fi "~~ "CO 

(8) 

Sebeme 1. Products (rom the reaction o( [Mo1(I'·C1Mel)(COMll·C,H,}ZJ with tetraphenyldiphosphane. (i) P1Ph.; (ii) HBF •• OEt1• - 78 DC 

C(25) 

C(12) 

C(21} 

Figure 1. Molecular structure o( [Mo2(I'·PPh2h(CO)(1l·ClM~l)(1l· 
CH ')2J (4) including the atom numbering scheme 

T 

diffraction study was therefore carried out on a suitable crYst: 
of (4) in order to compare the structural parameters with thO 
of other M01(J.1-PPh1h complexes. . ' he 

Figure 1 shows the molecular structure of complex (4) an ~Ie 
crystal. with selected bond lengths and angles collected in !a 110 
1. The structure consists of discrete dinuclear molecules WIth 
unusually short intermolecular contacts. It 

As deduced from the spectra, the but-2-yne ligand is sole 1 

bonded to Mo(l). This is unusual for dinucJear com~le,,~s 
where alkynes tend to adopt bridging modes of co-ordinatl~n. J1I 
in (I) and (3) the M01P1 unit is virtually planar (malt~J1lU d 
deviation 0.14 A) with the C(2)-C(3) bond of the alkyne hg, 
almost parallel to it. TheC(2)-C(3) bond is oflength 1.271ll~1(6; 
and the two methyl groups are bent back at angles of 1 '1 cS 
[C(1)-C(2)-C(3)] and 143.6(W [C(4)-C(3)-C(2)], these va UIO 
being typical for non-bridging but-2-yne Iigands bonded 
molybdenum.· hal 

The Mo(l)-Mo(2) bond length of2.865(1) A lies between t 10 
of2.716(1) A in (1) and that of 2.942(1) A in (5),' and is cl~~ r 
that of 2.885(1) A found in [MolO(IJ-CH=CHPh)(IJ-~ ~ 
(CO)('1-C,H5h] 9 (see below), all of which may be cons1d (A) 
as having Mo-Mo double bonds. In the first canonical (ort11 18• 
a formal double bond is required purely on the basis of the or, 
electron rule if the alkyne ligand acts as a two-electron .donthe. 
The alternative description of the bonding, (4'), in whlch

rmal alkyne ligand acts as a four-electron donor with a (0 tr'l 
Mo-Mo bond order of one, could account for the asyrrllne Z~ 
observed in the phosphido bridges [Mo(l )-P(I) Z.4Z~(Z) 
Mo(2)-P(I) 2.346(2), Mo(l)-P(2) 2.419(2), and Mo(2r 
2.348(2) A]. (jl' 

The other products obtained from the reaction of [Mo:lltO 
CZMc 2)(CO).(TJ-C5H 5hJ (3) with P2Ph. can be divided I 
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Tabie 1. Selected bond lengths (A) and angles (0) for complexes (4) and (9)· 

(4) 

Mo(l)-Mo(2) 2.86S(1) 
Mo(l)-P(1) 2.420(2) 
Mo(l)-P(2) 2.419(2) 

Mo(1}-C(2) 2.094(6) 
Mo(l}-C(3) 2.100(6) 
Mo(2)-P(1) 2.346(2) 
Mo(2)-P(2) 2.348(2) 
Mo(2}-C 1.930(6) 

C(1}-C(2) 1.487(10) 
C(2}-C(3) 1.271(10) 
C(3}-C(4) 1.498(1 I) 

Range Mo(1}-Cp 2.3S0(7)-2.41 S(9) 
Range Mo(2}-Cp 2.341(10)-2.377(9) 

Mo(2)-P(I)-Mo(l) 73.9(1) 

Mo(2)-P(2)-Mo(!) 73.9(1) 

C(1}-C(2)-Mo(l) 141.3(S) 

C(3}-C(2)-Mo(l ) 72.6(4) 

C(3}-C(2}-C(1 ) I 44.S(6) 
C(2}-C(3)-Mo( I) 72.1(4) 
C(4}-C(3)-Mo(1 ) 142.7(5) 
C(4}-C(3}-C(2) 143.6(6) 

~-Mo(2) 17S.O(S) 

• Cp - Cyclopentadienyl nng carbon atoms. -
three groups in order of their subsequent elution from the 
chromatography column. First. the green complex [M02(~
PPh2h(COh(TJ-C,H,hJ (1) was obtained in 7-25% yield, 
ac:c:ompanied by a small amount of the oxo complex (5), which 

o ,,:e have previously shown to be derived from (1) by oxidation in 
atr 5 [complex (4) cannot also be a source of (5) since it appears 
to be completely air-stable]. 

The following zone was purple. and was shown to contain the 
two isomeric complexes [M020(~-CMe=CHMe)(J.l-PPhl)
(CO)(TJ-C,H,hJ (68) and [M020(J.l-CH-CHEt)(J.l-PPh2)
(CO)(TJ-C,H,hJ (6b). These proved extremely difficult to 
separate: (6b) could be obtained pure but (6.). which is also 
obtained from the reaction of [Mo1(J.l-H)(J.l-PPh1)(COMTJ
C.,H,hJ with buta-I.3-diene.1 was characterised as a mixture. 
In related reactions of other dimolybdenum J.l-alkyne complexes 
":ith P1Ph4 we have prepared a number of such corrtplexes 
difl'ering only in the substituents on the ~-vinyl ligand. all of 
whic~ display similar n.m.r. spectra: in particular thei~ 31 P 
chemIcal shifts all lie in the range 34-44 p.p.m. As menttoned 
above. one of these. [Mo20(~-CH=CHPh)(~-PPh2)(CO~(TJ
~sH ,h], was originally prepared and structurally charactensed 

y Ziegler and co-workers.9 The structures of (6.) and (6b) are 
P!obably similar. with a trans orientation of the cyclo
l'entadienyl groups and with the vinyl ligand a-bound t~ the 
Illolybdenum atom bearing the oxo group. However. as pomted 
O~t previously,4 the stereochemistry of the substituents on the 
\'tnyl ligand is difficult to assign unambiguously from the 
sPectroscopic data. . 0 

On some occasions. in addition to (6.) and (6b). a further 
C~lllplex ofthis type. (6c). was obtained from the reaction of (3) 
:It~ P2 Ph •. According to its I H n.in.r. spectrum. (6c). which 
~s eluted as a separate purple band during chromatography, 

(9) 

Mo(1)-Mo(2) 2.S93(2) 

Mo(l)-P(2) 2.367(3) 
Mo(l}-C 2.373(12) 
Mo(l}-C(2) 2.249(12) 
Mo(I}-C(3) 2.340(12) 
Mo(2)-P(1) 2.428(4) 
Mo(2)-P(2) 2.387(3) 
Mo(2}-C 1.947(12) 
P(I}-C(2) 1.810(13) 
C(1}-C(2) t.S3S(20) 
C(2}-C(3) 1.416(16) 
C(3}-C(4) t.S18(18) 

Range Mo(l}-Cp 2.32S(1S)-2.376(16) 
Range Mo(2}-Cp 2.343(18)-2.378(17) 

C(2)-P(l)-Mo(2) 111.6(4) 
Mo(2)-P(2)-Mo(l) 66.1(1) 
P(I}-C(2)-Mo(l) 86.3(S) 
C(1}-C(2)-Mo(l) 12S.7(8) 
C(I }-C(2)-P(I) 120.7(8) 
C(3}-C(2)-Mo(l) 75.6(7) 
C(3}-C(2)-P(1) 111(1) 
C(3}-C(2}-C(1) 124(1) 
C(2}-C(J)-Mo(1) 68.6(7) 
C(4}-C(3)-Mo(l) 127.4(9) 
C(4}-C(3}-C(2) 122(1) 
Mo(2}-C-Mo(l) 73.0(4) 
~-Mo(1) 129(1) 
Q-C-Mo(2) IS8(1) 

contains a ~-CH=CHEt ligand and we therefore assume it to 
be another isomer similar to (6b), though it is not possible 
to say whether this isomerism involves the'cis/trans orientation 
of the C,H, rings. the orientation of the vinyl ligand, or simply 
the arrangement of the substituentsoon the vinyl ligand. 

Further elution of the chromatography column provided 
another red-purple zone, again containing two compounds. 
These could readily be separated by fractionlll crystallisation 
into the less-soluble red complex [Mol{~-CMC-C(Me)CHOI ~ 
(~-PPh2)(COh(TJ-C,H ,hJ (7) and a purple 'compound which 
we identify as [M02(~-CzMez)(J.l-PPh2)CI(CO)(TJ-C,H,hJ (8). 

We have previously prepared several complexes analogous to 
(7) from related reactions; again all have similar spcctroscopic 
characteristics e.g. their J loP n.m.r. chemical shifts lie ~h the range 
o + 5 to - 5 p.p.m. Such complexeS have also been pr~pared by 
Knox and co-workers 10 who found thatthcirmolysis of the 
phosphine-substituted co~pound [Moz(J.l-C zH z)(COh(PPh 3)
(TJ-C,H,hJ led , to phosphorus~arbon bond cleavage and 
phenyl migration to give. [M02{~-<;H-CHC:<Ph)O}(J.l-PPh2)
(COh<TJ-C,H,hJ. A range of alkyne complexCs and phosphiqes 
was explored: ifthe phosphine involved was PPh 2H; P-H bond 
cleavage occurred preferentially, and we concluded from their 
results that (7) might alternatively be prepared fro~ [M01(~
CzMez)(COMTJ-C,H,)1] and diphenylphosphine. In order to 
confirm this point a separate reaction of (3) with PPhzH was 
undertaken. and (7) indeed proved the' major product (20~~ 
yield); the vinyl complexes (6.) and (6b) (combined yield II.S~~) 
and (6c) (8%) were also formed. It is therefore likely th~t the 
presence of small quantities of diphenylphosphine remaining 
from the in silusynthesis ofP2 Ph4 (from PPh1H and PPhzCI 11

) 

is responsible for the production of at least some proportion of 
these four compounds in the original reaction. 
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(3) 

(1) 

Scheme 2. Proposed mechanism for the reaction of complex (3) with P lPh" 

In a similar manner. (8) is probably formed through the 
presence of small amounts of residual PPh2CI. and we have 
recently shown that the reaction of PPh20 with alkyne-bridged 
dimolybdenum U and ditungsten 13 complexes does give rise to 
similar compounds under conditions of comparatively high 
dilution. The relatively high value ofv(CO) for these compounds 
[1959 cm-I for (8)] compared to the other complexes discussed 
provides a convenient method for their identification. Despite 
several attempts. however. we have so far failed to produce (8) by 
the direct reaction of (3) with PPh 2Cl; in each case. even with 0.5 
equivalents of the chlorophosphine. the only isolated product 
has been the mononuclear chelate complex [MoCl(CO){ cis
Ph2PC(Me)aC(Me)PPh2}('1-C,H,)]. which contains two di
phenylphosphido groups coupled to the but-2-yne ligand. 12 

However we feel that this. does not exclude the formation of (8) 
by this route in the origin.al reaction. considering the very small 
amounts of PPh10 which are likely to be presenL 

The mechanism of the reaction between complex (3) and 
P lPh4 is uncertain. but a'plausible proposal (Scheme 2) consists 
of initial substitution of a CO ligand of (3) by a P 2Ph4 molecule. 
followed by cleavage of the P-P bond (effectively oxidative 
addition of the P2Ph4 to one molybdenum centre). Similar 
oxidative-cleavage 'processes of P-C. P-H. and P-Cl bonds · 
have previously been postulated in reactions of dimolybdenum 
complexes analogous to (3) with phosphines 10 and chloro
phosphines. 1l Migration of both PPh l groups to bridging 
positions could then occur with concomitant d{splacement of 
either two CO ligands to give (4) or of one CO and the alkyne 
ligand to give (1): 

. The reaction of complex (3) with PPh1H can be rationalised 
in a similar manner (Scheme 3). Initial substitution is followed 
by oxidative addition of the P-H bond to give terminal PPh1 
and H Iisands. Migration of the diphenylphosphido 'group to a 
bridging position is accompanied by migration of the hydride 
ligand either to a carbonyl group. as previously described by 
Knox and co-workers. I 0 to give (7) (by subsequent migration of 
the resulting formyl to the alkyne) or to the alkyne. leading 
eventually to (6.). (6b). and (6«:,. ' Clearly a hydrogen-shift 
process is involved in the producton of (6b) and (6«:); one 
possibility might involve the formation of an intermediate 
containing a Il-CH 2=C--CHMe allene ligand. as shown. 

C,H,h].-We have previously shown that protonation of 
complex (1) occurs at the metal-metal bond to give [M01(J.'r 
H)(Il-PPh2h<COh('1-C,H,h][BF 4].' Addition of an excess ~ 
HBF ,,·OEt l to a dichloromethane solution of (4) at _78

0 

caused an immediate colour change to bright purple . . V!e 
have so far been unable to isolate or characterise this initial 
product, but on warming a further colour change to dark green 
occurred. and work-up afforded a quantitative yield of [M02) 
(Il-CO)(J.L-PPh2HJ.L- Ph 2 PC(Me )=CHMe}( '1-C,H ,h][BF ,,] (9 
(Scheme 1). . 

The i.r. spectrum now showed a peak at 1 798 cm-I. which. 
taking into account the shift to higher wavenumber expected for 
a cationic complex. implied that the CO ligand had migrated to 
a bridging position. Extensive structural reorganisation was 
also indicated by the n.m.r. spectra; hence in the J I P spectrum 
the two phosphorus atoms were no longer equivalent. o~e 
appearing at 0 105.1 ' p.p.m. and the other at -110.7 p.p.m .• t~IS 
latter being characteristic of a terminally bound phosphtne 
ligand. The coupling pattern observed in the I H and I lC n.m.r. 
spectra showed that the proton was attached to the but-2-y~e . 
ligand. and moreover that this had inserted into one of t e 
Mo-P bonds to form a bridging vinylphosphine ligand. Henl~' 
the proton of the CHMe group appears as a doublet of doub e , 
of quartets through coupling to the methyl protons and _both 
phosphorus atoms. with one small J(HP) and one large. 

Confirmation of this formulation was obtained by an X-ray 
diffraction study of complex (9). The structure of the dinucleaJ 
organometallic cation is shown in Figure 2. with relevant bon 
lengths and angles collected in Table 1. - , " 0 

The Mo-Mo distance of 2.593(2) A in (9) is comparable\ 
that of 2.51 S(1) A observed in (2),' and is thus consistent with 
the presence of the metal-metal triple bond required ~or eac e 
molybdenum atom to attain an 18-electron configuration. Tb 
bond is bridged almost symmetrically by the remaining Il-PPh2 
unit [Mo{l)-P(2) 2.367(3), Mo(2)-P(2) 2.387(3) A] and a~~~" 
metrically by the semi bridging CO ligand [Mo(l)-C 2.373 . ~ 
Mo(2)-C 1.947(12) A]. The linking of the second phO~ph~~g 
group to the protonated alkyne has produced., .a ~f.1dgJ 0-
vinyJphosphine ligand. Ph2PC(Me)=CHMe, which IS c Ji 
ordinated to Mo(2) through the phosphorus atom [Mo(2)-P( p 
2.428(4) A] and to Mo(l) by the.double bond oftne vinyl groud. 
[Mon )-C(2) 2.249(12), Mo(l)-C(3) 2.340( 12) A]. As expectChc the two methyl substituents adopt a cis arrangement, and t 
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Scheme J. Proposed mechanism for the reaction of complex (3) with PPhlH 

C{2}-C(3) distance of 1.416(16) A is longer than the c.)rre
sponding length of 1.271(10) A in (4). 

Comparison of the structures of complexes (4) and (9) reveals 
that comparatively little movement of the alkyne ligand is 
required to effect P-C bond formation during the protonation 
reaction. In terms of mechanism, if protonation occurs at the 
organic ligand (or at the metal centre with subsequent transfer 
to the organic ligand) this would produce a cr,7t-l)ound vinyl 
group (i.e. a metallacyclopropene) which coul4. then insert into 
the M<rP bond. Insertion of alkynes into bridging phosphido 
groups has been observed previously by several groups, but the 
most closely related reaction is that reported ~y Wemer and 
Zolk; I. protonation with HPF 6 of the dicobalt complex 
[Col(~-HC1C01Me)(~-PMel>z(1l-C,H')2] (10); containing an 
alkyne bound in the two-electron 'parallel', modi:. results in a 
similar coupling with onc of the ~-PMel groups to give the 
bridging vinylphosphine complex [C02(I'-PMel)(I'-MelPCH
CHC01Me)(1l-C,H,hJ[PF6J (11). We have also previously 
observed the coupling of vinylligands with I'-PPh1 groups to 
give similar ligands in dimangancse complexes. IS 

It is interesting that in the reaCtion of (Mo2(I'-C1Mel)
(CO).(1l-0,H,hJ with P1Ph. no products are isolated in which 
phosphorus-carbon bond formation has taken place, yet on 
protonation of (4) facile coupling of the organic ligand with the 
phosphido group occurs at low temperature. Further studies of 
the factors influencing such processes are in progress. 

Experimental 
General techniques and instrumentation were as described in 
P~rt 1 of this Series. J The complex [M02(~-C1Me2)(COMll
C,H,}ZJ (3) was prepared by the literature method. 1 

6 Examin-
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ation of the I H n.m.r. spectrum of (3) showed that con
tamination by [M02(COMl1-C,H,hJ was negligible (ca. 1-
2%). Tetraphenyldiphosphane was prepared by the method of 
Kiichen and Buchwald; 11 PPh2CI and PPh2H were purchased 
from Aldrich and used without further purification. I.r. spectra 
were recorded in CH2CI2. Unless otherwise stated. all n.m.r. 
spectra were recorded in CDO), with chemical shifts in p.p.m. 
on the 0 scale relative to SiMe. (0.0 p.p.m.) (for I Hand 13C) or 
P(OMeh (0.0 p.p.m.) for 31 P (upfield shifts negative). 

(;) Reaction of [M02(JI-CzMel)(COM11-C,H,hJ (3) with 
PzPh •. -Tetraphenyldiphosphane was prepared in silu by 
reBuxing a mixture of PPhzH (1.10 cml, 6.32 mmol) and 
PPh1CI (1.14 cm3, 6.35 mmol) in heptane (175 cml ) for 3 h. The 
solvent was removed In vacuo, and [M02(JI-CzMe2)(CO).(11-
C,H,hJ (2.5024 g, 5.27 mmol) was added. followed by toluene 
(l75 cml ). The resulting solution was reBuxed for 96 h, 
monitoring the- reaction by spot t.l.c. until virtually all of the 
starting material had disappeared. After addition of silica (5 g) 
the solvent was removed and the residue loaded onto a silica 
chromatography column. 

Elution with hexane-dichloromethane (4: 1) produced a red 
band of the starting complex (3) contaminated with excess of 
phosphine (623.6 mg), followed by a further red band containing 
[M02(JI-PPh2h(CO)(11-CIMe2)(11-C,H,hJ (4) (1.7142 g, 42%), 
m.p. 260-264 GC, v(CO) 1826 cm-'. N.m.r.: 'H, 0 8.48-6.30 
(m. 20H, Ph),4.64 [t,J(HP)0.8,5 H. C,H,J,4.02 (s,5 H.C,H,), 
and 2.20 (s, 6 H. Me); I3C.O 237.0 [to J(CP) 8.5. COJ. 155.8 (s. 
CMe), 151.5 cd, J(CP) 28.2, CI,..J, 142.5 Cd. J(CP) 37.2 Hz. 
Cl, .. ], 135.6-126.1 (m. Ph). 96.1 (5. C,H,), 87.6 (5. C,H,), and 
21.4 p.p.m. (s, Me) (Found: C, 60.60; H. 4.65; P, 7.60. 
C)9H)6MolOPl requires C. 60.45; H. 4.65; P. 8.00010). 

Owing to the relative insolubility of [M02(JI-PPh1h(COh(11-
C,H,hJ (1), which tends to contaminate all the following 
bands, we adopted. the following procedure to separate the 
remaining compounds. The eluting solvent was changed to 
CH101 and then to CH10 2-acetone (9: 1) until no further 
bands descended. After removal of solvent from the eluate, it 
was washed with acetone to yield (I) (282.7 mg) as an insoluble 
green powder. A small amount of silica was added to the 
acetone washings, the solvent was removed in vacuo, and the 
residue loaded onto a second chromatography column. Elution 
with hexane-dicbloromethane (1: 1) produced small further 
amounts of complexes (4) (8.6 mg) and (1) (14.2 mg, total yield 
7.2%), followed by a red band due to the oxo complex Irons
[M020(JI-PPh2h(CO)('l-C,H,hJ (5) (17.2 mg, 0.4% after 
further purification by t.l.c. as previously described).5 

A stronger red-purple band was eluted using hexane-CH 2Cl 2 

(1: 1), and shown to consist of a mixture of [M020(Il-
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CMe=CHMe)(JI-PPh1)(CO)('l-C,H,hJ (68) and [Mo10(W 
CH=CHEt)(JI-PPh2)(CO)(11-C,H,hJ (6b) (combined yield 7.8.5 
mg, 2.5%). Further purification by exhaustive t.l.c. (eluting 
solvent hexane-dichloromethane. first 3: 7 and then 4: 6) 
provided more mobile (6b) as a pure compound. Complex (61) 
was characterised as a mixture with (6b) in ca. 3: 1 ratio by 111 
n.m.r. integration. 

Complex (6a). v(CO) 1 839 cm-I. N.m.r.: I H, 0 8.02-7.17 (m, 
10 H, Ph), 5.09 (5, 5 H. C,H,), 4.73 Cd, J(HP) 1.3.5 H. C,I1,]· 
3.19 [d, J(HP) 0.6. 3 H. CMe J, 2.79 [q, J(HH) 6.3, 1 H, CH], and 
1.83 Cd, J(HH) 6.3 Hz. 3 H, CHMe]; 31p, 0 38.4 p.p.m. (Found: 
C, 53.55; H, 4.65; P, 4.95. C2,H21 Mo10 2P requires C, 53.4S; 11, 
4.45; P, 5.10%), m/z 606 (M+). 

Complex (6b). M.p. 208-210 GC, v(CO) 1839 cm-I. N.m.r.: 
I H, 0 9.06 [dd. J(HH) 9.5, J(HP) 1.8, 1 H, Il-CH], 8.02-7.17 (m. 
10 H, Ph), 5.03 (s, 5 H, C,H,), 4.66 [d, J(HP) 1.3.5 H, C,H'~ 
2.78 (m, 1 H, CBEt), 1.97 (m, 2 H, CH2), and 1.37 [t, J(HH) 7. 
Hz. 3 H, CH)]; lip, 034.6 p.p.m. (Found: C, 53.55; H, 4.65; p, 
5.13. C2,H27M020 2P requires C, 53.45; H, 4.45; P, 5.10%), m/z 
606 (M+). 

Elution with hexane-dichloromethane (1 : 4) produced a bright 
purple band containing [M020(Il-CH=CHEt)(JI-PPh2)(CO)(T1

S
-

C,Hsh] (6c) (27.7 mg, 0.9%), m.p. (92°C, decamp.), v(CO) 1 86 
cm-I. N.m.r.: 1 H, 0 8.48 [d, J(HP) 9.4, 1 H, Il-CH], 7.81-6.97 (~' 
10 H, Ph), 5.35 [d,J(HP) 0.8, 5 H, C,H,], 5.00 [d,J(HP) 1.0. S )' 
C,H,],3.21 [d oft,J(HH) 6.5,9.4, 1 H,CBEt],2.00(m,2H,CHy 
and 1.25 [t,J(HH) 7.3,3 H, CH )]; I lC, 0 235.1 [d, J(CP) 15, Cad' 
154.7 Cd, J(CP) 2, JI-CH], 147.0 [d, J(CP) 26, Cl,..]. 141.0 [ , 
J(CP) 45 Hz. C""]' 134.3-127.4 (m, Ph), 99.7 (s, CsHs), 88,0 (~ 
C,H,), 71.7 (5, CH), 34.9 (5, CH2), and 17.1 p.p.m. (s, Me); J'~, 
23.9 p.p.m. (Found: C, 53.85; H, 4.76. C2,H2,M020 2P requlre:s 
C, 53.45; H, 4.45%), m/z 606 (M+). . 

Further elution of the chromatography column with dl
chloromethane-acetone (9: 1) provided another red-purple: 
band. Fractional crystallisation from CH2Cl2-hexane gave 
small amounts of first red [M02{JI-CMe=C(Me)CHO)(l'r 
PPh2)(COh<'l-C,H,hJ (7) (43.3 mg, 1.3%), and the:n ° 
purple [M02(JI-C2Me2)(JI-PPh2)CI(CO)('l-CsHsh] (8) (69.2 

mg, 2.1 %). ~I 
Complex (7). M.p. 237-238 °C (decomp.), v(CO) 1 862 crn[d' 

N.m.r.: 1H, 0 8.66 (5,1 H, CHO), 7.62-7.08 (10 H, Ph), 5.16 Cd' 
J(HP) 1.5,5 H, CsH,], 4.84 [d, J(HP) 1.0,5 H, CsH,], 2.70 ' 
J(HP) 1.4 Hz. 3 H, Me], and 1.58 (s, 3 H, Me); lip, 0 4.9 .p.p.~. 
(Found: C, 53.85; H, 4.30; P, 4.50. C19H27 M020)P requires ' 
53.85; H, 4.20; P, 4.80%), m/z 618 (M - CO)+. (10 

Complex (8). v(CO) 1959 cm-'. N.m.r.: IH, 0 8.Q9-6·40
S

( 
H, Ph). 5.36 (5, 5 H, C,Hs),4.83 [d,J(HP) 0.8 Hz. C,H,], 2.9 ... ), 
3 H, Me), and 2.81 (s,3 H, Me); 31p, 0 6.S p.p.m. m/z 624 (M ,: 

(ii) Reaction of [M01(JI-C1Mel)(COM'l-CsH,h] (3) Wdit~ 
PPh2H.-Diphenylphosphine (0.8 cm3, 4.60 mmol) was ad e 
to a solution of complex (3) (2.2500 g, 4.61 mmol) in toIU:&~ 
(175 cm3), and the mixture was reftuxed for 19 h. After a. 
tion of silica (5 g) the solvent was removed and the residue: 
subjected to chromatography. Elution with hexane-diChloroS 
methane (6:4) gave a red zone containing unreacted (3) (0.24(0_ 
g, 10.7% recovery), followed by minor bands of [M02 I' 
PPh 2h(COh('l-CsH,hJ (1) a~d trons-[Mo10(JI-PPh2h" 
(CO)(l1-C,H,h] (5). a 

Elution with hexane-dichloromethane (1: 1) produce~ )_ 
purple band consisting of [Mo10(JI-CMe-CHMe)(j.l-PP h :)e 
(CO)('1-C,H')l] (6.) and [Mo20(JI-CH-CHEt)(j.l-PP ~ 
(CO)('l-C,H,h] (6b) in approximately equal amounts . ~ 
n.m.r. integration (total yield 321.8 mg, 11.5%). Further el~~ .. 
with CHzCl 2 provided the second isomer of (M020(I'- a 
CHEt)(Il-PPh2)(CO)('l-CsH,h] (6c) (224.4 mg, 8%) as 
separate purple band. _ 

The major product, [M02{JI-CMc-C(Me)CHO}(JI-PPh2) 
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Table 1. Fractional atomic co-ordinates 

(4) (9) 
• • 

Atom x y Z ."C Y : 

Mo(1) 0.23925(4) -0.06626(5) -0.13721(2) 0.27563(9) -0.14397(6) 0.06350(5) 
Mo(2) 0.20067(4) - 0.32990(5) -0.15144(2) 0.11977(8) -0.238 39(6) 0.10261(5) 
P(1) 0.355 03(12) -0.22554(15) -0.161 92(6) 0.215 1(3) -0.309 7(2) 0.0245(1) 
P(2) 0.105 18(13) -0.190 50(15) -0.106 56(7) 0.2841(3) -0.1747(2) ... 0.1750(2) 

CO) 0.477 8(6) 0.0306(7) -0.0724(3) 0.364 7(12) -0.244 5(9) -0.0606(6) 
C(2) 0.3661(5) -0.0079(6) -0.0785(2) 0.340 6(10) -0.2501(7) 0.0087(6) 
C(3) 0.2843(5) -0.0013(6) -0.0573(3) 0.4299(10) -0.2411(8) 0.0660(7) 
C(4) 0.241 6(7) 0.0507(8) -0.0102(3) 0.5586(11) -0.222 2(9) . 0.064 1(8) 
C 0.131 6(5) -0.2750(6) -0.222 3(3) 0.0651(10) -0.1422(8) 0.046 5(6) 
0 0.0893(4) -0.251 0(5) -0.2664(2) -0.0028(7) -0.0968(6) 0.014 1(5) 
C(11) 0.1246(7) 0.1087(8) -0.1626(3) 0.366 8(13) -0.0565(10) -0.0040(8) 
CO2) 0.2306(7) 0.1562(9) -0.1559(4) 0.2467(13) -0.0243(10) -0.006 2(8) 
C(13) 0.2829(7) 0.0962(8) -0.195 1(3) 0.2361(13) 0.0004(10) 0.0599(8) 
C(14) 0.2084(6) 0.0106(7) -0.2268(3) 0.351 6(13) -0.0132(10) 0.101 7(8) 
COS) 0.1122(6) 0.0190(7) -0.206 5(3) 0.4334(13) -0.046 8(10) 0.064 5(8) 
C(21) 0.1129(8) -0.522 7(9) -0.1619(4) 0.009 9(14) -0.3654(11) 0.1035(8) 
C(ll) 0.1356(7) -0.4955(8) -0.104 9(4) -0.072 3(14) -0.2966(11) 0.073 1(8) 
C(23) 0.2476(7) -0.4925(8) -0.0867(4) -0.072 4(14) -0.2334(11) 0.125 9(8) 
C(24) 0.2960(8) -0.5184(9) -0.1347(4) 0.0094(14) -0.261 6(11) 0.1834(8) 
C(lS) 0.2111(8) -0.537 1(10) -0.181 2(4) 0.0598(14) -0.341 1(11) 0.1704(8) 
C(1ll) 0.3990(3) -0.2032(4) -0.2271(1) 0.1070(6) -0.3190(5) -0.0532(3) 
C(1l2) 0.3622(3) -0.2380(4) -0.2705(1) 0.0560(6) -0.3970(5) -0.0735(3) 

C(1l3) 0.3936(3) -0.264 8(4) -0.3203(1) -0.0292(6) -0.4029(5) -0.131 4(3) 
C(114) 0.461 7(3) -0.1669(4) -0.3267(1) -0.0634(6) -0.3309(5) -0.1689(3) 
C(1lS) 0.4985(3) -0.0872(4) -0.2833(1) -0.0125(6) -0.2529(5) -0.1485(3) 

COI6) 0.4671(3) -0.1054(4) -0.2335(1) 0.072 7(6) -0.2470(5) -0.090 7(3) 
C(121) 0.4784(3) -0.2751(4) -0.1174(1) 0.2773(6) -0.4141(4) 0.0452(4) 

C(122) 0.4757(3) -0.2904(4) -0.0624(1) 0.291 3(6) -0.4443(4) 0.1089(4) 
C(123) 0.5632(3) -0.3776(4) -0.0275(1) 0.3393(6) -0.5243(4) 0.1248(4) 
C(124) 0.6533(3) -0.3695(4) -0.0475(1) 0.3735(6) -0.5742(4) 0.0769(4) 
C(12S) 0.6560(3) -0.3543(4) -0.1025(1) 0.3595(6) -0.544 1(4) 0.0132(4) 
C(126) . 0.5685(3) -0.3070(4) -0.1375(1) 0.311 5(6) -0.4641(4) -0.0027(4) 
C(211) 0.1029(3) -0.2290(4) -0.0346(1) 0.4071(6) -0.2299(5) 0.226 1(4) 
C(212) 0.009 6(3) -0.2436(4) -0.0150(1) 0.523 1(6) -0.2026(5) 0.2277(4) 
C(213) 0.011 8(3) -0.2875(4) 0.0376(1) 0.6188(6) -0.244 8(5) 0.2663(4) 
C(214)· 0.1073(3) -0.3168(4) 0.0706(1) 0.5986(6) -0.3144(5) 0.3034(4) 
C(215) - 0.200 7(3) -0.3022(4) 0.0510(1) 0.4827(6) -0.3417(S) 0.3019(4) 
C(216) 0.1985(3) -0.2583(4) -0.0016(1) 0.3869(6) -0.299 5(5) 0.2632(4) 
C(lll) -0.0321(2) -0.1461(4) -0.131 2(2) 0.2568(7) -0.0876(4) 0.2281(4) 
C(222) -0.0947(2) -0.2186(4) -0.1707(2) 0.1476(7) -0.0460(4) 0.2138(4) 
C(ll3) -0.1990(2) -0.185 1(4) - 0.1893(2) 0.1277(7) 0.0242(4) 0.2504(4) 
C(ll4) -0.2407(2) -0.0791(4) -0.168 5(2) 0.2172(7) 0.0527(4) 0.3014(4) 
C(225) -0.1781(2) -0.0066(4) -0.1290(2) 0.3265(7) 0.0111(4) . 0.3157(4) 
C(226). -0.0738(2) -0.0400(4) -0.1103(2) 0.346 3(7) -0.0591(4) 0.2791(4) 
COla) 0.100 4(13) 0.063 1(21) -0.184 9(9) 0.4257(23) -0.0508(21) 0.0390(17) 
C<l2a) 0.1746(13) 0.144 3(21) -0.1536(9) 0.323 3(23) . -0.0454(21) -0.Ot21(17) 
C03a) 0.2699(13) 0.1353(21) -0.1737(9) 0.2286(23) - 0.0127(21) 0.0146(17) 
C(14a) 0.2546(13) 0.048 6(21) -0.2174(9) 0.272 4(23) 0.0020(21) 0.0821(17) 
COSa) 0.1498(13) 0.0040(21) -0.2243(9) 0.3943(23) -0'.021 5(21) 1).0972(17) 

C(21a) 0.1468(7) -0.5353(10) -0.183 1(3) 0.0503(21) -0.3614(13) 0.1506(13) 
C(22a) 0.1027(7) -0.5110(10) -0.p63(3) -0.0265(21) -0.344 7(13) 0.0896(13) 
C(23a) 0.1863(7) -0.4965(10) -0.091 5(3) -0.0829(21) -0.2658(13) · 0.094 3( 1 3) 
CC24a) 0.2821(7) -0.5120(10) -0.1107(3) -0.040 9(21) -0.233 8(13) 0.1582(13) 
CC2Sa) 0.2577(7) -0.535 9( 10) -0.1673(3) 0.0414(21) -0.2929(13) 0.1930(13) 
li(3) 0.427(10) - 0.284(10) 0.106(10) 
8 0.2293(18) 0.4929(12) 9.312 0(9) 
F(1) 0.209 1(10) , 0.5037(7) 0.2488(5) 
F(2) . 0.337 1(11) 0.4784(11) 0.3381(7) 
FCl) 0.160 2(13) 0.440 8(9) 0.3304(7) 
F(4) 0.2107(15) 0.5676(8) 0.3361(6) 

---
~<;Oh(l1-C,H,h] (7), was then eluted as a bright red band using dichloromethane (IS cm l ) and the solution was cooled to 

tchloromethane-acetone (9: I) (yield 603.8 mg, 20.3°10)· -78 DC (2-propanol-s0Iid CO! bath). An excess ofHBF 4,OEt 2 

Ii (Ui ) Protonalion of [Moz(I-1-PPh2h<CO)(Tl-C2Me2)(Tl-C5-

(0.5 cm l ) was added. causing an immediate colour change to 
bright purple. On warming to room temperature a further 

sh] (4).-Complex (4) (34t.S mg. 0.44 mmol) was dissolved in change occurred. to give a dark green solution. The CH zCI: was 



2366 

removed in vacuo. and the salt [Mol(~-CO)(J.l-PPhl){~-Phl
PC(Me)=CHMe}(TI-C,H,h][BF.] (9) was isolated in essen
tially quantitative yield by washing with diethyl ether: m.p. 
230-233 °C. v(CO) 1 798 cm-I. N.m.r.: IH (CD2Cll ). 0 7.74-
7.00 (m. 20 H, Ph). 5.50 [d, J(HP) 1.2.5 H. C,H,]. 5.29 (s. 5 H. 
C,H,), 3.31 [ddq. J(HP) 27.5 and 9.3, J(HH) 6.4,1 H. CHMe], 
2.16 [d. J(HP) 9.4.3 H, CMe], and 1.64 [dd, J(HH) 6.4, J(HP) 
0.6 Hz. CHMe]; IJC. 0 268.9 [dd.J(CP) 10.4 and 6.6, CO], 149.2 
[d. J(CP) 38.3, Ctpso], 135.2 Cd, J(CP) 43.0. CtpsoJ, 134.0-128.9 
(m. Ph), 126.0 Cd, J(CP) 33.2. Cjp,oJ, 99.4 (s, C,H,), 95.6 (5, 
C,H,), 66.0 Cd, J(CP) 16.2. CliMe], 49.6 Cd, J(CP) 30.1. CMe], 
20.2 (s. CHMe). and 19.5 p.p.m. Cd, J(CP) 12.8 Hz. CMe]; J I P, 0 
105.1 (s, ~-PPhl) and -110.7 p.p.m. (s, PPh2) (Found: C. 54.50; 
H. 4.55; P, 6.40. CJ9H37BF .M020Pl requires C, 54.30; H. 4.30; 
P. 7.20010). Fast atom bombardment mass spectrum: m/z 775 
(M· for cation). 

(iv) Crystal Structure Determinations.-Crystal data for 
complex (4). CJ9H36M020Pl, M = 774.50. monoclinic. space 
group nIlc, a = 12.965(3), b = 10.659(2), c == 25.072(5) A. 
~ = 100.44(2)°, Z = 4, U = 3407.44 A 3, ~(Mo-K.) = 7.66 
cm-I, D. = 1.51 g cm-J, F(ooo) = 1 568. A red-purple crystal of 
size 0.40 x 0.27 x 0.32 mm, grown by diffusion of hexane into 
a' dichloromethane solution, was used in the data collection. 

Crystal data for complex (9). C39H37BF.Mol OPl , M = 
862.27, monoclinic, space ~roup nIlc, a = 11.494(2), b = 
15.836(3), c = 20.944(4) A, ~ = 101.93(2)°, Z = 4, U = 
3729.86 A3, J.l(Mo-K,) "'" 7.17 cm-I, D. = 1.54 g cm-3• 
F(OOO) = 1 736. A green crystal of size 0.16 x 0.20 x 0.32 mm, 
grown from dichloromethane-diethyl ether solution. was used 
in the data collection. 

Data collection. Data for both structures were collected in the 
range a 3-25°. with a·.scan width of 0.90° for complex (4) 
and 0.74° for (9), using the technique described previously. J7 

For both structures Lorentz and polarisation corrections were 
applied. The total number of independent reflections was 4 389 
for (4) and 3 145 -for (9). Equivalent reflections were merged to 
give 4 168 data for (4) and 2 959 for (9). with //0(1) > 3.0. 

Structure solution and refinement. 18 The co-ordinates of the 
metal atoms in the structures of complexes (4) and (9) were 
deduced from Patterson-·syntheses, and the remaining non
hydrogen atoms were loeated from subsequent Fourier-differ
ence syntheses. The hydrogen atom attached to C(3) in 
compound (9) was located in a FOl,1rier-difference synthesis 
calculated using data with sin a < 0.35. This was included in 
the structure-factor calculations with a thermal parameter of 
0.08 A 2 but its parameters were not refined. The remaining 
hydrogen atoms in both structures were included in geo- · 
metrically idealised positions and were constrained to ride on 
the relevant carbon atoms with fixed isotropic thermal 
parameters of 0.08 A2. The phenyl groups in both str!lctures 
were refined as rigid hexagons. Regions of high electron density 
around each of the cyclopentadienyl Iigands in both structures _ 
indicated that these Iigands were disordered. Refinement with 
fixed thermal parameters of 0.05 A 2 led to a fractional 
occupancy of 0.80 for the major component of atoms CC 11}
C(l5) in (4) and to 0.70 for the equivalent atoms in com
pound (9). Similarly for the second cyclopentadienyl Iigands. 
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C(21)-C(25), fractional values of 0.60 and 0.65 were found for 
(4) and (9) respectively, There also appears to be rotational 
disorder of the SF 4 - anion in (9). shown by regions of extended 
electron density in the vicinity of the fluorine atoms. which 
could not be resolved and therefore resulted in high anisotropiC 
thermal parameters for these atoms. 

Full-matrix refinement was carried out for both structures. 
with anisotropic thermal parameters assigned for all non
hydrogen atoms (except the carbon atoms of the phenyl and 
cyclopentadienyl rings) in the final stages of refinement. For 
both complexes (4) and (9) weights of 11' = 1/02 Fa were assigned 
to individual reflections. Refinement converged at R 0.0449 and 
R' 0.0470 for (4) and at R 0.0558 and R' 0.0554 for (9).1 7 The 
fractional atomic co-ordinates for (4) and (9) are collected in 
Table 2. 

Additional material available from the Cambridge Crystal
lographic Data Centre comprises H-atom co-ordinates. 
thermal parameters, and remaining bond lengths and angle~. 
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Chemistry of Phosphido-bridged Dimolybdenum Complexes. Part 6. 1 The 
Insertion of Allene into Co-ordinated ~-Vinyl and 'l)3-Allyl Ligands; X-Ray Crystal 
Structures of [MOZ('I)-CIlHs)z(~-PMez){'I)3-CHzC(CHz)C(Me)=CHz}(CO)3] and 
[Moz(YJ-CsHs)z{JL_YJIl_CHzC( CHz)C( Me)=CHz}(JL-PMez) (CO )z] t 

Grilinne Conole,· Kim Henrick. and Mary McPartlin 
School of Chemistry. The Polytechnic of North London. Holloway Road. London N78D8 
Andrew D. Horton and Martin J. Mays· 
University Chemical Laboratory. Lensfield Road. Cambridge C82 1 EW 
Enrico Sappa 
Dipartimento di Chi mica Inorganica. Chi mica. Fisica e Chimica dei Materiali. Universita di Torino. Via P. 
Giuria 7. 10125 Torino. Italy 

Prolonged photolysis of [Moz{1l-C1HII)z{J.1-H)(J.1-PMe2)(CO),) in the presence of allene gives the new 
complexes [Moz{1l-CIIHII)z{J.1-11Il_CH2C(CHz) C( Me)=CHJ{J.1- PMez)(CO)z) and [Moz{ll-C,H.)z
(J.1-PMe2){1l3-CH2C(CH2)C(Me)=CHJ(CO)3) the structures of which in the solid state have been 
determined by single-crystal X-ray analyses. The former of these new complexes is also obtained·in 
the reaction of the J.1-vinyl complex [M02(1l-C,HII)2{J.1-a:T]z-C(Me)=CHz}(J.1-PMez)(CO)3] with 
allene but not in the reaction of the isomeric T]3-allyl complex [Moz{T]-C,HII)2(J.1-PMez)-
(T]3_C3HII) {CO)3] with allene. On the other hand the syn-methylallyl complex [Mo(T]-CsHII)z-
(J.1- PMez) (1l3-syn-MeCHCH2CHz) {CO)3] does react with allene to give a ca. 1 : 2 inseparable 
mixture of [Moz(T]-C.H.)z{J.1-T]s-CHzC(CH2)C(Me)=CHMe}{J.1-PMez)(CO}z] and [Moz(1l-C1 HII)z{J.1-
a:Tls-CHzC(CHz)C(Et)=CHz}(J.1-PMez}(CO)z]. These complexes may be obtained separately from 
reactions of the appropriate J.1-vinyl complexes with allene. The mechanism of formation of the new 
complexes is discussed in the light of the above experimental results. 

In previous papers we have described the reactions of [Mol -
(l1-C,H,h'J.1-H)(J.1-PRz)(CO),J (1)2.3 [R - Me, (la); Ph, (Ib)] 
with alkynes' and dienes 5 which lead to the synthesis of a 
number of dinuclear J.1-vinyl and 113-allyl complexes of molyb
denum -of the type [M02(11-C,H,h<J.1-vinyl)(J.1-PR2)(COh] 
(1)'" and [M02(11-C,H,h(J.l-PR2)('Il3-allyl)(COhJ (3)5 (R = 
Me or Ph). The proposed structures of these complexes are 
shown in Figure I, the structure for a complex of type (2) 
[J.l-vinyl ... J.1-C(Me)=CHMe, R ... Me] having been confirmed 
by X-ray analysis.' We now find that, on prolonged photolysis 
in the presence of excess of allene, the mixture, of complexes 
[M02(11-C,H,h{J.1-cr:'Il2-C(Me)-CH2}(J.1-PMe2)(COhJ (la) 
and [M02('Il-C,H,h(J.l-PMe2)('Ill-ClH,)(COhJ (3a) obtained 
in the initial reaction of [M02('Il-C,H,h(J.l-H)(J.l-PMe2)(CO),] 
(la) with allene reacts further to give new products. In this 
paper we report the characterisation of these new products and 
Our studies on the reactions of complexes of types (l),and (3) 
with allene, which we have undertaken in order to explore the 
mechanism of formation of the new species., 

Results and Discussion 
Prolonged Photolysis of Complex (la) with Excess of Allene.

Reaction of complex (la) with a ca. two-fold excess · of allene 
for 4 h under photolysis (Hanovia 125-W medium-pressure 
immersion lamp) gave (la) (22), (3a) (12). un reacted (la) (60010), 
and traces of at least three other products. 5 We now find that 
prolonged photolysis of (la) with a large excess of allene 
(saturated solution in benzene-hexane, 1 : I) for 3 d results in a 
reduction in the yields of (la) (7), (3a) (10), and unreacted (la) 
(20%) and the appearance of two new orange complexes in 45 
and 7% yield. These new major and minor products have been 
Characterised on the basis of i.r. and 1 H n.m.r. spectroscopy, 
mass spectrometry, microanalysis. and X-ray structural studies 

(see below) as, respectively, [M02('Il-C,H,h{~-'Il'-CHlC
(CH2)C(Me)=CH2}(J.l-PMe2)(COh] (4a) and [M02('Il-C,H,h
(J.l-PMez){,,3-CH2C(CHz)C(Me)=CH2}(COhJ (Sa) (Figure I). 

Crystals of (4a) and (Sa) suitable for the X-ray studies were 
grown by slow evaporation of hexane-CH2CIz (1: 1) solutions 
at O°C. The molecular structure of the minor product, (Sa). is 
shown in Figure 2. Table 1 lists the atomic co-ordinates; selected 
bond lengths and interbond angles are given in Table 2. 
Complex (Sa) crystallizes with the 'Il3-allyl ligand in the exo 
conformation relative to the cyclopentadienylligand on Mo(2). 
If the Mo-Mo bond is ignored, the Iigands on Mo(2) adopt a 
similar geometry to that found in the mononuclear complex 
[Mo(11-C,H,)(l1l-ClH,)(COhJ.6 Thus the four atoms P(l). 
C(21), and the two terminal allyl carbons C(I) and Cm form 
the irregular base of an approximate square-pyramidal geo
metry. The Mo-C (terminal. allyl) bond distances of 2.315(8) 
and 2.309(7) A are identical within error limits. hence implying 
that the bonding of the 'Ill-allyl ligand is normal and not of the 
a-It type observed for the ligand in the asymmetric electronic 
environment of [Mo(11-C,H,)I('Il~,ClH,)(NO)J.6 As ·in 
[Mo(11-C,H,)('Ill-ClH,)(COhJ,6 the average Mo-C (terminal. 
allyl) bond length is significantly Jlreater than the Mo-C 
(central. allyJ) bond length of2.261(7) A, although the difference 
is less than in the mononuclear complex. The structure of the 
'Ill-C6H9 ligand may be compared to that of the 'Ill-C6H,Cl 
ligand in [{Pd(113-C6H8Cl)hJ,' which differs formall.y only in 

t ~-Carbonyl.I.I-dicarbonyl-I.2.bis( ,,-cyclopentadienyl)·Il.dime\h yl
phosphido.2-(2'.isopropenylallyl.C'·-J')dimolybdenum (M~Mo) and 
ll-dimethylphosphido-ll-[2' -(isopropenyl-21Cl C l.l)allyl_llCC"J )J-bis· 
[carbonyIC,,-cyclopentadienyl)molybdenum] (M~Mo). 
Supplemenlar.v dolO available: see Instructions for Authors. J. Cl/em. 
Soc .• Dallon Trans .• 1990. Issue 1. pp. xix-xxii. 
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(1.) R.Me 
(1b) R. Ph 

.~ o '. 
o c Mez./-· C'-l p" 

(CP)MO( ;MO(CP) 
·c' 
o 

(38) ,,3 _ allyl. C3HS 

Me2 P, 
(CP)(OC)2MO( Mo(CO)(cp) 

C/ 
R7 .... ~C-R' 

I 
H 

(28) R7
,. Me. RS = H 

(2b) AS = A7 .. Me 

(2c) AS .. H. A7 = Et 
(2d) RS,. Et. A7

,. H 

(3b) ,,3 _ allyl. syn- MeCHCHCH2 

(3c) ,,3 _ aUyl. cyclohex -2 -anyl 

(68) RS
• H. R7 

.. Me 
(6b) AS. R7 .. Me 
(&c) RS .. H. R7 • Et 

, 

Figure I. Structures of the dimolybdenum complexes (cp os l1'·C,H,) 

the replacement of one of the ethyl hydrogens by chlorine. The 
dihedral angle between the planes containing C(1)-C(2)-C(3) 
and C(S)-C(4)-C(6) is ca. 8° in (Sa) compared to 27° in the 
palladium compound. implying a greater element of electron 
delocalization over the two pans of the ligand in the former 
complex. The C--C double bond length in (Sa), 1.336(14) A. is. 
however. equal within error limits to the 1.38(6) A. for the 
corresponding bond in the paJladium complex. 

Complex (Sa) has a semi-bridging carbonyl. CO(21), as 
evidenced by the Mo(2)-C(2I)-O(21) interbond angle of 
155.9(6)° and Mo-CO(21) .distances of 1.963(7) and 2.629(7) A 
ior Mo(2) and Mo( I) respectively. The slightly shorter Mo(2)-P 
bond length of 2.408(2) A. compared to 2.426(2) A for Mo( I )-P, 
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0(21) 

C(202) 
C(201) 

H(12) . 

H(62) 

Figure 2. Molecular structure of [Moz(l1-C,H,h(J.1-PMez){l1J-CHzC, 
(CHz)C(Me):oCHz}(CO)JJ (5.) showing the crystallographic number
ing 

may reflect the reduced 7t-acid character of the T)J-aJlyl group 
compared to a carbonyl ligand, this then increasing the electron 
density available to Mo(2) for 7t·back bonding to phosphoruS. 
The Mo-Mo bond length of 3.285(1) A is slightly greater. than 
that in [M02(TJ·C,H,h(J,L.H)(J,L·PMe2)(CO)4] (la)8 [3.267(1) 
A] but is within the range normally observed for Mo-Mo single 
bonds.9 The shorter Mo-P bonds and longer Mo-Mo bond in 
(Sa) compared to complex (la) result in a slightly larger bite 
angle at phosphorus of 85.6(1) compared to 84.8(1)°. The 
geometry of the Iigands at Mo(l) is similar in both complexes 
except that in (Sa) a J,L·CO group replaces the I1·H group in (la). 
In contrast to (la), the two cyclopentadienyl ligands in (Sa) 
adopt a relative cis orientation with respect to the Mo-Mo 
vector. . 

The i.r. [v(CO)] speCtrum of complex (Sa) is similar to those 
of other T)J.allyl complexes of type (3)' with two terminal 
carbonyl absorptions and a semi· bridging carbonyl absorption 
at I 798 cm-I as expected on the basis of the crystal structure. 
However, the I H n.m.r. spectrum of (Sa) in CDCI 3 at 238 J{ 
indicates the presence in solution of two isomers in a ra!io of 
ca. 1.1: 1. Thus four cyclopentadienyl resonances are observed 
in addition to twelve resonances with relative intensity cor
responding to one hydrogen each and two resonanCC5 
corresponding to methyl groups. On the basis of a series of 
selective·decoupling experiments the resonances have bccn 
assigned to specific hydrogens in the C6H9ligand in each of the 
two isomers. For each isomer. four resonances in the region c5 
3.0 to -0.9 correspond to the syn and anti allyl hydrogens and 
two resonances in the range 0 5.3--4.6 correspond to the alkene 
hydrogens. The assignments are given in the Experimental 
section and the numbering scheme for the ligand hydrogen 
atoms is shown in Figure I. Presumably one isomer 
corresponds to an exo configuration for the allyl ligand and the 
other to an endo configuration (Figure I). It is not. howeveri 
possible to determine from the I H n.m.r. data which set 0 

resonances corresponds to the exo isomer and which to the 
endo. Similar isomerism has been observed in other "J.allyl 
complexes of type (3) . .5 

The molecular structure of the major product (4a), from th~ 
reaction of (la) with excess of allene is shown in Figure 3. 
Table 3 lists the atomic co·ordinates; selected bond lengths and 
interbond angles are given in Table 4. The C6H9 ligand 
bridges the Mo-Mo bond via coordination of the ,,3.allyl 
group to Mo(2) and of the ,,2.alkene group to Mo(l). The 
non-coplanarity of the T)J.allyl and the T)%.alkene groups. the 
dihedral angle between the two planes being 52.35°. contrasts 
strongly with the structure of the ligand in (58) in wh.ich ~ 
corresponding angle is ca. 8°. However the similarity tn C 
'backbone' bond distances in , the C6H" ligand in (4a). 
1.498(6) A, and (Sa). 1.494(12) A. argues against any significant 
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Table 1. Fractional atomic co-ordinates for complex (Sa) 

Atom x y z 

Mo(l) 0.15893(3) 0.290 53(7) 0.12869(8) 
Mo(2) 0.13268(2) -0.02725(6) 0.05876(7) 
P 0.0904(1) 0.141 7(2) 0.2174(3) 
C(1) 0.1507(3) -0.0237(10) -0.209 9(9) 
C(2) 0.0978(3) -0.0474(8) -0.1865(8) 
C(3) 0.0708(3) 0.057 1(8) -0.113 5(9) 
C(4) 0.072 4(3) -0.1769(9) -0.231 3(10) 
C(5) 0.0169(4) -0.191 S(13) -0.183 1(13) 
C(6) O.09S 3(4) -0.2701(11) -0.321 S(13) 

C(11) 0.0986(3) 0.3924(8) 0.0673(13) 
0(11) 0.0636(3) 0.4S61(7) 0.026 S(l2) 
C(12) 0.1678(4) 0.3070(10) -0.1024(13) 
0(12) 0.1736(4) 0.3264(10) -0.2322(9) 
C(21) 0.1997(3) 0.0627(7) 0.0314(9) 

Table 1. Selected bond lengths (A) and angles e) for complex (Sa)-

Mo(1)-Mo(2) 3.28S(1) Mo(2)-P-Mo(1 ) 8S.6(1) 
Mo(I)-P 2.426(2) C(2me)-P-C(1me) 96.7(S) 
MoO )-C(11) 1.930(9) C(2)-C(1 )-Mo(2) 70.3(4) 
Mo(l)-C(12) 1.96S(11) C(1)-C(2)-Mo(2) 74.0(4) 
Mo(l)-C(21) 2.629(7) C(3)-C(2)-Mo(2) 74.4(4) 
Mo(2)-P 2.408(2) C(3)-C(2)-C( 1) l1S.1(7) 
Mo(2)-C(I) 2.309(7) C(4)-C(2)-Mo(2) 118.8(S) 
Mo(2)-C(2) 2.261(7) C(4)-C(2)-C(1) 122.6(7) 

Mo(2)-C(3) 2.31S(8) C( 4)-C(2)-C(3) 122.3(7) 

Mo(2)-C(21) 1.963(7) C(2)-C(3)-Mo(2) 70.2(4) 

P-C(1me) 1.847(10) C(5)-C(4)-C(2) IIS.9(8) 

P-C(2me) 1.817(9) C(6)-C(4)-C(2) 123.1(8) 
C(1)-C(2) I.40UI0) C(6)-C(4)-C(S) 120.7(9) 
C(2)-c(3) 1.394(11) O(ll)-C(l1)-Mo(i ) 177.4(9) 

C(2)-C(4) 1.494(12) 0(12)-C(12)-Mo(2) 17S(1) 
C(4)-C(S) 1.496(13) Mo(2)-C(21)-Mo(1) 90.2(3) 
C(4)-C(6) 1.336(14) 0(21)-C(21)-Mo(l) 113.6(S) 
C( 11)-O( 11) 1.157(12) 0(21)-C(21)-Mo(2) 155.9(6) 

C(12)-O(12) 1.119(13) 
C(21)-o(2l-) 1.167(8) 
Range Mo(l)-Cp 2.320(10)-

2.363(10) 
Range Mo(2)-Cp 2.326(8)-

2.339(8) 

• Cp ... Cyclopentadienyl rins ~rbon atoms. -

C(12) 

H(101) 

, ' F'IlUre 3. Molecular structure of (Mo2(11-C~H,>Zh',·11'·CH2C(~H2)C
(Me)ooCH1}(II-PMel)(CO)1) (4a) showing the crystallographlc num
bering 

~ . difference in electron delocalisation between the allyl and alkene 
groups in the two complexes. Co-ordination of the alkene to 
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Atom x y : 
0(21) 0.244 2(2) 0.0690(6) 0.0086(7) 
C(101) 0.1850(4) 0.461 I( 11) 0.300 7(13) 
C(102) 0.2207(4) 0.4536(10) 0.1846(15) 
C(103) 0.244 8(4) 0.3323(10) 0.1928(15) 
C(104) 0.225 1(4) 0.2573(1 I) 0.3166(14) 
C(10S) 0.186 I(S) 0.3428(13) 0.3897(11) 
C(201) 0.188 2(3) -0.1879(8) 0.165 1(1 I) 
C(202) 0.1558(3) -0.2S40(7) 0.0571(12) 
C(203) 0.10S 8(3) -0.2460(8) 0.1145(10) 
C(204) 0.10S 6(3) -0.1758(8) 0.2576(9) 
C(205) 0.1579(3) -0.1376(8) 0.291 2(10) 
C(1me) 0.0886(4) 0.1 IS 3(12) 0.4346(11) 
C(2me) 0.0226(3) 0.1861(11) 0.1943(13) 

Mo(1) results in an increase in the C..c double bond distance 
from 1.336(14) A in (Sa) to 1.384(6) A in (4a) which may be 
rationalised on the basis of metal back bonding into the alkene 
1t* antibonding orbitals. Although the mean Mo-C (allyl. 
terminal) bond distance is only slightly reduced. at 2296(5) A in 
(4a) compared to 2312(8) A in (Sa). the corresponding bond to 
the Central allyl carbon is significantly longer in (41), at 2.315(4) 
compared to 2.261(7) A in (Sa). The l'lJ-allyl group in (4a) is 
constrained. by the co-ordination of the alkene to the adjacent 
molybdenum centre. to adopt an endo conformation relative to 
the cyclopentadicnyl group on Mo(2). The large separation of 
the central allyl carbon and Mo(2) may thus reflect the require
ment ofthe alkene group to be in reasonable proximity to Mo( 1 ). 

Although overall the complex obeys the effective atomic 
number (e.a.n.) rule. Mo(t) is electron poor and Mo(2) is 
electron rich. The electron deficiency at Mo(l) may be panially 
compensated by the reduced Mo(1)-:P bond distance of 2.392(1) 
A compared to Mo(2)-P 2.421(1) A. The lack of a significant 
semi-bridging carbonyl interaction in (4a) in comparisoll to (Sa) 
may reflect the replacement of a carbonyl by an Tll-alkene on 
Mo(1) which. due to the reduced 1t-acid character of the alkene. 
results in an increase in the electron density at Mo(l). However. 
at least equally imponant in hindering a semi-bridging carbonyl 
interaction is the steric cro,!¥ding at Mo(l).The non-linearity 
of CO(26) [Mo(2)-C(26)-O(26) interbond angle 167.1(4)°] 
may reflect the steric crowding in the molecule; the large 
Mo(1)-CO(26) separation of 3.00 A indicates that there is no 
significant bonding interaction. The two cyclopentadienyl 
Iigands adopt an approximate relative cis orientation with 
respect to to the Mo-Mo vector. -.. 

The Mo-Mo bond distance. 3.333(1) A in (4a) is significantly 
longer than in (Sa). 3.285(1) A. although it is still consistent 
with the presence of a Mo-Mo single bond. The longer Mo-Mo 
bond may reflect an attempt to reduce the steric crowding in the 
molecule. The slightly reduced average Mo-P bond distance. 
together with the increased Mo-Mo distance. result in an · 
increased bite angle at phosphorus of 87.7(1) compared to 
85.6(1) in (Sa). 

Spectroscopic studies indicate that the solid-state structure 
of complex '(4a) is retained in solution. Thus two carbonyl 
absorption bands are observed in the i.r. [v(CO)] spectrum and 
the I H n.m.r. spectrum contains six resonances of relative 
intensity 1 and one of relative intensity 3 in the range 0 3.0-
1.0 corresponding to the hydrogens in the C.H, ligand. The 
assignment of the complex I H n.m.r. spectrum of the C6Hoi 
ligand has been confirmed by a series of sclective-decoupling 
experiments. The numbering scheme for the ligand hydrogen 
atoms is shown in Figure 1. The up field chemical shifts of the 
two alkene hydrogens. 0 1.84 (H') and 1.73 (H6

), imply that the 
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Table 3. Fractional atomic co-ordinates for complex (4.) 

Atom x y z 
Mo(1) 0.33728(3) 0.146 51(2) 0.184 06(2) 
Mo(2) 0.16959(3) 0.00530(2) 0.29759(2) 
P 0.370 26(11) 0.01.1 64(5) 0.18891(8) 
C(I) 0.1504(5) 0.2130(3) 0.241 8(4) 
C(2) 0.0773(4) 0.166 0(2) 0.163 1(3) 
C(3) 0.0169(4) 0.091 7(2) 0.1962(3) 
C(4) 0.0214(5) 0.0254(3) 0.1355(3) 
C(31) 0.3547(6) -0.0491(3) 0.0681(4) 
C(32) 0.5472(5) -0.0251(3) 0.2584(5) 
C(6) -0.033 1(5) 0.0826(3) 0.2972(4) 
C(5) -0.0091(6) 0.1997(3) 0.061 7(4) 
C(36) 0.266 5(4) 0.1322(2) 0.0345(3) 
0(16) 0.236 1(3) 0.1277(2) -0.0589(2) 

Table 4. Selected bond lengths (A) and angles (0) for complex (4&) 

Mo(I)-Mo(2) 3.333(1) Mo(2)-P-Mo(1) 87.7(1) 
Mo(l)-P 2392(1) C(32)-P-C(31) 98.6(3) 
Mo(I)-C(16) 1.913(4) C(2)-C(I)-Mo(l) 76.6(3) 
Mo(l)-C(1) 2258(5) C(1)-C(2)-Mo(l) 68.6(2) 
Mo(l)-C(2) 2360(4) C(3)-C(2)-Mo(1) 103.9(2) 
Mo(2)-P 2421(1) C(3)-C(2)-C(I ) 118.8(4) 
Mo(2)-C(3) 2315(4) C(S)-C(2)-Mo(l) 1228(3) 
Mo(2)-C(4) 2303(4) C(5)-C(2)-C(I) 120.3(4) 
Mo(2)-C(6) 2285(5) C(5)-C(2)-C(3) 114.0(3) 
Mo(2)-C(26) 1.943(4) C(2)-C(3)-Mo(2) 120.7(2) 
P-C(31) 1.843(5) C(4)-C(3)-Mo(2) 71.9(2) 
P-C(32) 1.834(5) C(4)-C(3)-C(2) 1226(4) 
C(1)-C(2) 1.384(6) C(6)-C(3)-Mo(2) 71.0(2) 
C(2)-C(3) 1.498(6) C(6)-C(3)-C(2) I 21.S(4) 
C(3)-C(4) 1.396(6} C(6)-C(3)-C(4) l1S.S(4) 
C(3)-C(6) 1.412(6) C(3)-C(4)-Mo(2) 72.9(2) 
C(I 6)-0(1 6) -1.169(S) C(3)-C(6)-Mo(2) 73.3(2) 
C(26)-O(26) 1.170(S) 0(16)-C(16)-Mo(1) 1729(3) 
Range Mo(l)-Cp '2.290(4)-- 0(26)-C(26)-Mo(2) 167.1(4) 

2375(S) 
Range Mo(2)-Cp 2286(S)--

2371(S) 

Scheme J. Possible mechanism for the insenion of allene into the Il.vinyl 
compiexes (2): (i) allene: (ij) hv. - CO 

.. 
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Atom x y z 
C(26) 0.281 7(5) 0.0778(2) 0.3938(3) 
0(26) 0.3452(4) 0.1114(2) 0.466 6(2) 
C(1l) 0.4653(S) 0.2464(3) 0.277 8(4) 
C(12) 0.4539(5) 0.260 4(2) 0.1666(4) 
C(13) 0.5372(5) 0.20S 6(3) 0.121 1(4) 
C(14) 0.S998(5) 0.1S7 1(3) 0.201 S(5) 
C(1S) 0.5574(5) 0.181 7(3) 0.2988(4) 
C(21) 0.229 S(5) -0.1240(2) 0.304 2(4) 
C(22) 0.0746(6) -0.1204(3) 0.2860(4) 
C(23) 0.2789(6) -0.090 2(3) 0.404 5(4) 
C(24) 0.0250(6) -0.0848(3) 0.3740(5) 
C(2S) 0.1505(7) -0.0656(3) 0.4478(4) 

alkene remains co-ordinated to the Mo in solution. The 13C 
n.m.r. spectrum of (4a) which contains six resonances in the 
range /) 1~20 due to the C6H9ligand. assigned on the basis of 
13C_1 H coupling constants, is also consistent with the retention 
of the solid-state structure in solution. 

The formation of (4a) and (Sa) from the reaction of (la) with 
excess of allene could proceed either oia the l1-vinyl complex (la) 
or via the allyl complex (3a), which are both formed initiallY· 
In order to determine the reaction pathway which is followed 
we have investigated separately the reactions of the l1-vinyl 
complexes (2) and the allyl complexes (3) with allene. 

Reaction of the Vinyl Complexes (2) with Allene.-Photolysis 
of an allene-saturated hexane solution of complex (la) for 
1.5 h gave (4a) in high yield (68%) as the only significant 
product. Photolysis of the dimolybdenum l1-vinyl complexes 
[M02(TJ-C, H,h {11-<J: TJz-C(R ')=CHR' }(11-PMe2)(COh] 
[R' = R' = Mc. (2b); R' - H, R 1 = Et. (le)] with allene 
similarly gave [M02(TJ-C,H,h{l1-a:TJ'-CH2C(CH2)C(R')
CHR'}(I1-PMe2)(COh] [R' .. R' .. Me,(4b);R' _ H,R'" 
Et. (4c)]. The proposed structures of (4aH4c) (Figure 1) arc 
based on i.r. and IH n.m.r. spcctroscopy, mass spcctrometry, 
and. in the case of (4a) and (4c). microanalysis. Complex (4b) is 
always obtained contaminated with other unidentified productS 
and it has not proved possible to identify resonances in the I H 
n.m.r. spectrum of (4b) associated with all of the hydrogens in 
the C,H1I bridging ligand. It has been assumed in Figure 1 that 
the two methyl groups on the alkene part of the ligand in (4b) 
adopt the same relative trans orientation as in the l1-vinyl 
complex, (2b). from which it is derived. although the I H n.m.r. " 
spectrum does not prove this. 

It is clear, (rom the positioning of the alkyl substituents in the 
complexes (4b) and (4c), that the TJ2-alkene part of the bridging 
organic ligand in the complexes (4) is derived in the above 
reaction from the l1-vinyl ligand in the complexes (2). The 
overall process by which the complexes (4) are obtained from 
the l1-vinyl complexes (2) may therefore be ,described as an 

. insertion of allene into the Mo-C a bond. ,Related insertion 
reaction$ of allene in which carbon~bon bond formation 
involving the central carbon atom of the allene molecule takes 
place have been described previously.IO,I' 

Two possible mechanisms for the insertion of allene are 
shown in Scheme 1. These differ according to whether co
ordination of allene takes place before [route (a)] or after [route 
(b)] the loss of CO induced by u.v. irradiation. Stirring a hexane 
solution of complex (la) with allene in the dark results in nO 
change in the i.r. spectrum. There is therefore no evidence for the 
formation of an adduct as proposed for route (a). However. u,.v. 
irradiation of a solution of (la) in the absence of allene results.n 
a rapid colour change from orange to orange-green. Subsequent 
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~ 3~ Reactions ~f the intermediate obtained on irradiation of the 
-aiM complex (3b): (i) hv; (ji) allene; (iii) co; (ill) no co or allene 

Sf . 
, (4t~~g of the irradiated solution in the dark with allene gives 

is:1 In ca. 20% yield. If no allene is added the only product 
Il ~ted from the irradiated solution is a trace of the red 

. (~VlnYI oxo complex [MolO(11-C5H5h{~-a:ll:-C(Me)=oCH2}
(I\)P~e2)(CO)] (68).4 The structure proposed for intermediate 
CM In Scheme I. route (b), is closely related to t~at .. of 
M ~2(1'I-C5H5h(~-PPh2h(COh], 1%. which also contams an . 
biJ?--Mo ~ouble bond. We cannot, however, exclude the possi
it tty that CO loss from (la) is accompanied by co-ordination of 
bo SOlVent, molecule rather than an increase in the metal-metal 
thaic1 :or~er. The fact that (A) reacts rapidly with allene suggests 
illte It IS the . likely intermediate. Further evidence that the 
Pro ~ediate is an unsaturated complex formed by loss of CO is 
Co Vlded by the fact that stirring ofthe irradiated solution wit~ 
Co ~nables some (la) to be recovered which is not the case If 
irra I~ a,bsenL It thus appears that the loss of CO from (2a) on 
ill~~tlon may be reversible. Once allene has reacted with (A) 
rtlay belO~ presumably occurs rapidly as no simple allene adduct 
'.N tsolated. 

illse ubel and Brown Ilt have shown that the first step in the 
{1l'c~lozn reaction of ethene with the ~-vinyl complex [Re2(~-H)
Co '1'1 -C(H)=cH2}(CO)~], involves pholochemical loss of 

Clnd formation of an ethene adduct. There is therefore some 
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precedent for the formation of the allene adduct in route (b), It 
is noteworthy that the yields of the allene insertion products. 
(4) decrease for the ~-vinyl complexes. (la), (ca. 70~1o 
conversion) > (le) (ca. 50%) > (2b) (ca. 30%). Thus (le). with 
an l1-ethyl substituent on the j.1-vinyl ligand. gives a lower yield 
of insertion product than that of the l1-methyl complex. (2a). 
Complex (2b), with methyl substituents on the 11- and l3-carbon 
atoms. gives a lower yield stilI and [M02(C,H5h{~-a:11;
C(HFCHEt}(~-PMe2)(COh]. which was also present in the 
reaction mixture when (le) was treated with allene. does not 
give an insertion product at all. The dependence of the yield of 
the complexes (4) on the steric bulk of the ~-vinyl substituents. 
particularly the l3-alkyl groups. may be a result of steric 
crowding in the allene adduct in route (b). 

Reaction of the Allyl Complexes (3) with Allene.-The un
substituted allyl complex [M02(11-C5H5h<~-PMe2)(113-C)H3)
(COhJ (3a) does not react with allene even after prolonged 
periods of U.v. irradiation. Thus (la) rather than (3a) is the 
precursor of (4a) in the reaction of (la) with excess of allene . . 
On the other hand the methyl allyl complex [M02(11-C,H,h
(~-PMe2)(113-syn-MeCHCHCH2)(COh] (3b)$ does react with 
alIene under photolysis to give an inseparable mixture (ca. 1: 2) 
of the two complexes (4b) and (4c). These complexes may. of 
course. be obtained separately from. respectively. the reactions 
of the j.1-vinyl complexes (2b) and (le) with allene. The most 
likely explanation for the formation of (4b) and (4c) in the 
reaction of (3b) with allene is that the allyl ligand in (3b) 
undergoes an initial 1.2-hydrogen atom shift to give a mixture 
of (2b) and (le) (Scheme 2) which then reacts with allene as 
previously described. This explanation has been confirmed by a 
number of expe~ments. Thus U.V. irradiation of a solution of 
complex (3b) results in a colour change from red to re~-green. 
On stirring the irradiated solution with allene in the dark a 
mixture of (4b) and (4c) is formed in ca. 50"/0 yield. Similar 
treatment ofthe irradiated solution with CO for 1 h, followed by 
stirring with allene. gives the ~~vinyl complexes (2b) and (2e) in 
ca. 30"/0 combined yield with only traces of (4b). (4c:), and other 
unidentified products. Under similar conditions, but using Nl 
rather than CO, (2b) and (le) are formed with a lower combined 
yield (ca. 10"/0); in addition the complexes [Mo;O(l1~C,H~h
{~-C(R ?)=oCHR $}(~-PMe2)(CO)]~ [R 5 - R,', -~e, (6b); R', ':'" 
Et. R 5 = H. (6e» (ca. 20% combined yield) and .traces of other 
unidentified species are obtained. From these resul~ it is clear 
that u. V. irradiation of (3b) gives an unstable intermediate which 
may participate in three competing reactions (Schem~ 3): (a) 
with aIlene to give (4b) and (4c); (b) with CO tQ give (lb) a~d 
(le); and (c) with air in the absence of alJene or CO, to give (6b) 
and (6c). , " 

Any mechanism proposed to explain the reaction of complex -
(3b) with allene must account for the overall 1,2-hyd~oge~ atom 
shift and the C-C bond formation in tl)e reaction. The latter 
may occur via insertion of allene intoa. Mo-C a bond as 
proposed for the reaction of allene with the ~-vinyl complexes, 
It is proposed (Scheme 4) that U.V. irradiation of (3b) induces 
CO I~ss from .the molybdenum atom adjacent to the one to 
which the allyl ligand is co-ordinated giving a co-ordinatively 
unsaturated intermediate (A), Carbon:"hydrogen bond cleavage. 
perhaps via an initial CHMo agostic interaction. gives (8) and 
readdition of the hydride to one or other of the two terminal 
allyl carbon atoms then gives two isomers of an unsaturated 
~-vinyl intermediate. (C), similar to that proPQscd to be fo~ed 
on U.V. irradiation of the ~-vinyl complexes (2)~ Addition of 
allene and insertion into the Mo-C a-bond then proceeds as 
previously described. . . 

Hydrogen-shift processes similar to the one described here 
have been observed previously in the rearrangement of ~-al1yl
idene to j.1-alkyne ligands at a dimolybdenum centre, and a 



2372 

Mez P, 
(CP)(oc}zMoLMo(CO)(cp) 

~ 
); 

Mez P, 
(CP)(OC)MO.l" Mo(CO)(cp) 

;C~~R' 
R , 

H 
(C) 

(I) -

-

-

Mttz 
P, 

(CP)(OC)MoL Mo(CO)(cp) 
I 

H~ 
(A) 

J 
Me2 P, 

(CP)(OC)MoLMo(cO){CP) 

~y. 

(B) 

(4b) R.R·.Me 
(4c) R. El. R' • H 

Sdleme 4. Possible mechanism for the formation of complexes (4b) and 
(4c) from the "l-allyl complex (3b); (i) hv. -CO; (ii) allene 

similar mecha!1ism was postulated to account for the pheno
menon.13 In addition, the bridging a: Tll .allyl ligand in the 
co-ordinatively unsaturated intermediate. (B), in Scheme 4 has 
been previously observed in stable di-iron complexes such as 
[Fel(ll-a : Tl l -ClH4)(CO),].14 Finally, intramolecular attack of 
a metal hydride on an Tll-allyl ligand has been previously 
postulated to account:· for the variable-temperature I H n.m.r. 
behaviour of [MO(Tll.ClH,)(Ph1PCH1CH lPPhlhH].I' 

An alternative route to complexes (4b) and (<Cc) to that shown 
in Scheme 4 is the insertion of allene into the Mo-Ca bond 
in interm~iate (B) prior to readdition of the hydride ligand. 
We cannot exclude this possibility but the formation of the 
unsaturated Il-vinyl intermediate (C). which is also proposed as 
an intermediate in the reaction of the ,,-vinyl complexes (2) with 
allene. is perhaps in this case also the most likely route to (4): 

The conversion of a a-vinyl ligand into an Tll.allylligand has 
been proposed previously as part of the mechanism bt which 
attack of H - on a cationic molybdenum alkyne complex affords 
an allyl SpeCies}6.17 That the reverse reaction. as observea 
in the dimolybdenum system described here. has not been 
previously documented can be ascribed to the fact that most 
known aUyl complexes are mononuclear. Presumably the 
isomerisation of an allyl to a vinyl ligand requires the driving 
force provided by tne presence of a second metal centre. which 
then enables the vinyl ligand to co-ordinate in a bridging 'a.lt· 
mode. Why this isomerisation takes place for the TlJ-C4H , 
ligand in (3b) [and for the Tl l .C6 Hg (cyclohex-2-enyl) ligand in 
(3c:).4 see Experimental section] but not for the TlJ-CJH, ligand 
in (3a) remains to be resolved. 

lnterconversion of Complexes (4a) and (Sa). The mechanism 
of formation of complex (4a, from (la) , (Scheme I) assumes 
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that (Sa). which contains an extra molecule of CO in place of 
the co-ordinated double bond in (4a). is not the initial product 
of the reaction. Although (Sa) may be converted into (4a) o.n 
U.v. irradiation, the low conversion factor for this reaction IS 
incompatible with it being on the primary route to (4a), since 
this latter complex is generated in ca. 70"10 conversion on 
reaction of (la) with allene. Furthermore no (Sa) is formed o.n 
reaction of (la) with allene. However. although no reaction ~~ 
observed between complex (4a) and CO under pressure r 
atm (ca. 6 x 106 Pa), room temperature (r.t.)], u.v. irradia~tOn 
of a solution of (4a) under CO rapidly gives an equiIib!1Uj 
mixture of (4a) and (Sa) in the ratio ca. I :4. The most hlc~ y 
explanation of the formation of (Sa) on reaction of (la) With 
allene is therefore via the reaction of (4a) with scavenged CO 
under u.v. irradiation. The formation of (4a) involves loss ~ftW~ 
molecules of CO from (la) and the solution concentratiOn 0 
CO is clearly sufficient to give a significant yield of (Sa) frorn 
(4a). 

Experimental . 
General techniques and instrumentation were as describedJ~ 
Part I of this series.l The complex [Mol(TI-C,H,h(W I 
(,,·PMel)(CO),,] was prepared by the literature method.% A~ 
other chemicals were obtained from commercial suppliers a~ 
used without further purification. I.r. spectra were recorded!n 
n-hexane and all n.m.r. spectra in COO, unless otherw~~ 
stated. N.m.r. chemical shifts are in p.p.m. on the ~ scale rela~IIVp 
to SiMe4 (0 p.p.m.) (for IH and 1lC) or to P(OMeh for 
(upfield shifts negative). . 

(i) Prolonged Photolysis of [M02(TI-C,H'h{Jl·H)(I1-PMeo>~ 
(CO)4] (la) with Excess of Allene.-Complex (la) (0.2 g, h 
mmol) was dissolved in hexanc-benzene (I : 1.60 cml ) and t e 
solution saturated with allene in a glass photolysiS v~sel.: 
quartz vessel containing the u.v. filament was placed an t .: 
vessel and the solution irradiated with U.v. light (Hanovl t 
125·W medium-pressure immersion lamp) for 3 d. The solven

n was removed on a rotary evaporator and the residue colU~o 
chromatographed using hexane-CH1CIl (1: 1) as eluant s 
separate unreacted (la) (0.04 g, 20"10). The remaining produ~ 
were separated by t.1.c. using hexane-ethyl acetate (9: 1) d 
eluant to give (in order of elution, decreasing R, values) re 
[M01(TI·C,H,h{"-Tl'-CH1C(CH1)C(Me)=CH1}(,,-PMe2)- ' _ 
(COh] (4a) (0.095 g, 45%), orange [M01(TI.C,H'h(I1~PM(~) 
{l1l_CHIC(CH1)C(Me)=CH1}(COhJ (Sa) (0.015 g, 7%), 
(0.015 g, 7%),' and (3a)(0.02 g, 1(010)." .0 P 

Complex (4a) (Found: C, 46.4; H,4.9; p. 5.2 C1oH2,M0 2 cO 
requires C. 46.2; H. 4.8; P. 6.0%); m/z 520 (M+). M+ - nll tl 
(n = 0-2); v ...... (CO) at 18545 and 18295 cm-I. N.m.r·:Z48 -
(303 K), 0 4.93 (5, 5 H, C,H,), 4.78 (5, 5 H, c,H,), "4 
[m. J(HIHl) 0.5. Hl], 2.37 (s, 3 H, Me'). 1.84 [dd, lJc;,.~e'lJ' r 
J(H'H6) 3.7. I H, H'], 1.80 [d, 2J(PH) 9.2, 3 Hi PM 1 ~ 
1.73 (d. I H. H6), U8 [d, lJ(PH) 9.2, 3 H, PMeAMr:]' 0'99 : I 
[m. J Il 1.7. J14 0.5, I H. HI], 1.4 l' [m. l J(PH) 3.9, I H, H led' ~ , o '. 
[dd, JJ(PH) 26, I H, H4]; IlC (243 K. IH gated decoupl " 
250.2 [d, lJ(PC) 15.5. I CO], 244.4 [d, 2J(PC) 9.0. ICO], ~.~. 
73.9 [5. CH1C(CH1)C(Me)CH1J, 927 [d. J(CH) 176.7, ~H t~ 
89.1 [d, J(CH) 177.0. C,H,], 45.4 [to J(CH), 152.2, J(Ctl) 
(CH1)C(Me)CH1 or CH1C(CH2)C(Me)CH1], 37.6 [t, Ctl ] 
154.6. CH1C(CH.)C(Me)CH2 or CH1C(CH1)C(Me) hi '-
31.8 [q, J(CH) 128~2, CH1C(CH1)C(Me)CH1] , 28.6 [qd,t~C C-
128.2, lJ(PC) 21.9. PMe"Mell], 23.6 [t, J(CH) 160.9. 2}(PC) 
(CH z)C(Me)CH1], and 21.7 p.p.m. [qd, J(CH) 127.6, 
19.1 Hz. PMeAMei']; lip (263 K). 0 -25.2 (s. I1-PPh2)· 0-3)' 

Complex (Sa): mlz 548 (M+). M+ - nCO (n" 238 
vm ... (CO) at 19355, I 865s. and I 798 m cm-I. IH N;m.r. ( (5. 
K): rotamer 1 (52%), ~ 5.25 [m, J(H'H6) 1.6. I H, H ],5.09 
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5 H. C,H,), 4.68 [m. J(H6H') 0.5,1 H, H6], 4.56 (5, 5 H. C~H,\' 
3.01 [m. J(WH1) 4.5. J(H1H3) 2.5.1 H, Hl], 2.25 [dd. lJ(Pin 
10.8, 1 H, HI], 2.1-1.9 (m. 6 H. PMe2). 1.78 (m. 3 H. Me'\, 
0.91 (m. 1 H, H J), and -0.68 [m. 3 J(PH) 5,1 H. H4]; rotamer; 

11.'; (48%), 5.20 (s. 5 H. C,H,), 5.09 [m, J(H'H6 ) 1.6. J(H'H') O} • 
. 2.1 H. H'], 4.70 [m, J(H6H') 0.5,1 H, H6], 4.69 (5, 5 H. C,lI~), 

88 [m. J(HIHl) 3.4, J(H2H3) 2.8, 1 H, H2], 2.1-1.9 (m. (It!. 
PMe2), 2.01 (obscured. W), 1.67 (m. 3 H. Me'). 1.16 (m. 1 11. 
H3). and -0.89 Cd, 3J(PH) 10.3 Hz, 1 H, H4]. 

(il) Reaction of the Vinyl Complex (la) with Allene.-Thc 
complex [Mo1(TI-C,H,h{J1-<J:Tl1-C(Me)=CH2}(J1-PMc,)· 
(CO),] (la)3 (0.02 g. 0.OJ9 mmol) was dissolved in hexallC 
~O cmJ

) and the solution saturated with allene. After u.\·· 
Irradiation for 1.5 h the solvent was removed on a rotary 
evaporator and the residue separated by t,1.c. Elution with 
~ex~n~thyl acetate (9: 1) gave (4.) (0.014 g. 68%) as the onl), 
sl8DJficant product, 

C (iii) Photolysis of Complex (la)followed by Allene Addition.
(l0mplex (la) (0.01 g. 0.02 mmol) was dissolved in hexanc 

5 cmJ
) and irradiated with u.v. light for 1.5 hto give an orange

a~een solution. The solution was then saturated with allene and 
(g~d in the dark for .1.5 h to give, after t,1.c. separation. (411) 
C· 2 g. 19%) and a trace of the vinyl oxo complex [M020(TJ' 
b ,H,}z{J,l-<J:Tll_C(Me)o:oCH1}(J1-PMe2)(CO)] (6.)4 (identified 
t6 mass spectrometry and i.r. spectroscopy). In a variation of Wi\ above reaction the same irradiated solution was treatcu 
th t ~O instead of allene. to give (la) (0.002 g) and a trace of 
so:uv~nYI oxo c0!Dplex. In another reaction the same irradiated 
se tlo~ was stirred under N2 for 1.5 h to give, after t,l.c. 
o ~ar~tlo~. a trace of the vinyl oxo complex (0.001 g) as the 

n Y Significant product. 

C(<;;) Reaction of the Vinyl Complex [M02(TI-C,H,h{J1-a:Tl l • 
(2b) e).CHMe}(J1-PMe2)(CO)J] (2b) with Allene.-Complex 

. to ~0.01 g. 0.02 mmol) and allene were treated as in (ii) above ClIftve} orange [M02(TI·C,H,h{J1-<J:TI'-CH2C(CH2)C(Me)· 
('t-C ~ (J.l-PMe2)(COh] (4b) (0.003 g. 3(010) and [M020-
(Oooi ,}z {J.l-<J :Tll-C(Me)o:oCHMe HJ1-PMe2)(CO)] (6b)4 
\I • a). Complex (4b): mlz 534 (M+), M+ - nCO (n - 0-2); 
(;;u~O) 18515 and 18295 cm-I. IH N.m.r. (303 K): 0 4.79 
IP) 2 JH, C,H,), 2.98 [q, J(H'H6

) 6.4, 1 H. H6], 2.66 (5. 1 H. 
1.55' [d,' ~. (s. 3 H. Me'). 1.77 [d. lJ(PH) 9.2. 3 H. PMeAMeDJ, 

J(PH) 9.0 Hz. 3 H. PMc" MeD], and 1.33 (d. 3 H. Me'). 

c&l~act!on of the Vinyl Complex [M02(TJ-C,H,h{J1-a :TJ 1-
Was H lI(J1-PMe!)(COh] (2e) with Allene.-Complex (le) 
{~ .on1Y available as a 5: 1 mixture with [M02(TJ-C,H')l
(le);' TI 'C(HKHEt}(J1-PMe2)(COhl (241).4 A solution or 
aJlen~2d) ~o.o~ g. 0.04 mmol) in hexane (30 cml ) was treateq with 
(211) (0 as In (ll) abo.ve.to give (4e) (0.008 g. 4OO1o),and un reacted 
in the .~2 g). Irradiation of 0.01 g of the mixture of(2c) and (241) 
and a[~nce of alIene gave, on t.l.c. separation. (ld) (0.001 g) 
(6c)4 (0 020(TJ-C,H,h{J1-a :Tll_C(Et)=CH2}(I1-PMel)(CO)] 
47.4' Ji .~ g) as the only products. Complex (4e) (Found: C. 
(M':) Ai:.. C21 H17M020 ZP requires C, 47.3; H, 4.9%): mi: 534 
cm-I ' 1 - nCO (n .. 0-2); v ...... (CO) at 1 854s and 1 8295 
0.5, 5 Ji N.m.r. (303 K): 04.92 (s. 5 H. C,H,). 4.78 [d. l J(PH) 
J(IIJJi~' oC,H,], 3.01 (dq. J.b 13.8. J le 7.3. 1 H"). 2.43 [m. 
lJ(pJi) lI'i' 1 H. HJ], 1.95 (dq. Jbc 7.3. 1 H. Hb). 1.83 [dd. 
PMe-'M DJ' • J'6 3.6, 1 H. H6

]. 1.81 [d. IJ(PH) 9.2. 3 H. 
PMe" e , 1.72 (d. 1 H. H'), 1.59 [d. l.'(PH) 9.2. 3 H. 
1 .28(t~~]. 1.43 (s.1 H. Hl). 1.42 [d. JJ(PH) 3.1.1 H. HI]. 

, • MeC
) . and 1.02 [d, lJ(PH) 2.7.1 H. H4]. 

(Vi) R . 
(Il'PMe eac;,on of the TJl-Allyl Cumplex [Mo!(TJ-C,H,h-

2)(TJ ,C)H,)(COhJ (Ja) with AI/ene.-Complex (Ja) 
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(0.005 g. om mmol) was dissolved in hexane-benzene (10 
cml : 2 cml ) and the solution saturated with allene. Irradiation 
with U.v. light for 1 h gave (3a) (0.003 g) as the only significant 
product on t.l.c. separation. 

(vii) Reaction of the TlJ·Allyl Complex [M02(TJ·C,H,h
(J1-PMe2)(TI'-syn-MeCHCHCH2)(COh] (3b) with AI/ene.
Complex (3b) (0.02 g. 0.04 mmol) was dissolved in hexane
benzene (10 cml : 10 cm l ) and the solution saturated with alIene. 
The mixture was irradiated with U.v. light for 1 h at 2°C and 
then stirred for 1 h in the dark at 15°C. The solvent was 
removed on a rotary evaporator and the products separated by 
t.l.c. using hexanc-ethyl acetate (9: 1) as eluant to give (4b) and 
(4e) (0.012 g. 55%) as an inseparable mixture in ca. 1:2 ratio. 
un reacted (3b) (0.002 g), and [M020(TI-C,H,h{J1-a:TJ 1• 

C(Et):aCH2}(J,l-PMel)(CO)]4 (0.001 g). 

(viii) Reaction o[ the Cyclohex-2-enyl Complex [M0 2(TJ
C,H,h<J1-PMe2)(TJ -C6H9)(COh] (3c) 5 withAllene.-Complex 
(3c)(O.025 g. 0.045 mmol) was treated with allene as in (vii) to give 
[M02(TI-C,H,h{J1-Tl'-CH2C(CH2)(C6H9)}(J1-PMe2)(COh] 
(0.008 g. 30%) (4d) and unreacted (3c) (0.003 g). Complex (4d): 
m/z560(M+),M+ - nCO(n - 00r2);v ..... ,(CO)at1854sand 
1 829s cm-1• IH N.m.r~ (303 K): 0 5.44 [m. J(H6 H') 15.0 1 H , , 6 • • 
H ],5.22[m.J(H H ) 10.1,1 H. H6],4.82 (s.5 H.C,H9).4.60(s. 5 
H.C,H,),3.53(d,1 H.H'),2.39(s.2H.Hu. HI3),2.37(s, 1 H. H'). 
1.9-1.5 (m. 4 H. He, H9. HIO, HIl), 1.74 Cd. IJ(PH) 9.1. 3 H. 
P MeAMeB], 1.56 [m. 1 J(PH) 9.3, 3 H. PMeA MeD], 1.47 (m. 2 H, 
HI, H2), and 0.93 [d, 3 J(PH) 2.4. 1 H. H4]. 

Crystallography.-Crystal data for [M02(C,H,h{J.l-TJ'
CHIC(CH2)C(Me):aCH2}(J,l-PMe2)(COh], (4.) C 2oH 25 Mo1-

02P, M ID 519.88, monoclinic. space groupP2.1c (no. 14). 
a .. 9.064(2), b - 17.595(4), c - 12540(3), P - 97.93(3)°, U .. 
1 980.77 A 3 (by least-squares refinement on diffractometer 
angles for 25 automaticalIy centred reftections,!.. ... 0.710 69 A). 
Z .. 4, D. = 1.740 g cm-J • 2816 Unique absorption
corrected data [l > 3a(1}, 3 < a < 25°. Mo-K. radiation]. A 
burgundy red crystal of size 0.15 x 0.21 x 0.24 mm. J1(Mo-
1(.) = 12.20 cm-1• was used in the data colIection; ROOO) .. 
992. 

Crystal datafor [M02(TI-C,H,h(J1-PMe2){ TJ l -CH lC(CH 1)
C(Me)=CH2}(COh], (5.). C21H2,M0203P, M - 548.28. 
orthorhombic. space group P2.2 12I, a .. 25.839(4), b 
.. 9.943(3), c - 8.415(3) A. U .. 2161.96 A3, Z .. 4. ROOO) = 
1096. J1(Mo-K.) - 11.26 cm-I. De" 1.684 g cm-l . 1915 
Unique absorption-corrected data. [/ > 3a(l), 3 < a < 25°. 
MO-K. radiation]. A deep orange crystal of size 0.18 x· 0.1 5 x 
0.10 mm was used in the data collection. 

Data collection. Data for both structures were collected' in the 
range a 3-25°. with a scan width of 0.84° for (4.) and 0.86° for 
(5a). using the technique described previously. le For both 
structures Lorentz and polarisation corrections were applied. 
Equivalent reftections were merged to give 2816 data for (4a) 
and 1915 for (5a) with Ila(l) > 3.0. 

Structure solution and rejinement.19 The co-ordinates of both 
metal atoms in structures (4.) and (5a) were deduced from a 
Patterson synthesis. and the remaining non-hydrogen atoms 
were located from subsequent Fourier different syntheses. 
The hydrogen atoms of both organic fragments were located 
in a Fourier difference synthesis calculated using data with 
sin a < 0.35. All remaining hydrogen atoms. in both structures. 
were included in geometrically idealised positions and were 
constrained to 'ride' on the relevant carbon atoms. Full-matrix 
refinement was carried out for both structures, with anisotropic 
thermal parameters assigned to all non-hydrogen atoms in the 
final stages of refinement. For both (4.) and (5a) weights of 
w = 1 la l Fo were assigned to individual reftections. Refinement 
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converged at R 0.0251 and R' 0.0269 for (411) and R 0.0306 and 
R' 0.0312 for (5.). 

Additional material available from the Cambridge Crystallo
graphic Data Centre comprises H-atom co-ordinates. thermal 
parameters. and remaining bond lengths and angles. 
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Abstract 

441 

The reinvestigation of an early synthesis of hexaruthenium carbido clusters has 
lead to the isolation of a number of new clusters which have been fully characterised 
by spectroscopic and crystallographic techniques. The thermolysis of Ru 3(CO) 12 in 
th~ presence of mesitylene (i,3,S-trimethylbenzene) at moderate temperatures yields 
two new clusters, [Ru6(JL4-1J2-COh(CO)I3( 1J6-C6H3Me3)] (I) and [HRu6(JL4-1J~
CO)(CO)\3(JL2-1J7-C6H3Me:!CH2)] (11). the structures and reactivity of which indi
cate the origin and mechanism of formation of the carbido-carbon in the 
hexaruthenium carbido clusters [RUt;C(CO)14(1J6-C6H3Me3)] (Ill) and [RU6C(CO)I7] 
(lV). A further product of the reaction is the decaruthenium carbido cluster dianion 
[Ru lOC(COh4]2- (V) which has the tetracapped octahedral geometry. The monohy
drido-cluster anion [HRulOC(COh4]- (VI) may be synthesised quantitatively from 
V by protonation. The nature of the hydrido-ligand in VI has been investigated in 
the solid state by NMR spectroscopy and it has been found to be fluxional. its 
location being temperature dependent. The decanuclear dianion V has been found 
to react with mercury salts to yield the 21 metal atom cluster dianion 
[Ru ls Hg3C2(CO)42]2- (VII) which consists of two tricapped octahedral nonaruthe-
nium "subclusters" fused by a bi-facecapping (Hg3)2+ unit. . 

The reaction of Ru )(CO)12 with mesitylene was first reported in 1967 to yield 
[RUf\C(CO)14(1J6-C"HJMe3)] (Ill) and Ru 6C(CO)17 (IV). and at that time these 
were the only examples of clusters containing completely encapsulated carbon 

0022·J28X/90/S03.50 -'1) 1990 Elsevier Sequoia S.A. 
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atoms [1]. Carbido-transition metal carbonyl clusters of many metals have now been 
characterised [2]. The origin of the carbide atom in these clusters has been the 
subject of some conjecture. Labelling experiments with DC have established its 
origin in some cases however: the carbido atom in [Rh 6 C(CO)15f- has been shown 
to be derived from solvent CHCl] for example [3], whilst preparation of some 
ruthenium or osmium carbido clusters from DCO enriched precursors has shown 
that it is the result of the cleavage of coordinated carbon monoxide [4]. In early 
work the sealed tube pyrolysis of Ru] (CO) 12 was shown to give a low yield of IV 
and CO2 was detected in the gases evolved during the reaction: thus establishing 
that in this reaction the carbido atom is the result of the disproportionation of two 
molecules of carbon monoxide [5] (c!q. 1). In contrast. in the pyrolysis of 

2CO ....... CO, + C (l) 

[RU;(CO)lS(NCBul)(lLs-NCBul)] to give [Ru b C(CO)lb(NCBul )]. labelling of the 
~CBUl ligands with 1JC has established that the carbido atom originates from the 
cyano-carbon. [6] 

The mechanism of carbonyl disproponionation has received much attention as 
the cleavage of the c-o bond of carbon monoxide is of fundamental importance to 

many homogeneous and heterogeneous catalytic processes. The initial process in 
Fischer-Tropsch chemistry is thought to involve such a process on the catalyst 
surface prior to hydrogenation and polymerisation of the resulting hydrocarbyl 
species. Many studies of the Fischer-Tropsch related chemistry of several transition 
metals under heterogeneous conditions confirm that disproportionation of CO 
results in surface carbide species. moreover such pretreated metals produce hydro
genated products more rapidly under pressures of CO/H 2 mixtures than the 
"clean" metal [7]. 

The chemistry of larger carbido clusters has developed in recent years to 
constitute a distinct field of cluster chemistry. For the iron triad the clusters are 
exclusively based on the octahedral geometry: the tetra- and penta-nuclear clusters 
being regarded as arachno and nido derivatives of this basic metal framework. and 
the higher nuclearity systems being capped octahedra [2]. The tetracapped oc
tahedral geometry is now well established for a number of decanuclear osmium 
clusters. the metal which has dominated the field of high nuclearity iron triad 
carbonyl clusters. The reason for the paucity of high nuclearity clusters of ruthenium 
remains unclear: the isolation of the decaruthenium carbido cluster dianion 
[RulOC(COh4]2- (V) suggests however that this chemistry of ruthenium may 
develop to parallel that for osmium. Remarkably since our discovery of· V. its 
synthesis by a different route. and structure has been reported by another group [8]. 

A tetrahedral site for a hydrido ligand was first deduced from the X-ray structure 
analysis '- of the tetracapped octahedral decaosmium monohydride anion 
[HOslOc(CO)14]- (VIII) where the undistorted close packing of the carbonylligands 
precluded a surface location for the hydrido ligand. and it was proposed that it was 
located inside one of the OS4 caps. since the octahedral cavity was occupied by t~e 
carbide ligand [9]. This type of site symmetry for a hydrido ligand is still very rare. 
The hexaruthenium monoanion [HRu,,(CO)lH]- provided the first example of an 
interstitial hydrido ligand ever 'reported in a carbonyl cluster. although this was 
octahedrally sited [1OJ. There has been no example of a hydrido ligand inside a 
tetrahedron of ruthenium atoms until now, 
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The synthesis and characterisation of the osmium cluster dianion reported as 
[Os~oHgC~(CO)4812- (IX) was a significant breakthrough in osmium cluster chem
istry since. not only is it the largest ever cluster reported for this metal. its formation 
and structure suggested a rationale for the synthesis of very large osmium clusters 
[11). 

Binary osmium carbonyl clusters. and indeed all such relatively early group metal 
clusters. effectively have a maximum nuclearity which is dictated by the electronic 
requirements of the metal and the steric interactions of the carbonyl ligands on the 
surface of the cluster. As the nuclearity of a cluster increases the surface area/ 
nuclearity ratio decreases and a critical point is reached at which there is insufficient 
room on the surface of the cluster to accommodate the number of carbonyl ligands 
necessary to satisfy the electronic requirements of the metals. This obstacle to the 
synthesis of very large clusters of these metals may be overcome in two ways. 
Firstly. the incorporation of interstitial atoms into a cluster decreases the electronic 
requirement of the metal framework without occupying space on the cluster surface. 
therefore allowing a higher nuclearity to be achieved before the critical ratio is 
exceeded. This approach is moderately effective although methods of synthesising 
clusters containing more " than one interstitial atom for these metals have yet to be 
developed. The second. and potentially far more effective. procedure is to effectively 
"dilute" the electronic requirements of the cluster relative to its surface area by 
fusing subcluster units together with late transition. or even p-block elements. Such 
a route to these large clusters is observed in the structure of the new cluster 
[RulsHg3C2(CO)4212- (VII) in which the two nonanuclear subclusters are fused by 
a Hg 3 triangle. 

Results and discussion 

We have previously reported that the reaction of RU)(CO)12 with arenes (hexa
methyl benzene. mesitylene. xylenes. toluene) in heptane at 97 0 C gave after 3-5 
days (depending on the arene) a solid black deposit and deep red/brown solutions 
from which the clusters' analogous to I-IV containing the appropriate arene may be 
isolated by thin layer chromatography (TLC) [12). Further investigations were 
carried out mainly on the mesitylene-derived clusters. however it is apparent that in 
principle the chemistry applies equally to the clusters derived from other methyl 
substituted arenes. The yields of the four clusters depend upon the reaction time. I 
being the first formed product. and the concentrations of 11. III and IV increasing 
as the reaction proceeds. at its expense. However. the reaction conditions may be 
optimised to give yields of approximately 15% for anyone selected product. The 
rate at which the reaction proceeds is increased by methyl substitution of the arene. 
and thus by higher electron density in the arene ring. The reaction with 
hexamethylbenzene is thus complete within 3 days. but for that with toluene at least 
5 days is required. 

The solution infrared spectrum of I in the carbonyl stretching region shows it to 
contain one bridging (,.1.2-) carbonyl ligand. and the lH NMR spectrum contains two 
singlets at 4.90 and 1.66 ppm in the integration ratio of 1/3. consistent with an 
71b-bonded mesitylene ligand. The electron impact (El) mass spectrum of I shows an 
identical molecular ion to that given by III at m/= = 1136 and successive loss bf 14 
carbonyl ligands: a peak at 44 daltons attributed to CO2 was also observed to 
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increase in intensity relative to that due to O2 (32 daitons) during the experiment. 
showing that I is converting into III and CO2 inside the spectrometer. 

In order to elucidate the structure of I a single crystal X-ray structure determina
tion was carried out [12]. The determination confirms the formulation of I as 
[Ru6(1'4-11!-COh(CO)\3('I16-C6H3Me3)]' and establishes that the metal framework 
consists of a tetrahedral Ru 4 arrangement with two edge bridging Ru atoms, the 
first example of this polyhedron for ruthenium (Fig. 1). There are two, 4 electron 
donating, 'IT-bonded (1'4-112-) carbonyl ligands situated in the two RU4 'butterflies' 
created by the two bridging Ru atoms and the faces of the metal tetrahedron, and 
there is a symmetrically bridging (1'2-) carbonyl ligand spanning th~ unique basal 
edge of the central Ru tetrahedron. The mesitylene ligand is 116-bonded to the apical 
Ru(6) atom, and is planar. The methyl groups of this ligand are staggered with 
respect to the vectors of the 'IT-bonded carbonyl ligands in the solid state. However, 
the 1 H NMR spectrum shows all methyl hydrogens to be equivalent in solution at 
room temperature, as are the methine hydrogens, indicating that the cluster has C,. 
symmetry on the NMR timescale, with spinning of the mesitylene ring. 

Clusters containing T/~-bonded carbonyl ligands are relatively rare [13], and to 
our knowledge the only other cluster containing two such ligands i~ [Ru sM02(1'4-T/2-
COh(CO)14(1'4-S)( T/5-CsH s >l [14]. The C-O bond lengths of the 111-bonded carbon>,1 
Iigands in J are equal within experimental error with a mean value of 1.255(10) A. 
and are therefore considerably lengthened relative to the terminally coordinated 
ligands (mean 1.138(18) A) .• This may be attributed to electron donat~on from the 
C-O 'IT-bond, and increased electron density in the C-O 'IT * orbital due to the 
d."-p.,, bonding from three metals. These two carbonyl ligands may therefore be 
regarded as .. activated" (vide infra). , 

The solution infrared spectrum of 11 in the carbonyl stretching region indicates 
that it contains two bridging carbonyl ligands: its El mass spectrum spows a strong 
isotopic envelope centred at m/ = 1122 and successive loss of 14 carbonyl ligands. 
The 1 H NMR spectrum can be interpreted if we suppose that it arises from the 

h .. 
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mesitylene ligand losing a methyl hydrogen to the metal frame work and the 
resulting hydride ligand giving a singlet resonance at -19.5 ppm (IH); the remain
ing methylene group thus created is bonded to the cluster giving rise to two doublets 
at 3.33 and 2.99 ppm (J 6 Hz). Other resonances in the spectrum are consistent with 
a J fL2-1/7_) coordination mode for the mesityl ligand. This coordination mode 
anchors the ligand to the asymmetric cluster and prevents it from spinning. and so 
causes the inequivalence of the methine. methylene and the methyl group hydrogens 
in the ligand. 

A single crystal X-ray study of [HRu~(fL4-1/1-CO)(CO)13(fL2-1/7-C6H3Me2CH2)] 
(11) shows the cluster to be closely related to I. having just one less carbonyl ligand 
than this cluster [12]. The metal, framework of II may be described as a trigonal 
bipyramidal Ru ~ arrangement with a Ru atom bridging an apical-equatorial edge 
(Fig. 2). There are two bridging (fL 2-) carbonyl Iigands spanning the edges 
Ru(2)-Ru(3) and RI1(4)-Ru(5). and a face capping (fLd hydride ligand is located 
beneath the basal plane. Ru(3)-Ru(4)-Ru(5). of the central Ru tetrahedron. The 
position of this hydrido ligand was determined by potentia] energy minimisation 
calculations [15]. There is one (fL4-1/1_CO) 1T-bonded carbonyl ligand coordinated in 
a similar position to those in [Ru"(fL4-1/~-CO)2(CO)I3(1/6-C"H)Me3 )j (I) which 
shows an equivalent lengthening of the C-O bond relative to the terminal carbonyls. 
The organic ligand is 1/b-bonded to the apical Ru(6) atom and is also bonded via the 
methylene carbon to Ru(2) (C(30)-Ru(2) 2.25 A). giving an overall (fL2-1/7_) bonding 
mode for the ligand of the type indicated by the I H NMR spectrum. This 
coordination is similar to that found for the benzyl ligand in [Ru x( fLH-P)( fL 2-1/7-
C",H~CH2)(CO)19] [16]. 

Infrared spectroscopy of I. I1 and III 
Infrared spectra of I. II and III and their DC enriched analogues in CsI discs 

were measured at 113 K. The spectra of the unenriched clusters over the frequency 

.' 
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Fig. 3. The infrared spectra of (a) [Ru 6 ( 1l4-IIZ,CO) :(CO)IJ( IIb,ChH,Me) I) (I), (b) [HRu 6(1l4-1I:
CO)(CO)IJ(llrl}7-C6 H,Me)) (11) and (C) [ RU hC(CO)14(1I'-C,H,Me,l) (Ill) in the region 1600-600 -
cm - ' . recorded in Csl discs at 113 K. 

range 1600-600 cm - I are shown in Fig. 3. The simplest spectrum is that of Ill. 
which is dominated by a triplet of very strong bands at 735. 709 and 674 cm - I, 
which is characteristic of a carbide ligand inside an octahedral Ru" cluster [17). 
These bands are reduced in intensity on 13C ~nrichment. with three new bands 
appearing in the spectrum at 7.07, 682 and 651 cm - I. The triplet of bands due to the 
carbide ligand show shifts very close to the expected (12/13)1 /2 and are replaced by 
bands of comparable sharpness, confirming their assignment to a single, vibration
ally isolated carbide ligand. and also the derivation of this ligand from a coordi
nated carbonyl ligand in [RUJ(CO)12]' The remaining bands in this region of the 
spectrum can be assigned as modes of the mesitylene ligand. , 

In the spectrum of 11. a strong band at 1446 cm - I loses intensity and a new band 
appears at 1410 cm - Ion DC enrichment. and is assigned to the v(CO) mode of the 
(J.L4-1J2-CO) ligand in this cluster. Similar frequencies have been observed for such 
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ligands in other clusters [13). A weak band at 912 cm - 1 and a very strong band at 
618 cm- I are likewise shifted on enrichment. to 893 and 606 cm- I respectively. The 
isotope shifts (0.974 and 0.979) are both indicative of modes in which the carbonyl 
ligand as a whole vibrates against the tetrametal butterfly framework in which it is 
located. If the carbonyl is formally considered as 1L3-bridging over three of the metal 
atoms and 'IT-bonded to the fourth. then the most likely assignment of the 917 cm - 1 

band is to a mode which involves deformation of the" Ru }CO" unit with simulta
neous stretching of the Ru-CO 'IT-bond. This mode can most readily be visualised as 
a .• frustrated rotation" of the carbonyl ligand in the plane defined by the two 
wingtip metal atoms. the ligand itself and and the mid-point of the .• hinge". Two 
bands at 1233 and 694 cm -I which sharpen markedly on cooling, can be assigned to 
the antisymmetric and symmetric v(RuH) modes respectively. of the face capping 
( IL d hydride ligand. 

The spectrum of I shows two bands at 1423 and 1392 cm -I of medium and 
strong intensities respectively. which are assigned to the antisymmetric and symmet
ric stretching modes of the two (1L4-TJ~-CO) carbonyl ligands. On enrichment two 
new bands at 1394 and 1357 cm -I result from cluster molecules in which two such 
carbonyls have been replaced by I3CO. and bands at 1413 and 1364 cm- 1 are 
assigned to the (12 CO)( I3 CO) isotopomer. 

lJe N M R spectroscopy of I. 11 and III 
The clusters 1. II and III enriched with I3C (approximately 50 atom% I3C) were 

prepared from l3CO enriched Ru 3(CO)12' and their variable temperature I3C_{ IH} 
NMR spectra were recorded. The spectrum of I at 291 K is entirely consistent with 
its solid state structure assuming e, symmetry on the NMR timescale (vide supra); 
it shows seven resonances due to terminal carbonyl ligands between 206 and 187 
ppm. a resonance at 224.7 ppm due to the bridging carbonyl and one at 292.1 ppm 
from the two symmetry related 1/2-bonded CO ligands. No changes were observed in 
this spectrum on cooling to 220 K. 

The spectrum of II at 291 K shows only 11 resonances and not the expected 14 
for this asymmetric cluster. some form of limited carbonyl fluxionality is therefore 
proposed at this temperature. The spectrum at 218 K is however. entirely consistent 
with the solid state structure and contains resonances from one 1/~-bonded (279.0 
ppm). two bridging (225.0 and 220.6 ppm) and 11 terminal (205-182 ppm) carbonyl 
ligands. Three of the resonances due to terminal carbonyl Jigands are doublets 
(J(CH) 11 Hz) and this confirms the position of the hydride ligand as {lLrl 
facecapping. vide supra. as in this position it would be expected to couple to three 
trans-carbonyl carbons. 

The spectrum of III at 291 K indicates that there is a total carbonyl fluxionality 
on the NMR timescale since only .a single. broad resonance is observed at 203.2 
ppm in the terminal carbonyl region of the · spectrum. The carbido resonance 
appears . at 442.8 ppm and its intensity shows that it is l3C enriched. and must 
therefore na\'e originated from a ' coordinated carbonyl ligand. On cooling to 243 K 
a second. less intense. resonance develops at 194.2 ppm and the major resonance is 
further broadened. At the lowest temperature achieved. 170 Kin CD2C1 2/CC1 2 F2, 

a number of shoulders develop on the major resonance, and the resonance at 194.2 
ppm sharpens considerably. but no further peaks can be resolved. From these data. 
it is possible to deduce that there are at least two fluxional processes involving the 
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carbonyl ligands occuring in this cluster. and that both involve the bridging 
carbonyl ligand. since no resonance is observed from this ligand at any temperature. 

The formation of the carbido atom in III and IV 
The l3C NMR and infrared evidence shows that the carbido atom in Ill. and bv 

inference that in IV. is derived from a coordinated carbonyl ligand. however th~ 
mechanism of the c-o bond cleavage is not apparent from the above arguments. It 
was found that the thermolysis of I in mesitylene solution or in the solid state gave 
hexaruthenium carbido clusters. In order to provide evidence indicating the mecha
nism of the formation of the carbido clusters the thermolyses were carried out in an 
infrared gas cell and the gaseous products were identified by their infrared spectra 
in situ. 

In the case of solution thermolysis the infrared spectrum of the gaseous products. 
after freezing out the mesitylene solvent. showed strong absorbtions at 2360 and 
2344 cm -I characteristic of CO~. Separation of the products remaining in solution 
by TLC showed that clusters 11 and III had been formed in equal yield. The 
thermolysis in the solid state also gave CO2, but in addition the gaseous infrared 
spectrum showed the characteristic absorptions of CO at 2175 and 2116 cm-I 
suggesting cluster decomposition. The solid residue consisted mainly of ruthenium 
metal. however TLC showed that the soluble fraction contained Ill. IV and 
unreacted I. The observation of CO2 in the reaction products confirms that the 
carbido atoms are the result of the disproportionation of two molecules of CO (eq. 
1). Significantly. reaction of I with CO in solution at 20 0 C and 1 atm. resulted in 
complete decomposition to RUJ(CO)12' 

Evidence that the coordination of a carbonyl ligand in the (J.L4-1)2_) mode weakens 
the C-O bond is given by the bond length. infrared stretching frequencies and. to a 
certain extent. the l3C NMR chemical shift of such a ligand. vide supra. and it is 
reasonable to conclude that the c-o bond is considerably activated towards 
cleavage in this situation. The cluster I contains two such activated carbonylligands. 
and it seems probable that the carbido atom contained in Ill. generated during the 
tfiermolysis of I, is derived from one of these ligands. The reaction (eq. 2) is known 
the generate CO2, two carbonyl ligands must therefore be involved in the carbido
forming reaction however. an intramolecular process may be ruled out on the 
grounds of carbon stoichiometry in that the carbido-containing product 
[RU6C(CO)14(1J6-C6HJMeJ)] (Ill) has an e,qual number of non-aryl carbon atoms to 
that of the reactant molecule [RU6(J.L4-1J--COh(CO)n(1J()-C6HJMeJ)] (I). Signifi
cantly, the other product of the thermolysis of I. [HRu,,(J.L4-1)2-CO)(CO)n(J.L~-1)7-
C

II
H

3
Me

2
CH 2>] (11). produced in equal molecular amounts to Ill. has one less 

carbonyl ligand than III (Scheme 1). 

2[ RU/i( J.L4-1)2_CO)2(CO)n( 1)6_C6HJ Me3) I ~ 
(I) 

~. 

[HRu" (J.L4-1J2-CO )(CO)l3( J.L2-1J'-C6 H 3Me2CH 2 )] 

(11) 

+ [RU"QCO)14( 1J6-C6 H JMeJ)] + CO2 (2) 
(Ill) 
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The following process may therefore be envisaged: two activated carbonyl 
ligands. one on each of two molecules of cluster I. undergo an intermolecular 
electronic rearrangement such that a molecule of CO2 is formed and liberated. 
leaving a carbido atom coordinated to one of the cluster molecules. This inter
mediate. therefore has the formula [Ru 6 C(CO)14(C6 H)Me)], and rearranges to the 
most stable structure. which is that observed for cluster Ill. The other half of the 
reacting pair. having lost a 7J2-bonded carbonyl ligand. is coordinatively un
saturated. and this facilitates formation of a Ru-Ru bond across the cavity where 
the carbonyl ligand was located. and metallation at one of the methyl groups on the 
mesitylene ligand. with a hydride ligand migrating to the metal framework. This 
process results in the formation of the observed structure of cluster 11. 

The fact that both unreacted cluster I and ruthenium metal along with III and IV 
are found in the solid residues of the solid state thermolysis of I. and that carbon 
monoxide is present in the gaseous products. is indicative of non-uniform heating of 
the reactant. a problem frequently associated with solid state reactions. It may also 
be associated with the need to disrupt the lattice structure of the crystalline material 
in order for the reacting molecules to adopt the correct reaction geometry. The 
reaction therefore proceeds in an atmosphere of carbon monoxide due to this 
unavoidable decomposition. As a result not only is III formed. by a similar process 
to that described for the solution reaction. but IV is also form'ed by ejection of the 
mesitylene ligand from Ill. or from an intermediate at some earlier stage in the 
reaction. in favour of coordination of carbon monoxide. 

This is the first observation indicating the mechanism of cleavage of carbon 
monoxide by its interaction with a metal cluster substrate alone. although the 
mechanism of cleavage on an Fe4 cluster by successive protonation has been 
elucidated by isolation of intermediates [18). It is possible that if the metal substrate 
were a metal surface. which would have greater structural stability, instead of a 
molecular species. the rearrangement of the metal framework surrounding the 
carbide atom to encapsulate it would be restricted. and it would remain coordinated 
to a tetrametal site. Such a surface-bound carbide atom has long been postulated as 
the pivotal intermediate in many heterogeneous catalytic reactions of carbon 
monoxide. 

The isolation and characterisation of (Ru,oC(COh41!- (V) and (HRuloC(CO)!41-
(VI) 

'Investigation of the solid residues from the reaction of Ru ](CO)12 with mesity
lene has led to the isolation of the decaruthenium carbido-cluster anions 
[RUIOC(CO)~4J2- (V) * and [RRu lOC(COh4J- (IV) **, in 35% yield (based on 

• Crystal data for [PPN12[RulOC(CO)~4f- (V): CQ7H""N20~4P4RulO · C~H'4' M - 2858.63. mono
clinic. space group C2/c. a 17.349(5), b 27.443(6), c 21.570(6) A. f1 92.74(I}o, U 10257.82 Al, 
F(OOO) - 5592. 1'( Mo-Ko} 14.09 cm ' I. Z - 4. D< 1.85 g cm - ... In the space group C2, location of 
three phenyl rings and the hexane molecule could not be achieved satisfactorily because of pseudo 
symmetry (a 'c·glide·) relating the two independent molecules. each of exact C2 symmetry. Conse
quently the structure was refined in the space group C21 c resulting in an apparent disorder of the 
counterion and solvent Present R - 0.1455 and R' = 0.1471 for 2549 reflections with /10(1) > 3 . 

•• . Crystal data for (PPN1(HRu IOC(CO)241- (VI): C" H)I NP~ RUIII ·CH ~CI2' M - 2341.39. monoclinic. 
space group PZI/", a 11.777(2), b 17.805(4). c 35.365(5) A. f1 94.03(1)°, U 7397.33 Al, F(OOO) 
4476. 1" Mo-K~) 19.45 cm - I. Z = 4. Dc = 2.10 g cm - .'. Final R - 0.0725 and R' - 0.0650 for 3555 
reflections with / I o( I) > 3. 
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RU3(CO)12) (19). X-ray structure analysis shows that they are isostructural with 
their respective osmium analogues [OslOC(COh~f- (X) and [HOslOC(CO)24)
(VIII) [20.9). both having the giant tetrahedral metal framework. well known for a 
range of decaosmium clusters. For some years. such species have eluded detection in 
studies of ruthenium clusters by many workers (20). 

The J H NMR spectrum of V shows no resonances other than those due to the 
[N(PPh 3 h] + counterion. whilst that of VI has an addition~ singlet at - 13.5 ppm 
corresponding to a hydrido ligand. The negative ion fast atom bombardment (FAB) 
mass spectrum of VI shows a strong molecular ion at m/z = 1695. successive loss of 
24 carbonyl ligands and a weak isotopic envelope at m/z = 1032 corresponding to 
the Ru lOC metal core. Treatment of VI with base results in 'complete conversion to 
V; this reaction can be reversed quantitatively by protonation of VI. 

Significantly the structure of the non-hydrido dianion V is indistinguishable from 
that of the hydrido cluster VI (Fig. 4). In the structure of VI. as in its osmium 
analogue (VIII). the entire surface of the cluster is covered with close-packed 
carbonylligands (Fig. 5). and there is no space to accommodate an external hydrido 
ligand: this is consistent with the location of the H-ligand in one of the tetrahedral 
caps of the cluster. 

As the solution infrared spectrum of VI has two absorptions in the carbonyl 
stretching region and V has three. the structure of V might have been expected to 
have lower symmetry than VI. Since a cluster [MJOC(COh4] 2- of T.; symmetry has 
four IR. active p(CO) modes. it would appear that accidental coincidence of IR 
absorptions is occurring, and that this. rather than small perturbations in the cluster 
symmetry. governs the number of bands resolved in the spectra. 

The variable temperature (VT) JJC NMR spectra of the clusters V and VI were 
recorded from 13 C enriched samples. The spectra of both anions are temperature 
dependent. and stacked plots bf the spectra obtained are shown in Fig. 6. The 
spectrum of I at 290 K shows a broad singlet at 204.4 ppm. which on cooling 
broadens further and separates into two singlets. On further cooling to 200 K two 
sharp resonances of equal intensity at 213.7 and 192.7 ppm are obtained. the 
carbido resonance is observed at 362 ppm in this cluster. These spectra are entirely 
consistent with the solid state structure of V since there are only two carbonyl 
environments viz. four apical "Ru(COh" caps and six "Ru(COh" fragments at the 
apices of the central octahedron. It is clear from the spectra that at 290 K all 
carbonyl ligands are fluxional. but as the temperature decreases the speed of 
carbonyl motion is reduced. until at 200 K the structure is static on the NMR 
timescale. 

The VT spectra of the anion VI are somewhat more complex due to the 
asymmetry introduced into the structure by the hydrido ligand. The spectrum at 290 
K shows four broad resonances at 189.9.206.7.209.5 and 211.3 ppm. and a shoulder 
on the high field side of the resonance at 189.9 ppm. As the temperature is 
decreased the resonances sharpen. but no new resonances are observed. except that 
the shoulder is resolved into a sharp singlet. The spectrum observed at 210 K thus 
shows five resonances at. 188.1. 189.2.206.4.209.1. and 211.2 ppm in the intensity 
ratio 1/3/2/1/1, the carbido resonance in this anion is observed at 3745 ppm. 
This spectrum is consistent with the structural formulation in which the hydrido 
ligand is located in one of the interstitial tetrahedral sites provided by the" Ru(CO) J" 

fragments capping the central octahedron. resulting in a structure of C3,. symmetry. 
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Fig. 4. The molecular structures of the anions (a) (RUIIIC(CO)241~ - (V) and (b) [HRu,,,CCCOh41 - (VI) 
showing the ~imjlarjty of the carbonyl ligand distribution between the two clusters. 

The five carbonyl environments may be identified as follows: (i) a unique apical 
Ru(COh fragment of the cap containing the hydride ligand. (ii) three equivalent 
apical Ru(COh fragments at the corners of the basal RUt> plane relative to the cap 
containing the hydride. (iii) six equivalent car bony Is situated equatorially around 
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Fig. 5. Computed space filling model for [HRuH,C(COhJ - (VI) showing the closed packed carbonyl 
array precluding a surface location for the hydrido ligand. 

the base of the tetrahedron contammg the hydride ligand. (iv) three equatorial 
carbonyls on the Ru(COh fragments of the central triangle of the basal Ru(, plane 
and (v) three axial carbonyls on the same Ru(COh fragments. It is clear that the 
broadening of the resonances as the temperature increases indicates some form of 
fluxional behaviour within the cluster. However. whether this is due solely to motion 
of the carbonyls. or whether the hydride ligand is also fluxional is unclear from 
these data. These interpretations of the I.1C NMR spectra assume that the carbon vis 
of the capping Ru(COh fragments are equivalent by virtue of rapid eq~ilibrati~n 
between the three environments relative to the rest of the cluster. which has proved 
to boe valid for the spectroscopic investigations of other cluster carbonyl systems. 

To further characterise the nature of the hydrido ligand in VI variable tempera
ture (VT) I H NMR and infrared studies on static powder samples were undertaken 
(22J. The I H NMR spectra obtained are shown in Fig. 7. and are characterised by: 
(i) at 300 K. a single. relatively sharp. resonance is observed at + 0.2 ppm relative to 
TMS: (ii) as the temperature decreases below 300 K the resonance at + 0.2 ppm 
broadens and features being to appear around - 24 ppm with a shoulder at - 35. 
ppm (iii) at 140 K. a spectrum is acquired which has two features centred at 
approximately - 5 and - 35 ppm. 

Interstitial hydrido ligands in transition metal clusters have previously been 
observed with low field resonances (10.23J: and the high temperature spectrum is 
assigned to an a hydrido ligand inside a Ru cap of the tetracapped octahedral 
structure (I) + 0.2 ppm). The sharpness of the resonance is due to very high 
frequency" hopping" between the four equivalent cap sites. The 140 K spectrum is 
compatible with the powder spectrum of a hydride with effective axial symmetry. 
However. the very high field shift of this resonance (the isotropic chemical shift of 
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Fig. 7. The VT IH NMR spectra of a static powder sample of [HRu IOCCCOh4)- (VI) at (a) 300 K. (b) 
190 K and (c) 140 K. 

the resonance is - 24 ppm) causes us to assign it to an externally bound hydrido 
ligand. The features in the 190 K spectrum arise from this hydride hopping 
relatively slowly over equivalent sites on the exterior of the metal framework. 

In solution the hydride resonance is observed at -13.5 ppm; this is consistent 
with the ligand migiating rapidly (on the NMR timescale) between internal and 
external sites. In the solid state. the isotropic chemical shift for an external site is 
- 24 ppm. while that for an interstitial site is + 0.2 ppm. giving a mean chemical 
sh.ift of - 12 ppm which is certainly compatible with resonance observed in the 
solution spectrum. Furthermore we suppose that the external site to which hydride 
migrates at low temperatures is a face of a tetrahedral Ru 4 cap. then the cluster 
retains its C3,. symmetry on the NMR timescale. and this is the symmetry de. 
manded by the l3e NMR results. 

The infrared spectrum of the, [Bu1Nr salt of [HRulOC(CO>z;d - (VI) was re
corded in a CsI disc. and the spectra in the region 600-800 cm - ) at 293. and 113 K 
are shown in Fig. 8. The strong bands in this region of the spectrum may ' be . 
assigned to the vibrational modes of the carbide atom. The carbide ligand in these 
decanuclear clusters is well isolated from adjacent molecules within the unit cell by 
virtue of its location within the central octahedral cavity. As a result the vibrational 
modes of the carbide ligand may be regarded. to a good approximation, as reflecting 
the symmetry of its local environment. It is well established that the width of 
infrared absorption bands decreases as the the temperature of the,sample is lowered 
due mainly to the dampening of the librational modes of the crystal lattice. It is thus 
often the case that additional bands to those observed at ambient temperature may 
be resolved by cooling the sample. 
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Fig. H. The infrared spectrum of [HRulOC(CO) ~4J - (VI);it (a) 300 K and (b) 113 K in a Cs l disc. 

If the hydrido ligand in VI is located in one of the tetrahedral caps the cluster 
would have C3,. symmetry and the carbide ligand would have an A and a 
degenerate E vibrational mode. The observed spectrum at 293 K is entirely 
consistent with this structural formulation: and shows a band at 738 cm - 1 and a 
more intense band at 720 cm - 1 which may be assigned to the A and E modes 
respectively. The spectrum at 113 K however. shows the lower frequency band to 
have split to give a distinct shoulder at 728 cm - I . This band can be unequivocally 
ass-igned as a new band. and not simply a result of the higher resolution achieved at 
low temperatures. since the new band has resulted in an increase of the width of the 
absorption assigned to the degenerate £ mode at ambient temperature. and not a 
narrowing which would be expected if the shoulder was a result of enhanced 
resolLition~ This low temperature spectrum is consistent with a -cluster of C2 ,. 
symmetry or lower. since for point groups lower than C3,. the degeneracy of the E 
modes is lifted whilst the A mode remains unchanged. 

This is therefore further evidence that the hydride ligand is being expelled from 
the interior of the cluster at low temperature. as its location on one of the triangular 
faces of one of the caping tetrahedra would result in a structure of C2,. symmetry. 
Such a process would therefore fully explain the observed infrared spectra. 

The synthesis and charaClerisaIion of RUJ ,~C! HgdCO)~!J -' - (VII) 
The dianion V has been found to react with mercury( 11) trifluoroacetate to give a 

larger cluster dianion together with a small 4uantity of an uncharacterised precipi
tate. An X-ray structure determination of this new compound shows it to be the 
fused cluster dianion (Rul~C~Hg .l(CO) .l2f - (VII) (Fig. 9) (24). in which two 
decaruthenium dusters have each lost a capping Ru(CO)J fragment. and the 
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resulting nonaruthenium species are fused by a bi-facecapping (l1J-1L6-Hg3)z+ unit *: 
The ruthenium atom 'sub-clusters' have a tricapped octahedral framework. an 
expected geometry for a 120 electron species: however this has not been reported 
previously for any cluster of the iron triad metals. Mercury has been noted 
previously for its ability to bridge between small metal aggregates to form larger 
clusters: as in [RU7Hg2(CO)22(1L3-C~Bu'h] [25] and [OS~(CO)I1Hgh [26) for 
example. 

:In the solid state the cluster VII has virtual C3 symmetry, the mean twist angle of 
30 0 between the central Hg3 triangle and the two adjacent Ru 1 triangles (which 
together from a central' spiral' linking unit) results in the two faces Ru2-Ru3-Ru6 
and Ru2' -Ru3' -Ru6' of the Ru'l units being exactly staggered with respect to each 
other. with a total twist angle of 60 0

. The simple infrared spectrum in the CO 
stretching region in solution is consistent with the C3 symmetry of the dianion. The 
IJC NMR spectrum shows only four sharp resonances in the region 211-190 ppm in 
the intensity ratio 1/1/2/3 which is consistent with the solid state structure. the 
resonance due to the carbide Jigands in this cluster is observed at 371.4 ppm (Fig. 
10). The resonance at 203.7 ppm. of relative intensity two. is considerably broad-

• Crystal data for (PPNh(RuIMHg.,(Ch(CO)42J (VII): CII6HwN20.2P.RuIKHgl·CH1CI2' M-
4697.12 (4782.05). space group PI (No. 2). iJ 19.042(4). b 15.729(3). " 15.197(3) A. a 115.59(2). (J 
68.51(2). y 115.46(2) o. U 2983.18 Al. Dc 2.66 g cm - ". F(OOO) - 2240. I'(Mo-K .. ) 48.48 cm - I. a black 
crystal of size 0.19 xO.14 XO.16 mm was used in the data collection on a Phillips PWllOO diffractome
ter in the 8 range 3_25 0

• with a scan width of 0.8
0

• final R - 0.0720 and R w - 0.0720 for 2761 
reflections with 1/ a( I) > 3. 
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Fig. 10. The DC NMR spectrum of (Rul~C1Hg3(CO)4211 - (VII) in CD!Cl! solution showing the 
significant broadening at the base of the resonance at 203.7 ppm. assigned to the carbonyl ligands of the 
ruthenium atoms adjacent to the mercury atoms. due to 1J(Hg_C) coupling to I99Hg. 

ened at its base; this broadening may be attributed to the presence of weak satellite 
resonances due to 1J coupling to 199Hg (16.8% natural abundance). since this 
resonance may be assigned to the 12 carbonyl ligands equatorially disposed above 
and-below the Hg) plane. There is evidence from the crystal structure analysis that 
there is an interaction between the mercury atoms and these carbonyl carbon atoms 
(mean Hg··· C (carbonyl) 2.64(9) A). and the molecule VII is consequently 
eXlremely congested about the central Hg) triangle; the carbonyl ligands on each 
nonaruthenium unit are displaced toward the other sub-cluster. 

Conclusions 

It is clear that. contrary to expectations. ruthenium exhibits a wide and diverse 
higher nuclearity chemistry. So far. this l:hemistry has been based on species 
containing interstitial carbido atoms which may be essential in the stabilisation of 
aggregates of more than six ruthenium atoms. This. of course remains to be seen 
and our efforts are also directed towards an investigation of higher clusters which 
do not contain interstitial carbon. In this work we have also established that for the 
lower nuclearity species. containing six or less metal atoms. the chemistry differs 
from thill of osmium in that. as mentioned above. it tends to be dominated by 
carbido derivatives. This is presumably due to mechanistic requirements. and here 
we have presented data which clearly provide a probable source and route for 
carbide formation. Nevertheless. it is interesting to note that a clear relationship 
between the chemistry of Ru ~ and Os~ exists and further steps are underway to 
more fully appreciate the factors which govern the mechanistic pathway adopted. 
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Experimental 

(i) General 
All reactions were performed using freshly distilled solvents and under an 

atmosphere of dry nitrogen. Thin layer chromatography (TLC) was performed using 
Merck silica gel 60 F-254 plates. Infrared spectra were recorded on a Perkin-Elmer 
1710 Fourier transform spectrometer. the low temperature spectra were obtained 
using a liquid nitrogen cooled. evacuable apparatus supplied by Specac Ltd. 1 H 
NMR spectra were obtained on a Bruker WH 250 spectrometer. whilst !.1C NMR 
spectra were recorded on a Bruker AM 400 instrument. For the I.'C spectra 
chromium( Ill) trisacetylacetonate was routinely added to the sample as a relaxation 
agent. 

(ii) Thermo~~'ses of RuACO),.' in arene-containing hydrocarbon solutions 
In a typical experiment 1 g (1.565 mmol) of RU J(CO)12 was dissolved in 250 cm' 

of a 10% v/v solution of the arene (hexamethylbenzene. mesitylene. xylenes or 
toluene) in the hydrocarbon. The solution was heated under reflux until TLC 
(hexane/ dichloromethane. 4/1) showed that a reasonable balance between con
sumption of RU3(CO)I~ and deposition as a black materi~l had been achieved. A 
delicate balance between reaction time. temperature. arene and product yields and 
distribution was observed. however reflux for approximately 3 d at 97 0 C in 
heptane/ mesitylene gave a reasonable yield of clusters (I-IV) . . Reflux in hexane/ 
arene solutions (68 0 C) favoured I in a very slow reaction. whilst refluxing octane or 
nonane solutions (125. 150 0 C) favoured the carbido-clusters III and IV. The 
resulting solution was filtered and the solvent removed from the dark red/brown 
filtrate in vacuo. The residue was dissolved in the minimum of dichloromethane and 
separated by TLC (hexane/dichloromethane. 4/1) to give orange IV (R F 0.9). 
green II ( R r 0.55). brown III ( R F 0.45) and purple I ( R F 0.35): the maximum yield 
for each product. achieved after optimisation of the reaction conditions. was 15%. 

(iii) Thermo~rsis of I in mesi~vlene 
10 mg (0.008 mmol) of I was placed in the bulb in the floor of an infrared gas cell 

with NaCl windows and path length 10 cm. along with 1 cm) of mesitylene. The cell 
was evacuated whilst the mesitylene was frozen down with liquid nitrogen. The cell 
was then placed in the IR spectrometer and a background spectrum recorded. The 
bulb of the cell containing the reactants was then heated to approximately 100 0 C 
for 5 min. taking care not to completely evaporate the mesitylene.the mesitylene 
was again frozen out and the spectqJm of the gaseous products obtained. Although 
strong bands due to the hydrocarbon modes were present in the spectrum. the 
characteristic P and R bands of the v(CO) mode of gaseous CO~ could clearly be 
seen centred at 2352 cm - I. and further thermolysis resulted in an increase in 
intensity of these bands. The thermolysis products remaining in solution were 
identified by TLC separation (hexane/ dichloromethane. 4/1). followed by solution 
IR spectroscopy. as a small amount of unreacted I. and approximately equal yields 
of 11 and Ill. 

(iv) Solid state pyro~vsis of I 
A similar procedure to that in (iii) above was adopted. without the necessity of 
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freezing out the mesitylene. After 2 min of pyrolysis at approximately 150 0 C a 
ruthenium mirror had been deposited on the inside of the bulb containing the 
reactant. The IR spectrum of the gaseous products showed clearly that CO~ had 
been evolved as above, but additionally the characteristic P and R bands of the 
p(CO) mode of gaseous CO were present in the spectrum centred at 2143 cm -I. 
Dissolution of the solid residues in dichloromethane followed by tlc. showed that 
the products of the pyrolysis were Ru metal. II. Ill, and a small amount of 
unreacted I. 

(v) Synthesis of [PPNJ[HRu IOC(CO)24J (VI) and [PPNJ 2 [Ru IO(CO)24J (V) 
In a typical experiment 1 g (1.565 mmol) of Ru 3(CO)12 was heated to reflux in 50 

cmJ of a 10% solution of mesitylene in n-heptane. The thermolysis was continued for 
4-5 days and resulted in a solution containing mostly III and IV along with a finely 
divided black deposit. The black material was filtered off and dissolved in 50 cm3 of 
an acetone/ methanol mixture containing an excess (0.50 g, 0.87 mmol) of [PPN]CI 
resulting in a dark green solution of [PPN][HRulOC(COh41 (VI). Slow evaporation 
of the solution at this stage resulted in 'the deposition of black microcrystals of the 
salt (377 mg, 0.168 mmol. 36% from RU3(CO)I2) which was washed with cold 
methanol followed by ether and dried in vacuo. If the acetone/methanol solution of 
the crude product was heated to reflux for 1 h, quantitative depro'tonation of VI 
resulted yielding [PPNh[RU IOC(COh41 (VI) (450 mg, 0.162 mmol, 35% from 
Ru 3(CO)I2) which may be isolated in a similar manner. Crystals of V and VI 
suitable for X-ray examination were obtained from CH2Cl 2/hexane solution. 
Spectroscopic data for [PPNh[RulOC(COh4](V): IR (CH 2Cl 2): p(CO) 2027vs, 
2000m, 1983s cm-I; IH NMR (CD2CI~): 8 7.70 ppm (multiplet). Spectroscopic 
data for [PPN][HRulOC(CObl (VI): IR (CH 2Cl 2): p(CO) 2053vs. 2009s cm-I; IH 
NMR (CD2Cl 2): 8 7.70 ppm (multiplet. 30H), -13.5 ppm (s, IH). 

(vi) Synthesis of [PPNJ ] [RUl sHgiCh(CO)'I2J (VII) 
40 mg (0.0144 mmol) of [PPNh[RulOC(COh41 (V) was dissolved in 40 cm3 of 

CH 2Cl 2 and 6.2 mg (0.0146 mmol) of freshly sublimed Hg(CF3C02h was added in 
5 cm3 of CH 2C12' The solution immediately changed colour from green to brown. 
After a period of 4 d the product was precipitated from solution as brown 
rnicrocrystals by addition of ether (11 mg, 0.0023 mmol. 18%). Crystals for X-ray 
I!xamination were obtained from CH 2Cl 2/ hexane solution. Spectroscopic data for 
[PPNh[Ru'HHg3(Ch(CO)421 (VII): IR (CH 2C1 2 ): p(CO) 2065s. 2055vs, 2002s. 
cm-I; IH NMR (CD2CI 2): 87.70 ppm (multiplet): DC NMR (CD2CI 2 ): 8 210.6. 
208.2. 203.7. 190.6 ppm: Negative ion fast atom bombardment mass spectrum 
M+ = 3623. 
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