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TETHERING OF RUTHENIUM AND OSMIUM
CLUSTERS TO INORGANIC SUPPORTS

by Benjamin Patrick Gracey

This thesis describes the synthesis, structure, reactivity and
fluxionality of several platinum group metal clusters and the
subsequent catalytic testing and tethering of some of these.

Anchored clusters of the types: fMB(CO)lo(H){S(CHZ)ZSi(OMe)S_x—
(O—M’On)x}{ (M = Ru, Os, and M70, = SiOZ, Ti0,, MgO, v-Al,04,

Zn0O and SnOZ); fOsS(CO)g(H)(Y){S(CHZ)BSi(OMe)S_x(O—M’On)X}f (Y =
CH;CN, C2H4, 0-M"0,, and PPh; M“0, = §i0,, y-Al,04, TiO, and

in some cases Mg0O, In0); [Co,(CO)qg{nz-CSi(C1),_,(0-M"0_) }]
(M°0_ = Si0,, y-Al,0;, Mg, TiO,, Zn0 and Sn0,); [0s,(CO) ,(H)~
{CN(H) (CHZ)SSi(OMe)S_x(O—M’On)X}] (M"0, = 8i0,, v-Al,05, TiO,,
MgO and ZnO); IRuS(CO)llL[, IH4RU4(CO)11LI, {RuSC(CO)14L[ and
[Ru6C(CO)16LI where L = {Pth(CHZ)SSi(OEt)B_X(O—M‘On)x} and
M°0_ = Si0,, y-Al,0,, TiO, and MgO; and |Ru6C(CO)15(—)—Diop———
y—AlZO |, have been prepared and characterised.

A catalysis study on the thiolate clusters is described.
Flash chromatography has been shown to be a valuable technique
for purifying silanated clusters and fast atom bombardment mass
spectroscopy in characterising them.

The tailoring of polydentate phosphines to clusters was
investigated and compounds of the general formulae,;
[RuS(CO)IO(Z)!, {H4Ru4(c0)lo(2)i, IRuSC(CO)ls(Z)I, and
fRu6C(CO)15(Z)I (where Z = DPPM, DPPE, DPPP, DPPB (and
(-)-Diop in most cases) have been prepared and characterised.
The results of a °1P n.m.r. study on these is also reported.



(i1)

ACKNOWLEDGEMENTS

I wish to thank Dr. J. Evans for constant guidance and
encouragement during the supervision of this work, and for
spending much time in helpful discussion.

I am grateful to Dr. W. Levason (for analyses and

13 1

entertainment), Mrs. J.M. Street (for C and "H n.m.r. spectra

run on the Varian XL 100), Mr. A.G. Avent (for help in recording
the 31P n.m.r. spectra), Mr. R. Bedder (for the fast atom
bombardment mass spectrum), Dr. P.F. Todd (for neutron activation
analyses) and Dr. I.H. Sadler at the S.E.R.C. n.m.r. service at
Edinburgh.

I am indebted to Dr. M. Webster, Mr. A.G. Jones, and

Dr. L.R. Gray for the solutions of several complexes produced

-
)
)
)
h

+ 1.
T

A t1emm AL +Th
i11e U Iw oL “

during this work, and Dr. M.B. llursthouse for he
S.E.R.C./Q.M.C. CAD-4 diffractometer.

My thanks also go to my colleagues for their helpful
contributions, to Mr. P. Jones for fatherly advice, to Mrs.
B. Staves for typing this thesis, and to the technical staff
of the Department of Chemistry for their services.

Finally, the award of a research studentship by the

Science and Engineering Research Council is gratefully

acknowledged.



(ii1)

ABBREVIATIONS

Me: methyl; Et: ethyl; Pr: n-Propyl; Bu: n-Butyl;

tBu: tertiary butyl; Ph: Phenyl; t.h.f.: tetrahydrofuran;
DPPM: Bisdiphenylphosphino-methane; DPPE: 1,2-bisdiphenyl-
phosphino-ethane; DPPP: 1,3-bisdiphenylphosphino-propane;
DPPB: 1,4-bisdiphenylphosphino-butane; (-)-Diop: (-)-2,3,-0-
isopropylidene-2,3,-dihydroxy-1,4,-bisdiphenylphosphinobutane;
t.l.c,: thin layer chromatography; wu.v.: ultraviolet;

m.s.: mass spectrum.

With reference to the infrared data:
i.r.: infrared; Veo! carbonyl stretching frequency; s: strong;
m: medium; w: weak; sh: shoulder; br: broad; v: very (e.g.

vw: very weak).

With reference to the nuclear magnetic resonance data:
n.m.r.: nuclear magnetic resonance; Hz: Hertz; J: coupling
constant; s: singlet; d: doublet; t: triplet; q: quartet;
m: multiplet; br: broad, {IH}: proton decoupled;

t.m.s.: tetramethylsilane; p.p.m.: parts per million.
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Chapter 1

Introduction



This thesis describes the results of a study directed
at producing a new class of metallic catalysts derived from
tethered clusters. A cluster compound is defined, for the
purpose of this thesis, as any compound in which there are
three or more metal atoms with significant metal-metal
bonding between them. It describes the synthesis, structure,
reactivity and fluxionality of several platinum group metal
clusters and the subsequent catalytic testing and anchoring
of some of these.

As an introduction, a brief discussion of the supported
metal cluster/dispersed metal catalyst analogy is presented,
followed by an outline of the progress made so far in achieving
this goal. A general review of cluster chemistry is not
attempted because of the size and diversity of the topic

though the reader is referred to several excellent reviews.1—17

(a) The supported metal cluster - dispersed metallic

catalyst analogy.

Metallic catalysts used in industry are usually of the
dispersed rather than the massive metal type,lg’19 primarily
because of surface area considerations (e.g. to ensure maximum
efficiency from an expensive catalyst) though other factors
may be important (e.g. the nature of the catalytic activity

is often particle size dependent). In dispersed metallic
catalysts the metal particles are commonly separated from one

another by a refractory oxide support, though other refractory

materials such as carbon have been utilised.



The metal is wusually introduced onto the support from
aqueous solution or suspension by processes such as impregnation,
adsorption or, ion exchange, co-precipitation or deposition
and this is followed by a calcination or hydrogen reduction
stage to activate the catalysts. A summary of the most widely
used of these techniques is given below as these are applicable
to the preparation of supported metal clusters and metal
cluster derived dispersed metallic catalysts (when no anchoring

ligand is employed).

(1) Impregnation

This involves the filling of the pores of a support with
a solution of the metal salt, from which the solvent is
subsequently evaporated and the salt decomposed by either
reduction or thermal decomposition. A disadvantage of this
technique is that the metal salt tends to form microcrystals
on the surface and when reduced to the active catalyst these

limit the degree of dispersion obtained.

(11) Adsorption or ion exchange

This is achieved by the selective removal of either metal
salts or metal ion species from their solution by either
physisorption or chemical bonding with active sites on the
support. The loading achieved is controlled by the strength
of adsorption and the concentration of the active species.
This technique is often used as it permits a greater degree
of control over the dispersion of catalyst (compared to

impregnation).



(iii) Co-precipitation or deposition

This method involves the co-precipitation of metal ions
and the support ions. The advantage of this is that 1t
produces an intimate mixing of the catalyst and support (which
is important in oxide promoted catalysis), but a disadvantage
is that not all the expensive catalyst is on the particle

surface.

(iv) Chemical vapour deposition

This involves vapour plating the support with a volatile
inorganic or organometallic compound. This has the advantage

of producing a catalyst with a purely surface deposition.

These empirical approaches to the preparation of supported

have resulted in the existence of 'cookery

20,21

metallic catalysts

books" on how to prepare successful catalysts. There

is, however, some control over the nature of the catalyst

which is determined mainly by the support, metal and particle
size. The average particle size can be controlled by varying
the concentration on the support of the catalyst precursor
(higher concentrations favour larger metal particles), the
temperature and time of reduction (higher temperatures and
longer times favour less dispersion and larger particles) and
the salt employed. However, the influence of these factors
is heavily dependent on other variables, such as the atmosphere
in contact with catalyst on reduction and the nature of the
support. As a result, attempts to rationalise the preparation

of metal catalysts have met with limited success. Metal



clusters by virtue of being preformed metal particles, usually
in zero oxidation state, offer a means of achieving a specific
metal particle synthesis.

This analogy between small metal particles used in
catalysis and clusters has been reviewed in depth by several

22-29 4y particular Muetterties.~ O 3%  similarities

workers,
found to date include; (i) structures - the cluster frameworks
are fragments of cubic and hexagonal close packed or body
centred cubic metal bulk structures; (ii) ligand stereo-
chemistry ; where the geometric features of ligands bound to
clusters and to metal surfaces are similar; (iii) thermodynamic
parameters - where the average bond energies for ligand metal
and metal-metal bonds are comparable for a specific metal/

cluster; (iv) the mobility of ligands bonded to metal cluster

frameworks and to metal surfaces.

(b) The potential importance of cluster based catalysts

Recently, solutions of clusters such as ]RuS(CO)lzl,34

35 36 37
1052 (CO) ¢, 1, ]Ir4(CO)1Z{, and {Rhé(CO)lél, have been shown
to catalyse the formation of hydrocarbons from a mixture of
carbon monoxide and hydrogen, thus mimicking metal surfaces.
In addition, fHRuS(CO)llf_ and |H4Ru4(CO)12[ have been implicated
in a synthesis gas preparation of ethylene glycol using a
highly active ruthenium 'melt'" catalyst derived from ruthenium(IV)
oxide or ruthenium(III) acetylacetonate dispersed in a molten
quaternary phosphonium or ammonium salt.38 Results such as

these suggest the possibility of a cluster based Fischer-

Tropsch catalyst.



The Fischer-Tropsch synthesis was first reported39 in

1923, when it was found that a high pressure reaction of
carbon monoxide and hydrogen over alkanised iron fillings
yielded a 1liquid product containing a range of organic
functionalities, e.g. alkanes, alkenes, alcohols, aldehydes,
ketones, and carboxylic acids. The reduction of carbon
monoxide was reported earlier by Sabatier and Senderens4 in
1902. It is a synthesis distinguished by a lack of selectivity,
which is a reflection of there being a myriad of competing
reactions present.

A selective Fischer-Tropsch synthesis is a desirable
technological achievement, as it would save both raw materials

and expenditure incurred in refining. This is particularly

atrnlaimm
ocleunm

retr
industry has increased considerably in the past decade.41
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Cluster catalysts, by virtue of their discrete structures,

unlike the currently used dispersed metal catalysts, offer the
possibility of realising this.

Cluster catalysts occupy an intermediate position between
the classical conventional metallic and mononuclear homogeneous
catalysts.iz Some important and contrasting features are
summarised in Table 1.1. The principle drawbacks of mono-
nuclear homogeneous catalysts are their low activity,
particularly for the energetically more demanding transformations,
such as the activation of C —C and C —H bonds in saturated

hydrocarbons and the hvdrogenation of triple bonds in compounds

such as CO and NZ. A possible reason for this is that



state

phase

selectivity

activity

temperature
cf operation

reaction types

understanding

TABLE 1.1

Catalyst type

mononuclear
homogeneous

usually in solution

liquid
high
low

low (< 200 °C)

hydrogenation
isomcrisation
carbonylation
polymerisation
oxidation

well understood

due to the applica-
bility of molecular
techniques.

metallic

usually supported on
oxides

gas/solid
low
high

high (typically
250 - 550 “C)

all those observed

fr\v‘ hamAaoananiic
oL Huvniv g viivviw o

catalysts but in
addition; C —C

and C —H bond
activation in saturated
hydrocarbons, and hydro-
genation of multiple
bonds in CO and N,.

poorly understood



multiple bonding is required in these cases to activate the
reactants. These conversions are currently only commercially
achievable with dispersed metal catalysts, where the neigh-
bouring metal centres allow this multiple bonding of the
reactants. Clusters, because they possess more than one
metal centre, also offer this opportunity. In addition,
because of their discrete structures, like mononuclear metal
complexes, they also offer the prospect of a high selectivity
in the products, which is not currently attainable with
dispersed metal catalysts (with the possible exceptions of

the polymethylene, methanol41 and methane43

synthesis reactions).
A series of clusters exist which demonstrate how the

reduction of carbon monoxide on metal surfaces, involving

multicentre bonding, could come about. Initially CO is

thought to absorb as a terminal ligand on metal surfaces and

the synergic nature of the bonding weakens the C — 0O bond.

This weakening, which can be conveniently monitored by Vg

is thought to be important if C — O bond scission is to occur.

For example, the stretching frequency of unco-ordinated CO

is 2 143 Cm—l whereas the stretching frequency of terminally

bound CO in neutral complexes is typically in the range

2 150 - 1 900 Cm_l. Further bond weakening is observed when

the ligand binds to more than one metal atom. For example,

when this ligand assumes a pz—bridging mode the Voo is observed

usually between 1 900 - 1 700 cm ' (e.g. [RugC(CO) -] viy oo =

1 835 cm—lj and when it occurs as a cap (i.e. uS—CO) it is

further reduced to a value resembling that observed for a C —O



single bond when compared to aldehydes and ketones (e.g.
1

-1 -

1Ru4Cp(u3—c0)4], veg = 1 633 cm 7, acetone vo, = 1 712 cm )

Further C — O bond weakening is observed when the oxygen

atom becomes co-ordinated. For example, in IFe4(CO)13H{_ the
oxygen atom is co-ordinated to the metal (see Diagram 1.1)

44

and the CO bond order is approximately unity. This compound

is thought to represent a model compound for the dissociation
of a carbon monoxide molecule at a step in a metal surface
to yield a carbide and a chemisorbed oxygen atom. An
alternative way of cleaving a C — O bond is represented by
the compounds I(u3—HOC)C03(CO)9145 and I(UZ-HOC)FeS(CO)lO(H)|46
in which the oxygen atom becomes hydrogenated and should
eventually give rise to a carbide atom and a molecule of
water.

Evidence exists to suggest that it is the hydrogenation
of these carbides which is responsible for the occurrence
of alkanes and alkenes in the Fischer-Tropsch synthesis.
1%

b

For example, the compounds |Ru.C(CO),. ,47 | Fe, (CO), ,C
5 15 4 12

iFe4(HMCO)12(“4“CH”’49 {Oss(cg)g(ﬂ33(us‘cﬂ)§50 and

”1H2053(CO)10(CH2){”51 represent possible steps in the hydro-
genation of a carbide (see Diagram 1.2, carbonyls omitted

for clarity). Possible mechanisms to account for the other
observed Fischer-Tropsch products have been advanced which
involve similar intermediates to those seen on clusters in

CO reduction and carbide hydrogenation. These have been
reviewed in detail and, therefore, are not discussed further

Lore, 52759, 27
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(c) Homogeneous cluster catalysis?

In recent years the literature has contained many
examples of homogeneously catalysed reactions using small

metal cluster compounds as catalyst precursors. These have

. . . 0
spanned many diverse classes of reaction such as hydrogenat10n,6

61 62

isomerisation, polymerisation, oxidation,63 hydroformy-

64 65

lation, and the water-gas shift reaction. An important

point that has to be made at this point is that there is no
conclusive proof of catalysis by clusters: indeed, in several
cases the reverse is specifically thought to apply with the
cluster breaking down and acting as a source of highly reactive

mononuclear entities (e.g. the hydroformylation of olefins

: 66 67
with |Rh, (CO),] andeh6(CO)16; ).

68
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demonstrate catalysis by clusters is to detect an asymmetric
preference in the reaction products obtained in catalytic
runs with inherently chiral clusters. Asymmetric clusters
such as 1H4Ru4(CO)8{(-)—Diop}2i69 would be unsuitable for
this, as any fragmentation products could still remain in
contact with a chiral centre and induce asymmetry in the
catalysis products. For this reason the asymmetry has to
occur in the metal skeleton of the cluster, so that none of
the fragmentation products will be chiral. There are three
main ways to achieve this. These are, (i) to have four
different metal atoms in a tetrahedral cluster, (ii) to have

four different metal atom environments in a tetrahedral

cluster, and (iii) to have a chiral cluster by virtue of the

clusters' shape or substitution by a ligand.
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The former has been realised by Vahrenkamp and co-
workers;7o—72 they synthesised clusters of the general
formulae [SPeCoM(CO)8Cp{ (M = Cr, Mo, W) and resolved them
by means of an optically active ligand, (-)-(R)-PMePrPh, which
gave on reaction pairs of diasteroisomers, [SFeCoM(CO)7Cp—
(PMePrPh) |, which could be separated by fractional crystall-
isation. Their reconversion to the pure optically active
clusters was achieved by the scavenging of the phosphine
ligand by methyl iodide under carbon monoxide pressure. The
resultant clusters showed a rather high |a| value and their
absolute configuration (for the molybdenum and tungsten
compounds) was determined by X-ray analysis (see Diagram 1.3).

The enantiomers were found to be relatively stable against

rhotochemical racemisation

atnct
-

+hayrmnl 114 a T
Wil it e ~ u—&‘.‘-—l— &

ok
s JER VTS [ - o

14

It was found that these clusters were probably active
for photoinitiated hydrosilation of acetophenone but
unfortunately, photoracemisation of the clusters proceeded
faster than the hydrosilation. So doubt still exists as to
what the active catalyst is, despite the clusters being
recovered in high yields (over 95 %). Hopefully, a non-
fluxional capping ligand such as HC(PPhZ)3 instead of sulphur
may overcome this, and allow catalysis by clusters to be
proven.

The second way to obtain a chiral cluster is to substitute
the metal atoms with different ligands. This has been
achieved by Bruce and co-workers whose radical anion catalysed

reaction allowed these to be prepared in moderate to high
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3 For example, by using sequential radical-anion

yields.7
initiated reactions with the cluster carbonyl complexes
|[Ruz (€CO) 151, |HyRu, (CO){,| and !COS(CO)Q(uS—CR)I and iso-
cyanides or group V donor ligands, they have been able to
prepare a range of derivatives containing two or more different
ligands attached to the cluster, such as IRuS(CO)lO(CNBut)-
(PMe,Ph) |, lCo3(CO)7(u3—CC1){P(OMe)ZPh}{P(OC6H4Me—P)3}l and
IH4Ru4(CO)9(PMeZPh) (P(OMe)zPh)(P(OMe)S)f (see Diagram 1.4).
Potentially all these are chiral but it is unlikely that the
Ru3 cluster would be resolvable because of fluxionality. The
resolution of the Ru, and Co; clusters should be possible,
using a method similar to Vahremkamp's, with a weakly
co-ordinated ligand such as a chiral amine or cyanide instead
of a chiral phosphine.

Another possible advantage of generating clusters with
differing metal sites by varying the ligand environment 1is
that the individual metal atoms may be tailored to promote
a particular aspect of the catalytic reaction. For example,
one metal atom may be specifically modified to bond one reactant
and the other metal atoms modified to bind another, in much
the same way as enzymes. A class of clusters which should
also offer this advantage are the bimetallic clusters such

as [RuPt(CO)SPPh in which the different metals should

3|
promote different aspects of the catalytic reaction. The
chemistry of such clusters has been recently reviewed by

Geoffroy6’7 and as a result is not discussed here.

Other methods of obtaining a chiral cluster suitable for
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testing the theorem of cluster catalysis involve the cluster
chirality being caused by either the metal framework or ligand
envelope. For example, ]RuS(CO)lo(PPhS)(CNMe)\ should
potentially be chiral by virtue of the phosphine and isocyanide
ligands occupying equatorial and axial environments, respectively.
However, because of fluxionality this compound would easily
autoracimise. That is, the rotation of the Ru(CO)S(PPhs)

and Ru(CO)s(CNMe) units is likely to be facile, as it has been
observed for osmium analogues such as }OSS(CO)IO(PEtS)Zl and
IOSB(CO)lO(CNR)Z{. The use of bridging, polydentate or bulky
ligands with a strong site preference could overcome this

f74

problem. [Ruﬁ(CO)ls(HSEt)SC provides an example of a

compound potentially chiral in both the ligand envelope and
metal framewcrk.

The potential importance of cluster catalysis as previously
mentioned, lies not in the reactions currently catalysed
adequately by mononuclear catalysts, but in those currently
catalysed only by metallic catalysts and where an increased
selectivity or activity would be advantageous (e.g. the hydro-
genation of CO, N, and cyanides, and the C —C and C —H bond
activation in alkanes). Muetterties75 has demonstrated that
jNi4{CNC(CH3)3}7I is a catalyst for the specific hydrogenation
of isonitriles to secondary amines and of acetonitrile to
ethylamine under mild conditions. This is the first example
of a homogeneous catalytic hydrogenation of an isonitrile and
presumably requires a polynuclear catalyst for multiple

bonding. However, catalysis by a fragmentation product cannot

be ruled out.
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The reduction of carton monoxide by clusters has been

76,77 This is particuarly important

reported by Pittman.
since the metal clusters involved were bonded by stable non-
fluxional bridging groups which should hinder cluster frag-

mentation (see Diagram 1.5). These clusters were found to

hydroformylate both 1- and 2-pentenes to hexanols and Z-methyl-

pentanol under mild conditions. The clusters were recovered
Th
/C\ //\\
(0C).Co Co(CO) 4 (0C) 5Co CO(CO)S

|

3 \\\\\C5//// \\><i\
(CO) 4 (0C) 5Co-

Diagram 1.5.

unchanged in very high yield at the end of the catalysis runs
(no other organometallic species were detected) and because
of the structure of the clusters it seems unlikely that the
catalysis is due to fragmentation products which reform at
the end of the catalysis run.

The mechanistic details of these reactions is unclear
but it is likely that it involves the reversible opening of
cobalt-cobalt bonds. A precedent for this is provided by the
reversible reaction of {(nS-CSHs)MnFeZ(CO)S(uS—PPh)i with

triphenyl phosphine and carbon monoxide which is accompanied
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by the reversible breaking of a manganese-iron bond.78

This illustrates the possibility of a catalytic reaction
occurring by the addition of reactants to the cluster with
concurrent breaking of a M —M bond, followed by the elimina-
tion of the products with the reformation of the M —M bond.
If this is the case, the incorporation of bridging or capping
ligands in clusters could be important in stabilising
particularly small clusters under catalysis conditions.
Another good candidate for a cluster catalyst is
}Fe4(n5—C5HS)4(u3—CO)4I79 which catalyses the selective hydro-
genation of terminal alkynes.to alkenes in the presence of
internal alkynes and alkenes. The cluster was recovered
unchanged and no other iron containing species were detected.
The major possible fragmentation products appear not to be

-

active as the dimer, [Fez(”D'CSHS)Z(CO)4 , under comparable

conditions is inactive. In addition to this, the cluster
contains face capping carbonyl ligands which should serve to
protect it from fragmentation; thds, catalysis by the intact

cluster seems likely.

(d) Catalysis by clusters physically or chemically adsorbed

onto supports.

Production of dispersed metal catalysts by conventional
impregnation techniques generally affords a wide particle
size distribution peaking in the 30 - 50 X region for second
row transition metals. By carefully controlling the experi-
mental conditions (e.g. support pretreatment, temperature of

reduction, reducing atmosphere etc), narrower size distributions
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can be obtained with smaller particles (20 - 30 X}. However,
no method permits the reproducible preparation of very small
particles (< 10 X). Metal cluster compounds provide a
possible way to realise this, if particle aggregation can be
prevented.

Catalysts prepared in this way should offer the following

advantages over conventional dispersed metal catalysts:

(i) non-aqueous methods of catalyst preparation can be used
since metal clusters are usually soluble in organic solvents.

It is possible that metal particle aggregation during reduction
is facilitated by the presence of surface hydroxyl groups, so
surface pretreatment with compounds which bind to hydroxyl
groups may overcome this problem. Unfortunately, most
compounds employed for this cause the support to become hydro-
phobic (e.g-. SiMeSCI and (SiMeS)ZNH) and so prevent the

subsequent application of water soluble metal salts.

(ii) clusters are usually halide free so the catalysts
prepared will also be halide free and this is advantageous
as residual halide can act as a catalytic poison and halide

is thought also to assist the aggregation of metal particles.

(iii) Since the oxidation state of the metal atoms in clusters
is usually zero, a high temperature hydrogen reduction should
be unnecessary. A low temperature activation is desirable

as this would minimise the problems of aggregation and cluster

dissolution on the support.

(iv) Mixed metal clusters should offer a route to preparing

alloy catalysts with a uniform and precise composition.
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(v) If the cluster framework can be retained during activation,

the catalysts should be more specific.

The main method utilised for introducing clusters onto
supports is impregnation. A major disadvantage of this
route is that the clusters tend to be deposited from solution
not as a monolayer on the support but as microcrystals and as
a result tend to produce larger metal crystallites than would
otherwise occur. The first detailed report of preparing
dispersed metallic catalysts was by Robertson and Webb in 1974.80
They prepared silica supported ruthenium catalysts by depositing
!RuS(CO)lz{ from solution onto silica and pyrolysing the
product under varying conditions. The partially decarbonylated
product was found to have a markedly different catalytic
behaviour from that obtained with dispersed metallic catalysts.
The nature of the active catalytic species is unknown, but
fRuS(CO)le is known to fragment on oxides before producing
metal, so the active catalyst may be a mononuclear species.

The nature of the interaction of clusters with oxides
is currently receiving a large amount of attention mainly
because of the relevance of this to conventional metallic
catalysts. In general, when a cluster is added to an oxide
(see Chapter 2 for further details), it is at first physisorbed
and then the hydroxyl groups add oxidatively to the cluster
eventually forming mononuclear or binuclear species, which
under more forcing conditions (reducing) yield the metallic
catalyst. An implication of this is that unless the cluster

is held together during the activation step, the cluster metal
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framework is likely to lose its integrity and the potential
advantages (IV) and (V) will be lost.

Basset et al. have characterised an intermediate cluster
in the breakdown of IOSS(CO)lzl on oxides, namely iHOSS(CO)lo—
(OM’O )| and have found that when M-O, = $i0, it is an ethylene
hydrogenation catalyst.81 The fact that reversibly formed
ethflene and hydrogen adducts have both been observed on the
surface by i.r. spectroscopy, together with the observation
that no catalyst ageing or cluster decomposition was found,
suggests it is the grafted cluster and not some minor decom-
position or side product which is the active catalyst. The

addition of both the ethylene and the hydrogen are reversible

with this complex and this demonstrates that they are formed

T e are T o moem T~
tnout €06 1055. 10 account
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W
of the oxide bridge to accommodate the incoming ligand (see
Diagram 1.6) has been proposed. Both additions appear to be
related as the ethylene derivative is easily converted to the
hydrogen derivative by treatment with hydrogen at room
temperature whereas iHOsB(CO)lo(OSiOZ)i requires heating to
373 K to react.

iFeS(CO)12} interacts with basic oxides,32 such as y-
alumina and magnesia, to give "anchored" IHFeS(CO)lll_. This
"anchoring'" reaction resembles the ion exchange or adsorption
method of preparing dispersed metallic catalysts, which
characteristically produces samples with a high degree of
dispersion. Electron microscopy83 on thermally activated

samples of anchored |HFe.(CO).,| (heated to 270 °C under CO
3 11
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), has shown that the iron particles formed do possess a
high degree of dispersion (average particle size < 20 R).
This has been confirmed by electron spin resonance and low
temperature ferromagnetic resonance measurements.
The catalysts prepared by this pyrolysis on alumina
exhibit a higher selectivity towards propylene formation (from
CO and HZ) than catalysts prepared by impregnation of

84,85 .
with [FeS(CO)lzi or IFe(NOSJS{, followed by a

alumina
hydrogen reduction. These latter catalysts exhibit a markedly
different product distribution, with a minimum selectivity for
C, —Cq hydrocarbons and a maximum for Cc —Cqy hydrocarbons.

It was concluded that this difference is because of the smaller

iron particle size in the former catalyst. This is supported

y the observations that as the !FeS(CO)llI“ catalyst aged,

(on

its selectivity changed to that of the other two and at the
end of the run electron microscopy detected large iron
particles (diameters 200 - 500 R).

A similar high selectivity for low molecular weight
hydrocarbons has been observed for catalysts prepared from

{Rh4(CO)lZ(, [Rhé(CO)l6l, !Ir4(CO)lZ{, !RuB(CO)lzf, and

EOSS(CO)IZI supported on silica and alumina.>® So, despite

the complex nature of the interaction of clusters with supports,
clusters can be used to prepare more highly dispersed metal
catalysts.

Another example of the different properties of cluster
derived catalysts from conventional catalysts is provided by

the work of Anderson and Mainwaring on pyrolysediCoZRhZ(CO)lzi

-

supported(n1silica.8/ This catalyst displays a significantly
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different catalytic activity from conventional Co/Rh
Catalysts.88 That 1s, the cluster based catalyst catalyses
the hydrogenolysis of methylcyclopentane into monocyclic Ce
compounds whereas the conventional catalysts produce methane.

The activity of dispersed metallic catalysts derived from
clusters, like conventionally prepared catalysts, is dependent
on the support. This dependence can arise from either an
electronic or a spacilal interaction with the support. The
Zeolites are a class of alumino-silicate supports with a
controllable pore structure and because of this offer the
prospect of greater catalytic selectivity. The Fischer-
Tropsch products obtained from catalysts prepared from
]PeS(CO)lZI deposited in HY and NaY Zeolites display a chain
length limitation not encountered with conventional

89,90 which is presumably due to a pore size effect.

catalysts
thé(CO)l61 supported on NaY Zeolite?! by sublimation

and treated with carbon monoxide at 100 °C has been found to

possess an i.r. spectrum virtually identical to those obtained

during hydroformylation experiments involving {Rh[NH3)6C13[

exchanged into a NaY Zeolite,which suggests the presence of

an entrapped cluster. The activity of this cluster prepared

in situ is similar to that of the homogeneous catalysts

derived from }Rh(NH3)6C131. That is, 1,5-hexadiene is hydro-

formylated to a mixture of monoaldehydes and dialdehydes in

both cases. A notable difference, however, is that the Zeolite

based catalyst produces predominantly dialdehydes whereas

the major product for the homogeneous catalyst is monoaldehydes.
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These results indicate that the pore structure causes the
reactants to be retained longer with the catalyst.

Bard and co-workers®® have used fRuS(CO)lzl, lHZRu4(CO)13[,
and }(PPhS)ZNj+iCoRu3(CO)131' as catalytic precursors on dried
y-alumina, silica gel and NaY Zeolite. These materials were
prepared by impregnating the support with a solution of the
cluster and after drying in vacuo, the catalysts were activated
by heating in a stream of hydrogen. These materials all
proved to be active in the hydrogenation of carbon monoxide
to methane. It was found that in addition to this, the
activity varied with the precursor and support. This
illustrates the importance of the metal/support interaction

on catalytic activity.

(e) Tethered cluster catalv:ts on supports.

The anchoring of clusters to supports by tethered ligands
offers a way to heterogenise solution catalysts and hopefully
combine the advantages of both solution and dispersed metallic

9 .
catalysts.” > For example, the following advantages may be

attainable:

(i) Separation of the catalyst.

The major disadvantage of homogeneous catalysts is the
problem of separating the very expensive catalyst from the
products at the end of the reaction. With heterogeneous
catalysts this can be achieved by filtration whereas with
homogeneous catalysts, a distillation or ion exchange process

is often required and unless these are efficient, catalyst
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losses may occur and render the process uneconomic. Also,
separation by distillation 1s not possible in the case of

reactions giving high boiling side products.

(ii) Efficiency

In a heterogeneous catalytic reaction the reaction must
necessarily take place on the catalyst surface and so all the
metal atoms not present on the surface must remain unused.
By contrast, all the molecules in a homogeneous catalyst are
available for catalysis, so these catalysts should be the
more efficient (if they possess the same activity). A hetero-

genised solution catalyst should still retain this advantage.

(iii) Reproducibility, specificity and controlability

These closely related aspects are all potentially
obtainable with cluster catalysts because of their discrete
structures and stoichiometry which could be modified in order
to control a reaction. This controlability has been demon-
strated with mononuclear complex catalysts,93 such as
iRh(acac)(CO)z{ and th(acac)(CO)(PPhS)[ in which the ratio
of normal to branched aldehydes obtained by l-hexene hydro-

formylation 1s controlable by phosphine substitution.

(iv) Solvent and phase

The range of suitable solvents for a homogeneous catalyst
is often limited by the solubility of the catalyst and
substrates, whereas for heterogenised catalysts mixed phase

reactions and varying solvents present few problems.
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A number of materials have been evaluated as supports
for homogeneous mononuclear complex93-97 and cluster catalysts
(see Table 1.2). These supports can generally be divided
into inorganic or organic supports, although there is some
overlap, particularly in the cases of polysiloxanes and carbon.
The most important of these materials at present are poly-
styrene and silica and many of the tethering reactions used

for these are typical of those required for organic and

inorganic supports respectively.

Table 1.2.

Some materials used to support metal complexes.

Inorganic Organic

silica polystyrene
alumina polyamines
zincite polyvinyls
magnesia urethanes

clay acrylic polymers
other metal oxides polybutadiene
carbon polysiloxanes

Taking polystyrene as an example of a typical organic
polymer, organometallic compounds are anchored to polystyrene
by means of pendant ligands, which can be introduced into the
polymer in several ways. For example, one of the most important

anchoring ligands is the phosphine. These can be introduced
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into the polymer by reacting; i) lithium diphenylphosphide
with a halogenated polymer, ii) lithiated polymer with
chlorodiphenylphosphine, or iii) introducing the phosphine
as part of one of the monomers (see Diagram 1.7). Other
ligands introduced into supports include (-)-Diop, amines,

cyanides, cyclopentadienyl, thiolate ligands and counter ions

(e.g. sulphonate and quaternary ammonium groups).
polymer
(i)
L= F
Brz/Pe LiPPh,
Ph C6H4Br C6H4(PPh2)
DRuLi
U
oo
PPh2C1
C6H4Li 66H4(Pph2)
(H{==CHZ CH ==CH,
+ + divinyl benzene
C6H4PPhZ C6H5
(i)
V

ISEEL TR NRRARANY

66H4(PPhZ)

Diagram 1.7
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Gates and co-workers have explored the catalytic
applications of cluster compounds anchored on phosphine-
functionalised poly(styrene-divinyl benzene)polymers.gg‘loz
In addition to the conventional particulate supports, use
has been made of polymer membranes which allow the character-
isation of the working catalyst by i.r. spectroscopy. The
clusters anchored to date by this method include, IIr4(CO)12_X—
(P)X{ (x = 1 or 2), (FeZPt(CO)S(P)Z{, {RuPt(CO)S(P)SI,
lHAuOsSCCO)lo(PJQ, 1H4Ru4(CO)12_x(P)Xi (x =1, 3 or 4),
fHZOSS(CO)g(P)! and thﬁ(CO)ls(P)Sl where P = phosphinated
poly(styrene~-divinyl benzene)polymer.

For the tetraruthenium clusters,lo1 two types of polymer
membrane supports were synthesised. The first was prepared
by the co-polymerisation of styrene, divinyl benzene and
p-styryldiphenyl phosphine . The second by co-polymerisation
of styrene, divinyl benzene and p-bromostyrene. The bromide
groups in the latter were partially converted into phosphines
by reaction with LiPPh2 (see Diagram 1.7). The first kind
of support was a block co-polymer having high local concen-
trations of the ~PPh2 groups in a polymer matrix and the
second kind was a nearly random co-polymer having almost
uniformly distributed —PPhZ groups.

inRu4(CO)1Z{ was incorporated by phosphine substitution.
Variations of the conditions used in preparing the polymers
could be used to control the degree of substitution. The
uniform polymer, when the phosphine loading was low, gave

§H4Ru4(CO)11(P)f. The structure of the block co-polymer was



varied to yield 1H4Ru4(CO)9(P)3I and }H4Ru4(CO)8(P)4i.

The catalytic activity of the samples increased as the

degree of phosphine substitution increased (i.e. hydrogenation
of ethylene). This activity mirrors that of the homogeneous

103 for cyclohexanone

systems, studied by Frediani et al.,
hydrogenation catalysed in solution by tetrahydridotetra-
ruthenium clusters substituted with phosphine groups.

The possibility that the catalysis was due to side
products not observed in the i.r. spectra could not be ruled
out. Though it was found that: (i) the i.r. spectra showed
that the only detectable metal species was the attached
cluster, (ii) the catalytic activity varied systematically
with the clusters' ligand environment, (iii) the clusters
were stable for long periods under the reaction conditiomns,
(iv) the kinetics of the reactions differed markedly from
those seen for the hydrogenation on metal surfaces, and
(v) the activity was reproducible for separately synthesised
membranes. These results suggest that the clusters are the
active catalysts. The kinetics and mechanism of ethylene
hydrogenation in solution’bylH4Ru4(CO)12§Euu;been studied!9?
and appears to involve an IHsRu4(CO)1Z(C2H5)[ intermediate.

One problem encountered in determining the catalytic
activity of tethered clusters is active side products. For
example, when Rh6(60)16 was anchored onto phosphinated-poly-
(styrene-divinyl)benzene polymer membranes,99 it initially

formed ERhé(CO)ls(P) which is thought to be an active hydro-

3!

genation catalyst for cyclohexene and ethylene under mild
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conditions (80 OC, 1 atm HZ). However, an ageing process
produces supported metal (ca 15 X particle size) which is
also active.

A possible additional advantage of tethering catalysts
is that the anchored catalyst once on the surface, unless it
fragments, is effectively '"matrix isolated" and cannot become
deactivated by aggregation reactions. For example,lo5
{Rh4(CO)1ZI anchored by amines (amberlyst resin) onto a
polymeric support proved to be a more active catalyst for
the hydrogenation of a-8 unsaturated carbonyl compounds using
H,O than a similar solution system (100 atm of CO was employed

to stabilise the cluster). This is thought to be because

the polymer prevents the formation of Rh aggregates, as
106

IRh_(C0O), .|~ predominates in solution.

5 15

One drawback of polymers as supports is their relatively
low chemical and physical stability compared to oxide
supports. For example, the solvent polarity is known to
affect the pore size and structure of polymers (due to solvent
swelling) and hence the activity of anchored catalysts.
Oxides in comparison have rigid structures and so are not
affected by the nature of the solvent. Dispersed metallic
catalysts typically require high operating temperatures
(200 - 500 OC) and under these conditions denaturing of
polymers occurs.

The most common oxide support for anchored clusters is
silica. The tethering procedures used for silica are

generally applicable to other oxides, as they depend on the
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presence of the ubiquitous surface hydroxyl groups. The
silanol groups on silica have been used to bind clusters

either directly (e.g. !OSS(CO)lo(u—H)(u-OSiOZ)281) or through

a tethered ligand (e.g. IOSS(CO)llpphZ(CHZ)ZSi(OEt)3~X(OSiO£&Pﬂ7L
A problem commonly encountered with deposited or chemi-
sorbed clusters is aggregation. For example, when }Rh4(CO)12!
interacts with silica, {Rh6(CO)16{ is formed initially, and
this interacts with molecular oxygen to give chemisorbed RhI(CO)Z
species.lo8 These interact with carbon monoxide to regenerate
the Rh4 and Rh6 clusters. This work illustrated how the
mobility of mononuclear species on supports is important in
the process of metal particle aggregation .. A way to
prevent this could be to tether the metal particles or fragments
The work of Gates et 31,99 on }Rh6[CO)16!
interacted with amine and phosphine modified silicas, supports
this suggestion. Initially in both cases Rh octahedron
fragmentation occurs to give mononuclear species, LnRh(CO)2
(L = ligand, n is unknown), which on heating decarbonylate
to give monocarbonyl species, LnRh(CO). These species when
reduced by hydrogen yield Rh crystallites. Electron micro-
scopy on these shows that the average crystallite size 1is
smaller on the phosphinated than aminated silica samples
(12 - 15 K compared to 15 - 20 X). So despite initial cluster
fragmentation, the ligands do effect the amount of metal
particle aggregation, though ideally the anchoring ligand

should not cause fragmentation of the cluster during anchoring.

There are two main ways used to attach intact clusters
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onto silica by ligands. These are to interact (i) the

cluster with the liganded silica, and (ii) the liganded

107,109

cluster with silica (see Diagram 1.8). The potential

advantages of route (i) are that some control over the degree
of substitution may be achieved by varying the loading of

the surface and that harsh ligand anchoring conditions (to
anchor the ligand firmly) can be employed without any fear

of damaging a tethered cluster. Route (ii), however, allows
the cluster to be purified and characterised by molecular
techniques before anchoring. In practice, however, clusters
containing a hydrolysable silyl group are hard to purify as
chromatography techniques, such as t.l.c., using hydroxylic
phases cannot be employed. In addition to this they also
tend to be reluctant to crystallise, though this can be
partially overcome by changing the hydrolysable grouping.
Other hydrolysable groups that can be used to anchor ligand
silanes are: silyl halide, silyl ester, and silyl amides,
but these suffer from the disadvantage of producing side

products during anchoring which can react with the clusters,

e.g.
|

RSSi --Cl + ——Sﬁ —OH -~ RSSi —0 —_sﬁ -— + HC1

The first report of the use of silanated tethering
ligands to anchor clusters was by Brown and Evans,107 though
the anchoring offCoB(CO)gC(CHZ)nxffmd been reported94 previously

(using surface S1 —H groups to interact with --X). Brown

and Evans have anchored clusters of the formulae
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%—OH + XgSi(CH,) L

%~o%1 — (CH,) L + HX

My (CO)

%—o ——%i — (CH,) LMy (CO) __4

Route (i)

XgSi(CH,) L+ My(CO),

¥

X;Si(CH,) LMy (CO) __;

SiO2

N

h\

Route (11i)

For mononuclear species:

X = RO-, R =—-C(0)0-, Cl-, and R,

NHR; NR,-, NC-, CN-, and HS-.

Diagram 1.8.

—0 —~?i — (CH,) [ LMy (CO) 4

N-; and L = PPh=, NRH

2"3
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IH 053(C0) ¢ y_q{PPh, (CH,),8i(0Et) ;1| and |055(C0) ¢ {PPh,(CH,),-

2
Si{OEt)S}} by both routes (i) and (ii) (shown in Diagram 1.8)
and EHOSB(CO)9CCSi(OEt)3] by route (ii), onto silica. These
were characterised by comparative i.r. spectroscopy and the
ethylene hydrogenation activity of the phosphine anchored
species was compared to the homogeneous analogues (i.e.

IHZOSS(CO)QPPhZEt[ and IOSB(CO)llPPhZEtK. The anchored

materials were found to be less active than the dissolved

110,111

model compounds under the same conditions. Deactivation

was observed to accompany the formation of §(H)3053(CO)8—
(ps—CCHs)(PPhZR)E in both sets of compounds, but in addition
to this the anchored species also showed deactivation by oxide

induced decomposition.
Brown and Evans have also reported the anchoring of
\Ru6C(CO)17§ onto silica by pendant phosphine 1igands.llz
This under mild conditions yielded {Ru6C(CO]lﬁ{PPhZ(CHZ)ZSi—
(OEt)q_ (0 SlO ) }|, which on warming reacted with residual
free nelghbourlng phosphine ligands to give the disubstituted
cluster, §Ru6C(CO)lS{PPhZ(CHZ)ZSi(OEt) (0 510, NS On
warming further (80 - 100 OC) oxide induced cluster decomposition
occurred (despite the presence of the carbide atom) to give
mononuclear species like those observed for{RuS(CO)lzi on silica.
These last two examples illustrate two common problems
encountered in the tethering of clusters to oxide supports -
the problem of polysubstitution by neighbouring ligands and
the problem of oxide induced cluster breakdown. The problem

of polysubstitution has also been reported by Gates, 02 for
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]H4Ru4(CO)12} anchored thermally onto phosphinated silica
(i.r. spectroscopy demonstrated the presence of fH4Ru4(CO)12_n—
{Pth(CHZ)ZSi(OEtJB_x(OSiOZ)X}n{ where n = 1, 2 and 3).  This
problem can be overcome by choosing systems which only give
one product with the anchoring ligand. For example,
IOSS(CO)llCHSCN} gives specifically, even in the presence of
a large excess of phosphine, JOSS(CO)llPRBI. Obviously the
number of reactions which display this required specificity
for anchoring is limited. This has provided the impetus to
investigate the use of new anchoring ligands (other than the
monodentate phosphine ligands currently employed) and in
particular, bridging and capping ligands which offer the
prospect of stabilising the cluster framework on the oxide
surface.

Recently oxides have been found to have a promotional
effect on cluster substitution.48 This should also apply
to cluster catalysis. For example, PtO and PdO have been
found to catalyse the substitution of ERuS(CO)IZI and
iOSS(CO)12§ with isocyanide ligands and this in addition to
the already well established oxide promotion of dispersed
metallic catalysts has shown the need to expand the tethering

of clusters to oxides other than silica.

(£) General experimental details.

All operations were performed under a nitrogen atmosphere
unless otherwise indicated. The solvents were distilled
from an appropriate drying agent and purged with nitrogen

before use. The infra-red, n.m.r. and mass spectra were
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obtained on a Perkin-Elmer PE-580 with a model 3500 data
station, Varian XL-100 and A.E.I. M.S.12 spectrometer,
respectively, unless otherwise indicated.

The characterisation of the oxide supported clusters
was usually achieved by transmission i.r. spectroscopy of mulls
and pressed discs. A major problem encountered was the partial
opacity of the oxides in the i.r. spectrum. Fortunately,
most oxides have a window in the carbonyl stretching region
which allowed characterisation by a fingerprint technique.
The model 3500 data station greatly assisted the handling of
data, allowing easy comparilson of spectra, accumulation of
weak spectra, subtraction of backgrounds and the routine
monitoring of subtle changes in spectral intensity during
react

1TMAMC
EIL VN e

113 114

05,(COY 1,1,

112
and lRuéC(CO)17I, were

The starting materials {RUS(CO)lzl,

| 115 47
[H,Ru, (CO) 1,1,

prepared by the literature methods and where necessary were
¢ 13

[
lRuSC(CO)ls"

15CO enriched by heating under a partial pressure o CO in
a suitable solvent (}Ru3(CO)12[, toluene, 125 C; §H4Ru4(CO)1Z!,

°%y. Lco

0]

cyclohexane, 60 °C; |Ru C(CO)y | ,CH,yCL,, 40

enriched {Ru6C(CO)17( was prepared from 13CO enriched

fRuS(CO)lzi. The level of enrichment was kept below 45 % in
order to avoid line broadening in the 13C n.m.r. due to
Lsg - 13¢g coupling. A1l the *°C n.m.r. were recorded with

the aid of Cr(acac)3 as a spin relaxant except where mentioned

otherwise.

The chromatographic separations using normal column, flash
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column and thin layer chromatography used silica gel

60 - 120 mesh (B.D.H., No. 15049), Nagel silica gel 60,

and silica 60G (Merck, No. 7731, 1 mm thickness on

20 x 20 plates) respectively.
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CHAPTER TWO

Generalised Cluster Anchoring and Chemisorption

on Oxide Supports



At the commencement of this investigation the work
concerned with the tethering of clusters had largely been
restricted to diphenylalkylphosphine ligands on polymers
(iridium,l’z ruthenium, mixed metal3 and osmium clusters4)
and amorphous silica (iridium, ruthenium, osmium and mixed
metal clusterss). Although polymers offer the advantages
of ease of functionalisation, precise synthesis, and
characterisation, they suffer from the disadvantage of poor
thermal and mechanical stability which makes them less suitable
than inorganic supports for industrial catalysts. As a
result this work was limited to oxide supports.

Some of the first tethered clusters were reported by

Brown and Evans.® They characterised clusters of the types

iO;ﬁCO}llnphZRf,EHZOSE(CO)loPPhZPlaﬂd H,05.(CO) PPh,R| where
R = ethyl, or —(CHZ)ZSi(OEt)S_x(O~Silica)X by comparative
i.r. It was found that while these mopodentate

ligands tethered the clusters well they did not stabilise them

effectively towards fragmentation. For example,7’8 it was

foundi}%OSS(CO)gEPPhZ(CHZ)ZSi(OEt}S_X(OSjO7}Xfi decomposed

under mild hydrogenation conditions (110 °C, 20 hr) to give
mononuclear species which were loosely proposed to be

? i . - § i -
ﬂB(CO)ZOTB;PPhZ(CH2)281(OEt)3_X[QSiO7)K,', This problem

has also been reported by other workers. > 10

A possible way around this could be to hold the cluster

together by means of bridging (e.g. CNR,, jMSCp—H)Z(CO)lO—
11 12

(v-CNMe,)', M = Fe, Ru and Os or capping ligands
(e.g. PPN'L, M [(x-H) (CO),PPh', 3 = Fe,’? Ru, 1% ana 0s'%).
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This approach was adopted for the present work, the thiolate
118 .
in

ligands used react with D%\CO)lZE(M = Ru and 0Os) to give
(CO) g (u=SR)1,

a high yield of bridged clusters,‘N%(u—H)
which both bridging groups occupy the same edge of the metal
The work of Osborne demonstrates this stabilising

triangle.
For example,

1 He found that the capping ligand HC(PPhZ)3 can
stabilise clusters towards fragmentation (relative to the

effect. ™’
parent or trimonodentate substituted cluster).
it was demonstrated thatIRh4(CO)9(u3—tripod)[iS stable at
100 °C for 18 hours under 30 bar of carbon monoxide, whereas

ER@ﬂCO)lzzand ‘Rh‘,l(CO)g(PPhZR)SX are not.
Another breakdown route for tethered clusters is by
This occurs with the free surface

oxide.

1‘diﬁg

oxide interaction.
nydroxyl yroups left ovver from the 1lliga
Oxide interaction is also a problem common to gas liquid
In this case oxide interaction causes
in extreme cases,

20

chromatography.
tailing of chromatographic peaks and

peaks due to breakdown of the eluted compounds.
difficulty is commonly overcome by acid washing the support
with a

p)
This

frequently

to remove trace metals and by covering the support
wo of the most

Thev

chloride

protective layer of alkylsilane.
These

used protective silanes are SiMeBCl and NH(SiMeS)Z
react with the hydroxvl g¢groups to produce hydrogen
and ammonia, respectively, whilst silanating them.
side products affect the reactivity of the surfaces,so

evaluation experiments on both agents were carried out.
The tethering of clusters to oxides offers a new route
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to conventional supported ""bare' metal industrial catalysts.
The properties of these catalysts vary with the supporting
dxide.z1 For example, in the case of chemisorbed Mkb(CO)SE,ZZ
the hydrogenation activity of the catalyst formed varies with
the oxide (SiOZ, TiOz, ZrO2 > MgO, y—AlZOBJ. This has
provided the impetus in the present work to generalise the
tethering of clusters to oxides other than just silica.
Reactions between metal carbonyls and functionalised
oxides involve competition between the pendant ligand and the
oxide itself. Consequently blank reactions were carried

out by interacting ruthenium and osmium carbonyls with plain

oxides under the same conditions as used for the thiolated

oxide. This initiated my entry into a rapidly expanding
field of investigation and as a result there has been a large

amount of overlap with other work.

As the main breakdown pathway of tethered clusters
appears to be by oxide interaction, this was investigated
in a series of pyrolysis experiments. These were also

used to evaluate the effectiveness of protective silanes.

-

2 24
. . LD ~ L -
Preliminary and full accounts of this work have been

published and another report of anchoring triosmium clusters

to silica via a pendant thiol 1is also in the literature.



RESULTS AND DISCUSSION

(a) The tethering of ruthenium and osmium carbonyl to

thiolate oxides.

Thiolate ligands were employed to anchor triruthenium
and osmium clusters since single products are formed from the
reactions of EMS(CO)lzf and RsH. 18 This avoids the problem
of separating several complexes each having a silyl group.
There are two main problems in purification of compounds with

hydrolysable silyl groups. That is,they are hard to
crystallise and cannot be purified by thin layer chromatography
(as they react with oxides). Thus, EMS(CO)lO(H]{S(CHZ)B—
Si[OMe)S}I, M = Ru (1) and Os (2), were synthesised under
the same conditions as required to form {MS(H)(CO)lo(SPrnji,
M = Ru (3) and Os (4), withoul any problems of separating
several complexes each having the silyl group.

cO
OC_ | ¢o

S
FQ
i R
(1) Ru - (CH, ) -Si(0Me)
(2) Os - (CH,) sSi(0Me)
(3) Ru -prlt
n



Two tethering procedures were attempted (see Scheme 2.1).
Both routes have inherent advantages. The main advantage
of Route 1 is that the cluster can be purified and characterised
before being anchored. However, its main disadvartage is that
the forcing conditions used in Route 2 for anchoring the ligand
cannot be applied without some risk of cluster degradation.
Thus although Route 1 provides a well characterised tethered
cluster, it does not produce a sample with a high resistance
to leaching. For example, this was observed when the material
produced by reacting the more robust cluster (2) (see Figure
2.1) with oxides was Soxhlet extracted with EtZO and methanol
(identified by its i.r. spectrum). There was some doubt
as to how these clusters are tethered under these milder

s. The

ditio silane was implicated by the trial reaction

co

3

under the same conditions of (4) with oxides dﬁring which

no cluster became attached. This leaves two main possibilities
for the mode of attachment; either by hydrogen bonding, or

by nucleophilic substitution at the Si(OMeS) group by the
surface hydroxyl groups. The latter case was shown to occur

by the detection of methanol in the filtrate (vacuum distilled

from the remaining unabsorbed cluster) by g.l.c. The amount
of methanol detected was unfortunately low, only 0.25 - 1.4
equivalents per cluster, when one would expect values of 2 - 3

but this may be due to physisorption or chemisorption of some
of the methanol on the support.
From the intensities of the recorded i.r. spectra it 1is

evident that anchoring via nucleophilic substitution had



Route 1 Route 2
§M3(CO]12} + HS(CHZ)SSi(OMe)3 + HO ——[M’On)
r
A/CO
A

b

! : ]
Mg (H) (CO) 1S (CH,) ;Si(OMe) ;|

d

HS(CH,) ;Si(0Me) ;. (0-M"0_)_

é/CO/M’On

/
M (COYy,1/8/CO

% 7
| h% 3 ; e 37 Y
;JSQH)(CO)IOiSCHZCHZLHZSlgOMe}B_X[O M on)x}[

Scheme 2.1.
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2150 2100 2000 1950¢cm™!

Figure 2.1. T.r. spectra (2 150 - 1 960 cm™ 1) of (a) (2) in
hexane, (b) (2) on y-AlZOS, (c) the product of
’OSS(CO)IZI with thiolated alumina, and (d) the
product of {OSS(CO}lZE with SiMe3C1 pretreated

thiolated alumina.



occurred to a much smaller extent on silica than on alunina
or titania. In spite of the larger surface area of the

Aerosil 380 (380 mz/g) the osmium loading was only about

one tenth of that on y-Al O3 (100 mz/g) and Ti0, (50 mz/g).

2 2
The reason for this is not immediately apparent as the

mechanism for attachment is thought to involve the ionisation

26

of the hydroxyl groups. So, one might expect this difference

in reactivity to be connected with differences in the pH of

the oxides (Y—AIZOS 4 -5, Ti02 3 -4, SiO2 3.6 - 4.3, 4%

aqueous dispersion) but this is evidently not the case and the
differences 1n reactivity must be due to differences in
structure. In all cases the carbonyl absorptions agreed very

closely with those of the two isolable analogues (2) and (4).

nectra ohtained on 2lumina are cshown in Ficure 2.1
pectra ¢bpiadined on ailumin are snown 1n rigure 2.1,

{3

The second route was to interact]Oss(CO)lj with thiolated
oxide in refluxing toluene. Again this afforded satisfactory
results and the loading on silica gel was increased.
Extraction experiments similar to those used for (2Z) on
oxides (Route 1) in this case caused negligible leaching
(exception ZnO when about 5 - 10 % was removed), illustrating
the advantage of anchoring the ligand first (see Figure 2.1).

Using samples of functionalised oxides which had been
treated with the protecting agent SiMeSC1 caused slight
improvements in spectral quality, viz, narrower linewidths

n some cases and resolution of weaker bands between 2 000 and

[

1 370 cm {see Figure 2.1). It is interesting to note that

-1

the spectra on a surface resemble closely those obtained in



polar solvents like methylene chloride , i.e. the top bands
remain sharp while the lower bands at around Z 000 Cm_1 are
broadened. This broadening could have three causes: 1t
could be due to site effects (like in matrix isolation), 1t
could be due to minor impurities, and lastly it could be

caused by the polar environment of the surface of the oxide.ZS
The i.r. spectra of the products of IOSS(CO)lzi with
unprotected functionalised surfaces show no signs of side
products. So the sharpening of the spectra on SiMeSC1
treated surfaces must be due to either a decrease in the

variation between sites or a decrease in the effective polarity

of the surface interface as a result of being coated with

alkyl groups. Two pieces of evidence add support to the
idea that it is the polarity of the surface which causes the
broadening rather than site effects. First, when the cluster

is made into a disc in KBr it shows similar broadening but

to an even greater extent as, KBr is fully ionic and, therefore,
provides a more polar environment than the oxides. Also,

when a sample of (2) on SiOZ is made into a disc and cooled

to liquid nitrogen temperatures, the spectrum shows no changes;
whereas, one would expect sharpening and splitting of peaks

if the broadening was due to site effects. Little change

in metal uptake was noted (exception InO) with the SiMeSCl
treated functionalised oxides indicating the silane reacted
with surface hydroxyls in preference to the thiolate groups.
This is as expected because of the greater stability of the

S1i-0 bond.z'
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Further confirmation of the identity of fOSB(H)(CO)lo-
{S(CHZ)SSi(OMe)S_X[OSiO7)X}Z was obtained by diffuse reflectance
u.v.-visible measuremen%s which showed bands % 30,000 and
25,270 cm_l. These can be correlated with the two lower
energy bands in the solution spectrum of {OSS(H)(CO)lo(SPrn)f
(45,600 ,39,500, 30,700 and 25,500 cm™ ', see Figure 2.2).

Similar experiments were carried out on the ruthenium
analogues. Interaction of (1) with oxides at r.t. again
afforded solids which exhibited Voo Spectra similar to (1)
and (3) as illustrated for alumina in Figure 2.3. The bonding
on silica again was small but could be increased by raising
the temperature to 40 ° Cunder a stabilising CO atmosphere.

It was found subsequently that all manipulations with these
ruthenium clusters gave better results when carried out under
CO rather than nitrogen. However, these materials are less
stable than their osmium analogues and the extraction procedure
could not be employed so doubt remains as to the effectiveness
of the oxide binding (methanol was detected in the filtrates
by g.l.c.). Again interaction of !RuS(H}(CO}IO(SPrn)i (3)
with oxides under similar conditions did demonstrate the
importance of the Si(OMe)S grouping in the chemisorption of
the cluster. I.r. spectra obtained on these solids were very
weak and were recorded on a 10 or 20 fold transmittance
expansion indicating only a slight uptake of (3]). The Yoo
bands which were observed for the species derived from (3)
were oxide dependent.

Interacting §Ru<(CO)12§ with thiolate oxides afforded



Electronic Spectra of HOSB(CO)]

in cyclohexane

0

{SC3H651(OM9)33

- -

3CC 400

Figure 2.2.
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IRuS(H)(CO)IO{S[CHZ)SSi(OMe)S_X(O—M’On)X}{ species. On
silica this appeared to be specific but on y—AlZO3 (see Figure
2.3), TiOz, Zzn0 and MgO, an additional broad Voo absorption
near 2 000 cm—l was also seen. The i.r. spectrum obtained

on thiolated SnO2 was of very poor quality arising from darkening
and increased capacity of the oxide caused by the ligand
anchoring reaction. The use of SiMeSCI treated ligand-oxide
caused only small improvements in the specificity of the
anchoring reaction but did prolong the lifetime of the tri-
nuclear complex (by a factor of 2). Shelf-1lifes before total
decomposition as monitored by the carbonyl absorptions at

2 105 and 2 066 cm ' were of the order of weeks at -20 °C or

6 months under carbon monoxide. Both (1) and (2) were more
stable than the anchored complexes and among the latter the
stability on SiOZ was greater than on y—AlZO3 and this was in

turn more than on TiO7 and ZnO.

(B) The reactions between iMs(CO)lzi and tethered clusters

with oxides,.

The interaction of §OSB(CO)1ZI with oxides has been
reported under different conditions to those employed in the
thiolate functionalised oxide experiments but the results
are still relevant to the interpretation of these blank
experiments. The reaction of EOSS(CO}lzé with oxides initially
after physisorption is to produce species fOsS(H){CO)lO(OM’On)[
(5) (see Figure 2.4) on SiOz,Zg'BO y-AlZOS,Zg_Sl ZnO,31

TiO7,Jl and MgO. The evidence for this includes i.r.



2150 2100 2000 1954 cm™!
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Figure 2.3.

I.r. spectra (2 150 - 1 960 cm™ 1) of (a) (1) in

hexane, (b) (1) on y—AlZOB, (c) the product of

fRuS(CO)17§ with thiolated alumina, and (d) the
product of %RuS(CO}lzi with SiMOSCl pretreated

thiolated alumina.
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Figure 2.4. I.r. spectra (2 150 - 1 950 cm_l) of (a) (%)

on silica d (b i _(HY(CO) i (OV -
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comparisons with {OSS(H)(CO)lOOSiPhSIBO (6), extended X-ray

30 . . 32

absorption fine structure (EXAFS), electronic absorption,

13C magic angle spinning n.m.r. and low frequency Raman
spectra.sz %O
OC CO
\r»’»&/
|
N\
CO N
N
OC F{\\\\
CC// \ ~ \\ra
oc e
ﬁVWEWWCbWTWWW
(5)
Under more vigorous conditions mononuclear species are
thought to occur?? ™3 but the systems, [0s,(C0),,|/M"0,., are

complex (involving two. or more species) and as a result are
not fully understood at present. One of the most highly
studied is the {OSS{CO)lzi/SiOZ System.29 Initially, after
physisorption, (5) is formed by oxidative addition of a
surface M-OH group to a 0s-0Os bend. Under more forcing
conditions there is a breakdown of the cluster triangle with
simultaneous oxidation of the osmium, toO yield two
osmium{II) complexes by the surface proton and with the
immediate release of hydrogen. These two species are thought

| IT = 11
3 ‘ (04 . I
to be |0s (CO)S(O and '0s [CO)2‘081OZ)2§Q They

) !
1 207
8102 2'2
can be interconverted by a reversible carbonylation-decarbonyl-

ation process at elevated temperatures. The evidence for

these two species involves comparative i.r. with |Os CO)

30 - | .
'0s (CO) AR and §OS(CO}3X75ﬁ33 (where X =

(08iPhg), 15, >0 | )5,



Cl, Br) and the reaction of the latter with surfaces, e.g.

%{OS(CO)BCI +  ZHO-Si

2{2

{OS(CO)S(OSiOZ)ZQ + 2HC1

However, a Beo enrichment/peak fitting study has been

unsuccessful in obtaining a good fit34 and an E.X.A.F.S. study
on the silica system indicates the existence of osmium atoms
at a M-M distance and two other non-bonding distances. In
addition to this,exposure to CO regenerates some !OSB(CO)lzﬁ
(but not in the case of y—AlZOS). These results suggest that
the '"mononuclear" Os/SiOZ system is not as simple as was
originally thought and the metal skeleton s partially
preserved in one of the species.

The reaction of %OSSCCO)IZ[ with other oxides is similar
to the silica system. Initially after physisorption a
bridged species (5) (see Figure 2.5) is formed which,under
more forcing conditions, breaksdown to '"'mononuclear' species.
Unlike the situation with the functionalised oxides:where
there 1s negligible transmission of any oxide electronic
effects through the anchoring ligand to the cluster carbonyl
ligands, the frequencies of (5) are oxide dependent (silica >
(6) » alumina > zincite). It follows that silica 1s a more
electron withdrawing ligand than AlZO3 or zincite. One also

sees a similar trend in their stabilities which must be due
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to oxide effects ((5) on SiOZ > (6) > other oxides).

The iRuS(CO)lzf/M’On systems mirror the IOSS(CO)lzé/M’On
systems. First physisorption occurs, for example the
interaction of {RuS(CO]lz! with silica in refluxing benzene
(15 minutes)afforded a material which exhibited the same i.r.

45

spectrum as obtained by Robertson and Webb on a sample

prepared by depositing IRuS[CO)lzt from CH,Cl, onto silica at
r.t.. It's i.r. is very similar to that of }RuS(CO)IZ[ in
solution and also it is yellow. Chemisorption follows and

a species like (5) is formed, i.e. IRuE(H)(CO)lO(O—M’On)Q.
However, in the case of ruthenium these are much more unstable
and in this work it has only been observed on y-alumina (see

Figure 2.5), though it has also been observed on silica.34

Both of these rapidly decompose at r.t. to give "mononuclcar

carbonylic complexes. The ERuS(CO)17}/y—A120335 system has

36

. 13 . . . . .
been characterised by °Co isotopic substitution and this

has shown that there are 3 main mononuclear carbonylic complexes
present, each having two coupled CO oscillators per ruthenium
centre. They are thought also to have oxidation states of
(ITI) (tetrahedral local environment), II and O (octahedral
environments). The situation on the other oxidesS7 seems to
mirror these two systems but as yet there are no definitive
studies in the literature.

The fragmentation of clusters on oxides is not restricted
to this triad and has also been observed for the Rh triad.
It has been particularly highly studied for the Rh/silica41

and Rh/y~A17OSJO syste

38,39

because of their catalytic

12,43

=
Ui

These studies show that Rh clusters

9]

importance.
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like Ru and Os clusters after initial physisorption undergo
chemisorption and then fragmentation to give various mono-
nuclear species.

The loading obtained by reacting the parent IMS(CO)IZI
carbonyls with plain oxides under the conditions used for the
tethering of clusters to thiolated oxides were surprisingly
high. In the case of osmium these were of the same order of
magnitude as obtained for the thiolated surfaces. Evidently
in the competition between the two possible ligands (-OH or
-SH) the thiol is successful (see Figure 2.4). In the case
of {RuS(CO)lzf the situation is not so clear cut as the spectra
show additional peaks. Besides, the peaks assigned to

iRuS(H)(CO)lo{S(CH Si{0Me) _X[O—M’On)x}f and ERuE(H)(CO)g—

s A
S‘\Chyl N th

2)3
AL M0

)
U—l U
n"x

3
|
j

[a P I ety 1
SQL\UM

+ £ X
spectra cften show

(¢}

N
5

-
[¢))
s
—~

3-X
additional weak broad features (usually 2 or more broad bands),

120(br,w), and 2 030(br,w); y—AlZOZ 2 100(br,w),

L’:
5]
}.J
O

(g
~J

2 040(br,s), and 1 995(br,m); TiO2 2 070(br,m) and 2 000(br,w)
cm™t.  They could be formed as a result of the direct
interaction of RuS(CO}lz with oxide, or by excess thiolate
ligand reacting with the tethered cluster or finally by

oxide interaction with the tethered cluster. All these
possibilities probably occur but the latter case is the one
that predominates. The evidence for this comes in several
pieces, the most important of which is that the observed i.r.
positions for these bands vary with the oxide and do not

correlate well with those obtained by direct interaction of

§RuT(CO)17s with plain oxides under similar conditions. This,
J [
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incidentally, also rules out the possibility of species like
§Ru(CO)Z(SR)2[Z and ]Ru(CO)S(SR)Z{n44 being responsible as

the peaks in this case would not vary from surface to surface.
A possible structure for these species involves mixed oxide

and sulphide ligands, viz. [Ru(CO)ZOTS(SR)X(O—M’On)ngorn

where x + y = 2, but confirmation of this will have to wait
until a technique is available which can tell oxide and
sulphide apart (Ru E.X.A.F.S. would probably be suitable).
Further evidence for oxide participation in the break-
down of tethered clusters comes from vacuum pyrolysis
experiments. The most obvious result being that the homo-

geneous analogues are much more stable than the heterogeneous

ones. For example, (1) in KBr disc 1is recovered virtually
unchanged, by i.r., after being heated to SO OC for 6 hours

under vacuum whereas (1) on silica (pressed into a disc)
decomposes within two hours under the same conditions. The
time taken for pyrolysis (as measured by the disappearance

of the peaks at 2 108 and 2 069 cmal) also varies from surface
to surface (e.g. (1) on; SiOz, 2 hours; y—Al2 35 1.5 hours,

and Ti0 1.25 hours) and this interestingly mirrors the

2’
stability of (5) on various oxides.
The decomposition of (1) on surfaces is not a one step

process. During pyrolysis peaks occur due to temporary

species, the most notable being §Ru3(H)(CO)9(SR)i. For

-
example, (1) on TiOZ after 23 minutes at 50 °C and 5 x 107~

mm Hg displays in addition to the remaining peaks of the

parent cluster, weak peaks assignable to the nonacarbonyl
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species at 2 090, 2 040, 2 015 and 2 000 cm™}. The final
apparently simple spectra obtained from these pyrolysis runs
unfortunately do not correlate well with those obtained by
either direct interaction of IRuS[CO)lzl with oxides or as
side products from the anchoring reaction (e.g. final
pyrolysis spectra of (1) on: SiO2 2 058(vs), and 2 008(vs);
TiO2 2 070(vs) and 2 010(m); y—AlZO3 2 070(vs) and 1 999(s)
cm_l). However, this is not too surprising as each system
probably contains quite a few different species and the
distribution of these species in a sample will be history
dependent.

Pyrolysis runs on SiMe3C1 treated thiolated oxides showed

the trimethylsilyl group did indeed protect the clusters from

nFf
L

oxide interactlon. This was seen in the longer lifetimes
these tethered clusters when compared with those produced by
the reaction of (1) with oxide, or [Ru;(CO);,| with plain
liganded oxide (these two have the same stabilities). For
example, the analogue of (1) on SiMeSCI pretreated liganded
oxide took 4 hours for total decomposition compared with

2 hours for (1) on SiO2 under the same conditions.

Further evaluation of the protecting agents SiMeSCl and
(SiMez),NH was done on the ERuS(CO]125/M O, systems. In
both cases the reagents essentially prevented the uptake by
silica and greatly reduced it on other oxides. The former
agent SiMeSCl turned out to be the more effective probably

because of its higher reactivity and smaller steric size

compared with (SiMeS)7NH. The SiMe3C1 pretreatment of the
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surface besides reducing the cluster uptake also served to
protect from decomposition intermediates formed by oxide
interaction. For example, }OSB(H)(CO)lo(OTiOZ)i was seen on
SiMe3C1 pretreated oxide under conditions (toluene 6 hours
reflux) during which it would have otherwise have gone to
mononuclear species (on the plain oxide). Magnesia pre-
treated with (SiMes)zNH afforded a very complex i.r. pattern
when treated with [Ru;(CO);,| which included v,y bands at
1817 and 1 788 cm * probably due to unknown cluster anion/s.
This sample on standing overnight converted to that obtained
normally with plain oxide. This silanation of the oxide
also effects the mononuclear species present as can be seen
by comparison of the i.r. spectra with those obtained on plain
oxides. The difference probably occurs becausec the si
preferentially block certain sites and so affect the distri-
bution of the different types of mononuclear complexes present.
The pyrolysis results on the osmium thiolated samples
were similar to those obtained for the ruthenium samples.
That is, the homogeneous sample was more stable than the
tethered one, and SiMeSC1 pretreatment of thiolate oxides
afforded more stable heterogeneous clusters. However, they
were different in that no trace of a EOSS(H)(CO)QSRI inter-
mediate was seen. An explanation for this is that the
parent decacarbonyl cluster is much more stable than the
ruthenium one (e.g. (1) in a KBr disc decomposed at 60 OC,
whereas (2) also in a KBr disc required temperatures above

“~N Op p .. .
150 ~“C for decomposition). However, the corresponding nona-
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carbonyl species is only slightly more stable and as it 1is
only formed under the more forcing conditions its lifetime
will be too short for it to build up to a detectable concen-
tration. Indeed this is seen homogeneously; heating (4) in
nonane produces only decomposition whereas (3) in refluxing
hexane produces a detectable concentration of the nonacarbonyl
species.

The products produced initially by the pyrolysis of (2)
on SiOZ appear, because of the sharpness and distribution of
the peaks, to be a complex mixture of clusters or dinuclear
species. These in turn decompose under the pyrolysis
conditions to give decarbonylated species which readily take
up carbon monoxide irreversibly (cannot be removed completely
again under the pyrolysis conditions). This is shown by the
growth of two strong broad peaks (SiOZ,Z 120 and 2 030 cm_l).
The situation for (2) on y—AlZO3 is similar but complete
decarbonylation does not occur (see Figure 2.6, residual
peaks at 2 123(br,w), 2 048(br,s) and 1 973(alumina background)
cmnl). Again a strong two peak pattern in generated when
the sample is exposed to CO (see Figure 2.6, 2 120 and 2 030
cm'l}. An attempt to stabilise these fleeting intermediates
was made by repeating the pyrolysis experiments under carbon
monoxide. This failed for y—A1203 but in the case of SiO2
it succeeded in producing what appears to be a new cluster
(see Figure 2.6, 2 125(w), 2 086(m), 2 059(vs), and 2 Oll(br,s)
cm—ljs The spectrum shown is a result of two difference

ctra, First the spectrum of the remaining parent cluster

o

sp
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was subtracted out and then the SiO2 background was removed.
The fairly high frequency of the top peak suggests it is
probably a cationic species. Such a species {HZOSS(CO)loSR+t46
is known but the i.r. spectrum has not been reported. Unfor-
tunately, this compound is only stable in concentrated sulphuric
acid and an attempted i.r. was unsuccessful due to solvent
broadening.

When comparing the stabilities of clusters in discs one
has to be careful to consider a possible matrix effect. That
is,the cluster may decompose by CO ejection but the disc may
physically keep the CO molecule in close proximity to the
cluster and stop it from decomposing. Interestingly, CO
has been seen during these experiments to be taken up by
both samples in oxide and KBr discs showing that this effect

may be negligible. However, this may not be the case with

discs produced at higher pressures than were used here.

Conclusion

It is apparent that the ligand anchoring procedures
principally developed on silica gel can be applied to other
oxides of varying acidities. In spite of fairly complex
reactions between oxide surfaces and the metal carbonyl
clusters studied, the pendant thiol ligands, nevertheless,
specifically bind the carbonyls. No electronic effects
are apparently transmitted from the oxides through the pendant
ligands to the carbonyl ligands, as any oxide dependent

reactivity stems from the surface environment and 1s not
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intrinsic to the cluster. However, trinuclear species of

1l

the type iMB(H)(CO)lo(O—M’On){ (M Ru and 0s) do show oxide
derived electronic effects and in their relative stabilities

do show reactivity differences which correlate roughly with

these electronic effects. Complexes of the type {MSCH)(CO)IOSR{
(M = Ru and Os) have been decomposed under controlled
conditions. All the osmium thiolate clusters are more stable

than the ruthenium ones but within each metal series similar
trends occur. For example, the stabilities are free cluster >>
IM [H)(CO)lO{S(CH ) Sl(OWe)7_ (0 Sloz)x}(MeSSi)y{ > IMS(H)—
(CO)1O{S(CH2)381(0Me)3_x(05102)x}% {S(CH,) <~
Si(OMe) 5 _ (oy_Alzos)x}{ > [MB(H)(CO)IO{S(CHZJSSi(OMe)B_X—

(O Ti0 x}l These trends demonstrate that oxide interaction
52

is important in cluster bhreakdown and can be controlled by

the use of protective silanes, e.g. SiMe3C1. Two of these

were evaluated and were found to work well on SiOZ and passibly
on other oxides. The SiMe.Cl being better than the (SiMe;),NH
in marginal cases. A cursory investigation was made on the
decomposition products of §M3(H)(COJIOSRI (heterogeneous
analogues) but the systems were found to be too complex for
confident assignment of the products except in one case;

| Ru- (H) ( ;
'Ru (H) (CO) 4SR]
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Experimental

Preparation of [Mg(u-H)(CO);y(p-SPr™)! M = Ru(3) and Os(4).

These were carried out according to the 1iteraturel8

but it was found that in both cases a stabilising carbon
monoxide atmosphere enhanced the yields. For example, in
the case of (3) the yield was increased from 60 - 70 % to

80 - 90 %.

(3)

! - n
Ruz(H) (CO) ;4 (SPr™)
I.r./hexane: 2 105(m), 2 082(vw), 2 065(vs), 2 058(s),
2 042(w), 2 026(s), 2 O14(w), 2 008(m), and 1 996(m) cm L.

' on.m.r./cpcig, 31 °C: 5 (p.p.m.) 2.55 (t, 2 H, S-CH,-),

3
1.6 (m, 2 H, S—CHZ—QHZ), 0.9 (t, 3 H, CH;) and -15.36 (s,

1 H, Ru-H-Ru).

Mass spectra: The sample volatalised under vacuum at 50 OC
to give a mass spectrum which exhibited a weak parent ion at

102Ru) followed by a relatively strong peak

626 a.m.u. (for
corresponding to the loss of one carbon monoxide (assigned

to {RuS(H)(CO)QSPrn§+). This correlates well with the
solution chemistry of (3) which in refluxing hexane rapidly
loses one carbon monoxide to giveiRuS(u—H)(CO)Q(uS—SPrn)§.
The rest of the fragmentation pattern is complex but it can
be interpreted in terms of a series of peaks, caused by
successive carbonyl losses, with superimposed extra peaks due
to fragmentation of the alkyl chain and doubly charged ions.
Interestingly, the last fragmentation before dissolution of
the ruthenium triangle is assignable to the loss of the

sulphur atom. A successful elemetal analysis on this compound

was unobtainable because of decomposition during handling.
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- n 1l
|0s5(H) (CO) ;o (SPT™) [ (1)
I.r./cyclohexane: 2 110(m), 2 068(vs), 2 060(vs), 2 020(s),
2 006(s), 1 999(m), 1 991(m), and 1 957 (w) cm t

'y n.m.r./cnci,, 31 °C: s (p.p.m.) 2.5 (t, 2 H, S-CH,),

3

1.6 (m, 2 H, S-CH

,CH =), 0.9 (t, 3 H, CH), and -17.39 (s,

1 H, 0s-H-0s).
Mass spectra: The mass spectrum obtained at 100 °C gave a

strong parent at 896 a.m.u. (for 19205) followed by ten bands

corresponding to ten successive carbonyl losses. This

pattern has also in addition, extra bonds caused by fragmen-
tation of the alkyl chain. This time, however, the sulphur
does not appear to be lost before cluster fragmentation.
Raman/solid, veo! 2 125(m), 2 106(s), 2 053(w), 2 028(m),

2 013(vs), 7 010(sh), 2 006(vs), 2 001(sh), 1 992(sh),

5 £

2 024(m

-

1 988(w), and 1 978(vs) cm™t

1 434(w) cm 1

YM-H-M
veg (deformation) 480 - 510(br,s) cm™t
vy_y 40(w), 110(vs), 145(sh), and 160(w) cm™l.

u.v./cyclohexane: 45 600, 39 500, 30 700 and 25 500 Cm—l.

Analysis: calculated C, 16.4 %; H, 0.8 %.
found c, 16.6 %; H, 1.0 %.

Preparation of fRuS[H)(COJQ[uS—SPrn)i

A sample of (3) was refluxed in pure n-hexane for twenty
minutes, cooled, filtered and the i.r. taken. This showed

mainly (3) but also additional peaks assignable to the product.
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However, the inherent instability of the product prevented

its purification. The 1H n.m.r. spectrum was obtained by
heating a sample of (3) in situ (70 °c, d8—toluene). Again

a pure spectrum was unattainable,

I.r./hexane: 2 090(m), 2 062(s), 2 039(s), 2 016(s), Z 008(sh),

2 005(m), and 1 975(m) cm™ L.

' n.m.r./a®-toluene, 70 °c: & (p.p.m.) -18.9 (s, 1 H,
Ru-H-Ru), the signals in the alkyl region were swamped by

residual (3).

Preparation of fRuB(H)(CO)lOXS(CHZ)ssi(OMe)Sff (1).

This reaction was initially carried out under nitrogen
but an improved yield was obtained when 1t was repeated under
carbon monoxide (60 % compared to 40 %). lypically
}RuS(CO)lzi (0.294 g) and HS(CHZ)SSi(OMe)3 (1.1 equivalents)
were refluxed in dry benzene (100 cms) for 15 minutes, during
which time the solution changed from a deep orange to a
lemon yellow, After cooling and filtering, the solvent was
removed 1n vacuo and the residue taken up in cold hexane
(10 cmS). This extract on drying afforded the product as
an orange oil (60 %). The i.r. spectrum of this oil shows
an extra weak band at 2 093 cm‘1 indicative of a species
like }RuS[H){CO)gfgprn)'. Upon exposure to carbon monoxide
the oil becomes more yellow and this peak disappears together
with a sharpening of the other peaks. This product is a
slightly heat and air sensitive 0il which is frozen at O °c.
I.r./hexane: 2 106(w), 2 093(vw), 2 064(s), 2 056(s),

2 025(vs), 2 O12(m), 2 007(m), 1 994(w), and 1 966(w) cm—l



" on.m.r./CDCIL, 0 °C: 6 (p.p.m.) 3.5 (s, 9 H, OCH,), 2.5
(t, 2 H, S-CH)), 2 - 0.5 (m, 1 H, Si-CH -CH,-) and -15.4

(s, 1 H, Ru-H-Ru).

Preparation of fOsB(H)(CO)lO[S(CHZ)SSi(OMe)SI[

{OSS[CO)IZK (0.054 g) and HS(CH,) ;Si(OMe) , (1.1 equivalents)
were refluxed in toluene (60 cm3) for 6 hours, cooled, filtered,
the solvent removed in vacuo, the residue extracted with
hexane (10 cms) and the extract pumped to dryness. This
atforded the product as a yellow crystalline solid (0.046 mg,

75 % yield based on 2053(603125 consumed) .
I.r./hexane: 2 108(m), 2 067(s), 2 058(s), 2 024(s), 2 018(s),

005(w), 1 998(s), 1 989(s), 1 983(sh), and 1 955(br,w) cm*l.

[

1
“Hon.m.r./CDCLg, 31 °C: ¢ (p.p.m.) 3.5 (s, S H, OMe), 2.5
(t, 2 H, S-CH,)), 2 - 0.5 (m, 4 H, SiCH,CH,-) and -16.9 (s,

]

l H, OS—H"‘OS) *
Raman/solid: v,y 2 110(s), 2 060(br,w), and 1 999(br,s) em” 1,
Mass spectra: This was unobtainable due to involatility.

Analysis: calculated C, 18.3 %; H, 1.5 %.

found c, 19.1 %; H, 1.9 %.

Reactions with oxides

The oxides were predried to remove physisorbed water.
Most of the oxides were dried by heating to 120 ©C in vacuo

for 48 hours (Zn0 was dried similarly at 50 9C).
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Preparation of ligand functionalised oxide

HS(CHZ}BSi(OMe)3 (0.6 ¢g) and oxide (5 g) were refluxed
in xylene (50 cms) for 6 hours and then stirred at r.t. for
a further 15 hours. The solid was filtered off, extracted
with Et,0 for 4 hours in a Soxhlet apparatus and dried in vacuo
for 16 hours to give a white powder. An i.r. spectrum was
run on disc of thiolated aerosil 380 and the silica back-
ground subtracted out.
I.r. (4 000 - 1 300 cm"l, aerosil 380 window Region)

HS(CH,) ;Si(OMe) ; (film, KBr discs) HS(CHZJ3Si(OMe)3_X(OSiOZ)X

2 942(s) 2 938
2 841(s) 2 845
2 557 (w) 2 557
1 457 (m) 1 459
1 444 (m) 1 445
1 413(sh,w) 1 409
1 344 (w) 1 345
1 309 (w) 1 310

Silylation of the oxides

(a) By SiMeSClz a suspension of the oxide (0.2 ¢g) in a
benzene (5 cms} solution of SiMeSCl (0.04 g) was stirred
for 16 hours at 30 OC, refluxed for one hour, filtered and

washed witn CH,CI1, (5 times) and dried in vacuo.

2

the amine (1 cmj) was added to a slurry

. et .
(b) By NH(SiMey),:

of the oxide in CCl, and shaken overnight, refluxed for one

4
hour, filtered, washed with CH,Cl, (3 times) and dried in vacuo.



Reaction of fRuS(H)(CO)lO{S(CHZ)SSi(OMe)S}I with oxides.

A suspension of the oxide (0.2 g) was stirred in hexane
(40 cn®) solution of [Ruy(H)(CO),,{S(CH,) Si(OMe) )| (0.01 g)
for two hours. The pale yellow powders were collected by
filtration, washed with CH,C1, (5 x 30 cm®) and dried in vacuo.
I.r./Nujol mull: oxide =
510,, 2 106 (w), 2 083(w), 2 065(w), 2 055(w), and 2 026(w);
y—AlZOS, 2 105(w), 2 082(vw), 2 066(s), 2 056(s), 2 023(vs),
and 2 009 (sh); TiOZ, 2 103(m), 2 080(w), 2 065(vs), 2 054(s),
2 023(vs), 2 006(m) and 1 994(w); Zn0O, 2 105(w), 2 067(vs),
2 055(s), 2 036(w), 2 022(s), and 1 993(w); SnOZ, 2 104 (m),
2 080(w), 2 064(vs), 2 054(s), 2 022(s), 2 006(m), and 1 933(w);
MgO, 2 106(w), 2 080(w), 2 060(sh), 2 051(s), 2 040(s), and
2 000(m) cm -,

After some weeks at r.t. these samples became cream with
new 1.r. spectra (recorded after 12 weeks).
I.r./Nujol mull:
fRuS(H)(CO)lO{S{CHZ)BSi(OMe)S}i (decomposed) 2 111(w),
2 026(br,m), and 1 970(br,m); oxide = SiOZ, 2 120(br,w),
2 030(br,m), and 1 995(br,m); y—AIZOS, 2 100(br,w), 2 040
(br,s), and 1 985(br,s); TiOZ, 2 070(br,m), and 2 000(br,w);
ZnO0, 2 O055(br,m), and 1 975(br,w); SnOz, 2 035(br,m),
and 1 9385(br,s) en L.

It was found subsequently that if the manipulations were
carried out under carbon monoxide improved spectra were
obtainable. Most significantly the band at 2 083 - 2 080

1 o
cm was absent and the remaining peaks were sharper. The



samples, when stored under carbon monoxide, were found to

be stable almost indefinitely at -20 °C.

Interactions of ]RuS(H)(CO)lO[SPrn)I with oxides.

This was carried out as above. I.r./Nujol: oxide =

Si0 2 104(w), 2 064(w), 2 055(w), and 2 024(m); y-Al,0,,

2
2 028(m), and 1 980(br,m); TiOZ, 2 060(br,vw), 1 995(sh,vw),
and 1 950(sh,vw); Zn0O, 2 030(br,w), ans 1 975(br,w); MgO,

2 040(br,m), and 1 968 (br,m) cm—l; and Sn0, no v, peaks
observed. When the reactions were repeated under carbon

monoxide it was found that the amount of interaction was

reduced to almost negligible levels (not detectable in the

1.7.).

Reaction of IRuS(CO)lzi with HS(CHz)SSi(OMe)S_X[OM’On)X.

A suspension of the oxide (0.1 g) was refluxed in a
benzene solution (30 cms) of excess of ERuSCCO)lzl (0.05 g)
and allowed to cool. The bright yellow solids were collected
by filtration, washed with CHZClZ (2 x 25 cms) and MeOH (2 x
25 CmB), and dried in vacuo. IT.vr. (Nujol): M’On = SiOZ,

2 104(w), 2 090(sh), 2 061(vs), 2 054(s), 2 038(m), 2 023(s)

and 2 008; v-Al,0, 2 108(w), 2 094(w), 2 084(m), 2 067(s),

2
056(vs), 2 026(s), Z 010(s), and 2 000(br,s); TiOZ, 2 104 (w),

[N

[

091(w), 2 081(w), 2 064(vs), 2 053(vs), 2 023(vs), and
2 006(vs); ZnO, 2 104(w), 2 082(m), 2 063({vs), 2 054(s),

2 036(s), 2 021(vs), 2 006(vs), and 1 999(br,s); SnOZ.

-2

104 (w), 2 064(w), 2 053(w), 2 020(w), and 2 000(m); MgO,
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2 104 (w), 2 094(vw), 2 082(w), 2 063(m), 2 052(s), 2 038(m),

2 024(m), and 2 000(br,s) cm *.

The preparations were repeated on a sample of the thiol-

ated oxides which had been treated with SiMeSCI. Analyses:
Aerosil 380, 2.55 % Ru, 0.07 % Os; AlZO3 1.08 % Ru, 0.04 % Os.
I.r. (Nujol): M‘On = SiO2 2 105(w), 2 092(w), 2 080(vw),

2 064 (vs), 2 056(s). 2 038(m), 2 023(vs), and 2 007(s); Ales,

2 105(w), 2 092(w), 2 081(w), 2 064(s), 2 052(s), 2 038(m),

2 023(s), 2 008(vs), 1 998(br,vs), and 1 945(m); Ti0,, 2 104(m),
2 091(w), 2 080(w), 2 064(vs), 2 053(s), 2 038(w), 2 022(s),

2 006(vs), and 1 999(br,s); Zn0O, 2 102(w), 2 080(w), 2 064(m),

2 054(s), 2 023(m), 2 008(m), and 1 998(br,m); SnOZ, 2 104 (vw),
2 090(vw), 2 080(w), 2 062(w), 2 052(w), and 2 000(br,s);

[OEEETA!
L J

Al
R ANE) Loy

-1

7 AZIm)
L Sym)

0§ 2 055(m), 2 023(m), and 2 000(hr, w)

aiy e L PR L

(2]

) s
cm

Again it was found that improved spectra were obtained

when the reactions were repeated under CO.

Reaction of §GSBH(CO)IO{S{CHZ)SSi{OMe)S}£ with oxides (M’On).

This was carried out as described for the ruthenium
analogue except that the solids were extracted with EtzO
(6 h) and MeOH (6 h) in a Soxhlet apparatus. In all cases
this caused some leaching but pale yellow solids were obtained.
Osmium analyses: Aerosil 380, 0.36; A1203, 2.94; TiOz, 3,17,
MgO, 1.00; ZnO, 1.33 %. I.r. (Nujol): oxide = SiOZ,

2 109(m), 2 069(s), 2 058(s), and 2 024(vs); Al,0,, 2 109(m),

2 067(s), 2 057(s), 2 023(vs), 1 997(br,m), and 1 986(br,m);
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Ti0,, 2 107(m), 2 067(s), 2 056(s), 2 023(vs), 1 998(br,m),

and 1 988(br,m); Zn0O, 2 108(w), 2 067(s), 2 057(s), 2 022(vs),

1 997(br,m), and 1 988(br,m); SnO,, 2 107(w), 2 066(s),

2 056(m), 2 021(s), 1 997(br,w), and 1 985(br,w); MgO,

2 108(m), 2 067(s), 2 056(s), 2 022(vs), and 1 998(br,m) cm~1.

Reaction of !OSS(CO)lzl with HS(CHZ)SSi[OMe)S_X(OM’On)X.

A suspension of thiolated oxide (0.5 g) was refluxed in
a toluene solution (40 cm3) of }Oss(CO)lzl (0.025 g) for 6 h
and allowed to cool. The mixture was filtered and the solid
residue extracted with EtZO (5 h) in a Soxhlet apparatus.
No leaching occurred, and the products were obtained as yellow
solids. Osmium analyses: Aerosil 200, 2.01; AlZOS’ 2.24,

TiOz, 1.96; MgO, 0.95; ZIn0O, 1.95 %. I.r. (Nujolj): M’On =

$i0,, 2 108(m), 2 068(s), 2 057(s), 2 020(s), 1 999(br,s),

and 1 980(br); Al,0., 2 109(m), 2 067(s), 2 057(s), 2 024(s),

2

1 995(br), and 1 983(br); TiO 2 109(m), 2 067(s), 2 057(s),

29
2 024(s), 1 955(br), and 1 988(br); Zn0, 2 108(m), 2 067(s),

2 057(s), 2 022(s), 1 997(br), and 1 986(br); Sn0,, 2 108(m),
2 067(s), 2 057(s), 2 022(s), 1 997(br), and 1 986(br); MgO,

2 110(m), 2 067(s), 2 057(s), 2 024(s), and 1 992(br,s) cm L.
This procedure was repeated on samples of thiolated

oxides treated with SiMeSCI. Osmium analyses: Aerosil 200,

(3]

; Aerosil 380, 2.74; Alzoz, 1.79; TiOZ, 2.13; MgO,

; In0, 0.25 3. I.r. (Nujol): SiO,, 2 108(m), 2 067(s),

2.3

o
~J
lee]

2 059(m), 2 023(vs), 1 997(br,m), 1 987(br,m), and 1 980(sh);

0,, 2 109(m), 2 067(s), 2 058(s), 2 023(s), 1 995(br,m),

Al 3

o



2

4

and 1 987 (br,m); TiOZ, 2 109(m), 2 067(vs), 2 058(s),
2 024(s), 1 995(br,m), and 1 987(br,m); ZnO, 2 110(w),

2 067(s), 2 059(m), 2 024(s), 1 997(br,m), and 1 987 (br,m);
SnOz, 2 108(m), 2 066(s), 2 056(s), 2 021(s), 1 997(br,m),

and 1 988(br,m); MgO, 2 109(m), 2 066(s), 2 058(s), 2 022(s),

1 995(br,m), and 1 988 (br,m) cm T

Reaction of [RuB(CO)lzl with oxides M~0_

This was carried out under the same conditions as used
for the reaction with thiolated oxides.
I.r. (Nujol) mull: M’on = Si0,, 2 060(s), 2 032(m), and
2 011(w); vy-Al,0, 2 104(vw), 2 080(w), 2 064(m), 2 056(m),
2 038(m), 2 025(m), 1 990(br,m), and 1 950(br,w), decomposed

1Toaa -

{3 hrs, r.t.) to give 2 065(br,m), &an

(o}
&

0 m); Ti0

o 1
L& g ait 3 A

ok

A
a

70

2 066(br,s), and 1 998(br,m); Zn0O, 2 055(br,m), and 1 970(br,m);

SnOz, 2 061(br,w), and 1 987(br,w); MgO, 2 082(w), 2 042(br,w),
1 984(vs), and 1 966(br,vs) cm” L. Analyses: S8i0,, 0.21 %
Ru, 0.02 % Os; y—Alzos, 1.51 % Ru, 0.04 % Os. These reactions

were repeated on oxides silylated using, (a) SiMeSCI, I.r.
(Nujol) mull: M’On = SiOz, no veqs y—AlZOS, 2 070(s), and

1 996(br,m); TiO 2 064 (br,vw), and 1 994(br,m); Zn0,

2
2 065(br,s), and 1 997 (br,m); Snoz, 2 065(br,w), and 1 993
(br,w); MgO, 2 070(br,w), and 2 000(br,vw) cn t,

(b) (SiMeS)ZNH, I.r. (Nujol) mull: M’On = 510
Y_AlZOS’ 2 068(br,vw), and 1 985(br,w); TiOz, 057 (br,m),
and 1 985(br,w); Zn0, 2 050(br,m), and 1 967 (br,w); SnOz,

060(br,w), 2 030(br,w), and 1 975 (br,w); MgO, 2 040(br,m),



2 010(m), 1 993(br,w), 1 982(br,w), 1 968 (br,w), 1 935(br,w),

1 925(br,w), 1 817(br,w), and 1 788 (br,w) cm t

Reaction of IOSB(CO)lzf with oxides (M70_)

This was carried out as described for the reaction between
{053(60)12§ and the thiolated oxides. Osmium analyses:

Aerosil 380, 1.00; y-Al2 33 2.26; TiOZ, 0.93; Mg0O, 1.70;

Zn0, 1.90 5. I.r. (Nujol) mull: Si0,, 2 115(w), 2 078(s),

2 064(m), 2 024(vs), 2 014(sh), and 1 985(br,m); AlZOS,
2 021(br,s), and 1 947(br,m); TiOZ, 2 030(br,m), and 1 947
(br,w); ZnO, 2 108(w), 2 067(m), 2 059(w), 2 045(sh), 2 020(s),
2 018(sh), 2 000(br,s), 1 990(w), and 1 985(w); SnOZ, no Vg
observed; MgO, 2 015(br,m), and 1 930(br,w) cm™ L,

A similar procedure was carried out on oxides treated
with SiMeSCl. I.v./(Nujol) mull: SiOZ, 2 124 (br,w), 2 114(w),
078(m), 2 065(m), 2 026(s), 2 Ol4(sh), 1 999(w), and

o

1 987 (br,w); y-Alzo 2 106(vw), 2 060(br,m), 2 034(br,s),

3>
1 950(br,m), and 1 925(br,w); TiOz, 2 104 (w), 2 065(m),

2 056(w), 2 026(s); InO, 2 025(br,m), 1 980(br,w), and 1 970
(br,w) cm—l; MgO no v.4 observed.

Repeating the reaction of {OSB(CO)lzl with oxides in
refluxing toluene for 5 hours, with no Soxhlet extraction
afforded different i.r. spectra for y—AlZO3, TiOZ, MgO and
n0. I.r./(Nujol) mull: Y—AlZOS, 2 102(w), 2 083(sh),
061(s), 2 048(s), 2 015(vs), 2 001(sh), 1 941(br,m), and

[

1 919(br,m); TiO 2 117(m), 2 102(w), 2 062(w), 2 043)w),

Z,
015(vs), and 1 940(br,w); In0O, 2 102(w), 2 085(w), 2 060(s),

)
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2 047(s), 2 016(vs), 2 001(sh,s), 1 978(sh), and 1 929(br,m);
MgO, 2 10Z(w), 2 059(m), 2 045(s), 2 033(w), 2 015(vs), 1 998

(sh,m), 1 967(sh,br,m), and 1 929(br,m) em L.

Reaction of [OSS(CO)lo(MeCN)ZI with SiPhSOH

A solution of fOsS(CO)IO(MeCN)Zf in dry benzene was
prepared by gradual addition of NMe ;0 in CH,CN to [OSS(CO]lzl
(0.066 g) and MeCN (5 cms) in benzene (50 cms). On successive
additions, }OSS(CO)ll(CHSCN)) (i.r./hexane: 2 105(w), 2 053(s),
b

and subsequently fOsS(CO)IO(CHSCN)Z{ (i.r./hexane: 2 078(s),
1

2 041(s), 2 021(m), 2 000(vs), 1 984(sh), and 1 981(m) cm”

2052(m), 2 022(br), 1 993(sh), 1 984(s), and 1 964(m) cm_
were formed. Triphenylsilanol (2 equivalents) was added to
the reaction mixture which was then left overnight. The
solvent was removed and the residue chromatographed on 20 x
20 cm silica t.l.c. plates with hexane as solvent. Two
main bands were obtained which afforded EOSS(H)(CO)lo[OH)[z8
and §OSS(H)(CO]lO(OSiPhS)[.Zg (I.r./hexane: 2 112(w),

2 100(vw), 2 072(s), 2 063(s), 2 O44(w), 2 027(s), 2 022(sh),

2 001(s), 1 997(sh), 1 990(m), 1 985(m), and 1 958 (w) cm

1 e

H n.m.r./CDCIS, 31 °C: 8§ (p.p.m.) 7.40 (m, 15 H, Ph), and

-12.59 (s, 1 H, Os-H-0s).

Pyrolysis experiments on homogeneous and supported thiolate

clusters

These were carried out in an evacuable heated i.r. cell,

on samples prepared as pressed discs (unsupported clusters in
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KBr discs) by using a disc press (5 - 10 tons, 14 mm diameter
disc). In general, the PES80 i.r. spectrometer was programmed
with a repetitive scan and state routine and the sample

pyrolysed overnight. For the ruthenium samples the conditions

2

used were 50 °C and vacuum (5 x 107 mm Hg) and for the osmium

samples 30 -~ 150 °C (1 hour) and then 150 - 160 °C (overnight)

2

with a vacuum (5 x 10™“ mm Hg) or a partial pressure of carbon

monoxide (35 mm Hg).
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Chapter Three

A Study of the Reactivity and Catalytic Activity of

Solution and Tethered Thiolate Osmium Clusters.
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The impetus to derivatise these clusters was partially
provided by the need to characterise the anchored systems
more fully. In addition to this a reactivity study could
show up any effects on the reactivity of clusters due to the
oxide environment. Finally, cluster compounds can be regarded
as poisoned metal catalysts because they are often completely
coated with chemisorbed material and so have no vacant sites
available for substrate binding. A result of this is that
if a cluster is going to be an active catalyst it needs to be
able to produce a vacant site by either; 1ligand rearrangement,
ligand loss, or M —M bond rupture. Unfortunately, IOSS(H)—
(CO)IOSR{ does not readily show any of these features but

derivatives do exist which show suitable properties for a

[

The reported route™ to these derivatives (see Scheme 3.1)
involves the attack of RSO+ on a cluster anion. Unfortunately,
this route is unsuitable for the preparation of anchored

. . + .
derivatives as one cannot prepare RSO when R contains a
hydrolysable silyl group. However, a high yield route into
this cycle was found. This involves oxidising off a carbonyl
on the parent cluster by the use of trimethylamine oxide,

and then trapping the nonacarbonyl cluster produced with a

weakly co-ordinating ligand.
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RESULTS AND DISCUSSION

(a) Some aspects of the reactivity of solution thiolate

clusters.

A major problem encountered in catalysis with osmium

clusters is the high thermal stability of the 0s-€O bond.

For example, to 13c0 enrich osmium carbonyl by 12CO/lSCO

exchange requires a temperature of about 120 - 130 °C (over-

4

night) compared with 60 °C for [Rug(CO) ,|,” 25 °C for

5 6 7 .
IC04(CO)12[, th4(CO)lZI, and !FeB(CO)lz}. This reluctance
to undergo reactions which require a CO dissociation step can

be seen in the comparatively drastic conditions required for

8

reactions with poor nucleophiles such as olefins® and acety-

lenes9 (120 - 130 OC, several hours), which often result in
cluster fragmentation,LU e.g.

20 bar
l I
{OSS(CO)lzi + C2H4 1054(CO)12(C2H23§

P~
160 °C/4 hrs

+

5054(60)12(C4H8)!

In the case of }053[C0)12§ this problem is commonly
overcome by removing one or two carbonyls by MeBNO oxidation.
The electron deficient clusters produced are ''captured' by
weakly co-ordinating ligands such as acetonitrile and
pyridine (e.g. EOSS(CO)ll(NCMe)Ell). The easy replacement
of this weakly co-ordinated ligand allows the preparation of
species hithertounattainable which could be of catalytic

: j . 12
interest, e.g. {OSS(CO)ll(C2ﬁ4)!.



When an olefin isomerisation catalysis study was carried
out on [0s.(CO);4(H) (SPr™)| (4) it was found that this
compound only displayed a slight activity and then only under
conditions which caused cluster decomposition (125 9c, 15 hrs).
So, despite the presence of the thiolate ligand and the
bridging hydride, none of the 0s-CO bonds are activated
towards dissociation. This inactivity has been overcome by
preparing the nonacarbonyl derivatives directly}' This was
achieved by reacting )HOSS(CO)gsl_ with a cationic alkylating
agent in the presence of a weakly co-ordinating ligand to
trap the otherwise unstable nonacarbonyl cluster. The
unstable nonacarbonyl cluster can be regenerated by heating

the ethylene adduct. This is an example of a metal-ligand

em with the sulphur ligand changing from a capping

"

radavy cve
redoX Svs

~
[ d
3

ligand (formally a five electron donor) to a bridging ligand
(formally a three electron donor) when in the presence of
a suitable ligand.

This ability of the sulphur to cap depends on both
steric and electronic factors. The ability to cap 1is
increased when the sulphur is more electron rich. For
example, the stability of [OSB(CO)Q(H)ZS§ > > §053(CO)9(H)—

1y n.m.r. spectra of these

(SEt)| »> IOSS(CO)Q(H)(SM8)§. The
compounds provide evidence for the increased electron donation
of sulphur on changing from a bridging to a capping mode.

For example, the protons on the carbon attached directly to

the sulphur are deshielded in the nonacarbonyl compounds

compared to the substituted nonacarbonyl compounds and the
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decacarbonyl compounds. For example, in [OSB(H)(CO)gsprn]
(13) the methylene protons come at & 3.15 compared to &
2.5 in [OSB(H)(CO)loSPrnf (4) and 6 2.44 in [Os;(H)(CO) g4~
(CZH4)(SPrn)I (7). Also, the hydride shows an increased
shielding when the sulphur adopts a capping configuration,
e.g. -20.92 (13), compared with -17.39 (4) and -17.04 ¢ (7).
The greater instability of fOsS(CO)g(H)SR! when R = Pr"
compared to when R = Et is unexpected as the propyl group
should be just as strong an I+ group. A possihle explanation
for this discrepancy is that the greater steric size of the
propyl group causes the delicate balance between the two
co-ordinations tobe shifted in favour of the less sterically
demanding bridging species. Interestingly, the sulphur in
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does no ear to cap symmetrically as
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its i.r. spectrum resembles closely that of the ethylene
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adduct. Some evidence for the proposed steric conjestion
on the sulphur side of the capped cluster is given by the
X-ray of 105,(CO)g(H),(2,-5) /P.P.N."1> in which 6 carbonyls
point up and out on the sulphur side.

The stability of the nonacarbonyl compounds, 'OSS(CO)g—
(b,-H)(v3-SR) ,relative to decacarbonyl compounds varies as one
ascends the iron-ruthenium triad. That is, the equilibrium
position (see diagram 3.1) changes from being far over to
the left for osmium to far over to the right for iron,14’15
with ruthenium16 being intermediate. This is probably a

reflection on the increase in the stability of the M-CO

linkage from iron to osmium. The stability of the capped



-g8-~

(co co
M)4 (M )3
<""""‘""'—"~ S
/R

M(CO) (0C) M M(CO)

>~
7 RN

(OC)S\QZZZZZ

S
R
diagram 3.1
species increases dramatically from osmium and ruthenium to
iron and this probably is a result of better fitting of the

sulphur cap. Opposing this is the increase in M-M bond

18

strength on descending the triad, and this is seen in the

relative stabilities of [0s,(C0),(H),(u;-5)|" and |Rug(COY,-

(H)y(u5-5) 1101
"

As fO{(CHz)SSi(OMe)B}B{ ,BFif_ was not attainable another
entry route to the nonacarbonyl compounds, §OSS(CO)9(H)(X)SRi
had to be devised. The alternative entry found (see Scheme 3.2),
included removing a carbonyl from the decacarbonyl cluster by
MeSNO oxidation. A trapping agent was found to be required
as the nonacarbonyl cluster turned out to be unstable. Two
weakly co-ordinating ligands, CHECN and C2H4, were evaluated.

The CH,CN gave the best yields possibly because of its higher

3
concentration compared with the dissolved ethylene, Indeed,

when the ethylene was forced to dissolve by using an autoclave

the yield was increased.

Although Lewis and co—workersl have prepared many of the
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05(C0) o (1) (SPx™) | (4)

MeSNO/CHSCN

|05 (COY 4 (H) (CH,CN) (SPr™) | (8), (9) and (10)

C,H,/a | (8) and (9)

24
! PPh./(10)
05 (C0) o (H) (C,H,) (SPT™) ] (1)
v
1055(CO) g () (SPr™) | (13)

PPh,

o)

CZHZ/Q
v

1055(C0) g (H) (C,H,) (SPr™) | (12)

V
(05 (COY 4 (H) (PPh)SPr™| (11)

V
| ~ n E .
105 5(C0) () (PPR ) (SPX™) | (14)

Scheme 3.2.
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compounds in Scheme 3.2, they have only determined the

structure of the ethylene adduct.t? This lack of information

prompted the investigation of these compounds by 3¢ nom.r.

13

The CO enriched compounds were made from 13c0 enriched

{OSS(CO)lzf in much the same way as were the unenriched
compounds except identification mainly depended on the R.f.

1

values and "H n.m.r. spectra as i.r. spectroscopy using the

carbonyl fingerprint was of little use.

The structure of compounds, iMS(CO)lO(H)(SR)l, have been
determined by X-ray diffraction.? Both the decacarbonyl
compounds prepared (M = Os; R = pr® (4) and (CHZ)SSi(OMe)3
(2)) gave solution 13CO n.m.r. spectra in agreement with the
compounds maintaining the same structure in solution as in

the solid state. The {lH} 13

C n.m.r. spectrum for (4) (see
Figure 3.2) displays a six line spectrum of approximate
relative intensities 1:1:2:2:2:2 indicative of a plane of
symmetry in the molecule. The two bands of intensity one,
can be assigned to the two inequivalent axial carbonyls. The
rest of intensity two, are due to the symmetry related

1

carbonyls. The "H coupled L3 nim.r. spectrum of (4) allows

one of these (Band at 169.5 p.p.m.) to be assigned to the

pair of carbonyls trans to the bridging hydride because of
2z

the strong angle dependence of JHC'ZI,ZZ A variable

temperature 13C n.m.r. study showed no change from -60 ©°C

to 60 °C indicating that (4) is rigid on the n.m.r. time scale

over this temperature range. The *°C n.m.r. of )OSS(CO)IO—

(H) (X) | where X = 3e donor (e.g. SEt, SPh, NBu"H, OH, Cl1, Br,
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180 170 (p.p.m.)

5 (CO) 1 () (SRY |

inset the structure of |Os
3CO enriched (2)

13 1

(a) C-{"H} n.m.r. spectrum of
(R = CH,CH,CH,Si(0Me) ;) in CD,C1,.
(b) ly coupled “°C n.m.r. spectrum of ~°CO enriched

(2) in CD,C1,.
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I, CO,Me and COZCPS) have been reportedzj for temperatures
above 70 °C. It was found that for X = SEt, SPh, NBu'H,

Cl, Br, I and CO,CF, the previously rigid clusters show a

2773
broadening of the axial carbonyl bands in conjunction with
a band of intensity 2. Obviously positional exchange is
starting to occur about the unique osmium, and because of
the close similarities of the spectra (band of intensity 2
that broadens, X = SEt 173.7; and SPh 173.8 &) this allows
the assignment of the peaks due to the equatorial carbonyls
in (4) and (2) (173.9 and 174.4 §, respectively). The
mechanism of this exchange is unknown but clearly involves
only rearrangement of the carbonyls on the unique osmium atom.
This rules out incidentally, mechanisms which involve rotation
of the metal core w

24 N . ) .
envelope, and bridging carbonyl 1ntermedlates,2 since

a fixed or variable carbonyl

these would be expected to cause carbonyl exchange between

adjacent osmium atoms.

13

In the C~{1H} spectrum of (2) there is an unexpected

extra peak between the two axial carbonyl bonds. This is
probably caused by an accidental degeneracy in the inner lines
of a pair of doublets caused by ZJCC' Since the level of
enrichment was only 35 % the likelihood of coupling

2

2 .
Je(axial)c(axial) 12 %, and Jc(axial)c(equatorial) =2

Thus the most likely source of the coupling is between the

g
(4

2
-

axial and equatorial carbonyls on the unique osmium atom.

Some supporting evidence for this comes from the steric

2 L. -
dependence of ZJCC’ -J being usually 30 - 35 Hz and

CC(trans)
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26 The ZJcc from the spectrun

2 0 .
Jcc (907), being 3 - 4 Hz.

of (2) appears to be 5 - 8 Hz and so is obviously due to

ZJ (x 90°). There are several reasons why the coupling

cc
is not seen for the other carbonyls. Mainly this is due to
the low likelihood of there being two 13C enriched carbonyls

on two specified positions., In the case that it is seen,

this is doubled by there being two possible equivalent sites
for the second equatorial carbonyl and the intensity is also
increased by the accidental degeneracy. It is interesting

to note that the outer lines are not seen, presumably they

are incorporated in the tails of the uncoupled peaks. Another

reason why coupling is not seen for the other bands is the

angle dependence of J_ _. In §S. Aime's paper,26 the coupling

cC
Loptman cavlonul & fe highie L19AA tathad 1N (LI (N e
CELWEE Carolny.s in nignisy vu enridnla ;uSSkujzkuujlo‘ 15
not seen for the carbonyls on the osmium atoms bridged by the

hydride despite the coupling being seen for the trans and cis

carbonyls on the unique osmium. This is presumably due to
ZJCC being too small to be observed. So by analogy one

would not expect to observe it for the carbonyls on the osmium
atoms bridged by the sulphur, which have approximately the

sane relative spacial positions. In the 1H coupled spectra

of (2) and (4) one of the axial carbonyl bands is split by

2

J Unfortunately, not enough is known at present about

HC®
the steric effects on long range 1H ——13C coupling to assign
the axial carbonyl.

The reaction of [OSS(CO)lo(H)[SPrn)i (4) with Me;NO in

CHSCN produces three major products all with the same formulae,
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iOsS(CO)g(H)(SPrn)(CHSCN)I (from their mass spectra). These
are thought to be isomeric compounds which could be different
in the position: of the acetonitrile on the triangle (either
adjacent to the bridge or away); of the acetonitrile on the
osmium (could be axial, equatorial, or trans to the uzbhydride

etc); of the hydride or the SR ligand (due to inversion).

The 1H n.m.r. spectra differentiates the three isomers readily

on the basis of the position of the hydride signal, but the

acetonitrile resonance appears to be much less sensitive to

the environment and does not help in the assignment. L3¢

n.m.r., however, proved to be a much more sensitive tool.

In the case of (8) (see Figure 3.3) the 13C n.m.r. five

band pattern of approximate intensities 1:2:2:2:2 is indicative

on the uniaue

. 1 C g . .
osmium. The 3C n.m.r. spectrum does not indicate which site

is occupied but the position cis to the hydride is probably
favoured on steric grounds. Some evidence for tnis 1s

supplied by the X-ray structures of EOSBECO)lo(H)(SEt)EZO and

|05 (CO) o (H) (C,H,) (S¥e) | *° in which the axial carbonyl is

tilted away from the sulphur ligand due to steric interactions

13C n.m.r. spectra

with the sulphur lone pair. The 1y coupled
again shows a splitting of the trans carbonyls from the HoT
hydride. The other bands in the spectrum also show a
variation in relative intensities on turning off the broad
band decoupler due to removal of the Overhauser effect.
Upon warming to r.t. (8) interconverts slowly with (9)

but not (10) to give an equilibrium mixture of 60 % (8):40 %

(9). This piece of evidence suggests that (8) and (9) are
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on the same unique osmium but differ in their stereochemistries.
. . 13

This is confirmed by the °C n.m.r. spectrum of (9) (see

Figure 3.4) which shows nine carbonyl bands, indicative of

the CH,CN occupying an equatorial position on the unigue

3
osmium. Again there is insufficient evidence to assign
the carbonyl peaks except for the two due to carbonyls trans
to the hydride and one of the axial carbonyls (which is also
split by JHC)' The carbonyl peaks trans to the hydrides are
in general shifted upfield either due to electron donation
by the hydrides (causing increased shielding) or by virtue
of their position relative to the cluster triangle.

The steric and electronic factors which govern the
equilibrium between (8) and (9) are not easy to evaluate.

— s . . o~ ~ H “ — o mm m A e m S ~ A o
Firstiy, considering {USECbU)17;, the equatorial positions

ot T

should, being trans to a M-M bond, have more electron density

available for back donation than the axial positions. So
the axial positions should suit ¢ donor ligands and the

equatorial = acceptor ligands. Some evidence to support
this comes from the structures of compounds of the general

formula %OSS{CO}lle. In the case of good ¢ donor ligands
(poor = acceptors) they are found to go axial (X = NHSZ’ and

CHSCNZQ), whereas good = acceptor ligands tend to go

2 .
equatorial (X = C7H4“9). However, in the last example, steric

effects may have predominated. For example, isocyanide
ligands are good ¢ donor and moderate = acceptors. Though

they are poorer o donors than cyanides they still go axial

when the ligand is small, e.g. fOsS(CO)llCNMeZ.Jl However,
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as they increase in size or the cluster becomes more
substituted they lose this preference and go also in equa-
torial positions (e.g. [OSS(CO)11CNBut[30 exists as a mixture
of both axial and equatorial isomers). This is because the
equatorial positions are less sterically demanding than the
axial ones. Further evidence for this is seen in the
compounds ?OSS(CO)IIPRSQ in which the phosphines go exclusively
equatorial (ﬁ—ray,s 13C n.m.r.SI) despite their strong o
donor and poor = acceptor properties.

The situation for, §OSS(CO)9(H)(CH3CN)(SPrn)§ (8) or (9),
is more complex both sterically and electronically. The

axial position on the unique osmium is more sterically hindered

than cn osmium carbonyl on the sulphur side of the cluster.

S B P . e
55 beCdude Lilcl€ arc

[¢]

But on the hydride side it is probably 1
no other axial carbonyls on the adjacent osmium atoms. The
isomers of §OSS(CO)9(H}(PPh3)(C1 or I)| are thought to be due
to this lack of hindrance allowing the phosphine to go both
equatorially and axially.32 This line of argument suggests
that the axial isomer for the CHBCN should be even more
stable than the osmium carbonyl analogue, on steric grounds.
However, this is evidently not the case, a possible reason
why (9) occurs is that the sulphur causes the whole unique
osmium unit (OS(CO}4 or OS(CO)S(L) unit) to tilt away from

it (see the solid state structures of {OSS(CO)IO(H){SEt)QZO
and §OSB(CO)9(H](CZH4)(SMe)519) and so mixes the electronic
preferences of the different positions on the unique osmium.

The CH,CN derivative (10) is due to substitution next to

3
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13
C n.m.r. spectrum shows numerous peaks

the bridge. The
(14-18) which are in part due to its decomposition. The

CO given off by this being taken up by (10) to give
[OSS(CO)IO(H)(SPrn)i (4). Once the peaks due to (4) are
subtracted out the problem becomes more tractable with an

8§ or 9 band pattern remaining. This suggests that the
molecule has no plane of symmetry (as one would expect for
substitution adjacent to the bridge) and has only one major
isomer occurring over the temperature range scanned (-60 -

0 9C). This is in part confirmed by the ly n.m.r. spectra
of the unenriched compound which show only one CHSCN and
hydride resonance over the temperature range, -60 - 30 °c.

However, at 30 °C decomposition was evident after ten minutes

and a weak peak in the hydride region was seen assignable ta
(4). Further evidence for the CH.CN being next to the bridge

is given by its reaction with PPh3 which is discussed later.
It was found that the relative yields of ((8) + (9)):(10)
could be varied by changing the reaction temperature. Lower
temperatures favoured the production of (8) + (9) at the
expense of (10). This is in accord with the MeSNO becoming
more specific as the temperature is lowered and reacting in
preference with the least sterically hindered carbonyls but
electronic effects within the cluster may also cause this

preference.

The reaction of (8) + (9) with ethylene was carried out
in 1,2-dichloroethane so when the solvent was blown off the

freed CHSCN is also removed so as to provide
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055 (CO) o (H) (C,H,) (SPT™)| (7) free of (8) and (9). The
X-ray structure of IOSS(CO)Q(H)(C2H4)(SMe){19 shows that the
ethylene ligand occupies an equatorial position (as deduced
for |0s5(C0);;(CH,) [%7) with the C-C axis in the plane of
the osmium triangle. The ethylene is bonded in the Chatt-

13

Dewar-Duncanson bonding mode. The C~{1H} n.m.r. spectrum

(see Figure 3.5) displays an 8 line spectrum instead of the

9 line pattern one would expect for a molecule with Cl
symmetry. This is because of an accidental degeneracy in the
upfield peak. The lH decoupled spectrum shows a splitting

of two bands (probably the two carbonyls trans to the hydride).
This is only resolved for one (band at 169.8 §), the other
only shows a reduction in intensity due to a broadening (band
t 172.8

~
[*3

5y,
1

The "H n.m.r. spectrum is unusual in the light of the

13C n.m.r. results. If the ethylene was fixed in space it
would have four inequivalent protons because of the Cq
symmetry of the molecule. The 13C n.m.r. spectrum shows
that all the carbonyls are {rozen on the n.m.r. time scale.
So, if the ethylene was rotating as currently thought34 only
about its M-+7 bond axis, one would expect to see a doublet

of doublets , since only inequivalent pairs of trans protons
would be interconverted. lowever, the 1H n.m.r. spectrum displays
only a singlet (30 °c- -1114 OC) and as the compound only
dissociates rapidly at 80 °c (to give the capped cluster)

a dissociative mechanism for the ethylene's lH exchange 1s

unlikely. A possible mechanism that would account for the
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spectral results involves two rotations. That is,one
about the w-M bond and one about the C-C bond.

The reaction of (7) or ((8) + (9)) with PPh3 gave
[055(CO) o (H) (PPh;) (SPT™) | (11) in high yield. The 'H n.m.r.
spectrum of this compound, besides demonstrating the existence
of the alkyl groups, shows only one hydride signal. This
is because the phosphine is co-ordinated to the unique osmium

13

atom away from the hydride bridge. The C n.m.T. spectra

(see Figure 3.6) show that the phosphine occupies an
equatorial position on the unique osmium. Three bands
(192.6 at -60 °C; 190.8 and 178.5 & at 31 C) show varying
amounts of phosphorus coupling and so can be tentatively

assigned to the three carbonyls on the unique osmium atom.

" m

- T~ IT o~ omemmy T e d man i oo
the "H coupled spectrum the ban 180.8 ¢ (p-y-ux.}

[N

o
(>

Since i1
shows further splitting it can be assigned to one of the
axial carbonyls. Two other bands in the low temperature
spectra also show a lH coupling (174.8 and 172.1 §) and can
by virtue of their upfield position be assigned to the
carbonyls trans to the hydride. On warming to 31 °C the
bands broaden unevenly. The furthest downfield band

(192.5 &) broadens more than any other band, whereas the

band at 191.2 sharpens to give a doublet (190.8 &), and the
three furthest upfield bands become accidentally degenerate
to give a strong peak at 171.4 with a shoulder at 172.1 ¢
(p.p.m.). Another spectral change that occurs on warming
from -60 °C to 30 °C is that the signal for the phenyl rings,

in the lJC-{lH} n.m.r. spectrum, changes from a broad hump to
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L3¢ n.m.r. of (11) in CDCL

Figure 3.6. Inset, proposecd structure of ]OSKLCO)Q(H)(SPTH)(PPhS)i (11). 7

O

at -00 °C  (a) ' coupled, (b) ().
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a sharp five peak equal intensity pattern (2 pairs of
doublets and one singlet). These can be assigned to the
ortho, meta and para carbons on the phenyl rings. The
phosphine substituted carbon not being seen presumably
because of poor relaxation.

These spectral changes could be caused by two fluxional
processes. Firstly, at high temperatures all the ortho or
meta or para carbons are equivalent. So the phosphine as
well as rotating about its M-P axis must also be rotating
about the P-Ph bond. At low temperatures ,because of the
single broad phenyl signal, one or both of these rotations
must be slowed down. The broadening of particularly the

axial carbonyls (band at 192.5 & appears to be an axial

b)

carbonyl d the band at 178.6 ¢ an equatorial by comparison

£

i

[
(¥}

with the C n.m.r. spectra of (4)) at low temperatures
requires the invoking of a slowing of both rotational
processes, since the equatorial carbonyl and the rest of
the carbonyl bonds remain relatively sharp. This broadening
of the axial carbonyls 1is probably due to a localised effect
such as a restriction to the rotation of particular phenyl
rings. The sharpening of one of the axial carbonyls
(191.2 &) and the broadening of the other (192.5 3§) on
warming to 31 °C is hard to interpret but possibly could be
caused by a combination of acceleration of the phosphine
rotationsysharpening peaks, while requiring the movement of
one of the axial carbonyls and so broadening its peak.

The reaction of [0s (CO) 4 (H) (CH CN) (spr™)| (10) with PPh
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gave IOSS(CO)g(H)(PPhSJ(SPrn)I (14). The lH n.m.r. spectrum
of (14) shows 31? coupling to the hydride and on cooling the
hydride signal is resolved to a pair of unequal doublets.
This indicates that (14) exists as a mixture of two rapidly
interconverting isomers with the phosphine occurring on a
osmium common with the hydride. A similar situation has
{35

been reported for {OSS(CO)g(H)(PPhZMe)(SPh) which was

produced by heating }OSS(CO)IO(H)(SPh)] with PPh,Me. This
compound was reported to exist as two isomers. The major
species gave a doublet with a splitting of 28.5 Hz while the
minor species displayed only a splitting of 6.5 Hz. These two

species can be assigned in the light of the current knowledge

on the steric effects on J 21 as due to trans (major isomer)

PH
and cis {(minor isomer) ovrientations of the phosphinc rclative
. . . 2
to the hydride. As both isomers of (14) display JPH values

of about 6 Hz, the phosphine in both isomers must not adopt

a trans configuration relative to the hydride (see Figure 3.7).
That is, it must occupy positions P1 or P, but not PS. The

13C n.m.r. spectra for (l4) are not consistent with the two
isomers differing in the position of the phosphine otherwise
two sets of nine bands (ignoring phosphine and proton coupling)
should be seen in the low temperature spectrum. As this 1s
not observed these two isomers must differ in some other
aspect, to which the carbonyls are insensitive, such as the
relative orientations of the phenyl and propyl groups. For
this to occur requires the molecule to be sterically conjested

so as to stop the free rotation of the phosphine. This effect
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has been seen for (11) at -60 °C, in which the phosphine
occupies the less sterically conjested equatorial site on

13C n.m.r. spectra of (14)

the unique osmium. The H coupled
show that there is only one carbonyl in the trans position

to the hydride. To account for this, since the phosphine

does not occupy a trans orientation to the hydrides, a partial
rotation of the M(CO)Z(PPhB) unit is proposed. The driving
force behind this is probably the conjestion about this osmium.

13

An interesting point about the C n.m.r. spectra of (14)

was that no phosphorus coupling was observed, unlike in the
case of (11) with the phosphine on the unique osmium. The
reason for this is the steric dependence of JPC which like

J C is largest for angles of 180 OC, small for angles of 90 ¢

C

and very small for intermediate angles (like those seen for

26
).

The reaction of (7) or ((8) + (9)) with acetylene gave

the carbonyls next to the hydride bridge in H7053(CO)1O

two maln products, The major of these from its mass spectrum
is formulated as 0s;(C0),,(H) (CzHZ)(SPrn) (12).  The r.t.
g onom.r. spectrum of (12) confirmed the existence of a
n-propyl group, bridging hydride and an unsaturated alkyl
group, probably acetylenic. This acetylenic peak on cooling
broadens and '"freezes' out as a distorted ab quartet (see
Figure 3.1). Another possible CZH7 ligand besides a + bound
acetylene which could give two inequivalent hydrides is a
vinylidene (M=C=CH2) greuping. Deeming has reported compounds
which resolve this problem (see Table 3.1). Obviously from

these results, (12Z) contains a = bound acetylene.
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Figure 3.1. Variable temperature lH n.m.r. spectra of

[0s5(CO) g (H) (C,H,) (SPr™)| (12) in the

acetylenic region.




-116-

TABLE 3.1.
Compound 1H n.m.r. of CZH2 ligand/$ (p.p.m.)
(12) 10.4(s) 31 °c
10.43(d), 9.88(d) -40 °c
Os , (H),(C0) 4 (CHCH) | 9.3(s) 0 °C
10.2(d), 9.2(d) -120 O¢
055 (H) (AsMe,,) (CO) 4 (CHCH) | °®  10.52(d), 10.03(d)
|05, (H)(CO) (GCH, )| 3728 6.1(s), 5.6(s)
3V 9 2
|05 5 (H) (AsMe,) (C0) o (CCH,) [°°  5.98(s), 3.29(s)
The 3¢ n.m.r. spectra of (12) provide evidence that
the acetylene like the ethylene occupies an equatorial site
on the unique osmium. The low temperature L3g spectrum
displays (see Figure 3.8) an 8 line pattern indicative of
the molecule having a Cl symmetry. Incidentally, it should

be a nine line pattern but there is an accidental degeneracy
of two lines to give the intense upfield peak. This pattern
remains unchanged upon warming to -40 °C and then broadens

to give a single broad feature by 12 °C (centred at 173.7 8).
This remains broad up to 30 °C and then sharpens to give

a four band spectrum at 50 OC (relative intensities 2:3:2:2).
This remains unchanged up to 70 °c. This high temperature
spectrum is that which would be expected if there was
substitution on the unique osmium and a time averaged plane
of symmetry in the molecule caused by exchange of the groups

on the unique osmium, with no exchanse with the other osmium
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atoms. This lack of exchange with the two hydride bridged
osmium atoms is in accord with the variable temperature 13C
n.m.r, spectrum of {OSS[CO)IO(H)(SR)l in which the bands are
due to the carbonyls on the unique osmium broaden first.
An important point about the two fluxional processes occurring
in this molecule is that the acetylenic protons are not
interconverted, at least to start with, by the CO exchange
process on the unique osmium atom. As this M(CO)S(CZHZ)
exchange process coalesces and sharpens at about 20 oC above
the acetylenic protons interconversion process, the mechanism
for this proton interconversion probably is rotation about
the metal acetylene n-bond though processes involving
vinylidene intermediates cannot be ruled out.

The complete assignment of all the carbonyls in the
molecule is again not possible but the low temperature 1H

13

coupled C n.m.r. spectrum shows a broadening of two upfield

bands indicative of these being due to carbonyls trans to

the bridging hydride. One of these bands (168.3 &) is part
of the accidentally degenerate band. In the high temperature
spectrum (50 - 70 OC) these two carbonyls trans to the

hydride are now equivalent and give rise to either the peak

at 171.8 or 171.6 ¢ (p.p.m.). Unfortunately, on turning

off the broad band decoupler, broadening of one of the peaks
ocrcurs and causes an accidental degeneracy which makes it
impossible to assign them to one of the two. There 1is some
evidence in the low temperature 13C n.m.r. spectrum of (12)

for the co-existence of another isomer. This could be the
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axially substituted adduct (on the unique osmium). In

the low temperature 1H n.m.r. this species gives rise to

the sharp weak peak at 10.30 § (p.p.m.) which merges with

the rest on warming. In the low temperature 13C n.m.r.
spectra (see Figure 3.8) some weak extra peaks can be discerned
and these also disappear on warming and so are not due to
impurities in the sample.

The reaction of either the n-bound ethylene (7) or
acetonitrile ((8) + (9)) derivatives with hydrogen proceeds
through an intermediate compound to iﬂzoSS(c0395§. Pippard
has also observed this intermediate and proposed a structure
(see diagram 3.2) based on the products obtained by reacting
hydrogen halides with the nonacarbonyl clusters. Although

a route to the pure intermediate was found it proved to be too

Os (CO) . H
s (CO) 5 //Os (CO)SCl
H c.f F \\\
\ \
///////' \\\\\\\ \ ‘\\\\
(0C) O\ OS(CO)3 (0C) . Cs GS(CO)3
5 \
R
diagram 3.2
unstable for 1°C n.m.r. and despite numerous attempts only
a poor quality Y onomr. spectrum was obtained. This showed

in the hydride region signals due to both terminal and bridging



hydrides. Further comment on this spectrum is not given

because of its poor quality.

(b) Some aspects of the reactivity of tethered thiolate

clusters.

Both (4) and (2) (|0s;(CO)(H)(SR)[: R = pr, (4);
(CHZ)SSi(OMe)S’ (2)) were found to be inactive towards olefin
isomerisation under moderate conditions (< 100 ©C, 72 hours),
and only weakly so, under forcing conditions (125 OC, 15 hours).
Some doubt exists as to the nature of the active catalyst
under these conditions as extensive decomposition occurs.

Obviously from these results (2) is not a good candidate for

a supported catalyst. However, derivatives of the decacarbonyl
clusterst arc known which show features promising for catalysis.

xhibits a high,and more

[}

For example, EOSS{CO)Q(H)(SR)E
importantly, a reversible reactivity towards olefins. The
reported entry into this class of compounds cannot be used
to prepare the heterogeneous species, as 5R30{+fBF4[“ cannot
be prepared when R contains a hydrolysable silyl group.SS’SQ
A way around this problem was found and applied to the hetero-
geneous systems.

Thus the entry into this class of nonacarbonyl compounds
was achieved by using MeBNO to oxidise off a carbonyl in the
presence of a weakly co-ordinating ligand to trap the product.
Two ligands were evaluated (CHSCN, and CZHJE’ the CHSCN

proving to be the superior, was thus used for all subsequent

experiments. These yield vyellow/orange supported derivatives
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whose 1i.r. spectra were in fairly close agreement with
the homogeneous analogues (see Figure 3.9),

The reaction of the supported clusters with MeSNO
proceeded more slowly (5 - 24 hours compared to 20 minutes)
and required more oxidant (5 - 25 equivalents compared with
1.1 equivalents), in all cases, than the homogeneous analogues.
There ére two possible reasons for this. Firstly, the MeSNO
being partially ionic is probably strongly absorbed by the

oxide and secondly some MeBNO is consumed in oxidising any

excess free thiol ligand. Evidence exists for both these
suggestions. For example, when (2) was reacted with the

oxides it was found that a smaller excess of oxidant was

required than in the case of the anchored analogue, with the

same loading, prepared by reacting {033 CO)lZ! with the same
thiolated oxide. Obviously in this case some of the extra

MeSNO is required to oxidise the remaining free thiolate

ligands. MeSNO can be used to oxidise thiolate ligands
homogeneously.QO
e.g. R-SH + MeSNO—m__a,RSSR + R-S(0)-SR + RSOZH etc.

When the reaction was repeated on samples derived from
SiMe3Cl pretreated thiolated oxides a reduction in both the
reaction time and amount of Me NO required was seen. This
1s probably due to the SiMeBCI blocking the sites used for
surface absorption of the MeSNO, as a similar shortening of
the reaction time was seen on going from a non-polar (e.g.

cyclohexane, 3 days) to a co-ordinating solvent (e.g. CHSCN,
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[.r. spectra of (a) an equilibrium mixture of both
isomers (8) and (9) of [0s;(CO)g(H) (SPr") (CH;CN)| in
cyclohexane, (b) a Nujol mull of the CHSCN derivative
on thiolated aerosil 380, and (c) a Nujol mull of the

CHSCN derivative on SiMeSCI pretreated thiolated

Figure 3.9.

aerosil 380.



25 hours). Since the osmium loadings are similar on both
the SiMe3C1 pretreated and untreated thiolated oxides one
can assume that the SiMeSCI has not reacted with the thiolate
groups. This indicates that the excess MeSNO required 1is
taken up by (a) reacting with free thiolate groups, and (b)
permanent absorption on the oxide (since no further reaction
is observed with the clusters on standing).

Several points can be made about the i.r. spectra of
the supported CHSCN derivatives. In most cases there 1is
deliberately left some residual decacarbonyl cluster (as can
be seen by bands at 2 108 and 2 065 cmul, see Figure 3.9)
as excess MeSNO was found to cause further reaction and
cluster breakdown. The spectral quality in most cases
. T A mem T A

' — - - Ao om —— [ | -~ 2 — By
{eaception Zn0 due to reduced loading) were improvcd by

SiMeSC1 pretreatment (see Figure 3.9) of the oxide. The
isomers (8) and (9) which predominate in the solution also
appear on the support. Only one band that could be assigned
to the isomer with the CHBCN adjacent to the bridge (10)

is seen (2 094 cm”t compared with the band at 2 098 cn™d in

(10)).
The supported CHSCN derivatives were found to convert
exclusively to the C2H4 derivative when stirred overnight
as a slurry under ethylene (40 bar, 10 OC). The i.r.
spectrum (see Figure 3.10) illustrates a problem with
supported cluster spectra. That 1is, a minor or impurity
peak can be easily hidden by other peaks due to the peak

broadening caused by the oxide environment. For example,
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2100 1900 cm 1

.10. I.r. spectra of (a) §OSS(CO)9(H](SPrn)(C2H4)§ (7)

in pentane, and (b) a Nujol mull of the supported

analogue of (7) an aerosil 380. G = Grating change.
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the peak at 2 026 em ™t appears to have disappeared in the
anchored species but careful comparison with the silica back-
ground spectrum shows it to exist as a shoulder on the
2 010 cn” ! peak.

The supported CHSCN or C2H4 derivatives when stirred
overnight with excess PPh3 or refluxed in cyclohexane with
a C,H, bubble, convert cleanly to the PPh3 and CZHZ derivatives,
respectively, as can be seen from their i.r. spectra (see
Figures 3.11 and 3.12). Interestingly, in all these
derivatives (C,H,, C,H, and PPh;) the peak at 2 094 cm~1,
seen in the supported CHSCN derivative case, has disappeared

or is possibly obscured by peaks in the compounds but this

is unlikely as when the silica backgrounds are subtracted

cut, the peak ratios are similar to those seen in the homo-
geneous conpounds. Since the CHSCN derivative (10) does

not react with PPh3 oT CZHZ to give the same derivatives as
(8) or (9) do, these results indicate that the peak at 2 094
et is not due to (10) but due to a new species possibly
produced by oxide interaction with (8) or (9). Some
evidence for this comes from the reaction in which the CHSCN
derivative is regenerated from the supported ethylene adduct,
during which this band is also regenerated. Incidentally,
CHZCN itself also reacts with oxides to give bands in the
carbonvl region41 (e.g. MgO + CHSCN gave bands at 2 190,

2 150 and 2 060) but this possibility was ruled out by
control experiments.

Ideally the preparation of the capped cluster on the
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I.r. spectra of (a) fOsB(CO)Q{H)[SPrn}[C7H7)3 (12

in cyclohexane, and (b) the acetylene derivative

on aerosil 380 (Nujol mull). G = Grating change.
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surface should be more easy than in solution, as the weakly
co-ordinating ligands can be desorbed by warming under
vacuum, and also the capped cluster once obtained should be
in effect matrix isolated because of the tethering. This,
however, turned out not to be the case as the oxide itself
acted as a weakly co-ordinating ligand. Evidence for this
comes from the i.r. spectra (see Figure 3.13) which do not
resemble the capped species (13) but rather the cluster with
a phosphine on the unique osmium (11). The similarity is
so good that it seems a reasonable guess that the oxide acts

as a ligand in the equatorial position on the unique osmium,

i.e.
0
G 0
. C ~
- : €0 -
2 H H==0s 0
= 2
/////’\\\\\ //////C\<\\\ />%\Q§ f///// iv\\\
: > 0 OH
Si N/ S //(/C 0)3 C
0 i CH, 0
OMe -
| 0 SAAAVAN
|
RN
close analogue to this compound has been reported53
?OSS(CO}Q{H){NEtB}{SMe}1. The amine ligand in common with
the oxide ligand should only be a ¢ donor. It displays

vCO bands at 2 081(m), 2 050(s), 2 023(s), 1 993(ms), 1 977(m),

.

1 957 (shy, 1 954(w), and 1 941 (w) «:m"1 which are in partial
agreement with those seen for the oxide species. Attempts

at producing a solution analogue for the oxide species with
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PhSSiOH muiMeSSiOH were unsuccessful because of its inherent
instability.

Interestingly, the capped cluster has been reported33
to react rapidly at room temperature with thiolate ligands
to give }OSZ(CO)é(SR)ZI. So if any thiolate ligands were
still present on the surface a reaction would be expected.
As no reaction is seen it must be concluded that either
the MeBNO treatment has oxidised all the free thiolate ligands
or the free thiolate ligands are not close enough to react.
This last possibility is unlikely since surfaces with similar
locadings of phosphine ligands often display polysubstitution
of anchored clusters. The oxide ligand was shown to be
weakly bound by the facile regeneration of the CHSCN and
ethylene derivatives when these ligands were added.

As with the homogeneous case the acetonigrile, "oxide"
and 7 bound ethylene supported clusters react with hydrogen
to produce an intermediate before forming EHZOSSCCO}QS[ (see
Figure 3.14). The impurity band at 2 094 cm™L is evident
in all the spectra regardless of their origin, but there is
no further evidence as to what it is due to, except that it
cannot be caused by the ''oxide'" species as 1t 1s too 1ntense
for no other bands of this species to be seen. This
stripping of the cluster by hydrogen provides firm evidence

for the existence of these supported sulphur clusters.
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14. I.r. spectra of (a) the hydrogenation intermediate

obtained from the C2H4 derivative (7) in n-hexane,

and (b) the heterogeneous hydrogenation intermediate

obtained from the supported CHSCN derivative on

SiMe3Cl pretreated thiolated alumina (Nujol mull).

G = Grating change.



(C) The catalytic behaviour of the homogeneous and hetero-

geneous thiolate cluster systems.

The parent clusters EOSS(CO)IO(H)(SR)Q (R = pr" (4) and

(CH Si(OMe)3 (2)) were found only to display olefin iso-

273
merisation activity under forcing conditions which caused
cluster breakdown. So the nature of the active catalyst
under these circumstances is uncertain and could be either
the cluster or its breakdown products. This was not
unexpected as these clusters demonstrate a similar stability
towards reactions involving Os — CO bond cleavage, as
EOSS(CO)lzl. For example, to cause substitution of both
{OSS(CO)IZ] and (4) with PPhZMe requires temperatures of

110 OC42 and 80 OCSS, respectively.

This ina

(9]

tivity of the decacarbonyl clusters towards
olefins provided the impetus to produce the nonacarbonyl
clusters with weakly co-ordinating ligands. These can be
readily lost to give the capped cluster (I3), whose incipient
unsaturation should make it a suitable candidate for a
catalyst. Unfortunately, (13) proved to be too unstable

for purification and catalytic testing. Instead the aceto-
nitrile ((8) and (9)) and ethylene (7) derivatives were used.
They both proved to be olefin isomerisation catalysts and
caused both double bond migration and cis-trans isomerisation.
Under identical conditions the acetonitrile derivative proved
to be about twice as active as the ethylene. As both these

clusters react by losing the weakly co-ordinating ligand to

produce the capped cluster which then reacts rapidly with the



incoming ligand (see diagram 3.4) and since the concentrations
of the pentene, cluster and therefore the amount of X is
constant, in both the CZH4 and CHSCN derivative catalysis
runs, the differences in catalytic acticity between them must
be caused by different dissociation constants for the cluster
X bonds. Incidentally, significant catalysis by the
decomposition products of these clusters was ruled out by
extended catalysis experiments, during which the catalytic
activity decreased as the cluster decomposed.

The rate determining step for the reaction of {OSB(CO)Q—
(X)(H}Sprnf adducts with ligands is the dissociation step
rather than the association one. For example, the capped
species (13) reacts instantaneously with PPhS, whereas the

1

Xe t

T

"3
his dissociation step is many times more rapid than the

- N + M 3 4
acout 30 minutcs at r.t..

(@]

AT ~ YT - P e, ~
N OF Lotly derivatives ta
i

(@]
(@]

—3

observed rate of catalysis. So the rate of formation of

the pentene adduct is greater than the rate of catalysis.
Control experiments carried out to identify the pentenes
attached to the clusters after catalysis runs showed that

the pentene adduct was formed rapidly from the capped cluster
and had the same general structure as the ethylene adduct
(i.r. spectra were almost identical). However, the 1H n.m.r.
spectra proved to be too complex for easy assignment of which
pentene was co-ordinated. These pentene derivatives were
found to be less stable than the ethylene derivatives (towards
dissocilation). This 1s as expected as the pentene 1is larger

sterically than ethylene and the +I alkyl groups should also



isomerisation

intermediate

-134-

(OC)SSS
O —— ‘ + X
=~ S
R\D
(CO)3 (OC)SOE\\\\ ///// SQCO)3
H
pentene
/
/
(OC)SOS (pentene,
\\\\ m-bound)
——— =~ (0C0);0s —0s(CO) 5

/!

Diagram 3.4.



make 1t a poorer w acceptor. This facile reaction and
dissociation of the pentene from the capped cluster 1s
important since it indicates that the rate of isomerisation
is slower than the rate of formation of the pentene species.
That is,the olefin is not isomerised every time it 1is
co-ordinated.

This indicates that the isomerisation probagly occurs
via an intermediate formed from the r-bound olefin. Two
possible intermediates are a w-bound allyl species and a
protonated olefin (see diagram 3.5). The formation of the
r-bound allyl species requires the cluster to act as a base

and a similar reaction occurs when the capped cluster is

treated with hydrogen chloride.>3 The formation of the

protonated olefin intermediate requires the cluster to act
as an acid. Some evidence for this possibility 5 s provided

by dissociation of the analogous compound §P63(CO)9CH)(SR)[
to give ?FeSQCO)Q(SR){_ (pKs = 3-4).

An interesting feature of the isomerisation of l-pentene
by the CHSCN and C2H4 derivatives is the occurrence of cis-
2-pentene in above thermodynamic proportions, in the product
mixture. The cause of this imbalance may be a sterically
demanding intermediate in the isomerisation reactilon. Some
evidence for the importance of the dissociation to produce
the capped species is seen in the negligible activity of the
acetylene (12) and PPh3 (11) derivatives towards pentene
isomerisaticn.

An alternative way to visualise these catalysts 1s to
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consider the heterogeneous approach. That is, to assume
that there are two ligands competing for a single type of
site on a metal particle. One ligand being X, the ligand

in EOSS(CO)Q(H)(SRJX‘and the other the pentene. Obviously
the fractional coverage of the pentene and hence the catalytic
activity depends on the other ligands strength of adsorption
and concentration. So the approximate strength of the
catalyst poisons X are PPhB, CZHZ’ co > C2H4 > CHSCN.

Although homogeneously {OSS(CO)lo[H)(SR){ ((4) and (2))

showed no catalytic activity for pentene isomerisation up
to 80 OC, the heterogeneous analogue (prepared by reacting
!OSS(CO)IZ[ with thiolated oxide) did. It is interesting

to note that its catalytic activity is oxide dependent

(TiGZ > Mgl > Si07 > Znl > y—AlZOS) which suggests that there
is oxide participation in the catalytic species. To check

this, the catalysis experiments were repeated as closely as
possible using SiMeSCl pretreated thiolated oxides. In all
cases there was a general reduction in the catalytic activity
of the samples which confirms the oxide participation. At
this point there seemed to be 3 distinct possibilities for
the active catalyst. That is by: oxide activation of the
intact sulphur cluster (e.g. by protonation, deprotonation
or polarisation); oxide induced breakdown products of the
sulphur cluster; or products from the direct interaction of
EOsg(CO)lzf with the oxide.

The first possibility was ruled out by repeating the

catalysis experiments with samples prepared by reacting (2)



(!OSS(CO)IO(H){S(CHZ)S}Si(OMe)3[) with oxides, under mild
conditions (see Chapter 2) during which production of products
of the second type (decomposition of the sulphur cluster by
the oxide) should be minimised and of the last sort eliminated
(by interaction of josS(CO)lzl with oxides). In this case

no activity was seen for any of the oxide samples.

In order to determine which of the two remaining
possibilities were responsible, a series of control experiments
were carried out with samples prepared by reacting the oxide
with iOsS(CO)lZI under identical conditions to those used in
the anchoring reaction for thiolated oxides. These oxides
displayed in most cases i.r. spectra indicative of an oxide

bridged species together with mono-nuclear species (see

Chapter 2). The excepiion Lo Lhils belung siiica which
displayed the i.r. spectrum solely of §OSS(CO)10(H)(O—SiO )|
2
with no impurity peaks. Again oxide dependent catalytic
activity was observed. However, interpretation of these
results is hindered by the co-existence of several species
whose distribution varies during the catalytic run (e.g.
the bridged species decomposed to give ''mononuclear'' speciles).
An important point that can be made is that the activity of
these species is too low for them to be responsible for the
isomerisation activity observed for the thermally anchored
cluster(fOSS(CD)lzf + thiolated oxide) because in the latter
cases their levels are too low to be detected by i.r.
spectroscopy.

To see 1if the trinuclear oxide bridged species (e.g.



iOsS(CO)IO(H)(O~M’On]§) or "mononuclear' species are
responsible for the low levels of activity observed on these
oxides, a catalysis run was carried out on a sample of the
oxide bridged species (i.e. ‘OSS(CO)IO(H)(OSiOZ)[) pyrolysed
to give a peak pattern indicative of "mononuclear' species.
This pyrolysed sample showed no catalytic activity and hence
indicates that the active catalyst in these systems (e.g.
§053(CO)12{/M’OH) could be the oxide bridged species. Though
the existence of a minor active species, not seen in the i.r.,
which was also destroyed in the pyrolysis cannot be ruled out.
In the case of the anchored osmium thiolate clusters
(produced by reacting }OSS(CO)IZI with functionalised oxides)

3

the remaining possibility for the catalyst is that it is a
preduct from the reaction of the thiolate cluster with either
the oxide or excess sulphur ligands. To test this a sample
of fOSB(CO)lo(H){S{CH2)3Si(OMe)B_X(OSiOZ)X}I was pyrolysed
(160 OC, 3 days) in vacuo until it gave a spectrum indicative

f only mononuclear species. This sample exhibited a very

low level of olefin isomerisation activity.

To conclude, these results indicate that the active

catalyst or catalysts in the thermally anchored thiolate

osmium clusters are not the intact clusters or the products
from the interaction of EOSS(CO)IZI with oxides but rather
intermediates in the breakdown of the anchored sulphur clusters
(and not the final species observed in pyrolysis). A possible
such species, (0s;(C0)y(H) (oxide){S(CH,)  Si(OMe),_ (0-M"0_) 31,

can be made by pumping on the supported acetonitrile and

ethylene derivatives.
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The catalytic activity of the supported acetonitrile
derivative (on SiMe3C1 pretreated thiolated oxides) was found
to be of the same order as the homogeneous case but the
activity was found to vary with the oxide (e.g. TiOZ > SiOZ >
Y~A1203). This is probably caused by oxide involvement in
a specles like that proposed for the capped cluster with an
oxide ligand. Indeed in the recovered samples the i.r.
spectra showed bands symptomatic with the presence of both
the acetonitrile and oxide species. However, the situation
is not straightforward, as cluster decomposition is also
evident, particularly on the samples which show the highest
activity (e.g. TiOZ).

Homogeneously, the ruthenium decacarbonyl cluster,

. n .
In.. Dty b7y a4+ A Oor ~ ran
Pry oy (3 s, atT & (O3 cataly n cis-trans

'Ru, (CO), A (
H 3\ )1OL

~a

anao hAa+
Jvo UWL

e

and olefin migration isomerisation and is recovered unchanged.
At 80 °C it is three times as active but it is not recovered.
A possible candidate for the active catalyst is §Ru3(CO)9(H)—
(SPrn)f (13} (which has the same structure as the osmium
analogue). This ruthenium nonacarbonyl cluster was observed
as one of the products from the 80 °c catalysis runs but it
may not be the sole catalyst at this temperature as there is
a plethora of other unstable products formed. The reason
why (13) is not observed in the 47 °C catalysis runs 1is
probably that under these conditions (3) can dissociate
reversibly without side products (produced at higher
temperatures) scavenging the liberated carbon monoxide.

In the heterogeneous cases (samples prepared by reacting
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IRuS(CO)lZ[ with SiMe,Cl pretreated thiolated oxides) some

3

cluster decomposition was evident (by i.r.) in the 47 °

C
catalysis runs. The heterogeneous catalysts proved to be
about six times as active as the homogeneous analogue (3).
This is an example of oxide promoted catalysis. When a
control run was carried out on a sample prepared by reacting
§Ru3(CO)12{ with plain oxide, little or no activity was
observed for pentene isomerisation though its i.r. spectrum
did change. This indicates that it is either the supported
ruthenium cluster or its breakdown products which provide

the active catalysts.

When comparing the activity of the supported catalysts

to their homogeneous analogues care must be taken for numerous

reasons apart from the uncertainty 1in the species present.

Some of these are;

The concentrations of the supported catalysts are

e
el
p—

different from their homogeneous analogues. For example,

the homogeneous analogues should be ideally randomly
distributed throughout the reaction solution whereas
the heterogeneous analogues will be concentrated on

oxide particles.

(i1) The surfaces may have a concentrating effect on the
substrate. For example, the pentene may be adsorbed
on the oxide in preference to the solvent, This is
probably best avoided by using polar solvents like

methanol and methvlene chloride.
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(iii) Homogeneously the rate constant for a reaction is given

(iv)

[’E/RT). The A"

by the Arrhenius equation R = A
exp

term can be divided into a term for the collision rate
and a steric term which is important when the relative
orientations of the substrate and catalyst are crucial.
Obviously the surface environment will effect both these
terms. For example, in the homogeneous case the
catalyst will have collisions with the substrate molecules
from all directions, whereas in the heterogeneous case

the collisions with the substrate will be more likely

to come from the direction away from the surface (if

the pentene is not physisorbed by the oxide). The
oxide/solvent interface could also cause a preferred
orientation to be taken up by the cluster and substr
(in much the same manner as detergent molecules in an

oil/water mixture) and this will affect the steric term.

An alternative way of considering catalysis is by
transition state theory. This gives rise to a new
form of the Arrhenius equation (see below) where #

denotes the activated complex.

# it
R o< KD o, (a5/R) (-2H/RT)

exp
h

On going from a homogeneous to a heterogeneous system
the entropy term will become less because the transition
state is immobilised on the catalyst/oxide with the

consequential loss of translational freedom.
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When tested for olefin hydrogenation activity (80 OC,
40 bar HZ’ 24 h, l-pentene 25 equivalents w.r.t. the cluster),
the clusters with strongly co-ordinated ligands ({OSS(CO)Q(H}—
(X)(spr™ |, (X = co (4), PPh. (11) and C,H, (12)) were
recovered unchanged and showed negligible activity.
Unfortunately, it was found that the species with weakly
co-ordinating ligands (X = CHBCN (8) + (9), CZH4 (7)) which
should be active reacted with hydrogen rapidly to produce
XHZOSB(CO)QS{ and so rendering them useless for heterogeneous

hydrogenation catalysts.

Conclusion.

The compounds }OSS(CO)Q(H)(SPIHJ(X)g (where X = CO (4);
CHSCN (8), (9) and (10); PPhS (11) and (1i4); CZH4 {(7) and
C2H2 (12)) have been prepared and characterised. Carbon-13
n.m.r. proved to be a powerful technique in the elucidation of
their structures. This technique confirmed that the solution
structures for (4) ani (7) are the same as reported for
analogous compounds in the solid state,. In order to explain

the 1H n.m.r. spectrum of (7) (in the light of the 1JC n.m.T.

P

results) an unusual mode of rotation (i.e. about the C-C

bond axis) had to be proposed to occur simultaneously with
the more conventional rotation about the M-w bond.
The CHSCN adducts proved to be isomeric in their position
of substitution and (8) was shown to differ from (9) only
in the position of substitution on the unique osmium atom,

That is, (8) occupies an axial position and (8) occupies an
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equatorial one. In (10) the CHSCN is thought to occur on

one of the bridged osmium atoms but due to the poor quality

of the 13C n.m.r. spectra its position on the osmium atom

could not be detected.

The positions of the CHSCN on the osmium triangle were
confirmed by PPh3 substitution. Substitution of (10) with
PPhB gave (14) whereas (8) and (9) gave (11) ((7) géve (11)
also). (14) displays a phosphine coupling to the bridging
hydride unlike (11) which does not. This indicates that
in (14) the phosphine occurs on one of the bridged osmium
atoms, and the magnitude of ZJPH indicates that it is in a
cis position relative to the bridging hydride. However, the

1 .
3C n.m.r. spectra of (14) only shows the existence of one

o L . PRI T U SO P, B R - ~ B 3
trans carbonyl to the hydride and in order to cxplain this a

partial rotation of the [O0s(CO),PPh.! unit is proposed.

3l
Presumably caused by steric conjestion about the osmium and
this is thought also to be responsible for the two isomers
observed in the low temperature 'H nom.r. spectrum. Steric
effects are also seen in (11) whose spectra show that at low
temperatures the rotations of the phosphine stop. Carbon-13

1, . . .
H n.m.r. spectra of (l1) confirm the position of

n.m.r. and
the phosphine on the equatorial site on the unigue osmium atom.
The compound (12) is thought to contain a n-bound

gy nonmr. spectra of

acetylene by comparison with the
. s 15 5

literature compounds. Variable C n.m.r. spectra of (12)

show the acetylene occupies the equatorial site on the unique

osmium atom, though there is slight evidence for the
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co-existence of another structural isomer presumably occupying
an axial site on the unique osmium, Two fluxional processes
were identified, a lower energy M-n bond axis rotation of
the acetylene and a higher energy %M(CO)Z(CZHZ)Q unit rotation.
All these species were produced in heterogeneous form
by using the MeSNO/CHSCN entry developed in this work despite
problems with the MeSNO reacting with the free thiol groups and
the oxide. The heterogeneous species were identified by
comparative i.r. and this was further confirmed by their
reactivity. However, when the synthesis of the capped species
was attempted heterogeneously a loosely co-ordinated oxide
adduct was obtained (similar in structure to (11)) which had

a similar reactivity to the other loosely co-ordinated adducts

~ [ 1 (s AR T1 harA 3
e.g- CH, (7)) The hydrogenation of these locsely

(@]

Lt

i =2

co-ordinated adducts both homo- and heterogeneously gave first
an unstable intermediate which then converted to %HZOSS[CO}QS}.
The isolation of this from the heterogeneous samples provides
firm proof of the existence of the thiolated osmium clusters

on the surface.

Pentene 1somerisation activity was tested for.
Homogeneously this activity was found under moderate conditions
to occur only for compounds which had a loosely co-ordinated
ligand and so could generate EMz(CO}g{H)(SPrn)[. For example,
?OSS[CO)Q(H)(SPrn)(X}f where X = CO (4), PPh. (11), and C,H,
(12), are inactive, whereas C = C2H4 (7) and CHSCN ((8) + (9))
are. The cluster SRU3(CO3IO(5PTH){H)§ is also active due to

its ready CO loss. Heterogeneously the situation proved to
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be more complex with both species, fMS(CO)lo(H){S(CHZ)S—
Si(OMe)B_X(O—M’On)X}[ (M = Ru and Os, produced by MS(CO)lz
thiolated oxide), being more active than their homogeneous
counterparts. In the case of M=0s this was shown to be

due to breakdown products of the sulphur cluster produced
during the anchoring reaction. Heterogeneously the osmium
CHSCN adduct proved to be as active as its homogeneous counter-
part but due to the inherent complexities of heterogeneous

catalysis little could be said about the variation in

activity observed on varying the oxide.



Experimental

Reaction of {OSB(H)(CO)IOSPr{ (1) with Me ;NO.

A solution of Me ;NO (resublimed, 4 mg/cms, in dry
methanol) was added dropwise to (4) (25 mg) dissolved in
cyclohexane (pure). The reaction was monitored by i.r.
spectroscopy. When the peaks due to (4) (particularly those
at 2 108 and 2 065 Cmﬂl) had almost disappeared, the addition
was stopped and the solvent removed under reduced pressure.
The yellow-brown solid was then separated by t.l.c. (eluted,
CHZC12:hexane, 15:85). This gave principally residual (4)
and two other products, The major of which was IOss(H)—
(CO}QSPrl (13) (identified by its i.r. spectrum, yield

<1 %).

o=

Reaction of (4) with MeSNO and ethene

The reaction was repeated as in the previous experiment

(@]

except that the nitrogen was replaced by ethene. T.1.
this time afforded §OSS(H){CO)98Pr[C2H4)§ (7) as the major
product in 15 % yield, together with the other bands
previously mentioned. In order to increase the yield the
reaction was repeated in an autoclave charged with C,H, (50
bar) and a stoichiometric amount of MeSNO. This served to

increase the yield of (7) (25 %) but did not remove the side
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Reaction of (4) with,MeBNO and acetonitrile.

This turned out to be the best entry into the nona-
carbonyl compounds. Trimethylamine oxide in CHSCN (1 mg/cms)
was added dropwise to a solution of (4) (100 mg) in aceto-
nitrile (50 cmS) until the i.r. spectrum of (4) had dis-
appeared. T.l.c. (40 - 60 petroleum ether:CHSCN:CHZCIZ,
70:1:29) gave three main yellow bands, (8) and (9) (> 60 %.
R.f. 0.8 and 0.75, respectively), and (10) (< 15 %, R.L.
0.4) assignable to different isomers of {Oss(H)(CO)g(SPrn)—
(CHBCN}i. It was found subsequently that the yield of the
minor isomer could be markedly reduced by repeating the
reaction at 0 °C rather than at r.t.

I.r./cyclohexane:

(8) 2 079(w), 2 050(vs), 2 032{(vs), 2 OLO(vs), 1 989(vs),
-1

1 680(vs), 1 971(s), 1 959(m), and 1 934(w) cm

(9) 2 082(w), 2 O51(vs), 2 030(vs), 2 010(w), 1 997(m),
1 930(vs), and 1 960(w) cm L.

(10) 2 098(s), 2 054(vs), 2 O16(vs), 2 005(s), 1 991(m),
1 931(s), 1 975(s), 1 958(w), and 1 950(s) cm L.

1

, O °c. s (p.p.m.).
(3) 2.58 (s, 3 H, EESCN>’ 2.46 (t, 2 H, S—QHZ—), 1.62 (m,
2 H, SCH.CH,), 1.0 {t, 3 H, S—CH7CH7§H3) and -16.6 (s, 1 H,

Os-H-0s).

~
o
-
ro
.
Ut
1
p—
971
d
&)

5 H, CH.CN), 2.46 (t, 2 H, S-CH,-), 1.02 (m,

2 H, SCH,CH,-), 1.0 (t, 5 H, S$-CH,CH,CH.) and -16.4 (s, 1 H,

LTl
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(10) 2.58 (s, 3 H, CH.CN), 2.46 (t, 2 H, S-CH,), 1.62 (m,

2 H, S—CHZQEZ), 1.0 (t, 3 H, SCHZCH2§§3) and -15.81 (s, 1 H,
0s-H-0s),
Mass spectrum: All three showed a weak parent (945 a.m.u. 19205),

followed by a strong peak (904 a.m.u.) assignable to [OSS(H)—
(CO)98PTH{+ After this their fragmentation patterns were
too complex for accurate assignment except a series of~peaks
which could be discerned corresponding to nine stepwise

carbonyl losses.

Preparation of ]OSS(H)(CO)gsprn(CZH4)§ (7)

{OS(H)(CO)QSPrn(CHSCN)I (8) + (9) (40 mgs) in 1,2-
dichloromethane (30 Cms) was heated (40 OC) in an autoclave
pressurised with ethene (50 bar) and stirred overnight. The
solvent was removed from the lemon vellow solution by a rapid
stream of ethylene to yield a slightly heat sensitive lemon
yellow solid (> 99 % yield).

I.r./pentane: 2 093(w), 2 062(s), 2 041(m), 2 026(w), 2 Oll(s),

001(m), 1 993(m), 1 982(w), 1 969(w), and 1 938 (w) cm T

[N

Or.

1 C:

(p.p.m.)

laF]

Hn.m.r./CDC1 30 - 0 °C; CD,Cl,/CFCL,H, O—-114

33
all the signals remained unchanged over the temperature ranges.

2.5 (s, 4 H, C,H,), 2.44 (t, 2 H, S-CH,-), 1.64 (m, 2 H,

S-CH,CH,-), 1.1 (t, 3 H, SCH,CH,CH.) and -17.04 (s, 1 H,

Os-H-0s).

Mass spectrum: This exhibited a very weak parent (932 a.m.u.,
2 ) ) .

19'05) followed by a relatively strong band (904 a.m.u., 1 205,

EOSE(H)(CO)QSPrnE+) and bands caused by successive carbonyl

losses and fragmentation of the alkyl groun.



Preparation of fOsS(H)[CO)gSPrn(CZHZ){ (12).

(7) or (8) + (9) was heated under CZHZ in refluxing
cyclohexane until its i.r. spectrum had disappeared (45 - 60
minutes). Work up by t.l.c. (40 - 60 petroleum ether: EtZO,
5:1) gave two main products. A major pale yellow band due
to (12) (70 %, R.f. 0.8) and a more intense yellow band
(20 5, R.f. 0.5, (15)).

I.r./hexane:

(12) 2 111(vw), 2 101(w), 2 086(w), 2 077(vs), 2 061(w),
2 052(vs), 2 048(sh), 2 024(m), 2 018(sh), 2 013(vs),
2 000(w), 1 994(m), 1 986(m), 1 975(m), 1 959(m), and

1 939 (vw) em™L.

083(s), 2 076(vw), 2 068(vw), 2 060(vw), 2 050(vs),

TN
H
Ui

)
~o

2 020(vs), 2 000(w), 1 985(m), 1 977(m), and 1 960(s)
cn L.

H n.m.r./CDCl,, 31—-60 °C: & (p.p.m.)

(ot

(12) (see Figure 3.1). At 31 °C, 10.14 (s, 2 H, H-C=C-H),
2.25 (t, 2 H, S-CH,), 1.3 (m, 2 H, S-CH,Ci,), 0.9 (t, 3 H,
SCH,CH.CIi:), and -17.83 (s, 1 H, 0s-H-Os).

Cnly the acetylenic peak changed on varying the temperature,

i.e. 10 °C, broadened singlet; 0 °C, coalescence; -10 °c,

OC, distorted pair of broad doublets;

two broad signals; -20
-10 OC, a sharp pair of distorted doublets with peaks at 10.47,
10.58, 9.93, 9.84, together with a sharp weak band at 10.30.

{(15) The n.m.r. spectrum of this compound varies with

temperature and is very complex. However, it can be discerned



that the propyl group is still present (signals at 2.4, 2.0,
and 1.0 ¢), the hydride is absent and that the compound

exists as several interconverting isomers. This last fact

was deduced from the plethora of free and co-ordinated olefinic

signals which varied in a complex manner with temperature.

Mass spectrum.

2
19&05) followed by a

(1Z) gave a parent at 930 a.m.u. (
complex pattern which showed 9 successive carbon monoxide
losses.

(15) gave a parent at 951.9 a.m.u. corresponding to a
plausible formula of {OSE(CO)QSPrn[C4HS_6)|. Further weight
is added to this by the fragmentation pattern which shows

nine successive losses of 28 a.m.u.

Preparation of EOSS(H]{CO)Q(SPrn)(PPhS)I (11).

A solution of PPh, was added dropwise to a CH2C12

—

solution of (7) or ((8) + (9)), until the i.r. spectra of

the starting materials had disappeared. T.l.c. (40 - 60
petroleum ether:CHZCl?; 70:30) gave one major bright yellow
band (R.f. 0.75, 75 %).

I.r./cyclohexane: ({11} 2 09%4{(w), 2 083(m), 2 056(sh),

2 052(vs), 2 028(s), 2 O18(s), 2 003(vs), 1 987(sh), 1 984(vs),

1 965(w), 1 956(m), and 1 945(w) cm L.

[eX)

i num.r./cncis, 31 %C: 5 (pup.m.) 7.4 (m, 15 H, Ph), 2.3
(t, 2 H, S-CH,), 1.6 (m, 2 H, S-CH,CH,), 1.0 (t, 3 H,

SCH,CH,CH.) and -16.95 (s, 1 H, 0s-H-0s).

2
S p 192
Mass spectrum. This gave a parent (1166 a.m.u., O0s)

followed by a complex fragmentation pattern.
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Analysis calculated C, 31.6 %; H, 2.9 %.
found ¢, 30.9 %; H, 2.0 %.

Preparation of [OSS(H)(CO)Q(SPTH)(PPhSJI (14).

PPh3 (1.1 equivalents) was added to a CH,CL, solution
of (10) and stirred overnight. T.1l.c. (hexane:CHZCIZ,
70:30) gave one broad yellow band (14) (30 %, R.f. 0.5).
I.r./hexane: 2 077(w), 2 067(m), 2 O51(w), 2 026(vs),

2 018(vw), 2 003(s), 1 997(s), 1 989(s), 1 982(s), 1 969(s),
and 1 958(s) cm™ L,

4y n.m.r./cDC1,, 31- -60 °C: & (p.p.m.) 31 °C,7.4 (m, 15 H,

3’
Ph), 2.4 (t, 2 H, SCH,-), 1.7 (m, 2 H, S-CH,CH,-), 1.0 (t,

2

3 H, SCH,CH,CH.) and -16.45 (d, 1 H, 0s-H-Os, “Jp, = 7 Hz).

2
Only the hydride signal varies with temperature. At -20 °C

the low temperature limiting spectrum is obtained, i.e.

- 2
-15.5 (d, 1 H, 0Os-H-0Os, “JpH = 6 Hz, isomer 1), and -16.7

2
(d, 1 H, 0s-H-0Os, “JDH = 6 Hz, isomer 2). The relative

intensities were isomer l:isomer 2 = 3:1.

-

Attempted preparation of QOSS(H}{CO)QSPrnj (13)

The i.r. spectrum was monitored of a refluxing cyclo-
hexane solution of (7) or ((8) + (9)). As the solution
darkened the i.r. of (13) was observed. Attempted purification
of (13) by t.l.c. and crystallisation was unsuccessful due to

Lk

decomposition. A 1H n.m.r. spectrum was obtained by heating

a sample of (7) in situ.



I.r./cyclohexane: 2 095(w), 2 065(vs), 2 045(m), 2 025(m),

2 013(vs), 2 002(s), 1 993(m), 1 983(s), and 1 970 (w) Cm_l.

1 o

Hn.m.r./CDC1 40 “C: 68 (p.p.m.) most of the alkyl signals

3’
were swamped by residual (7) and the side products (mostly
(4)) but a triplet was observable at 3.15 (t, 2 H, S—Qﬁz)

and a new hydride signal at -20.92 (s, 1 H, 0s-H-0s).

Preparation of {OSB(H)Z(CO)QSE

This was prepared according to the 1iterature2 to give
a pale yellow powder.

I.r./n-octane: 2 118(m), 2 085(vs), 2 058(vs), 2 036(vs),

2 012(vs), 1 997(s), 1 991(w), and 1 984 (m) cm I,

g n.m.r./CDCly: § (p.p.m.) -20.9 (s, 2 H, 0s-H-0s).

192 La1T me-nl
. Totriunwcl

Mass spectrum. A parent was seen (8062 a.m.u., 0s)

by nine strong peaks due to successive carbon monoxide losses.

Reaction of QOSS(H}{CO)QSPrn(CHSCN((g) or (9)) or C7H4(Z]}§

with HZ.

A dilute solution (3 mg/cms) of (7) or ((8) + (9)) in
hexane was put into a glass liner of a 100 cm” autoclave

with a magnetic follower. The autoclave was charged with

H, (30 - 40 bar) and heated (50 OC) with stirring for two

(]

hours. It was allowed to cool, vented and the i.r.
immediately run on the pale yellow solution. A sample for
1

Hn.m.r. was prepared by repeating the experiment with a

concentrated solution in CDClS.



I.r./hexane: 2 128(w), 2 075(s), 2 050(vs), 2 034(vs),

2 025(w), 2 004(m), 1 997(m), and 1 968(m) cm >

Iy n.m.r./CDCl,, 0 °C: & (p.p.m.) -10.6? and -10.8 (s, 1 H,
Os-H) and -15.4 (s, 1 H, Os-H-0s).

The signals in the alkyl region were swamped by residual

(7) or ((8) + (9)). This compound on gentle warming or when
left overnight yielded szOSS(CO)gsl and traces of EOSS(H)-
(CO)lOSPrnf.

13

The preparation of "7CO enriched thiolate clusters.

13

A sample of ~7CO enriched §OSS(CO)12} (prepared as in

the literature,j 50 % enrichment by m.s.) was converted into

13CO enriched compounds

EOSS(H)(CO)iOSRi ((4) and (2)). The
; N TEETUN : BN N o : T oo
|05 (H) (CO) 4 (5PT7) (L) ] (where L = CHiCN, C,H,, PPhg, and C,H,)
were obtained by repeating the preparations used for the
unenriched samples. The 13C n.m.r. spectra all used

Cr(acac}3 as a spin relaxant and the chemical shifts are

relative to t.m.s. (Si(CH3)4) in p.p.m..
136 n.,m.r. results
(a) = broad band {IH} and (b) = 1y coupled spectra.
1055 (CO) o (H) (SPr™) ! (4)/CDCl,, 31 - 60 °c:
(a) Position No. of carbonyls
180.8 s 1
180.5 s 1
176.4 s 2
175.9 s 2
170.7 s 2

Ptk
[oN
W
[
Ui
[
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(b) Position No. of carbonyls
180.8 s 1
2 _
180.6 d 1 JHC = 5 Hz
176.4 s 2
173.9 s 2
170.7 s 2
2 -
169.5 d 2 JHC = 10 Hz

lOsS(CO)lo(H){S(CHZ)BSi(OMe)s}l (2)/CD,C1,, 31

(see Figure 3.2).

(a) Position No. of carbonyls
181.4 s 1
Z -
181.5 d 1 JCC = 3 Hz
177.0 s 2
174.4 s 2
171.0 s 2
170.0 s 2
(b) 181.4 s 1
181.15 d 1 broadened
177.0 s 2
174.4 s 2
171.0 s 2
170.0 d 2 JHC = 11 Hz

10s5(C0) - (H) (SPT™) (CH.CN) !
(see Figure 3.3)

(a) Position No. of carbonyls

[

181.9 s

181.3 s 2



(b)

181.
181.
181.
175.

172.

-156-

2

0s4(CO) (H) (spr™) (CH;CN) | (9)/CDCl

(see Figure 3.4)

(a)

Position

181.

(o]
et

o
i

9

-
D

S

No.

of carbonyls

1

1
A

J

3

J

HC ~

5

HC

0

O

9 Hz

C:

8 Hz



175.2 s 1
< - 2 -
173.7 d 1 JHC = 0 Hz
2
2 =
172.4 d 1 JHC 7 Hz

iOss(H)(CO)Q(SPrn)(CHSCN)} (10)/CDCl;, O - 30 °c, and -60 °C:
No significant changes occurred on varying the temperature.
This compound appears to exist as only one isomer but the

assignment is confused by decompostion of the sample which
causes deterioration in the quality of the n.m.r. spectrum
as well as peaks indicative of (4). Peaks at -60 °C ((4)
subtracted out, { H}), 182.3, 181.3, 181.1, 177.6, 177.3,

173.7, 173.5, 171.9, 171.4 (all of intensity one) p.p.m.

EOSS(CO)Q(H)(SPrn)(CZH4)[ (z)cocl ., °c.

(see Figure 3.5)

(a) Position No. of carbonvls
182.4 s 1
130.2 s 1
178.8 s 1
178.5 s 1
176.4 s 1
I172.8 s 1
169.85 s 1
leS.4 s 2

fp is2.5 s 1
16C.2 s 1
178.8 s 1

[
=1
<o
[oF}
9]
[



|05 (C0) o (H) (SPr™) (PPh;) | (11)/CD,C1

(see Figure 3.6), at 31

(a)

169.

169.

8
4

Position

192.
190.
181.
180.

178.

172,

171.

{*H} Ph ring

carbons,

128.9 (4,

7
Ipc

5
8

1

4

carbons at

S

d

S

S

12 Hz),

°c.

No.

130.

9

1

1

1

2

broadened

broadened

of carbonyls

1
1

>

2s 31 °c- -60 °c:
2

JPC = 8§ Hz

2 5 H

JPC = 5 Hz

2.

JPC = § Hz

2. ~

Jpe = 5 Hz
broadened
broadened

1 (d, 6 C, ortho or meta

[ ST

6 C, ortho or meta carbons, °J

para-carbon), and

~
PC

= 10 Hz) p.p.m.



at -60 °C the signals are:-

(a) Position
192.
191.
181.

180.

(b) 192,

?OSB[CO}Q(H){SPrn)(PPhB)

. . . -1 On
The spectra varied only slightly on going from 31 “C to -60

-
o]

2

w

~1

S

S

br

73]

72}

i

-

(see Figure 3.7

H
ioa

|
b

1
1
1

No. of carbonyls

broadened

broadened

phenyl ring carbons

JHC = 6 Hz
aJHC = 41 Hz
broadened

5» 31- =60 °c:

O

C.
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(a) Position No. of carbonyls
183.7 s 1
2 -
183.0 d 1 JPC = 0 Hz
182.2 s 1
178.3 s 1
2 -
176.1 d 1 JPC = 4 Hz
175.8 s 1
175.4 s 1
171.9 s 1
170.5 s 1
(b) 183.6 s 1
183.0 d 1 JPC = 6 Hz
182.2 s 1
178.5 s 1
- 2 — 124
176.0 d 1 JHC § Hz?
175.8 s 1
175.4 s 1
171.9 s 1
170.5 4 1 2y, =7 Hz
?OS,,{CO)Q(H}{SP?CH) (C,H,) ! (12)/CDCLlg, O - =60 °c:
d8—toluene 0 - "0 °C: (see Figure 35.8)
The lJC n.m.r. spectra varied with temperature. The low

. 0
ng spectrum was obtained at -40 “C.

=3

temperature limit
«~ O~
at —-«+J T

(a) Position No. of carbonyls

1

et
@]
et
o
/i

3 1

pod
1
0
«
e
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(b)

175.

174.

171.
171.

168.

181.

178.

Position

176.

~1

|}

o O

.3

9

.3

S

S
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175.7 p.op.m.)

sharpens to

™

W

g
i

C

[

(O3

broadened

broadened

warming these peaks broaden, by 12 °c only a broad

nich remains broad up to

ive a spectrum which

arbonyls

(broadening of one peak
caused the accidental

dezeneracy)
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Preparation of derivatives of fOSS(H)(CO)QSRf where R =

thiolated oxide.

Two entries into the cycle were evaluated. The more
specific, CHSCN, one was subsequently adopted for all the

oxides.

(i) via ]OSS(H)(CO)QSR(CZH4)|.

A solution of Me NO (1 mg/cm3 in methanol) was added

dropwise to a methylene chloride slurry of IOSSCH)(CO)IO—

{S(CHZ)SSi(OMe)Sax(Oy—AIZOS)X} while ethylene was bubbled

through. The i.r. spectrum of the oxide was run at hourly
intervals. The reaction took twenty four hours to complete
and required approximately twenty equivalents of MeBNO.

-~ -~ o~

I.r./Nujol muil: 2 107(s), 2 093(m), Z 078(w), Z 06Z(s),

(@)

2 049(s), 2 040(s), 2 020(s), 2 009(s), and 1 996-1 930(vbr,s)

-1
m .

{
A

(i1) via [0s (H)(CO)ySR(CH,CN)|.

(O8]

In

o

general, a solution of MeSNO in acetonitrile (1 mg/cmj)
> 1 slury ! - 3O —

was added to a slurry of [Osz(H)(CO)IO{S(LHZ)351(016)3_X

(0-M On)x}f in acetonitrile and the i.r. monitored by removing
samples at hourly intervals. The reactions typically took

fifteen hours to complete and ten to fifteen equivalents of

oxidising agent (depending on the oxide). When the reactions
were repeated on SiMeSCl pretreated thiolated oxide samples

both the reaction time (6 hours) and the amount of MeSNO
(5-7 equivalents) were reduced. All the solids were yellow-

orange in colour.
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I.r./Nujol mull: (see Figute 3.9), M‘On = Si0 2 094 (m),

5
2 079(w), 2 049(vs), 2 025(vs), 2 008(s), 1 994(sh), 1 984
(vbr,vs), and 1 950(sh);

y—AlZOS, 2 093(m), 2 079(m), 2 048(vs), 2 025(vs), 2 009(s),
1 995(br,s), and 1 981 (vbr,vs);

Ti0,, 2 092(m), 2 078(m), 2 048(vs), 2 025(vs), 2 008(s),
1 995(br,s), and 1 979(vbr,vs);

Zn0, 2 094(w), 2 079(m), 2 047(vs), 2 026(s), 2 008(s),

1 995(s), 1 984(vbr,vs), and 1 979(vbr,vs);

MgO, 2 093(w), 2 079(m), 2 047(vs), 2 026(vs), 2 01l1(s),

1 994(br,s), and 1 883 (vbr,vs) Cm_l

(Me551) MO =

SiOZ, 2 107(vw), 2 094(m), 2 080(m), 2 062(sh), 2 049(vs),
2.0172(s), 1 99 (hr;s), 1 986(br,s), 1 977(br,s),

and 1 956(sh};
y—A1703, 2 107 (vw), 2 094(m), 2 079(m), 2 065(sh,vw), 2 048(vs),

2 027(s), 2 012(s), 1 995(br,s), 1 985(br,sh), and 1 977(br,s);
Ti0,, 2 107 (vw), 2 092(m), 2 078(m), 2 065(sh), 2 048(vs),

2 025(s), 2 C09(s), 1 996-1 270(br,s), and 1 950(sh);

n0, 2 107 tvwy, 2 093(m), 2 078(m), 2 064 (sh), 2 047(vs),

2 027(s), 2 0t4{vs), 1 995(br,s), and 1 985(br,vs) Cm_l.

Preparation of [0s(H)(CO),(C,H,) {S(CH,)Si(0Me);_ (0-M"0_) }].

A slurry of the supported CHSCN derivative in cyclohexane
was heated (50 °C) and stirred overnight in an autoclave
charged with ethylene (50 bar). It was then <cooled and the
excess ethylene vented off. The product was recovered by

filtration and dried in vacuo to yield a lemon yellow powder.
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I.r./Nujol mull: (see Figure 3.10), M0 =

SiOz, 2 093(m), 2 062(vs), 2 041(s), 2 010(s), 2 005-1 970
(br,vs), and 1 968(sh,vw);

y-AlZOS, 2 093(m), 2 062(vs), 2 051(m), 2 040(s), 2 009(br,vs),
2 000-1 970(br,vs), and 1 968(sh);

Ti0,, 2 093(m), 2 078(vw), 2 062(vs), 2 050(s), 2 041(s),

2 010-1 977 (br,vs), and 1 966(m) cm .
(MeESl)yM’On =
Si0 2 093(m), 2 078(sh,vw), 2 062(vs), 2 041(s),

2’
2 010(vs), 1 999-1 989(sh), 1 979(sh), 1 966(s), and 1 938(sh);

0, 2 093(m), 2 062(vs), 2 051(s), 2 041(s), 2 009(br,vs),

1 998(br,vs), 1 989(sh), 1 967(sh), and 1 938(sh);

v=-Al

Ti0,, 2 093(m), 2 078(w), 2 062(vs), 2 050(sh,w), 2 041(s),

[N

ot 1.
7

L- Coalay 1
/,\«D.{j,_t.

«©

OLE Cm)
JOU (), and

L'J
O\
\./

1 () e
A \Qu ’

ot

Co

r P! 1 a0
U0T,VS ), 1+ 73

}...4

2
Zn0, 2 093(m), 2 077(vw), 2 062(vs), 2 041(s), 2 010(br,vs),
2 000-1 975(sh), 1 966(m), and 1 938(w);

MgO, 2 093(m), 2 062(vs), 2 051(vw), 2 041(s), 2 026(sh),

2 011(br,vs), 2 000-1 976(sh), 1 970(sh), and 1 933(w) cm *

Preparation of Os;(H) (CO)4(PPh,){S(CH,) Si(0Me);  (O-M"O/

A slurry of the C,H, or CHSCN supported derivatives in

1
methylene chloride was stirred overnight with an excess of

PPh3, filtered, and washed (3 x CH,C1,) to give a bright

vellow solid.

I.r./Nujol mull: (sce Figure 3.11), M’Qn =
510,, 2 092 (w), 2 080(w), 2 050(m), 2 0257s), 2 012(sh),

-]
and 1 999-1 955(br,vs) cm =



-165-

. N - _
[M8381)y M On

SiOZ, 2 107(vw), 2 093(m), 2 080(m), 2 065(sh), 2 050(s),

2 023(s), 2 012(s), 1 999(vs), 1 980(br,s), and 1 955(sh);

¥-A1,0., 2 107(sh), 2 092(m), 2 079(m), 2 065(sh,vw), 2 049

(br,vs), 2 021(s), 2 010(s), 1 997(br,vs), and 1 978(br,s);
Ti0 2 112(br,w), 2 093(m), 2 080(m), 2 065(sh), 2 050(br,s),
1

25
2 021(br,s), 1 998(br,s), and 1 978(br,s) cm

Preparation of IOSS(H)(CO)Q(CZHZ){S(CHZ)BSi(OMe)S_x(O—M’On)X}I.

A slurry of either the supported CHSCN or C,H, derivative
was refluxed in cyclohexane, under CZHZ for one hour, filtered
and washed (3 x CHZCIZ). This afforded pale yellow powders
in the cases of Y—Alzo3 and TiOZ, and a purple powder in the
case of SiOZ.

I.r./Nujol mull: (see Figure 3.12), M’On =

i

ioz, 2 102(w), 2 094(w), 2 076(s), 2 047(s), and 2 0O09(br,vs);

N weo -
(Me3S1) M7,

Si0,, 2 102(w), 2 093(w), 2 076(s), 2 048(s), 2 021(sh),

[

2 009(vs), 1 996(br,sh), 1 971(br,sh);
y—AlZOS, 2 102(w), 2 092(w), 2 0O75(s), 2 048(s), 2 008(vs),
and 1 973(vbr,sh);

Ti0,, 2 102(w), 2 092(w), 2 076(m), 2 048(s), 2 008(vs), and

1 975(br,sh) cn 1

Attenpted preparation of the supported capped cluster.

Samples of either the CHZCN or CZH4 supported clusters

were evacuated (10—1 mm Hg) and heated (40 °C) overnight to
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give pale yellow solids with new i.r. spectra.
I.r./Nujol mull: (see Figure 3.13) (MeSSi)yM’On =

(a) from the CHSCN derivative:

SiOz, 2 107 (vw), 2 094(m), 2 080(m), 2 065(sh), 2 051(vs),

2 022(vs), 2 013(vs), 1 997(br,vs), 1 981(sh), and 1 946(sh,vw);

203, 2 107 (vvw), 2 094(m), 2 080(m), 2 066(sh), 2 050(vs),

2 021(s), 2 012(vs), 1 997(vs), and 1 978(br,s);

v-Al

2 107(w), 2 094(m), 2 079(m), 2 065(sh), 2 050(vs),
1

Tio,,

2 022(sh), 2 013(vs), 1997(br,s), and 1 981(br,s) cm

(b) from the CzH4 derivative:

8i0,, 2 107(vw), 2 094(m), 2 080(m), 2 064(sh), 2 051(vs),

2 022(vs), 2 013(vs), 1 997(br,vs), 1 982(vbr,sh), and
1 952 (vbr,sh);

,05, 2 107(vvw), 2 093(m), 2 080(m), 2 065(sh), 2 050(vs),

2 021(s), 2 012(vs), 1 996(br,vs), and 1 977(br,s);

v=Al

2 107 {(w), 2 093(m), 2 080(m), 2 065(m), 2 0O50(vs),

]

1

3

]

2 022(s

™~

—

013(vs), 1 997(br,vs), and 1 978(sh);

3

7n0, 2 105(vw), 2 090(vw), 2 078(w), 2 065(sh), 2 051(s),
2 018(vbr,vs), 1 997(br,m), and 1 985(br,m) cmL.
M70_ = 510,, 2 107(vvw), 2 095(m), 2 080(m), 2 065(sh,w),

2 050(vs), 2 021(vs), 2 O13(vs), and 1 990(vbr,vs) cm .

Reactions of the supported ''capped' cluster.

(i) with CH,CN
- 3

When a suspension of this derivative in acetonitrile
was stirred overnight, filtered and washed (3 x CH2C17), the

i.r. spectrum of the CHSCN derivatives was reobtained.
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I.r./Nujol mull: (Me381)y M’On =
SiOZ, 2 107(vw), 2 094(m), 2 079(m), 2 065(sh), 2 048(s),
2 027(s), 2 012(s), 1 996(br,vs), 1 977(vbr,s), 1 957(s);

y-A1,0 2 107(vw), 2 09Z(m), 2 078(m), 2 065(sh), 2 048(vs),

273?
2 025(s), 2 O11(s), 1 995(br,s), and 1 982(vbr,s);

TiO 2 107 (vw), 2 093(m), 2 079(m), 2 065(sh), 2 048(vs),

1

29
2 025(s), 2 009(s), 1 996-1 965(br,s), and 1 950(sh) cm_
(ii) with C2H4
When a slurry of this derivative was stirred overnight

in an autoclave charged with ethylene (50 bar) the i.r. of
the ethylene derivative was reobtained.

Nuj . (1 i M- =
I.r./Nujol mull: (M€351)y On

$10,, 2 093(m), 2 062(s), 2 051(s), 2 041(s), 2 021(sh),

2 010(vs), 1 99(s), 1 989(sh), 1 977(sh), and 1 965(sh);

¥ —Al703, 2 093(m), 2 078(vw), 2 062(s), 2 050(vs), 2 041(s),

2 021(s), 2 010(vs), 1 987(br,s), and 1 978(br);

TiO,, 2 107(sh), 2 093(m), 2 078(w), 2 062(s), 2 050(s),

25
2 041(s), 2 022(sh), 2 Oll(vbr,vs), 1 997(br,s), 1 985(sh),
1 978(sh), and 1 964(sh) cm .

Demonstration of the reversibility of the CHSCN - C2H4 step.

A sample of the ethylene supported cluster was stirred
overnight in acetonitrile, filtered and washed (3 x CH,CIl,)
to afford a yellow powder.

I.v./Nujol nmull: (Me_Si) M-O_ =
5 v n
2 107 (vw), 2 094(m), 2 080(m), 2 065(sh), 2 049(s),

SiOz,

2 027(s), 2 012(s), 1 997(s), 1 986(br,s), 1 977(br,s), and



Y_A1203’ 2 107 (vw), 2 093(m), 2 079(m), 2 065(sh), 2 048(vs),

2 025(s), 2 011(s), 1 996(vbr,s), and 1 980(vbr,s);
Ti0,, 2 107(vw), 2 092(m), 2 079(m), 2 065(sh), 2 049(vs),
2 025(s), 2 008(s), and 1 997-1 960(br,s) cm T.

Preparation of the hydrogenation intermediate on the surface.

When a sample of either the ''capped'", CHSCN oT C2H4,
supported clusters was subjected to the same conditions used
for the homogeneous analogues, filtration gave very pale
yellow powders, which displayed the similar i.r. spectra to
the homogeneous adduct.

I.r./Nujol mull: (see Figure 3.14), (MeSSi)y M’On =
Si0,, 2 128(m), 2 094(m), 2 075(s), 2 048(s), 2 031(s), and

(9]

-~

Z O

fowd

5(s7;
2 128(m), 2 094(s), 2 075(s), 2 048(s), 2 031(s),
-1

Y—AIZO

3’

and 2 013{s) cm

The removal of the cluster from the surface by hydrogen.

A sample of ;OSS(H)(CO)Q(CZH4 or CHSCN){S(CHz}BSi—
{OMe)S_X(O—M’On}K{MeESi)Y}E was placed in a Scxhlet thimble
and extracted with clean hexane while the whole apparatus
was purged with hydrogen. After two and a half hours the
hexane was removed under reduced pressure and the residue
taken up 1n hexane,
I.r./hexane: 2 118(w), 2 085(s), 2 058(s), 2 036(m), 2 0l2(vs),

012(vs), 1 997(s), 1 991(w), and 1 98i(m) cm 1

[§]

Hn.m.r.: insufficient sample.

e
U
{~a

Ui

p—

Mass spectrum: gave a weak parent (862 a.m.u., O
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Catalysis experiments.

A1l the catalysis experiments were conducted in pairs.
The homogeneous catalysis experiments were conducted in a
glass ampoule sealed by a P.T.F.E. tap. In a typical

experiment, the cluster and pentene, 25 fold excess with

3

respect to the cluster in CH,Cl, (1.75 x 10 ~ molar) were
P 2%2

degassed in the ampoule by two freeze-evacuation-thaw cycles.
Then put into a Grant G.E. constant temperature bath and
stirred using a P.T.F.E. magnetic follower. At the end of
the catalysis run the organic fraction was collected in a
liquid nitrogen cooled U-tube by r.t. vacuum distillation

and analysed by g.l.c. The remaining inorganic fraction

was analysed by i.r. and, if necessary, separated by t.l.c.

+1 A
Ll

~+
[sRons men

:
us cxperiments th

In c 1e procedure was the

same except the ampoule was modified by having a P.T.F.E. "O"
ring ball joint immediately under the tap. This facilitated
loading and unloading of the solid. The amount of solid

and volume of the pentene solution were kept at 100 mg and

P

2 .
3 ¢cm, respectively.
The isomeric pentenes were separated on a 1/3" o.d.,
4 m column packed with 11 % :\gNO3 and 21  phenylacetonitrile
- s} . . .
on Chromosorb P 60 - 80 mesh, at 30 “C with nitrogen carrier
J T g | . . . .
gas (25 cm” min 7). Since the peak shapes (1-, cis-, and
trans-) for all three were exactly the same, the relative

abundances were measured using peak height.
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Homogeneous «catalysis results

The catalytic activity is given in turnovers per cluster.

055(C0) 1o (H)SPE™ | (4)

T/°C t/hr Pentene I.r. result

47-48 72 1- no change

47-48 72 cis- no change

47-48 96 trans- no change

77-78 72 1- no change

77-78 72 cis- no change

77-78 72 trans- no change

125-126 15 1- slight decomposition
125-126 15 cis- slight decomposition
125-126 15 trans- slight decomposition

05 (C0) o (H) {S(CH,) ¢ (2)

. . - -g O
No catalysis was observed at 47 and 78 “C.

Si[OMe)B}Z

1055(C0) g (CHLCN) (H) (SPr™) | ((8) * (9))

t/°C t/hr Pentene I.r. result

17-48 18 1- ((8y+(9)) + traces
47-18 438 Cis- of (4) and olefin
47-48 18 trans- adducts

77-78 48 1- gross decomposition
77-78 18 cis- + (4) and olefin
77-73 18 trans- adducts

g.l.c. result

no
no
no
no
no
no
1

2

no

o
o

.1.c,

catalysis
catalysis
catalysis
catalysis
catalysis
catalysis
turnover
turnovers

catalysis

result
turnovers

turnovers

.8 turnovers

turnovers

turnovers

turnovers
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|05 5(CO) o (C,H,) (1) (SPr™) | (7)

T/°C t/hr Pentene I.r. result

47-48 72 1- traces (13)+(4)

47-48 72 cis- mostly olefin

47-48 72 trans- adducts and slight
decomposition

o
o

The g.l.c. also showed ethylene in trace amounts.

|055(C0) 4 (C,H,) (H) (SPr™) | (12)

T/OC t/hr Pentene I.r. result
47-48 96 1- no change
17-48 96 cis- no change
17-48 96 trans- no change
77-78 72 1- no change
7778 72 cis- slight

77-78 72 trans- decomposition

1054(C0) g (PPh.) (H) (SPT™)! (11)

T/°C t/hr Pentene I.r. result
17-48 96 1- no change
17-48 96 cis- no change
17-48 96 trans- no change
77-78 72 1~ no change
TT-78 72 cis- slight

=78 72 trans- decomposition

o)
>

.1.

c. result

turnovers

turnovers

turnover

>

. 1

.C. rTesult

no catalysis

no catalysis

no catalysis

1

0.

0.

o
=

turnover

5

2

.1

turnover

turnover 7

.C. result

no catalysis

no catalysis

no catalysis

-

- O

.5

-
[

turnovers

turnovers

turnovers



[Ru5 (COY o (H) (S| (3)

T/°C

47-48
47-48
47-48
79-80
79-80

79-80

Heterogeneous catalysis

t/hr
48
48
48
48
48

48

Pentene

]_..
cis-

trans-

cis-

trans-

I.r. result

no change

no change

no change

traces }RuS(CO)g—
H(SPr™) | but mainly
a plethora of

unstable products

results

Only cis-Z-pentene was used.

g.l.c. result
§ turnovers

5 turnovers

2 turnovers

20 turnovers
16.7 turnovers

3 turnovers

Control, experiments

with plain oxides in all cases showed no activity, under

the conditions used (47

HS(CH

22
20
195
19

9

2)3
0s loading/p.p.m.

o

0.5 °C, 72 hrs).

Si(0Me) s  (0-M70_) .

turnovers per Os

1

4.2

v

HS(CHZ)SSi(OMG}S_X(O—M‘OH)X(MeSSi)V

O0s loading/p.p.m.

17
23
21
2
L

900

200

300

450

300

turnovers per Os

0.9

1.8
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I i (O0Ma 1 Af -
iOSS(H) (CO)IO{S(CH2)351&OMV)35{ + M On

M’On Os loading/p.p.m. turnovers per Os
Y-AIZO3 29 400 0
SiO2 3 550 0
Tio0, 31 660 0
Zn0 13 300 0
MgO 9 950 0

[0s(COYq, | + MO

M’On Os loading/p.p.m. turnovers per Os
y-—AlZO3 22 550 6.1

SiO2 9 950 0.7

TiO0, 17 000 0.6

Zno 19 040 0.7

MgO 17 000 0

! 3 &) 1! va
EOSS(CO)IO(H){S<CH2)351(OM“j3~K{OSiOZ)x’§ pyrolysed

(160 OC, 3 days, vacuum)

M’On Os loading/p.p.m. tunrovers per Os

SiOZ 27 400 5.04

§OSS(CO)10(H)(OSiO7)§ pyrolvsed (160 °C, 15 hr, vacuum)
Os loading/p.p.m. turnovers per Os

9.950 0

% [_CN)IS(CH,),Si{0y ~M~ N i) Fi.
'OSS[CO)Q(H)[CESL.j\54Ch2}351L0j€)3_x(0 M On)x[JeSSl>y"

M’On Os loading/p.p.m. turnovers per 0s
Y"A1203 17 900 1.7
Si0 23 200 2.6

2



Tio, 21 300 4.0
Zn0 2 450 2.9
MgO 7 800 2.3

f i I\ -M- . i »
|Ru, (CO) ;o (H) {S(CH,) ;Si(OMe) ;_ (O-M On)x(MesSl)y}!

M‘On Ru loading/p.p.m. turnovers per Ru
y-A1203 10 800 10.0

SiO2 25 500 10.06
{RuB(CO)lzf + M’On

M‘On Ru loading/p.p.m. turnovers per Ru
y-AlZOS 15 110 0.6

Si0 2 090 0.0

2
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Chapter 4

— Some Complications —




Thiols! and amines® react with !OSS(CO)lzi to give
complexes of the general formula [OSS(CO)lo(uZ—H)(UZ—XR)I in
which both groups bridge the same edge.>*?  The bridging
thiol ligand (see Chapter Two) proved to be a better anchoring
ligand than the monodentate phosphine. That is.it gave the
clusters greater stability towards fragmentation and this
provided the impetus to investigate the use of amine ligands
for anchoring and prevention of cluster fragmentation.

In addition to this primary amine ligands by virtue of
processing two activated hydrogens (like PhPHZ and HZS) can
also form capped clusters, e.g. IHZOSS(NR)(CO)QIS (c.t.

05 (PPh) (CO) 4 1% and |H,0s.(S)(CO)y|7).  This nitrogen

H,

cap has been shown to confer an increased stability upon the
cluster. For example,8 the cap remained intact when
EHZOSSCCO)Q{NR)f was pyrolysed at 198 °C for several hours.
This reaction yielded a new tetrahedral cluster §Os4(CO)12—
(NCH3)§ in moderate yield, whereas most other osmium clusters
under these conditions would have decomposed to mononuclear
speciles or osmium metal. This illustrates what could be an
important future use for anchored ligands. That is, they
could be used to provide sites for controlled metal particle
growth. This template effect of certain ligands for cluster
growth is not limited to amines and has been seen for other
ligands such as phosphines and isocyanides, e.g.

HC(PPR, G w0 Ni(CO),, — o [HC (PPh,) ;N1 (CO) | (ref. 11)



g(PPh)Ru3(CO)9(H2)I . ,’Ru4(CO)11(PPh)2! (Ref. 9)
+

|Ru_ (CO); (PPR) |

§053(c0)11CNR1 — !036(C0)17(CNR)I (Ref. 10)

Another reason for investigating the use of isocyanides
as possible anchoring ligands is the existence of compounds

2 HC=NPh) |,1? which fulfil two criteria

[ (1=H)055(C0) g (13-
for a durable oxide tethered metal cluster. That is,it
contains a bridging ligand and has some incipient unsaturation.
It is obtained by the thermolysis of 1H2053(CO)1OCNPh! which
proceeds via a hydrogen migration reaction to {HOSS(CO)IO—

(u- nz—HC=NPh)I and then by CO loss to the desired product.

Synthesis of oxide anchored versions of these was, therefore,

attempted.

A reason for the expansion of ligand anchoring to surfaces

besides silica (see Chapter 2) was the prospect of oxide

effects on catalysis.14 The alkylidyne tricobalt ennea-

CarbonykglRCCos(CO)QL are ideal candidates for investigating
o . . 15,16,17 . .
this. Since studies of methinyltricobalt ennea-
carbonyls have shown that there is extensive electron
delocalisation throughout the COSC unit and as a result of
this the co-ordination behaviour of the cobalt is markedly
affected by the type of apical substituent R. So in order
to study the electronic and stereochemical behaviour of the

oxides on clusters, the synthesis oflClSSiCCos(CO)QX59 was

carried out.

13
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Particle size effects on the catalytic activity of
materials derived from oxide supported metal carbonyl clusters

19 However, this suggestion has not been

have been suggested.
possible to test to date since a general method of tethering
clusters of differing nuclearity by a standard link has not
been reported. The combination of the new techniques of
radical anion catalysed substitutionzo and purification by
flash chromatography21 offer the opportunity to realise this.

So the application of these to ruthenium clusters of varying

nuclearity was investigated.
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Results and Discussion

(a) Amine ligands

The reported route5 to the capped and bridged species
(i.e. %OSS(CO)IO(H){N(H)R}Z and EOSS(CO)g(NR)(H)ZI)involves
the initial preparation of a formamido complex, §053(CO)1O(H)-
{OCN(H)R}|, and then the conversion of this on heating to the
other species. With this in mind the complexes IOSB(CO)lo(H}—
{OCN(H)R}| (where R = Pr" (16). and (CH,) sSi(0Et); (18))
were prepared. (16) converted on heating to the bridged
species QOSS(CO)lo(H){N(H)Prn}i (17) as expected, however,
(18) proved to be unstable when heated and produced an
insoluble material. So ways of overcoming this problem were
investigated.

(16) was found to convert to (17) by using MegNO to
remove a carbonyl but the yields of this reactiﬁn were found
to be too low (< 15 %) to make this suitable for producing
an anchored bridged species. The bridged species has also
bee repertedS to be formed by the reaction of fOss(CO}lO—
(CHBCN)Zé with amines. However, this reaction concurrently
produces the formamido complex and since the R.f. values of
both species are similar (e.g. R.f. values from t.l.c. eluted
with 50 % light petroleum and 50 3% EtzO are; (16) = 0.8 and

(17) = 0.75) the pure silyl derivative would be inaccessible.
The reason for this is that t.l.c. cannot be used for
separating compounds containing a hydrolysable silyl group

(e.g. -Si(OEt)q, -5iClz) as this reacts with the oxide support

and causes smearing and anchoring. Recently, flash
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chromatography has been found to offer a way around this
problem. This is because its higher speed of development
(i.e. 2-5 minutes compared to 30-60 minutes for t.l.c)
minimises the interactions with the oxide. However, some
smearing still occurs and as a result only easy separations
can be achieved (i.e. R.f. values different, > 0.2).

An alternative route to the bridged species is suggested
by the work of Sﬁss—Pink,4S who found that ammonia reacts with
EOSS(CO)II(CHSCN}[ to produce the terminal amine,@sSCCO)ll(NHS)l,
which on heating converts in good yield to the bridged cluster,
EOSS(CO)IO(H)(NHZ)Eﬂ However, when {OSS(CO)11CH3CN§ was
reacted with NHZ[CHZ)SSi(OEt)S only traces of the terminal
cluster was produced. The major product obtained was the
formamido cluste: (18).
probably a reflection on the greater steric size of the
primary amine precluding substitution directly on the osmium
and causing 1t to go in preference on the less sterically
hindered carbonyl site.

An insight was obtained as to why EOSS(CO)IO{OCN(H)—
(CHZ)SSi[OEt)S}f (18) is unstable at r.t. (unlike §033(co)1o~
{OCN(H)(CHZ)ZCHS}E (16) which is). When (18) was reacted
with oxides a new compound is formed (see Figure 4.1). To
investigate its identity (16) was reacted with PhSSiOH (an
analogue of a surface hydroxyl group). Though no reaction
occurred on standing at r.t. for long periods of time, warming
to 40 - 60 °C caused rapid decomposition to give initially

similar solution i.r. spectra to those seen on the surfaces.



(b)"v”\u / r
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2 100 2 000 1 900 cm

1

1.1. T.r. spectra of; (a) §H053(CO)1O(OCN(H)prn)§ in

led

Figur
cyclohexane, (b) %HOSS(CO)lo{OCN(H](CHZJSSi(OEt)S}i + y-A1,04

Nujol mull, and (¢) Nujol mull of the product of heating aminated

silica with osmium carbonyl (method 1).
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Probably the mechanism of attack on the cluster involves
nucleophilic substitution at the formamido group by the
Si-0OH, as in the alcoholysis of organic amides. So the
surface probably initially converts the formamide cluster to
an ester cluster which then decomposes. This would explain
why (18) is unstable since the -Si(OEt)3 group can act as a
source of ethanol. Interestingly, the initial major side
product on reacting (18) with oxides or IOSS(CO)11CH3CN] and
1053(C0)12§ with aminated oxides (see Figure 4.1), displays
a similar 1.r. spectra to the terminal amine cluster,

o]

%OSS(CO)llNH3§ (e.g. OSB(CO)llNHS in CH,C1,, 2 096 (w), 2 042(s),

2 024(s), 2 010(m), 1 989(vs), 1 980(sh), and 1 955(sh) cm_l;

the "impurity'" bands in (18) + y—Alz . samples = 2 089 (w),
(

2
20 s and 1 Q54 (w) cm
W), and 1 Jos (W)

(W

1 967

N

2 0420s) (s, 2 010(s)

43

4

3 3

Unfortunately, the product from the reaction of PhSSiOH with
(16) which displayed a similar i.r. spectrum could not be
isolated because it reacted with the t.l.c. plates and was

also too unstable for purification by crystallisation. The
available evidence suggests that this intermediate on a surface
is possibly a terminal oxide cluster (e.g. IOSB(CO)II(OSiOZ)}.
On standing all the supported formamido clusters initially
decompose to give this species before fragmenting to give

mononuclear speciles.
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(b) isocyanides

For 90 years after their discovery by Gautier32 and
Hoffmann33 the synthesis of isocyanides was dominated by the
two classical methods. That is the reaction of silver

cyanide (or cuprous cyanide) with an alkyl iodide reported
by Hoffmann or the carbylamine reaction discovered by
Gautier. e.g.

g

R—1 + Ag>x}~¢=ER.-—NCAgI}-—FCVA> R —NC < 55 % yield

+
.t NTT —_— 1 | . N\ =
R -Nd2 + CCl2 -EEET~¢» !R ——Ndz CClz*“’E“"T" +R N CHC1|
3 elim
Base
®elim
R — NC

< 50 % yield

The principal disadvantage of these routes are the poor yilelds
(55 % is a maximum, the yields are usually 10-15 %) and the
problems involved in purifying the products. These two
methods have been displaced since the early 1960's by the
dehydration of N-monosubstituted formamides.g4 A wide
variety of acylating agents (e.g. CoC1,, SOCIZ, p-toluene

sulphonyl chloride, and PPhS) can be used to dehydrate the

N-monosubstituted formamide in the presence of bases (e.g.

trialkylamines, pyridine, and quinoline). e.g.
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H H
//O — C0 —C1 C1
R—N=C 5= R—N=C" — = R—NC

+
Et.NHC1™ + (O
3 2

The choice of which pair to use depends on the isocyanide. In

the two preparations carried out in this work the acylating
agents and bases were chosen to allow easy separation of the

isocyanide. For example, in the case of the taunc

preparationz3 the product could be distilled directly from

+ 1 1 T+ 3
the lcss volatile reactants and other products, i.e.
2

+ .
RN J— Q 7
BuNHCHO + PMe C6HS.UOZC1 + 2C9H7N

o

t uN r+ A e - -
BuNC 4 + 2C9H7N + DPMe C6HS.SO3 + Cl

The n-alkyl formamides are generally readily available from
primary aliphatic amines and the calculated quantity of either

formic acid or ethylformate in refluxing benzene or toluene
with the azeotrope being removed.

c.g.

tBuNHZ + HCO,Et ——e CRuNHCHO + EtOH

3

2
“JNH = 2 Hz was

Obviously the nuclear quadrupole

t

Interestingly for I{EtO]SSi(CHZ)SNCE a

obhserved for CN ——gﬁz —_,
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35

coupling in isonitriles 1is very low and this indicates that

there must be a near zero electric field gradient about the
nitrogen36 in isocyanides. The literature values for ZJNH
in isocyanides range from 2-4 Hz which is in accord with the

observed value.
When the isocyanide was supported on silica a new
isocyanide band was observed in addition to the band seen

for the free isocyanide (see Figure 4.2, free isocyanide 2 148

1

cn~ ! and new band 2 160 cm” ). The anchoring of this isocyanide

~r

to silica has also been reported by Howell and BerryS/ and

they only observed the band at 2 160 em™ L. It is well known

that vy increases with increasing solvent popularity (e.g.

t - -

BuNC Ve T 2 134 cn 1 gas phase, 2131.3 cyclohexane and
2137.8 in acetenitrilel}. This is apparently due to the polar

solvent enhancing the contribution of the polar triple bonded

structure, e.g. RN =(C == R — N ==C. However, this effect

is only of the order of ~ 6 c:m_1 for nonhydroxylitic solvents
1

and the observed shift is 12 cm’ Hydrogen bonding (by

70
S5,

{

(2]
W

alcohols ) solvents can cause a shift of this magnitude.

So the peak at 2 160 cm—l is probably due to surface hydroxyl
groups hydrogen bonding the isocyanide (this should stabilise

the triply bonded canonical form), e.g.

R - N = C
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(b)

L L L] (Il

4 000 1 000 cm™!
CN(CHZ)SSi(OPt)3 film between KBr discs, and (6) a disc

Figure 4.2. L.r. spectra of (a)

of isocyanide liganded silica.
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The v\ also shifts on co-ordination and this can be

explained in terms of either o-donation or o¢-donation and

d

*
-7 back donation. In isocyanides the bond order is

intermediate between 2-3 and probably nearer to 3 than 2.

F

cm™ ! whereas for E(Fe(Cp)(CO))Z(UZ—CO)(UZ-CNPh)

0
W
t
a

b

a

or example, vey for cyanides (bond order 3) is 2 260-2 200

140 (CN bond

rder ~ 2, as C —N —Ph = 1319 Ve = 1 704 cm™L compared

1 for the free ligand. So for isonitriles if

ith 2 117 cm”
hey acted solely as ¢ donors on co-ordination one would expect
slight increase in vne @S the ''charged' canonical form would

e favoured. Cotton and Zingales41 have proposed that in

ddition to this a slight increase in MNe should also occur

due to a kinematic coupling of the M —C and C — N bonds.

d
H
F

Molecule Av/cm™

'

i
'
s

T

t

a

£ Franma + 1A mf\'f‘a7<~ hAar~at1e~n ~AF 4‘1’15;7‘ aha14+v +
A ilave W F S ) U\Jbuﬁ_ts\/ oL W ddber g L b‘-uA__LJ-\fj i

@]

m o dlA ,AamA A
ii Clive e d D A S

*
.

-~ m  backbond, one would expect to observe a drop in vy,. 1

owever, in the substituted clusters, ﬁHZOSS(CO)lOCNR[ and

Oss(CO)nCNRi vy 1s raised rather than lowered, e.g.

1

(compared to free isocyanide)

H T4 t‘

H,05(C0){4CNBu" | +64

1 OOy N ru : | 7
HZOssLCO,mLA\gCnZ)381(9}31:33 +76

0s(C0){{CNBu"! +48 major, +10 minor
055 (C0) 1 CNICH,) ;Si(0Et) ! +75 and +54

“
his must be because the carbonvls are better d - 7 acceptors
han the isocvanide and so are acting as an electron sink

nd causing the isocvanide to act predominantly as a o donor
Paed
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ligand, Several pieces of evidence exist to support this
suggestion. Firstly, for clusters of the formula EOSS(CO)lz_n-
(CNR)HI it has been observed42 as n increases, VNC and Veo
decrease. This suggests that relatively more charge is
delocalised into the CNR = orbitals as the number of CO
groups available for this purpose decreases and that the Yeo
decreases because the CNR ligands are acting as stronger
electron donors than the replaced CO ligands. Secondly, for
n =1, 2 and 3 a 13C n.m.r. study has shown that isonitriles
occupy axial positions when not forced into equatorial positions
on steric grounds. This would fit in with the current view
on the electronic environments of the axial and equatorial
sites on osmium carbonyl. That is, equatorial sites suit
d -+ 7" acceptor ligands whereas axial sites being more electron
defficient suit ¢ donor ligands better. Q

This difference between axial and equatorial sites 1is
seen for the cases where n = 3. A 13C n.m.r. study42 on
these compounds suggest that they exist as a dynamic mixture
of two isomers, one of which possesses an isocyanide in the
equatorial position. Interestingly.in these cases two
unequal Ve bands are seen in the i.r., a major higher frequency
one and a minor lower f{requency one. The minor lower frequency
one 1s probably due to the isocyanide in the equatorial
position, since an isocyanide on an equatorial site should
have more d — - character in its bonding than one on an
axial site. Unfortunately, for EOSS{CO}IECNBut{ (which
exists as an equilibrium mixture of equatorial and predominantly

axial isomers) though the major band is readily seen the minor



band is too weak for a firm assignment to confirm this KV
shift on different site occupancy.

In the case of the silyl cluster fOSB(CO)llCNRI (R =
(CH2)3Si(OEt)3) two bands of about equal intensity are seen
in the Une region. These could be due to axial and equatorial
isomers as seen for %OSS(CO)11CNBut§ but this is unlikely
since the silyl ligand is sterically smaller than the By
ligand. Another possibility is that these differ in the
conformation of the R group, for example, the silyl group
could be hydrogen bonded to isocyanide.

CN{CHZ)BSi(OEt)S reacts readily at room temperature with
§H2053(CO)1OE as observed for other isonitriles to yield
[H,055(C0) | {CN(CH,) {Si(0Et) s} | which shows at O °C in the
1H n.m.r. (CD2C12 sclvent) two sets of terminal brideging
hydride resonances due to major and minor isomers. This has
been observed for other compounds of the formula {HZOSB(CO)IOCNRI
but interestingly the minor more upfield isomer is more

prevalent in the silyl compound (major:minor ~ 3:1) than for

the other reported compounds. For exanple, for %HZOSS(CO}lo-
t, 2 i
CNBu ¢ the ratio is ~ 6:1. The coupling “Jy q 1s
“terminal bridge
a constant } Hz independent of the isomer. This indicates

that the relative orientations of the two hydrides are constant
in both isomers (the angle dependence of ZJHH is well
documented). The two isomers probably differ in the orientation
of the isonitrile to the terminal hydride ligand (i.e. either

cis or trans), e.g.
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(CO) . (CO)
Os + 3 {Os 1
H C H///// \\\\\
! | — |
(0C) .0s OS(COJ3 (OC)SOE\\\\ ////?S(CO)S
H H ¢
N
R

. 2
A single-crystal X-ray study of ]HZOSS(CO)IOCNBut(l“ shows
that in the solid state the trans isomer predominates with the

isocyanide occupying an axial site. The hydrides in

{12 t

iH OSS(CO)IOCE\'Rx (R = Bu~, CHg, CeHc) are also fluxional and

2
are only "frozen'" out on the lH n.m.r. time scale at

0

temperatures around -60 “C. Surprisingly in the light of

this [H,0s,(C0), CN(CH,) 5Si(0Bt) 5| (19) is frozen out at O °c.
This is unexpected since the proportions of the two isomers
is more even for (19) than for the other substituted clusters.
So one would expect the relative energies of the two isomers
for (19) to be more equal. The fluxional process interconverts
both the isomers, since the hydride signals collapse on warming
to give a single line. Obviously in the case of (19) there
is a higher energy bharrier towards this interconversion and
this 1in part favours the minor isomer which is probably the
cis isomer (the X-ray of %HzOSS(CO)loCNButi12 shows the trans
isomer).

It is interesting to speculate that this barrier is due

to hydrogen bonding in (19) between the Si(0OEt). and the terminal

hydride and this would also explain the higher proportion of
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the cis isomer (in (19) compared with the other derivatives).

For hydrogen bonding to occur the polarity of the M —H needs

to be Méu ——H3+. Similar acidic behaviour of terminal and

bridging hydride ligands has been seen, e.g.

Compound Ka Solvent Ref.
%Pes(CO)g{H)(SR)E 3 or 4 variable 54
§HCO(CO)4§ 2 H,0 55
|HCo (CO) (PF5) 4| 2 H,0 56

| 1y kol | . .

HZJ(PFS)4{ weakly HZO 57
(M = Fe, Ru, Os) acidic

Although it is tempting to relate the acid strength directly

to the polarity of the metal-hydrogen bond, other thermodynamic
factors must also be considered. Of these factors one of

the most important is the solvation energy of the proton and

yding anionic metal species.

o

3

the corr 0

@)
4]
]

2
1OCNButil“ undergoes a (NEtS) base catalysed
t\;

rearrangement to give FOD,(CO)lo[CV HYBu~) | and it cannot be

|H,05(CO)

L

made to undergo this reaction without base catalysis. However,
(19) undergoes this reaction slowly at r.t. and rapidly on
heating without a catalyst. This could be due to speculated
hydrogen bonding catalysing the reaction, e.g.

{OEt) ?Si/\/\
,/ \

%

Et0 \
'%1 (0C) ,0s

N
\

(co

(/1

\_./
i
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Some further evidence for this was obtained during the
attempted anchoring of (19), when it changed rapidly even at
low temperatures to KHOSS(CO)IOCN(H)(CHZ)SSi(OEt)S_x(M’On)XE
(identified by comparative i.r. with (20), see Figure 4.3).
This isomerisation must have been catalysed by hydrogen bonding
by the surface hydroxyl groups rather than by base catalysis
since all the oxides catalysed it. For example, the silica
used was acidic and possessed no Lewis base sites (unlike
y—AlZO3 and TiOZ) but still promoted isomerisation . Firmly
anchored versions of (20) could be obtained by refluxing oxide
suspensions in cyclohexane solutions of (19) or (20) for two
hours. Substitution of ethoxide groups by surface oxygens to
form {HOS(CO)lO(CN(CHz)ssi(OEt)B_X(O—M‘On)x}2was evident as

[P S | - P

P 3 - P y o~ 1 —~
¢tnanoit was aetected oy g.i.C.

cr

CH2C12 Solutions and alumina anchored versions of (20)
were monitored for pentene isomerisation activity at 47 and
o) 1 M),

80 °C.  In solution ((20) 4.3 x 107°M and pentene 1 x 107

only slight activity was detected at 47 °C after three days.
After six days at 380 OC, little trans-2-pentene had isomerised
but the degree of conversion of terminal to internal olefin

(7 turnovers) and cis to trans-2-pentene (12 turnovers), did

increase. The alumina anchored complex exhibited similar
activity at 47 OC, e.g. 3 turnovers for l-pentene going to
2-pentene but less than 10 % of the activity of (20) at 8O °c.
The i.r. spectra of this recovered sample indicated some

complex decomposition, but it appears that the oxide environment

also deactivates the intact cluster,
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(a) ]

(b)~wf“»//ﬁJ*\

!
2 200 2 100 1 900 cn~t

Figure 4.5. I.r. spectra of (a) EHOSs(COJIOfCX{H}{CH7} Si{OEt}S}

(20) in cyclechexane, and (b) (20) on y-Alumina.
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(a) f~\
(b)
\\\/// v / \// . \\\‘///
2 300 2 200 1 800 -1
cm
Figure 1.4. I.r. spectra of: (a} :Osﬁ(CO}11{CN{CH2)3Si{OMe)3}?

(21) in cyclohexane, (b) Nujol mull of (21) + y—AlZO

[

3.
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The anchoring of !OSS(COjllCNR{ analogues was carried out
without complications by two main routes. That is by inter-
acting either iOsS(CO)IICN(CHS)SSi(OEt)Sf (21) with oxides or
lOSS(CO)llNCCHBI with isocyanide liganded oxide, (see Figure
4.4). (21) exists from the i.r. as two isomers and this
explains the complexity of its spectrum. Catalysis runs on

(21) showed it to be inactive towards pentene isomerisation.

(c) alkylidene clusters

The alkylidene clusters investigated are of the robust
alkylidynetricobalt nonacarbonyl Series.44 These contain a
tetrahedral CCo3 cluster unit in which the apical carbon is
co-ordinated symmetrically,apparently via o bonds to 3 cobalt

atoms.
R
|
C
\,

N

(0C) .Co Co(CO)
3 3

Co

CO).

(CO) .
Each cobalt atom may be regarded as achieving a closed shell
configuration by 5 bonding to two other ccbalt atoms. The
arrangement of the carbon monoxide ligands is such that six of
the nine carbon monoxide ligands are disposed upward in the
ceneral direction of the apical carbon atom and its substituent
and as a result any reactions at the apical carbon or at 1s
substituent group will be subject to substantial steric

hindrance. This will make the Cap fairly inert to chemical
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attack and thereby make these clusters resistant to
fragmentation and suitable for catalysis study.

Tt has been shown'® both that there is extensive electron
delocalisation throughout the COSC unit and that the co-
ordination behaviour of the cobalt is markedly affected by the
type of apical substituent. Robinson et a1.16 investigated
this by preparing teriary phosphine and arsine derivatives
of compounds with a range of R groups on the capping carbon.
They found that the cap stabilised the cluster towards
fragmentation by Lewis bases (compared with EFeB(CO)lzi and
ERuS(CO)IZE, which gives mono or dinuclear species under similar
conditions). In addition to this they also found that the
reactivity varied with the R group. For example, only certain

disubstituted clusters could be made, e.go.

[RCCo, (COY,L, |

2
R = PPhS PhEtZP PhMeZAS
c1 - - -
Ph - v/ -
Me v v v

It has also been observed that the stability of the derivatives
5 7
also varies with R. For example, with the arene complexes
QRCCOBQCO}G(arene}i it is Ph > F > Me.
This variation in reactivity with R groups could be useful

in oxide supported catalysts, as oxide effects could be

mitted through the R group to the cluster. To test this

w

tran

the compounds R SiCCoS{CO)g (R = Cl (23), Et (22) and OH (24))

3
59

were made by literature methods. The i.r. spectra of these
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compounds illustrate that the groups on the silicon do effect
the electron density on the cluster and hence probably the
clusters reactivity. For example, the carbonyl bonds in (22)
are shifted to a lower frequency than in (23) because of the
+] effect of the ethyl groups compared with the -I effect of
the chlorines. (23) anchored well on most dry oxides ar r.t.
from CHZCIZ solution, (silica required gentle heating). A
dry oxide is required otherwise the reaction shown below

occurs (this can be used to prepare (24))

101351ccO3(c039; ~—;ﬁz6ﬁ4’ JHCT + §(HO)381CC03(CO)9] (24

The supported clusters gave purple powders whose 1i.r.
spectra varied slightly with the oxides (510, appears to be
a better electron donor than the other oxides).'and agree well
with the spectra for (23) and (24) but not (22) as would be
expected (see Figure 4.5), as the supported species should
be electronically closer to (23) than (22).

The catalysis studies though illustrating that the
reactivity of the CCO3 clusters varies with the R group do
however, demonstrate the need for a stabilising carbon
mencxide atmosphere as all the clusters decomposed at 80 °c.

0
"

-ty
s

i

the

ot

O
7]

W vl clusters ((22) and (23)) tested only the
triethyl one showed any catalysis and then for only l-pentene.

a xrected since the metnyinyl tricobalt enneacarbonyls

92}
4N

92}

This 1
are more reactive when the R substituent is a +I rather than
a -1 group. The reason why only one pentene is isomerised

is probably because it is the least sterically hindered of the
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three isomeric pentenes tested. The fact that when the

C1 SiCCoS(CO)QI cluster decomposed at 80 °C no catalysis

3
was observed indicates that it is the intact cluster or some
derivative of it that is the active catalyvst. The catalytic
activity ofjHCCoS(CO)gk was quite different to (22) in that
besides causing isomerisation of all 3 pentenes it also

caused polymerisation particularly for the l-pentene. Various
{RCCOS(CO)gi complexes have been shownd?’48 to be initiators
of olefin polymerisation. With the complexes in which R =

H, C1 or Br one might speculate that the initiating process

involves reaction at the apical carbon atom in view of the

known EHCCOS(CO)gi/olefin49’SO reactions, and the reported
reactions of !BrCCoS(CO)Q! with olefins. 021

c.g.

iBrCCo3[CO)9§ + C2H4~—4m ICZHSCCOSfCO}Qi +

— 1 ;
| CHCH = C(CH) CCo, (CO) 4|

However, the fact that complexes in which R = Ph, F, MeZCH
and C,F. also initiate polymerisation of acrylonitrile
suggests that chemistry of the cobalt may be involved instead.
The displacement of carbon monoxide ligands by diolefins to
give stable complexes of type ERCCOS(CO)9{norbornadiene)I
52,53

have been reported, so such a process is entirely feasible.

n

ince in this case (HCCo,(CO),) the starting cluster was

3 9
recovered fin over 95 % vield from the catalysis experiments)
mostly unchanged, the active catalvst probably like in the

case of ;EtSSiCCOS[CO)gE involves substitution at the cobalt.
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Attempts to isolate the postulated olefin adduct were
unsuccessful possibly because of an inherent instability, so
doubt still remains about the active catalyst. When the
catalysis experiments were repeated on the anchored clusters
}(CO)9C03CSiC13_X(O-M’On)X} (M’On = SiOZ, AlZOS) no catalysis
was seen. Obviously the -1 effect of the oxide inhibits its
catalytic activity like the chlorines in the parent cluster
E(CO)9C03C51C13¥.

Interestingly, both %PhCCoS(CO)gg and {(u4-Ph~P)ZC03(CO)8—
(h—CO)ZS have been shown to catalyse hydroformylation.sg’l8
Under the conditions reported (110 °C, 100-25 hrs) the
{PhCCoS(CO}QI would be unstable if it was not for the presence
of a stabilising carbon monoxide atmosphere. This result
indicates, despite that the clusters decomposed under the
isomerisation conditions, they still could be possible hydro-
formylation catalysts. Also because of the general ease of
synthesis of these from any R;SiH and [HCCOS(CO)QE, the
possibility exists to tailor these catalysts by preparing
these compounds with various (e.g. ECIZRSiCCOS(CO)QE) R groups
{useful R groups could be electron donor ones or even chiral

Toss -
alkyl groups).

(4} Phosphire ligands

One of the major problems encountered in the anchoring

ters has been the specificity of the anchoring reaction.

ry

o1

9]
L

-

i

i
For example, Gates et al. have claimed the specific anchoring

of HiRu4{CO)l7 onto phosphinated polystyrene,éo to produce

samples which are uniquely either, ‘H4Ru4{CO}1]”P”§,
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IH4Ru4(CO)9”P3”! or §H4Ru4(CO)8”P4”} (where "P'" = phosphinated
polystyrene), by comparative i.r. with [H4Ru4(CO)12_n(PPh4)n{
(n =1, 2 3, and 4). They claimed that this specificity was
obtainable by using block polymers, however, on comparison
with the PPhZEt derivatives, which are close analogues of
the PPh,R (R = polystyrene) groups on the polymer, all three
reported cases appear to be a mixture of the different n
values, with the rcported n value predominating.

This problem of polysubstitution has been reported by
Brown and Evans,61 for the thermal anchoring of ?053(60)12{

onto phosphinated silica. They observed polysubstitution

by i.r. (i.e. gOsS(CO)12_n{PPh2CH2CHZSi(OEt)S_X(OSiOZ)X}n1,

n=1, 2, and 3), for the supported species. This problem

can be overccme by using a route by which specific substitution
: 61 . . .

can be obtained. For example, polysubstitution in the case

of {OSS(CO)IZi/phosyhinated silica system was overcome by
preparing first a cluster with a weakly co-ordinating ligand
(i.e. §053(CO)11CH3CNE) and then reacting this under mild
conditions with the liganded support (e.g. r.t., 60 minutes)
and because CO substitution requires more forcing conditions
(refluxing toluene) this reaction yields specifically

|05 (CO),17PPh CHziHBSi(OEt}S_K[OSiOZJX}ﬁ. This method is of

2
limited use as the routes by which specific substitution can

be obtained are themselves limited. Other specific syntheses

92}

used to date involve the addition of phosphines to clusters:

61,62 Ly |
) 0 ;HZOSS(CO)lol +

with incipient unsaturation (e.g.

1Y .
Iy

Si0 )x ); for which the first addition
570

{PPh, (CH,),Si(0Et),_ (0
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has the lowest activation energy63 (e.g. fRuSC(CO)17§ +
phosphinated silica) and for which substitution at a particular

site 1is favoured64 (e.g. mixed metal clusters containing gold

o / 3 1

such as }HAuOSB(CO)1O{PPh2CH2CHZSl(OEt)S_X(OSiOZ)X}g).

Side products, however, present a constant problem even
in these cases. For example, in Chapter 3, despite the reaction
of OSS(CO)lz with thiolated oxide giving an i.r. spectrum
indicative of the pure supported species, | OSSQH)(CO)lg—
{S(CHZ)SSi(OMe)S_X(O—M’On)x}[, some pentene isomerisation
activity was observed. This was shown by control experiments
to be due to minor impurities (not detectable by i.r.) formed

during the preparation of these samples, by oxide interaction.

A route avoiding this problem is to prepare the silyl liganded

cluster and then attach it to the oxide. This method was
. 61 .
pioneered by Brown and Evans for clusters,though it has been
65

reported previously for mononuclear species.
The major advantage of this route is that the cluster can be
purified before anchoring. However, a disadvantage is that the
forcing conditions required to anchor it firmly to silica can
often cause loss of cluster integrity. In Chapter 2 this
nethod was expanded to oxides besides silica and these proved
to be much more reactive towards the silane (probably because
these oxides possess Lewis acid/base sites which silica does
not ordinarily process66) and so allowed gentle anchoring of
these clusters.

This approach itself though expanding the range of

available chemistry for anchoring was still limited until
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recently to reactions which gave in high yield one product
which could be purified by sublimation or on solubility or

by crystallisation, as chromatography could not be used.

This is because the hydrolysable silane interacts strongly with
the hydroxyl groups of the chromatographic support and causes

tailing, anchoring and partial hydrolysis of any recovered

compound. This problem has been overcome by flash chromato-
graphy.21 Flash chromatography is basically a compressed air

or nitrogen driven hybrid of medium pressure and short column
chromatography which has been optimised for particularly rapid
separations. It can achieve moderate resolution (AR.f. = 0.1)
compared to t.l.c. AR.f. = 0.05) despite its rapidity (time

to develop a column % 2-5 minutes compared to & 30 minutes

3

its

(@)

“
@

a

for a t.1l.c. platej. This method du apidity rcduccs

the problem of silane interaction with the oxide and as a
result only slight tailing of silanated compounds occurs and
this allows separation of silane compounds having fairly
close R.f. values (requires AR.f. for monosubstituted silane

compounds to be > 0.15).

. . . ~ 67
The attempted thermal anchoring of huS(CO)12; and

2853{60)17 onto phosphinated silica yielded compounds of the
formulc AL 3 IPPh.CH.CH.Si( . ] v .
formulae J{CO)lZ_nkL}hZC[ZCﬁZDLQGEt}J¢X<05102jXJH , Where

n is mainly 2 or 3. This illustrates a common problem with
phosphine substitution, that is good yields of the mono-
substituted product are generally hard to obtain since attached
phosphines appear to have a labilising effect on the clusters.

;68 r 69 70
3

For example, for [Ru;(COYV{,", 105 (COY, 5| EHiRui(CO)IZE’
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71 72

the first substitution

[Rh, (COYq, |, " and [Ir, (CO) , I,

appears to have the highest activation energy. This 1is
opposite to what is observed for mononuclear carbonyls with
phosphines where successive substitutions become increasingly
difficult due to electronic effects which lead to M-CO

strengthening as PR3 ligands are added. In clusters this

would account for the general occurrence of monosubstitution
at a metal centre by monodentate phosphines (e.g. H4Ru4(CO)12_n-

{P(OMe)S}n, n=1, 2, 3, 4). The i.r. spectra of clusters as

n increases generally show a decrease in Veo? which is in accord
with the phosphine replacing a better v acceptor ligand and
so leaving excess electron density on the cluster which is

partially dissivated In increased d-+ backbonding to the CO

Thiaz 2hnA1 3 aaaear
rilio onvuill SUL v

A dmecvrancn +ha AT c+ranath
A dlite L vl D Libn WraE Soea ik -t

Mo kK
PR .u s

03

c
and decrease the reactivity of the cluster by ﬁechanisms
involving rate determining M-C cleavage. The observed
labilising erffects of the phosphines probably arises from
two effects seen in the single crystal X-ray structures of

phosphine substituted clusters (e.g. X-ray, OSSQCO}11P(0M6)3,73

Rus(CO}llpPh ,/4 and F€5(C0311P9h (both structures}/a) that

3
is.a general expansion of the ligand envelope, to allow for
the more bulky ligand, together with an increase in the M-M
distances on phosphine substitution. The increase in the

M-M distances is thought to be caused by both steric and

. For example, in fOSS{CO}llP{OMe}SE the

by
.

]

e

i

L

T

Ui

electronic
M-M edge cis to the phosphine is lengthened more than the

other two and this is pcssibly due to a steric interaction.
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The general expansion of the metal triangle is thought to be
due to the expansion of the ligand envelope together with the
increased electron density on the cluster being taken up by
the expansion of the metal triangle.

The reaction of RuB(CO)lz with phosphines has been
studied in detail,76 Several mechanisms have been proposed
to explain the observed kinetics. For the monosubstitution
step there appears to be two rate determining routesj a CO
dissociation step (lst order) and a phosphine attack (2nd
order route). In the case of polysubstitution the proposed
mechanisms involve both M-M cleavage and an increase in the
rate on phosphine substitution. This could be explained in

terms of a weakening of the M-M bonds together with an

increased steric reliel on opening the triangle of phosphinat
clusters. The increased pentene isomerisation activity of
77 ) ) .
clusters, 'H,Ru, (CO) (PR,)_ | as n increases (activity
B 12-n 3’'n ’

4 > 3> 2 > 1) or the basicity of the phosphine increases (e.g
P[OEt)B > P(OPh)3 > PPhS > CO) could be due to this postulated
M-M weakening, on feeding more electron density into the
cluster.

Some evidence for the occurrence of M-M cleavage
mechanisms in cluster substitution chemistry is seen in the
reversible reaction of ERuSC{CO)lsi with acetonitrile in which
a possible intermediate in phosphine substitution is observed.

A sin _Me(CN; shows a

e

le crystal X-ray study on gRuSC (CO)

;
ERe]
cleaved M-M bond, to accommodate the weakly co-ordinated

and.’®  The substitution of ‘Ru_C(CO);;! with phosphines

G UI

(SN
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leads to products involving CO loss, i.e. }RuSC(CO)140r13~
{PRS)lorZ!‘ The reaction probably occurs via a S.N.Z type

of attack by the phosphine on the least sterically hindered
side of the cluster, that is from underneath the square face.
The phosphine then probably forms an intermediate like the
acetonitrile but because of the greater M-P strength it is

not reversible and CO loss occurs to yield the product
éRuSC[CO]ld{PR3)§. A solid state X-ray structure79 on this
compound (PR3 = PPhSJ shows that the phosphine occupies an
axial site underneath the square base. The crystal structure
of iRuSC{CO)lS(PPhS)é ShOWS79 that the second phosphine also

occupies an axial site trans (across the base) to the first

substituted ruthenium. Obviously the second phosphines

square face of the cluster 1

tn

Aoat+imnmn An +ha haca £ )
(A R R A T (B EY (S S uuSv CA. the

determined on steric grounds. This steric hindrance to the

econd substitution probably explains the lower rate observed

97}

O

[

the 2Znd substitution. Interestingly, polysubstitution,

F

n > 2, has not been seen to occur under gentle conditions

except in the case of bidentate phosphines (e.g. §RuSC{CO)1l—

¥
(-

dppm), |, see Chapter

L

The distribution of the products from the reaction of

Ru C(C0), 107750

-
i
AN

with phosphines, shows that there is a lower
activation energy barrier for the initial substitution than
for the subsequent ones. The reason for this is not obvious

the reaction involves attack at the bridged carbonyl,

Lil

iy

Fut 1
this would be much less favourable in the monosubstituted

adduct if the single crystal X-ray structure of §Ru6C{CO}lé-

o 7
™1 103 . . - .
PPh,Et, represents the major time conformer in the solution
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state. Since this shows that the phosphine is placed
asymmetrically over the bridging carbonyl and so sterically
could protect it from attack. The idea that the site of
attack involves the bridging carbonyl is partially supported
by the observation that [Rh4(CO)12§, which possesses bridging

7 faster with phosphines than

carbonyls, reacts about 10
lIr4(CO)12%, which does not. This difference in reactivity
is too great to be accounted for in terms of differences in
the M-M and M-CO bond strengths and so must be due to the
differences in structure. Another supporting piece of
evidence 1s that for [RuéC(CO)ls(P(OMe)S}ZZ, Brown6tw has
deduced that the major solution isomer is the cis- not the

trans-isomer one would expect from steric considerations.

Incidentally, the product from thc attack at the bridging
carbonyl in the solid state structure of ERuéC(CO)léppthtI

should be the cis-isomer.

This lower first activation energy for Rug and Ruc
carbide clusters allowed the preparation of ERuéc(CO)lé—
{PPhZ(CHZ}ZSi{OEt)B}ﬁ (28) and %RuSC[CO}li{Pth{Cﬁz}ZSi{OEt)S}f
(27), though purification by flash chromatography in both cases
showed the presence of some disubstituted product which was
not evident from the i.r. spectra of the unpurified products.
Brown and Evansés have anchored ERuéC[CO}1~§ onto phosphinated
silica and cbtained the monosubstituted product which on mild
heating converted to the disubstituted species, by reacting

with the excess phosphines present on the surface. Similarly

it was found that when ?RuSC(CO}lsi was rcacted with phosphinated
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alumina under conditions used to obtain monosubstitution, the
monosubstituted anchored product was initially obtained but
this on standing reacted with residual phosphine to produce
traces of the disubstituted product detectable in the i.r.
(see Figure 4.7). This problem of residual phosphine was
overcome by reacting (28) and (27) with the unfunctionalised
oxides (see Figures 4.11 and 4.10) and these red/brown and
purple oxides, respectively, gave i.r. spectra in close
agreement with those of the monosubstituted solution analogues.
The preparation of the monosubstituted Ru and Ru,
clusters represents a problem as the yield of the mono-

substituted product is poor for the thermal reaction.68 A

moderate yield synthesis has been reportedgl for the mono-

substituted product of PPh3 and ngRud(CO)lzg‘ However,
when it was repeated heterogeneously with phosﬁhinated silica
or v-alumina more than one product was obtained as can be
seen by comparing the Vg bands in the i.r. spectrum (see
Figure 4.6) with those of §H4Ru4(CO}12_n{PPhZEt}n§, (n = 1,
2, 3, see Chapter 5) in cyclohexane, The weak absorptions

1

at 2 092 and 2 083 cm ~ correlate well with the bands observed

for the monosubstituted product. There are many coincidences

h

different substitution products
1

th

[¢]

between the absorptions o

ot

rong broad absorption at 1 990 cm~

but the presence of the s

0Q

indicates there is probably also an appreciable concentration

of the trisubstituted product. This synthesis failed partially
o T . . . . " 63

because PPh LCH?)381(OEL]5 is more reactive than :Phs and

also because of a template effect on the anchored cluster.

That.is the anchored cluster is held in position to react with
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(a)

(b) e

(c)

2 100 1 900 cm™t
Figure 4.6. [.r. spectra of (a) ;HQRul[CO}llPPhZEti in cyclohexane,
(b) Nujol mull of the product from §H4RU1CCO}17§ with phosphinated
“T -

silica by the photochemical method, and (¢) Nujol mull of the

product from iHlRud{CO}lzi with phosphinated silica by the thermal

methed (G = Grating change).
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I (PPR,EL), !, 1in cvclohexane,
PR - Lt
!RJSC{CO}ISi with phosphinated

(Co)

_/”'/ﬂ-“/"ﬁ (2)

(b)

(c)

1 000 cm”t

rl ! 1
14PrizEti and (b)
and (¢) the product of
alumina under the

mull].



(a) r/\"'\\

(b)
2 200
Figure 4.10. 1I.r.

(27) in cyclohexane,

(G = Grating chamge
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and (b)

A

I
L4 DPr
of (27)
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’\ (a)
(b)
2 100 1 900 1 300 cnt
Figure 4.11., I.r. snectra of (a) *RuéC COY, . iPPh [CH7}ZSi{OEt)5}§

16 2
(29} in cyclohexane, and (b) a Nujol mull of (28) + y—A1703, the
approximate contribution by the alumina background is shown by

the Jdotted line.
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any other neighbouring free phosphines. It is interesting
that the control of thermal substitution has been partially

effected on phosphinated polystyrene divinylbenzene copolymers

by altering the polymer structure.6o

Photochemical induced anchoring was attempted on
phosphinated silica and y-alumina under conditions reported

to afford quantitatively §Ru4H4(CO)11PPh3§ even with a large

82

excess of PPhS.

was required to give reasonably strong Veo bands than to cause

A substantially longer irradiation time

monosubstitution in solution (35 rather than 7 minutes).

The spectra initially differed from those obtained by the
thermal reaction (see Figure 4.6) with the bands at 2 092 and
2 083 cm™! being markedly more intense. All the bands could
be assigned assuming a mixture of monov- and di-substituted
products. On standing for several weeks the spectra of these
two materials converted into that obtained for the thermal
reaction indicating the presence of residual phosphine.

Whilst the anchoring of the tetraruthenium cluster had been
achieved on silica and alumina by these two routes the lack

of specificity was undesirable.

[

Recently a ncvel method of introducing a variety of Ze

ic, stepwise

1

ands intc metal clusters in speci

2 . .-
reported“o using a radical catalysed

reacticns has been
resction similar to those seen in organic svstems. For
exdarnle, the chain reacticn for :RuS{CQ}17 is thought to

by equations (i), (ii), and (iii).

o]
@]
@]
o
1
C

<
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| 3T ! f«™ 4 3
‘RuS(CO)lzg + Ph,C0 —————e= [Ru;(CO),| + Ph,CO (1)

{ « i [ . .
Ru (CO)p, "7 + L ~ [Ru (CO) ;L[ + CO (ii)

iRuS(CO)llL{" + IRUS(CO)12L~4= fRuS(CO)llLl + |Ru3(c0)12z" (iii)

The reactive species 1is thought to be the radical anion
ERuSCCO)lZ[" which is generated by adding a solution of sodium
diphenylketyl to the cluster. The excess electron in this
species 1is possibly in a Ru-Ru antibonding orbital and this
would lead to a weakened Ru-Ru bond. Cleavage of which would
give rise to a 17e Ru centre which could react with the ligand
and then by reformation of the Ru-Ru bond and ejection of CO
(see equation (ii)) would give {RuS(CO)llLI'“. If the incoming
ligand is less rw acidic than CO the electron transfer from the
substituted to the unsubstituted cluster would be favoured

(see equation (iii)) and this new unsubstituteé cluster radical
anion could continue the catalytic cycle. This type of
reaction hus been shown to be general for systems in which;

} the radical cluster anion can be formed and has sufficilent

(

stability to react without fragmentation, (b) the incoming

W

ligand 1is a poorer w acceptor than the replaced CO and (c)
. ; .+ * -

the ligand does not react with the thCO or Na PhZCO.

Using this method together with flash chromatography,

3 ! s -
11 and ~H4Ru4LCO)ll{PPhZ

cun Si{OEt)S}E (26) were made in good yield. Normally

~

{PPh, (CH,),S1(0Et) ;3! (25)

"Ru.(CO
: 2

L

o
[ -

vy

Loa = >

s such as (25) with a silane ligand do not give a mass
spectrum even with a direct probe insert, due to involatility
and cluster decorposition on heating. A technique which

offers a way around this is fast atom bombardment in which



-217-

atoms such as Xe are accelerated using charge-exchange
processes (e.g. Xe© (fast) + Xe (thermal) Xe (fast) +
Xe™ (thermal)) and directed at the sample mounted in a
suitable media on a metal plate. When they impinge onto
the plate their kinetic energy is dissipated in various ways
some of which lead to volatilisation and ionisation of the
sample. The electric gradient from the plate was arranged
in the case of (25) to give positive ions, produced by the
bombardment of (25) in the acidic solvent (diamylphenol),
directed at the analyser of the mass spectrometer and the
positive parent ion, fHRuS(CO)ll{PPhZCHZCHZSi(OEt)S}i+, at
990 a.m.u. (for Ru) was observed (see Figure 4.12).

On reacting (25) and (26) with oxides, yellow powders
xhibited i.r. spectra in close agreement
with those of their homogeneous analogues (see Figures 4.3
and 1.9, respectively).

In order to characterise the supported analogues of
(25) - (28) more fully,diffuse reflectance u.v.-visible spectra
were run on the 510, supported species (silica has the least
background of any of the oxides). As can be seen, (Figures
1.153 and 1.14), there is a fairly close agreement with those

obtained for the solution analogues. The spectra, however,

do differ in two main points, that is a peak due to silica
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this region are weakened with respect to the solution spectra.
This could be due to a lower sensitivity of Jdiffuse reflectance

compared to soluticn u.v.-visible spectroscopy in this region.
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U.v. visible spectra of (i) |Rug(CO) ;{PPh,(CH,),Si(0Et);}[(25)
in cyclohexane (solution spectrum, and (ii)

(25) on Aerosil
380 (Diffuse reflectance spectrum)

Figure 4.13
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U.v. visible spectra of (i) gRUSC(CO)14{PPhZ(CHZ)251(OEt]3}g(2/)
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in cyclohexane, and (ii) (27) on Aerosil 380 (Diffuse reflectance).

.
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U.v. visible spectra of {iv) iRuéC(CO)lé{PPh7(CH7)7Si{OE®

in cyclohexane, and (v) (28) on Aerosil 380 (Diffuse reflectance)
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Conclusion

As can be seen from the results for amine and isocyanide
ligands, the tethering of complexes to oxides via ligands
can have complications due to the hydroxyl groups and the
acidic and basic sites on the support surface together with
possible interactions with the silyl group of the ligand. These
caused the amine cluster to change its identity to new unstable
clusters which prevented the preparation of the intended
bridging and capping clusters. Similarly the desired
lHOsS(CO)g(us—nZ—HC =NR)| cluster was unobtainable due to
similar reactions which caused a catalysed isomerisation of
EHZOSS(CO)IOCNRI to EHOSSQCO)leCN(H)RI on anchoring or heating.
The anchoring of the EOSS(CO)11CNRI cluster was successful
but the cluster unfortunately turned out to be inactive
towards pentene isomerisation. The anchoring of the alkyli-
dyne tricobalt nonacarbonyl cluster, fClSSiCCOS(CO)gi was
also successful but unfortunately the -I electronic effect
con the oxide transmitted through the apical substituent

clusters inactive towards pentene isomerisation.

o
)

rendered th

presence of a CO atmosphere appears to stabilise

ot
ey
@

However,
these clusters and so should make them suitable candidates
for hydroformylation catalysis, particularly if the option
of modifying the silane with a +I group is used.

The application of flash chromatography and radical
anicn catalysed substituticon reactions to prepare mono-
substituted ruthenium silyl phosphine clusters of varying
nuclearity (3 - 6) and the subsequent reaction of these with

oxides to produce discrete anchored clusters of known structures
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R, |Ru, (H) , (CO),,PPh,R],

9]

'Ph

T

.o. IRu.(CO Ru.C -
(e.g ‘RuJ(LO/ ruSL(CO}14

11
179 i 103 o - L -
PPhZR‘ and ;RUGC(COjlé(PPhZR)Q were R = (CH2)251kOEt)3—x

(O—M’On)x, see diagram 4.1) demonstrates several important
points. Most importantly flash chromatography offers a
powerful new means of purifying silanated clusters so the
anchoring of clusters to surfaces 1s no longer limited to
"clean'" reactions and secondly the sodium diphenyl ketyl
reaction offers the possibility of expanding ligand anchoring
to other systems. For example, [Rug(CO)lzf, §F63[C0)12§ and

IH Rud(CO)12§ with CN(CH,) Si[OEt)3 should provide fairly

4 2’3
straightforward systems. This anchoring specifically of a

range of preformed complexes of varying nuclearity should offer

the possibility of investigating particle size effects on the

ed metals but unfortunately time ran out

hemistry of su

A
-
ot

PE®
before this could be investigated.

The application of fast atom bombardment offers a new
means of characterising these phosphinated silyl clusters.
The compound tested, §Ru3(CO)II{PPhZCHZCHZSi(OEt)S}i is the
most unstable of the series and so this technique should be
applicable to the others (i.e. iRuA(H){CO)llPE, 3RuSC(CO)l4P§
and {RuéC{CO}lﬁP’, P = PthﬁCHZ}MSi(OEt)B), and it may find
some applications in desorbing supported clusters. Diffuse
reflectance wu.v.-visible spectroscopy, though on its own it
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Experimental

Reactions of IOSS(CO)lzf with NHZPrn.

(i) {OSB(CO)IZI (30 mg) and NHZPrn (3 equivalents) were
refluxed in N-octane (100 cms) for 3 h, cooled, and the solvent
removed under reduced pressure to yield a yellow-brown Solid.2
The individual products were obtained by t.l.c. (eluted with

50 % 40-60 petroleum ether and 50 % diethyl ether). This

gave two main yellow bands, the major of which was found to

be [0s5(CO) o (H) (OCN(H)PT™) | (R.£. 0.8, 60 % yield) and the

other which was incompletely separated from the first contained

[055(CO) o (H)IN(H)Pr"}| (R.f. 0.77, 5 3% yield).

(i1) EOSB(CO)lzg (30 mg) was stirred overnight in neat amine
r ~_.3\ 22 22 T N T alah' | me d it mmmanmdnd 2TmcrTar A3 acmnTlarad
(4L Cmog. 1 !UDS&pUJl,}; as 1t T€altT&€d 3.0Wiy G1353501VEG
to give a bright yellow solution. This together with one

pentane (15 cmS) washing of the unreacted §OSB(CO)17§ was
concentrated under reduced pressure to yield a yellow solid
which was purified by t.l.c. to yield §OSS(CO)IO(H){OCN(H)Prn}f

(80 % yield based on EOSSCCG}lﬁi consuned).

(1i1) [0s5(C0);,| (50 mg) dissolved in CH,CN (100 cm)

had added dropwise a MeSNO solution (0.1 mg/cms, CHSCN) until
the i.r. spectrum of the parent carbonyl has disappeared.

The product EOSS{CO)11CH3CN; was purified by t.l.c. (R.f.
0.5; eluted with 10 HeClz, 60 % light petroleum; 80 % yield).
A cyclohexane (50 cms} solution of the acetonitrile was
stirred overnight with NH7PIH (2 equivalents), then filtered,

the solvent removed in vacuo and the yellow solid purified



by t.l.c. to give one pale yellow product %OSS(CO)lO(H)-

{(0CNCHYPr™}] (90 % yield based on |05 (C0){ (CHLCN) [)

05 (CO);; (CH.CN) |
I.r./cyclohexane: 2 105(w), 2 053(s), 2 041(s), 2 021(m),
2 000(vs), 1 984(sh), and 1 964(m) cm !

" n.m.r./cDClg, 31 °C: s (p.p.m.) 2.75 (s, 3 H, CHy).

|05 (C0) o (H) {OCN (H)Pr™} | (16)

' n.m.r./cpCl,, 31 °

3.15 (m, Hy, NC(H,) (H,)-), 2.86 (m, Hy, NC(H_)(H)-), 1.5 (m,

C: ¢ (p.p.m.) 5.76 (br, 1 H, N(H)),

2 H, NCH,CH,-), 0.8 (t, 2 H, CH,, “Jy. = 7 Hz) and -14.33
(s, 1 H, 0s-H-0s).
Mass spectrum: The parent was observed as expected at 943
a.m.u. (for 192Os) followed by peaks corresponding to eleven
successive carbonyl losses.
Analysis: calculated C, 17.9 %; H, 1 %; N, 1.5 %

H

found C, 18.8 3%;

EOSSQCO)loL’A’h)(U‘:\{«HJPI‘ ) (17)
I.r./cyclohexane: 2 105(w), 2 066(vs), 2 052(s), 2 022(s),

2 004(s), 1 990(s), 1 981(w), and 1 976(vw) cm .

(p.p.m.) 1.51 (br, 1 H, N-H), 3.0

I

(3]
O
!
o

Q]

ja—y
o

P
=

-
[
-

H, MCH,CH,), 0.3 (t, H, CHs,

Jigp = 7 Hz), and -15.0 (&, 1 H, O0s-H-Os, Jyy = 3 Hz).

Mass spectrum: This compound gave a parent at 915 a.m.u.
2

Os) tollowed by a complex fragmentation pattern.



Preparation of SOSBCCO)lO(H){OCN(H)(CHZ)SSi{OEt)B}E (18).

This was carried out as in the reaction between EOSS(CO)lZI
and NPrnHZ (route iii) except t.l.c. was not used in purifi-
cation. (18) was purified by pumping on (to remove excess
ligand, 0.02 mm Hg, 3 days) and then extracting the product
with pentane (leaving behind a yellow polymeric material).
Removal of the pentane in vacuo yielded a greasy-yellow solid
(18) (30 % yield).

I.r./cyclohexane: 2 108(w), 2 067(vs), 2 056(s), 2 023(vs),
2 012(s), 1 994(m), 1 978(w), and 1 949(w) cm .
W n.m.r./cDC1,, 31 °C: s (p.p.m.) 5.76 (br, 1 H, N-H),

3’
3.8 (q, 6 H, OCH,, Jyyy = 7 Hz), 3.2 (m, H, N-(CHH)-), 1.7
(m, 2 H, NCH,CH,), 1.2 (t, 9 H, OCH,CH;, J. = 7 Hz), 0.7
(t, 2 H, Siggz. Jag =/ Hz), and ~-14.28 (s, 1 H, Os-H-0Usj.

Preparation of aminated silica

Aerosil 380 (10 g, predried) and NHZ(CHZ)SSi(OEt)S
(3 cmsj in toluene (100 cmsj were refluxed with stirring for
ten hours. After cooling and filtration the resultant white
powder was Soxhlet extracted with diethyl ether (15 h) and
dried in vacuo (0.1 mm Hg, 48 h) to yield a free flowing
white powder with only a faint amine smell.

I.r./in the aerosil 380 window region.

ﬁ LHZ;vgl QLtJE Disc of aminated silica

Film between KBr discs {silica background subtracted)
3 571 (br,m) NHz stretch 3 370 (vbr,m)

3 294 (br,m) NHZ stretch 3 250(vbr,m)

5 281 (br,m) NH, stretch

7

[

280-2 230(vbr,w)



-229-

3 192(br,m)

2 975(s) C-H stretch 2 975 broad feature

2 927(s) C-H stretch to

2 887 (s) C-H stretch 2 800 (sloping background)
2 764 (w) C-H stretch

2 737 (w) for O—CH2 and N—CH2

2 633(vw) 2 500

1 886 (br,vw)

1 596(br,m) NH, bend 1 629-1 515(br)

1 483(m) C-H deformation 1 472(w)

1 444 (m) C-H deformation 1 445 (w)

1 391 (m) CH3 symmetric 1 409 (w)
deformation

1 367(w) 1 382 (w)

Reaction of 3053{603175 with aminated silica.

This was carried out in the same three ways as the
reaction of fOSS{CO}lzf with PrnNHZ except that the work up
involved filtration and washing of the surface with CHZCIZ
(3 x 20 Cmg} to remove unanchored cluster.

I.r./Nujol mull:

(i) afforded a pale yellow solid (moderate loading), 2 104(vw),
2 09C0{m), 2 066(m), 2 046(vs), 2 006(s), 1 987(br,s), and

1 915(br,m) ¢m

(ii) afforded a very pale solid (very low loading), 2 107(vw),
2 086(vw), 2 065(m), 2 052(sh), 2 042(s), 2 018(sh), 2 005(s),

1 984 (br,s), 1 963(sh), 1 943(sh,vw), and 1 930(sh,vw) cm
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(iii) afforded a pale yellow solid (low loading), 2 107(m),
2 090(w), 2 066(s), 2 053(s), 2 045(s), 2 021(s), 2 0O1l1(s),

and 2 000-1 950(br,s) em L.

Reaction of fOsS(CO)IO(H){OCN(H)(CHZ)ESi(OEt)S}I (18) with

y~A1203.
(18) (5 mg) was stirred with a y—AlZO3 slurry (100 mg,

predried, in CH,Cl,) for 2 h at r.t. and then filtered, washed

(3 x CHZCIZ) and dried in vacuo to afford a yellow powder.

I.r./Nujol mull (see Figure 4.1): 2 108(vw), 2 089(w), 2 067 (m),

056(sh), 2 042(s), 2 023(s), 2 010(vs), 1 983(br,s), 1 967(sh),

1 954(sh), 1 940(br,m), and 1 927(br,m) cm *.

(W)

Tertiarvbutylamine (30 g) had added to it 2 equivalents
of HCOZCzﬁs dropwise (with stirring and cooling by an ice salt
path) over a period of one hour. The mixture was then refluxed
for 4 days and distilled under reduced pressure to yield
(CH3)SCN(H)C(H)O (70 % yield, B.pt. 67 °C/1.5 mm Hg) as a
colourless liquid,
IT.r./film between KBr discs.

3 5C0(br,s) N-H stretch

5 30C(br,s) N-H stretch

5 G601 Mm) N-H stretch
2 97C (s C-H stretch
2 920(s) C-H stretch
2 850(s) C-H stretch

—

C-H stretch

(]
]
[}
<
N
&



1 615(vs) C=0 stretch or N-H bend

1 490 (m) C=0 stretch

1 425(m) CH3 deformation
1 410(m) CH3 deformation
1 340(m) (CHB)SC deformation
1 315(m) (CHS)EC deformation

" n.m.r./cDCl: 6 (p.p.m.) 8.0 (d, 1 H, C(0)-H, Tt = 6 1),
7.4 (br, 1 H, N-H), and 1.4 (s, 9 H, C(CHS)S)‘ *
Tertiarybutylformanide (30 g) was added dropwise (over
30 minutes) to a stirred solution of P-toluene sulphonyl
chloride (50 g) and quinoline (155 g) at 50 - 60 °C under
vacuum (0.1 mm Hg). The product distilled off as it was
produced and was collected in a liquid nitrogen cooled
receiver. Tertiarybutyl isocyanide is a foul smelling
colourless liquid which freezes at O °c.

I.vr./film between KBr discs.

2 960(s) C-H stretch

2 915{w) C-H stretch

2 140(vs) RNzC stretch

1 470(w) C-H deformation

1 460(w) C-H deformation

1 36C(m) {CHS}SC deformation
1 235(m)

1 215{(m)

Iy n.m.r./CDClg: 5 (p.p.m.) 1.4 (s, 9 H, CHg).
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Preparation of CN(CH,),Si(0Et),.”?

(EtO)BSi(CHZ)SNHZ was converted into the formamide by

repeating the preparation of the tertiarybutylformamide.

The silyanated amine took only 3 hours to complete the reaction
(the temperature of the reflux increases as the ethylformate

is consumed). The product was distilled over under reduced

pressure (0.1 mm Hg, 126 OC) as a colourless oil (60 % yield).

1 0

i n.m.r./CDCl;, 31 °C: & (p.p.m.) 8.0 (d, 1 H, C(0)(H),

HHNH = 5 Hz), 7.45 (m, 1 H, N-H), 3.8 (=, 6 H, OCH,, JHH =

7 Hz), 3.5 (m, 2 H, NCH,), 1.8 (m, 2 H, NCHCH)), 1.3 (t,
5o Jyg = 7 Hz) and 0.75 (¢, 2 H, SiCH,, Jg = 7 Hz).
(Et0) 5Si(CH,) (N(H)C(H)O (0.1 mole) had added to it 1.2

9 H, OCH,CH

equivalents of PPhS, NEtS, and CC14 all in dichloromethane
(100 cms). The mixture was refluxed (2.5 h, 65 OC) and the
solvent removed under reduced pressure to yield a yellow
oil. This was extracted with light petroleum ether (5 x

10 Cmg} and the product was obtained by fractional distillation
of this elutant as a colourless foul smelling viscous liquid

(10 % overall yield, B.pt. 80 - 90 °C/0.1 mm Hg).

I.r./see later.

Iy n.m.r./CDClg: 6 (p.p.m.) 3.8 (q, 6 H, OCH,, Jyy = 7 Hz),
Je

5.12 (tt, 2 H, N-CH,, J..., = 7 Hz, 2 Hz), 1.8 (m, 2 H,

2’ “HH NH

, 1.3 (t, 9 H, OCH,CH,, J =

~3

NCHLC Hz), and 0.75 (t,

f—

2

i

H J

!

2, 51 s = 8 Hz).

[ )

HH

Prevaration of isocyanide liganded silica.

{EtO)SSi(CHZ)SNC (2 g) and lAerosil 380 (10 g were refluxed



in toluene for 6 h, filtered, Soxhlet extracted (EtZO, 3 h),
and dried in vacuo (0.1 mm Hg, 48 h) to yield a white free
flowing powder.

I.r. (see Figure 4.2).

Film of free ligand disc of liganded
between KBr discs silica
2 976(s) C-H stretch 2 980(m)
2 928(s) C-H stretch 2 930(m)
2 889 (s) C-H stretch 2 895(m)
2 765(w) NCHZ C-H stretch 2 773(w)
2 737 (w) OCH, C-H stretch 2 742 (w)
physisorbed NC stretch 2 175(vs)
2 149 (vs) free NC stretch 2 148 (vs)
1 184 (w) CHZ oT CH3 deformations 1 4185w}
1 -47(m) CHZ or CH3 deformations 1 449 (w)
1 117 (w) 1 413 (vw)
1 392(m) CHS symmetrical deformation 1 393 (w)
1 367 (w) 1 360 (w)
1 351(w) 1 340 (w)
1 311 (w)

reparati £ ;
Preparation of 'HzOSS(CO)loz.

. . . . 24 .
This was carried out as in the literature” to vield
a2 purple-black solid in 8C - 20 % yield.
I.r./cyclohexane: 2 111(vw), 2 076(vs), 2 063(s), 2 0267vs),

2 011

L

sy, 1 988(m), 1 972(vw), and 1 957 (w) cm ~.
o}

Iy n.m.r./CDCl,, 31 °C: ¢ (p.p.m.) -11.78 (s, 2 H, O0s-H-0s).
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Mass spectrum: This compound gave a parent, 854 a.m.u.

192
(for Os) followed by ten equally spaced peaks corresponding

to consecutive carbonyl losses.

. . ot
Preparation of [H,0s,(C0);CNBu |.

This was prepared by literature methods®® to yield it

[}

as a yellow powder in 90 - 95 % yield.

I.r./cyclohexane: vy T 2 204 (w), Veg T 2 094(m), 2 070(s),
2 067(s), 2 052(s), 2 036(s), 2 023(m), 2 0l6(m), 2 006(s),
1 992(sh), 1 988(s), and 1 973(m) cm L,

Iy n.m.r./CDZCIZ, variable temperature: ¢ (p.p.m.)

30 C: 1.48 (s, 9 H, CHS) and -14.8 (s, 2 H, Os-H).

0°%: 1.48 (s, 9 H, CH.).

-60 9C: 1.48 (s, 9 H, CHSJ, the hydride region shows the
presence of two isomers in approximate proportions 6:1. The

major isomer gave signals -10.21 (d, 1 H, Os-H, Ty © 4 Hz)

and -19.77 (d, 1 H, O0s-H-0Os, JHH = 4 Hz) and the minor isocomer

gave signals -9.84 (d, 1 H, Os-H, JHH = 4 Hz) and -19.73 (d,

1 H, 0s-H-0s, J. = 1 Hz).

HH

T ) ; - 192
Mass spectrum: This showed a parent at 959 a.m.u. (for

O0s)
followed by peaks due to ten successive carbonyl losses.
Interestingly no sign of fragmentation of the isocyanide group

is ohserved.

o
o
U

™y

o et
(CO) 47w ,-CN(H)Bu ) ",

ot

[N

This was prepared according to the literature.

[N

017(s), 2 01l5(vs),
1

98(m), 2 056(vs),

[
4
\\.
@)
e
@]
et
o]
—
]
~
o
o1
D
~a
O

977(s), and 1 968(sh,m) cm
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" onomr./enery, 3100

~16.95 (s, 1 H, Os-H-0s).

C: ¢ (p.p.m.) 1.49 (s, 9 H, CHS} and

Mass spectrum: The parent was observed at 931 a.m.u. (for
19203) followed by peaks due to 9 successive carbonyl losses
withalso a subsidiary pattern due to fragmentation of the

isocyanide group.

3 | 7 i (g !
Preparation of IHZOSBQCO)lo‘CN(CHZ)Sbl(OEt)B}’ (19).

Addition of CN(CH,),Si(OEt); to iHZOSS(CO)lol occurs

2)3

. 25 . . P
readily at r.t. as observed™  for other isocyanides to yield

(19).
I.r./cyclohexane: ven T 2 221 (m), veg = 2 099(m), 2 068(s),

2 051(s), 2 031(s), 2 023(m), 2 015(m), 2 005(s), 1 987(br,m),
1 573(m), and 1 924(br,w) cm™ L,

p
¢

1 O Y rd 1 N - =
H n.m,r./CDCIS, 0 “°C: ¢ (p.p.m.) 3.98 (t, 2 H, CN-CH,, Jo

7 Hz), 3.82 (q, 6 H, 0-CH,), 1.84 (m, 2 H, NCH,CH,-), 1.22

(t, 9 H, OCH gﬁg), 0.75 (t, 2 H, SiCHZ}, and the hydride region

2
showed the presence of two isomers in proportions 3:1. The
major isomer gave signals at -10.14 (4, 1 H, Os-H, JHH = 4 Hz)
and -19.77 (d, 1 H, O0s-H-Os, J = } Hz) and the minor at
-9.,90 (d, 1 H, Os-H) and -19.68 {d, 1 H, 0s-H-0Os, JHH = 4 Hz).

Preparation of iHoSS(CO)lO{cx{H)(CHZ} (20},

. N , e O~ - . P i
When (19) was heated to 55 "C for 20 minutes 1t cleanly

converted to {20).

055(vs), 2 047(s), 2 O015(vs),

[

I.r./cyclohexane: 2 098(m),

2 001(s), 1 986(s), 1 978(s), and 1 969(sh,m) cm

P

5
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1y n.m.r./CDCl.: § (p.p.m.) 9.84 (br, 1 H, N-H), 3.9 (q,

6 H, OCH,, J = 7 Hz and also m, 2 H, NCHZ), 1.9 (m, 2 H,

2’ “HH
NCH,CH,), 1.22 (t, 9 H, OCH,CH.), 0.8 (t, 2 H, SiCH,) and

-16.6 (s, 1 H, Os-H-0s).

Reaction of (19) with oxides.

(19) and the oxide were slurried in CHZClZ at 0 °c.
After 20 minutes - 1 h, all the oxides, after filtering and
washing (3 x CH2C12),had reasonable loadings (except SiOZ).
The spectra remained unchanged after refluxing in cyclohexane
(2 h, this gave reasonable loadings for Si0,). The filtrate

from this was found to contain ethanol by g.l.c.

I

I.r./Nujol mull (see Figure 4.3): M’On

v =A1 Qa7 (m) 2 O53Z (e 2 ﬂdd(c) 272 017 (wred 1 808 (hr.s)
F T MLy L 22 VS )y 2 VRS, L VAL Vo s - JIY(Ye S

0 2
“2730 ©
1 983(br,s), and 1 974(br,s); TiO,, 2 097(m), 2 O53(vs),

2 044(s), 2 013{vsy, 1 997(br,s), 1 9381ibr,s), and 1 97353(br,s3);
Si0 2 099im), 2 055{(vs), 2 0d47{(vs), 2 01d(vs), 2 001l(br,sh),

1 984 (br,s), and 1 976(sh,m); In0, 2 097(m), 2 053{(vs),
2 044(vs), 2 013(vs), 1 968{br,s), 1 982(br,s), and 1 974(nr,s);

043{vs), 2 010(vs), 1 996(br,s),
-1
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3(br,s) cm

Reaction of (20 with oxides.

(20) and the oxide were slurried in cyclohexane for

20 - 00 minutes (SiJ, required refluxing for 2 hours), filtered

I.r./Nujol mull: MO _ =



Y-A1,05, 2 098(m), 2 054(vs), 2 045(s), 2 012(vs), 1 997(br,s),

1 984(br,s), and 1 974(br,s); TiOZ, 2 097(w), 2 052(s),

2 044(w), 2 013(s), 1 997(br,m), 1 986(br,m), and 1 970(br,s);
2 098(m), 2 055(vs), 2 046(vs), 2 014(vs), and 2 000-

1

8i0,,

1 975(vbr,s) cm

Reaction of EH?OSS(CO)IOE with isocyanide functionalised silica.

A purple solution of §HZOSS(CO)IOI had added to it small
amounts of the oxide until only a faint purple colour remained,
after continuing the stirring for 30 minutes, the now yellow
solid was recovered by filtration, washed (3 x CHZCIZ) and
dried in vacuo. Loading from EHZOSS(CO)lof consumed = 7 mg/
100 mg oxide.

L/Nujol mull: 2 008(m)

2 D587 2 047/
L Voo 8 e
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Y, 2 015(s
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Catalysis experiments on homogeneous and heterogeneous

analogues of (20).

These were carried out almost exactly as described in
Chapter 3. The alterations were the cluster and pentene

. . - -1
concentrations which were kept at 4.3 x 10 3 and 1 x 10 M,

ly. The duration of all the experiments was 3 days.
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1 s . . 2
This was prepared according to the literature 6 and

after purificaticen by t.l.c. gave a yellow powder (80 % yield).



Compound

((20) +
P =AL,00)

47

80

80

Pentence

pentence

cis=-pent-ene

pent-l-cne
cis-pent-Z-ene
trans-pent-Z-ene
pent-l-ene
cis-pent-l-cne

trans-pent-2-ene

pent-l-cne
cis-pent-Z-enc

trans-pent-2-cne

TABLL 4.1.

No. of

turnovers
(per cluster)

no change 0
no change

no change

no change 7
no change 12
no change 1
no change 3
no change 5
no change 0
slight decomposition to 1
give two new bands in 0
all cases at 2 110(br) 0

and 1 935(br) cn L.

Pentene distribution for
1somerised pentenc

cis : trans l-pentene
1 : 2.8 -
- : 3 : 1

all l-pentenc

1 : 2.5 -
- : 5 : 1
all 1-pentene

-8¢¢~

1 : 2.5 -
- : 7 : 1



I.r./cyclohexane: Ve T 2 188(br,w), and 2 180(sh,vw),
Veg T 2 160(m), 2 052(s), 2 040(s), 2 020(m), 2 005(m), and
1 980 (br,m) cm L.

Iy n.m.r./CDCL,, 51 °C: & (p.p.m.) 1.58 (s, 9 H, CHg).
Mass spectrum: This spectrum exhibited a parent at 955 a.m.u.

(for 19205) followed by eleven peaks due to successive carbon

monoxide losses.

Preparation of fOss(CO)ll{CN[CHZ)SSi(OEt)3}f (21).

1

This was prepared in the same way as !OSB(CO)11CNBut§,

(CO),,NCMe| was reacted with the isocyanide.z

320011
However, as t.l.c. could not be used to purify (21) it was

that is |Os

purified by taking it up in a small quantity of cold pentane

lu
r

-~ o~ ON\ Ead i - s 1 - 1 3 s Ny -y A e e e e mt w4 -~
(-40 “Cj. In doing this about 20 - 30 % of the compound had

to be sacrificed with the impurities.

I.r./cyclohexane: vey S 2 220(br,w) and 2 199(br,w), Veo

m),
1

et

2 102(m), 2 068(m), 2 055(s), 2 040(vs), 2 035(m), 2 023

2 016(w), 2 006(s), 2 002(w), 1 990(m), and 1 956(vw) cm

' n.m.r./cpcl,, 31 °C: ¢ (p.p.m.) 4.0 (m, 2 H, N-CH,), 3.85
J

. =

3

(a, 6 H, 0-CH,), 1.9 (m, 2 H, NCH,CH,), 1.24 (t, 9 H, OCH,CHJ),

and 0.3 (t?, 2 H, SiCH,).

Reaction of (21) with surfaces.

A sclutiocn of (217 was added to a slurry of the oxide
and stirred f{cr 5 davs. [t was then filtered, washed (3 x
CH,Cl,) and dried in vacuo to yvield a vellow powder.

I.r./Nujol mull (see Figure 4.4): M’On =
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Y-A1,0-, 2 212(br,w), 2 102(m), 2 068(m), 2 055(s), 2 043(s),

2
036{m), 2 024(m), 2 016(w), and 2 010-1 940(br,s); TiO,,

Ly

g

2 210(br,w), 2 103(m), 2 067(m), 2 055(s), 2 042(s), 2 036(m),

2 022(m), 2 016(vw), and 2 010-1 950(vbr,s); Si0,, 2 213(br,vw),

&

101(w), 2 066(w), 2 054(m), 2 040(s), 2 036(w), and 2 120-

Do

1 940(br,s) cm |

Reaction of ?OSS(CO}11CH3CN{ with isocyanide functionalised

silica.

A solution of excess {OSS(COjllCHsCNf (25 mg) was stirred
overnight with a slurry of the oxide (100 mg) in CH2C12,
filtered, washed (3 x CHzClz) and dried in vacuo to yield

a pale yellow powder.

2 217(br,vw), 2 200(hr vw), ? 102(w),

b
t

~T  maesl
U4 ulua

Gl

T .
L.T./NU

[BS]

2 067(w), 2 055(w), 2 039(s), 2 034(w), 2 023(br,m), 2 016(sh),

and 2 000-1 950{vbr,s) cm

Preparation of cobalt nonacarbonyl clusters.

These were carried out according to the literature,

27

]HCCOS(CO)gi,“ %EtSSiCCOS(CO}Q* (22) {Etgsiﬁ made from

EtMgBr and C1.SiH), [C1SiCCo (CO)4i (23) and |(HO);SiCCoL(CO)g]

24).°°

QHCCOSCCO}QE

I.r./cyclohexane: 2 108{(w), 2 057(s), 2 042rs), and 2 014(w)
=1

cno.

1 T o . R

H n.m.r./CDulS. § {(p.p.m.) 12 (br, 1 H, C-H).

Mass spectrum: This gave a parent at 442 a.m.u. followed by

peaks due to 9 stepwise carbonyl lcsses.



§Et3

I.r./cyclohexane:

(

$iCCo4(CO) 4| (22).

and 2 004 (vw) cm” L,

lH n.m.r./CDClS:
6 H, CH,).

Mass spectrum: This gave
a pattern demonstrating 9

with fragmentation of the

EClsSiCCOS(CO)QE (23).
I.r./CHZCIZ: 2 107(w), 2
Mass spectrum: Parent at
E(HO)SSiCCOB(CO}QE (24).
I.r./CHZCIZ: 2 107 (w), 2
al 5

.m.r./ChCT -
)

Mass spectrum: Parent at

{23

Reaction of

2 101(m),

2 052(vs), 2 039(s), 2 019(m),

§ (p.p.m.) 1.2 (br, 9 H, CHSJ and 0.2 (br,

a parent at 556 a.m.u. followed by
stepwise carbonyl losses together

alkyl groups.

5 -1
058(vs), and 2 041{m) cm .
574 a.m.u

059(vs), and 2 042(m) cm_l.

(p.p.m.) 2.15 (s, 3 H, SiOH).

514 a.m.u.

with oxides.

In a typical reaction,

added to a slurry of t

for 30 minutes [silic
carbo

was then fi

(23) (5 mg) in CH,Cl, (25 cm”)
he surface {100 mg) and stirred at
a required 4 days at r.t. or one
n monoxide to obtain a reasonable
ltered, washed ({Soxhlet extracted,
ried in vacuo to afford a purple
e 1.5): M7O_ =

n
and 2 043(s); Y~A1203, 2 105(wy,
MgO, 2 106(vw), 2 056(s), and



2 038(m); TioO 2 106(w), 2 056(s), and 2 040(vs); In0,

3

[N

2 106(w), 2 055(s), and 2 0441(s); Sn0,, 2 104(w), 2 054(s),
and 2 040(s) em L,

Catalysis experiments on ?RCCOB(COJQQ.

These were carried out as described in Chapter 3, see

Table 4.2 for results.

Preparation of PPh,(CH,),5i(0Et) .8

A solution of PPhZH (10 ¢g) and (’E‘CO)SSiCHCH,7 (15 g, 1.5
equivalents) in n-pentane (50 cmg) was irradiated for 3 days
with a 125W Hg lamp (glass filter). The cloudy solution was

distilled under reduced pressure to yield as a major product

™1 £ ;T DTN
ft’xlzbﬂzbﬂ.zOL [0 Sy

,
L
2

TN 0 211 14 9 3 3 T~
iU e ¥Yi€iG, 1w.4 gj) 4 VIsSCQUSs COLOUTLICSS

Ji

liquid which freezes on cooling.
I.r.: See later.
" on.m.r./C0C1: 5 (p.p.m.) 7.3 (m, 10 H, Ph), 3.8 (q, 6 H,

OCH,), 2.1 (m, 2 H, PCH,), 1.2 (t, 9 H, CH;), and 0.7 (m, 2 H,

Mass spectrum: This gave a parent at 376 a.m.u.

. s 29 .
hosphinated silica”™  and alumina.

PPh, (i, ) %i{GEtWS (1 g) was stirred with a sample of

1

the oxide {5 g) in refluxing toluene, while the ethanol-

tolusne azcotrope was ccllected using a Dean zand Stark
apparatus. The oxide was recovered after 6 h by filtration,

then Soxhlet extracted for 5 h (Et,0) and dried in vacuo to

give a white free-



R

Cl,S1
3

Lt si

Temp.

47~48
47-48
47-18
78~-80

78-80

78-80

47-48

47-48

@]

-

¢]

tine

48 h
18 h

Pentence

pent-l-ene
cls-pent-2-ene

trans-pent-2-ene

pent-l-cne

cis-pent-Z-cne

trans-pent-2-cne

pent-l-ence

cis-pent-Z-cne

trans-pent-2-cne
pent-1l-cne

cls-pent-2-c¢ne

trans-pent-2-ene

TABLL 4. 2.

l.r. result

no change

no change

no change

changed to a Z peak pattern.
Peaks at 2 0069(w) and 2 038(w)

o h

Very slight change, new shoulders
at 2 069(sh) and 2 037 (sh) em L,
Extra peaks at 2 069 and 2 037

=1

cm .

Extra peaks at 2 068(vw) and

2 014 {vw)

Peaks ot 2 008 (vw) and 2 014 (vw)
no change

no change

no change

no change

G.l.c. result
no catalysis
no catalysis
no catalysis

no catalysis

no catalysis

no catalysis

10 turnovers to

trans-pent-Z-cne only.

no catalysis

no catalysis

isomerisation and

polymerisation.

2-3 turnovers (isomerisation

(isomerisation)
isomerisation and

polymerisation.

-etz-
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I.r. Disc of Phosphinated
Film of free ligand silica (SiO2 backgound

ignored).

3 104 (br,vw)

3 071 (m) 3 068

3 054 (m)

2 974 (s) C-H stretch 2 981

2 926(s) C-H stretch 2 935

2 887(s) C-H stretch

1 587 (w) C-H stretch aromatic 1 595

1 572(vw) C-H stretch aromatic

1 482(s) C-H stretch atomatic 1 487

1 435(s) C-H stretch aromatic 1 440

1 411(w) P-Ph stretch 1 411
-1

Reaction of fRu4(Hi)(CO)12§ with phosphinated oxides.

(i) thermal method

A suspension of the oxide was refluxed in a solution cf
‘Ruy (4,7 (C0);, ! (1P:2Ruy) in light petroleum (40 - 60 °C B.pt)
for 4 hours. The orange-brown solid was filtered off, washed
(3 x CHZClz} and dried in vacuo.
L.r./xujol mull (see Figure 4.6): M7O_ =
$10,, 2 0927vw), 2 084(sh,s), Z 034(br,vs), 2 028(s), 2 01ls(s),
ind 128 T vs ) (~A1,0_, 2 092(w), 2 0817s), 2 054(br,s),
> 030.s), 2 0127s), and 1 995(vhr,s) cm L.



£

ii) photochemical method

A slurry of the oxide was stirred in a n-pentane solution
of §Ru4(H4)(CO)12§ [1P:ZRu4) and irradiated with 125W mercury
lamp with a pyrex filter. The reaction was monitored by

removing aliquots of the solid and recording the i.r. spectra

as Nujol mulls. Irradiation for 35 minutes was required to

afford relatively strong Voo absorptions.
I.r./Nujol mull (see Figure 4.6): M’On =
SiOZ, 2 092(w), 2 083(w), 2 062(sh), 2 049(br,vs), 2 024(s),
2 003(m), and 1 990(br,m); y—Alzoz, 2 092(w), 2 082(w),
2 049(br,vs), 2 026(s), 2 002(m), and 1 987(br) cm T.

These yellow powders darkened over a period of two weeks

at r.t. and eventually gave spectra similar to those obtained

mal method.

by the the

Reaction of ERuE(CO)17§ with PPh,(CH,),Si(0Et),.

: ""l v 1 ISFal %1 g
;RugiCO)lzf (4 x 10 mole) and anzguhz)281{OEt)3 (4 x

""’I * - -
10 " mole) were dissolved in dry tetrahydrofuran and sodium

-3 .
tenzophenone ketyl (1 x 10 ~ molar in *.h.f.) was added

dropwise until no further reaction on addition occurred (30

seconds between additions). The solvent was removed under

reduced pressure and the red solid taken up in light petroleunm

aphy column. On

}..J
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eluting with solvents of gradually increasing polarity, first

S

!

-

2( IZ}ZSi»GEt}Sf

(70 %5 yield
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I.r./cyclohexane: 2 094(m), 2 043(s), 2 023(s), 2 013(vs),
1 993(m), and 1 984(m) cm™1

Iy n.m.r./CDC1,, 31 °C: 6 (p.p.m.) 7.4 (m, 10 H, Ph), 3.75
(q, 6 H, OCH,), 2.5 (m, 2 H, P-CH,), 1.2 (t, 9 H, CH), and

0.49 (m, Z H, SiCH,).

*Ip nim.r./CH,CL,: 54,11 p.p.n.
Analysis: calculated C, 38.8 %; H, 3.0 %.
found ¢, 40.0 %; H, 3.3 %.

u.v./cyclohexane: 268(s), 250(sh), 300(sh), and 420(w) n.m.

Preparation of §H4Ru4(CO)1l{PPh2(CHZ)ZSi(OEt}S}I(76).

A sample of §H4Ru4[CO)17§ was reacted and separated in

the same way as ERuS(CO) 2] and PPh?{CHq)ZSi(OEt)S. This

1 2
gave a yellew crystalline solid (26) (60 %2 vield based on
|H,Ru, (CO ' consumed).
HyRu  (COY 5. )

I.r./cyclohexane: 2 092(m), 2 086(m), 2 065(s), 2 055(s),

2 030(s), 2 023(a), 2 0l2(sh), 2 005(s), 1 989(sh,m), 1 967(w),

1 960(m), and 1 947 (vw) cm t.

Y4 n.m.r./cnci,, 31 %: s (p.p.m.) 7.4 (m, 10 H, Ph), 3.78
lq, 6 H, OCil,), 2.35 (m, 2 H, PCH,), 1.9 (q, 9 H, CH.), 0.6

(m, 2 H, SiCsz and -17.40 (4, 4 H, Ru-H-Ru, JPH = 3 Hz).
>1p nim.r./CH,CL,: 37.24 pup.nm,

Analysis: calculated C, 38.6 %; H, 3.4 %.

Tound c, 37.7 %; H, 3.2 %.

H - - - - £ S
u.v./cyclchexane: 210{snh), 240{(m), 300{sh), and 370{(m) n.m.



Sreparation of :RuSC[CO)14{PPh2(CH2)ZSi(OEt)3}! (27).

A well stirred dilute CH,C1, solution of §Ru5(CO)15{ was
cooled to -40 °C and the i.r. monitored continuously by means
of a flow cell. The phosphine also in a cooled dilute CHZCIZ
solution was added dropwise (5-15 seconds between additions)
until the parent carbonyl had almost wholly been consumed.

The solvent was then removed under reduced pressure and the
product purified by flash chromatography. This yielded a
purple black solid (27) (80 % yield).

I.r./cyclohexane: 2 086(m), 2 0O54(vs), 2 044(s), 2 023(vs),

2 014(s), 1 996(br,m), 1 980(w), and 1 963 (br,w) cm .
1

Hn.m.r./CDC1., 31 °C: & (p.p.m.) 7.3 (m, 10 H, Ph), 3.7

(3]

(a, 6 H, OCH,), 2.5 (m, 2 H, PCH;), 1.2 (t, 9 H, CH;), and

0.4 (m, 2 H, SiCH,).

1o nim.r./cH,CL,: 5905 pap.n.
Analysis: <calculated C, 32.6 %; H, 2.3 %

found ¢, 33.3 %; H, 3.0 %
u.v./cyclohexane: 203(s), 270(sh), 340(sh}, 400(sh), and
530(m) n.m
Preparation of ?J:g"Osls PPhZ(CHZJZSlfOEt}S L (28)

A stirred solution of Ru6C{co)17? in Chi,C1, (0 °C) had

added to it one ecuivalent of the phosphine. After 24 h at
r.t. the solvent .35 remo.ed under reduced pressure and the
product purified by flash chromatography. This gave (Z28)

as 1 dark brewn solid (80 | yield).
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I.r./cyclohexane: 2 082(m), 2 053(s), 2 044(s), 2 030(vs),
2 017(sh), 2 002(w), 1 981(br,m), and 1 840 (br,w) cm_l.

1y n.m.r./CDCly, 31 °C: 6 (p.p.m.) 7.4 (m, 10 H, Ph), 3.75
(q, 6 H, OCH,), 2.55 (m, 2 H, PCH,), 1.2 (t, 9 H, CH.), and
0.49 (m, 2 H, SiCH,)).

31P n.m.r./CHZCIZ} 43.2 p.p.m.

u.v./cyclohexane: 210(vs), 310(sh), 420(sh), and 520(sh) n.m.

Reaction of fRuSC(CO)IS{ with phosphinated alumina.

An excess of iRuSC(CO)IS{ was added to a cooled slurry
of the oxide (-40 - -50 9C) in CH,Cl, and stirred for two
hours. It was then filtered, washed (3 x CHZClz} and dried

in vacuo. This yielded a purple solid.

I.r./Nujol mull (see Figure 4.7): 2 084(m), 2 067(m), 2 053(s),

2 040(s), 2 020(s), 2 010(s), 1 998(sh), 1 988(sh), 1 977(sh),
1 958(br,w), and 1 891(br,w) cm =.
Reaction of the phosphinated clusters (25) - (28) with oxides.

were interacted with slurries of the oxides in

d
[
93]
&
D

at r.t. for 4 days

cyclohexane or CH,C1l,. After stirring
under a stabilising CO atmcsphere, the excess cluster was

removed by filtration and washing (3 x Ci Clz) the oxide.

—~
P
Lo

This yielded,in the cases of (25) and (26),bright yellow
. 27) purple, and (28) red brown powders
I.r./Nuiol mulls
72 A% — [~ il 1 3
(25) =+ M Qn (see Figure 1.8)
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(g

094(m), 2 056(sh), 2 043(s), 2 023(s), 2 012(s), and

1 989(br,s); TiOz, 2 094(m), 2 043(s), 2 023(s), 2 012(s),

1 993(m), and 1 984(m); Mg0O, 2 094(m), 2 056(sh), 2 043(s),
2 023(s), 2 012(s), 1 992(m), and 1 984(m) cm *

(26) + M’On = (see Figure 4.9).

810,, 2 093(m), 2 086(m), 2 063(sh), 2 056(s), 2 025(s),

2 012(sh), 2 005(s), 1 990(sh), and 1 959(sh); v-AL,0,

2 092(m), 2 084(m), 2 064(s), 2 055(s), 2 029(sh), 2 023(s),
2 004(s), 1 989(s), and 1 959(m); TiOZ, 2 092(m), 2 084(m),
2 064(s), 2 055(s), 2 028(sh), 2 022(s), 2 011(sh), 2 003(s),
1 988(m), and 1 960(w); MgO, 2 092(m), 2 085(m), 2 064(s),

2 055(s), 2 025(sh), 2 022(s), 2 012(sh), 2 003(s), 1 989(s),

and 1 959(m) cm L

B 4

}..
e
«
=
[¢¢
4
}—-&
o
——

7)) F MO - (see F
Si0,, 2 087(w), 2 056(m), 2 043(m), 2 023(m), and 2 014 (m);
y=A1,0, 2 086(m), 2 055(s), 2 042(s), 2 021(s), 2 O13(s),

and 1 988(m); Tio,, 2 086(m), Z 055(s), 2 042(s), 2 015(br,s),
1 999(sh), 1 983(sh), and 1 960(sh); MgO, 2 086(m), 2 055(s),
2 042(s), 2 021(sh), 2 Oli(s), 1 987(m), and 1 961(sh) cm !

(28) + M"O_ = (see Figure 4.11).

Q8]
o
pored
~d
~~
Ui
ey
-
-

n
SiOZ, 2 083(m), 2 L54(s), 2 043(sh), 2 030(vs),
1 934 (br,mj, and 1 S4C(br,m); Y-Alz 75 2 08
2 0453(s), 2 029(vs), 1 980(br,s), and 1 835(br,m); Ti0,,
> 082/m), 2 052(sy, 2 043(s), 2 029(vs), 2 016(s
1 981{br,s), and 1 3533{(br,w); Mg0, 2 0827nmj, 2

2 014{w), 2 001(w), 1 980(br,m), and

2
O
K
(W3}
Py
92}
R
“
[
)
[ ]
o)
e
93]
-

}.,...J
(w'e}
e
(]
—~
o
t
e
>
e
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(3}
w

u.v.-visible (diffuse reflectance) (see Figures 4.13
() + M’On(Sloz) =

(25), 424, 376, 288(sh), Z44(sh), and 208; (26), 364,
and 21o0; (27), 530, 396(sh), 336(sh), and 220; (28),

420, 308(sh), and 210 n.m.

248,

520,
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CHAPTER 5

Some Aspects of the Chemistry of Clusters

with Bidentate Phosphine Ligands.,.
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The impetus for this investigation into the reactions

of clusters of varying geometries with polydentate phosphine

92}

ligands was partly provided by the work described in previous
chapters. One of the principle problems encountered in

the anchoring of clusters was their increased instability in
the oxide environment. Attempts to overcome this with
bridging and capping ligands met with limited success due to
oxide interactions with either the ligand or the cluster,
which, in general, caused an increased tendency towards
fragmentation. This activity was caused by either acid/base
sensitivity in the ligand (e.g. the formamide linkage in
EOSS(CO)lo{H){OCNCH]R} which can behave like its organic
Counterpartl) or poor design/fitting of the cap/bridge. For
example, the sulphur cap in EHOSz[CO)g(uB“SR)I comprises of a
3e 3 centre bond to two osmium atoms and a datﬁ@ bond to

the third and as a result allows reaction with the oxide to

|

. : Ty 1 I o .
produce a species thought to be sﬁﬂbs(CO)g(qz-SR}{ Ooxide} .
A possible way around this problem could be to use poly-
dentate ligands which are capable of individually co-ordinating
to each metal atom strongly with the same fluxionality, such

as polydentate phosphine ligands. These, despite their air

cluster phosphine bonds which are rarely cleaved and then only

) . .
under forcing conditions.” These ligands have been shown to
stabilise clusters towards fragmentation (e.g. {HCfPihﬁisRhi—

03 . .

(CO}QE ) and to act as templates for cluster production [(e.g.

1
9!

ruthenium clusters have shown that low yields are commonly

;HC(PPh7}3Xi (CCH }; though experiments with them on



obtained (e.g. |Rug(CO)q(PBu,) SiMe|, 16 % and |Ru (CO),-
(PPhZ)SPHE, < 10 %,6) and the compounds fo not display the
postulated increase in stability (e.g. §H4Ru4(CO}9(PPh2)3PH§
which decomposes at 60 OC). The reason for this may be poor
fitting of the ligand, and in order to explore this a
systematic study of the binding of four bidentate phosphines
of general formula PPhZ(CHZJHPPhZ with different chain lengfhs
(n =1 - 4) to ruthenium clusters of nuclearity three to six
was carried out.

Slp n.m.r. has been shown to be a valuable tool in
characterising mononuclear Complexes;7 however, so far 1its
potential for clusters has not been fully explored. One effect
of use - 1f it applies to clusters - is AR’ this is a

ring size dependent contribution to ti
shift,8 which would provide valuable structural information
about clusters substituted with polydentate phosphines.

Another possible use of 31P n.m.r. is in the characterising

31 2 36

¥

of heterogeneous species. P n.m.r. magic angle spinning2
studies on oxide attached phosphine ligands and mononuclear
complexe39 have demonstrated the applicability of this
technique to phosphine anchored clusters, where it should be
particularly valuable in characterising systems containing
more than one species, At present the main technique used
i. comparative i.r. spectroscopy, but with mixed systems its

ent 1S

W

use in quantifying and identifying the speciles pre

]

severely limited due to the large number of overlappin

carbonyl bands present. In order to evaluate the applicability

.31 . .. .
of P n.n.v. in characterising clusters both homogeneously

i
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and heterogeneously, and to see if br effects exist, a
series of monodentate phosphine substituted clusters were
also prepared.

One of the speculated principle advantages of anchored
clusters over conventional metallic catalysts is their
ability to perform specific catalysis by virtue of their
discrete structures, like mononuclear complex catalysts.

10 {RhICl(—)Diop§ has been shown to be an active

For example,
chiral hydrosilation catalyst, both homogeneously and on
polymer supports. The anchored version is produced by
anchoring (-)Diop (see Diagram 5.1). This is produced by
condensing a precursor of (-)Diop with a supported aldehyde

obtained by dimethylsulphoxide (DMSC) oxidation of the

chlorinated polymer

- H H

This methed of ancheoring should also

be applicable to oxide supports, assuming an anchored aldehyde
can be produced and the oxide does not interfere with acetal
formation. To investigate this possibility the reactions

of (-)Diop with clusters were investigated together with the

feasibility of producing anchored (-)Diop on oxides.

(a) Ruthenium clusters with monodentate phosphine ligands.

The reaction of ruthenium carbonyl with monodentate

phosphines has becn studied in depth.zg_sz The postulated
rechanisms for the benzophenone and thermal reactions have
been mentioned in the preceeding chapter. The cryvstal
structure of ERUS(CO} PPh.| shows that the phosphine

cccupies on equatorial site as 1is expected on steric rather

(W3]
(3]

! but like

than electronic grouncs. Unlike [Fe,(CO),,PPh

3" 3
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ANCHORED CHIRAL HYDROSILATION

H

V

% c1 - CHO HO-C-CH,-0Ts
‘\(
DMS0 HO-C-CH,-OTs
H
% y H
, !
g _0-C-CH,PPh, _-0-C-CH,0Ts
%—C\ | = -
0-C-CH,PPh, LIFFR, 0-C~CH,0Ts
A A
H H
(RhC1(C,Hy),),
ANCHFORED Rh(-)-Diop—e
XX, X SiH
, CATALYST
1t::c=o SEPARATED
R
2 BY FILTRATION
R, CHR,
o
081X, X, X<
!
y
RlCHRZ e.g. (8)-{-)-phenyvlcarbinol
f 100 %3 chemical yield
0 58 % optical yield
H
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{OSB[CO)llp(OMe)Sis4 and iRuS(CO)llPPhSE it possesses no

bridging carbonyls and this is probably a consequence cf the
greater size of the Ruz and Os3 triangles. A 136 n.m.r.
study  on :OSS(CO)lZ_n(PEtB)nf (n =1, 2 and 3) has shown
that the phosphines occupy equatorial sites in solution (see

Diagram 5.2) with the phosphines disposed to obtain minimal

steric interactions.

0 0
C C
oc\l 0 O 0
0 ] 0 0 0
C C C T C C
| 0 0
oc L 00| L
/| * %
< c (J:\co L/C Cy
0T g o 5 0 0
C
L c©
0 0
C g C
L ¢ c ¢
0 o ©

Diagram 5.2.

The structures of the substituted ruthenium clusters are
be identical to their osmium counterparts because
imilarity of their carbonyl fingerprints in the i.r.
he °tp n.m.7v. confirms this by displaving the predicted

That is, single peaks for the mono and tri-substituted



1
[y
(@)
[N

i

derivatives and two peaks of equal intensity for the di-

substituted compounds. Interestingly, (CO)lO{PEt 2$
J

at 30 - 40 °C shows only one peak in the 31? n.m.r. because

of an exchange process which produces a plane of symmetry

between the two phosphinated osmium atoms (probably a

OS(CO)SPR3 unit rotation). The reason why this is not observed
for the ruthenium analogues, {RuS(CO)IO(PPhZR)Zj, could be

as a result of the greater cone angles of the phosphines

employed (e.g. PEtS = 1329, PPhZMe = 1360), or electronic

differences between the two clusters.
As previously observed, the stretching frequency of the
CO bands decreases as the degree of substitution increases.

This is in accord with the phosphines employed being poorer

tore than the renlaced carbon 71 +he
ocrs o tne enliaceq Ccartonvyl the

4d e i pe

w Acrco Eor osvamnla
T acc oOoT eXample

ko)
P~ 3

frequency of the totally symmetric stretch for the carbonyls
is IRuS(CO)l7§ occurs at 2 117 cm * (obtained from the Raman
spectrum of a single crystal, as this mode is i.r. inactive)

whereas the highest frequency bands in |, J{CO)IQ n(P‘L7 le)
-1 he ©

ES

[

2 047 ¢cm 7.

i

L

-3
-
o

[P

are: n = 12 057; n = 2 2 07 n = 3,

n.m.r. spectra also show this effect of increasing electron
density on the cluster as n increases. That is, as n 1ncreases
the alkyl groups on the phosphine éxperience an increased

shielding because the increased electron density on the cluster

(/}

inhibits the donaticn of the electrons by the phosphine.

W
o
[
3
i
ot
-
&
S
et
I
8
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the other derivatives, does not extend significantly along

the alkyl chain (e.g. in }Rui(CO)l?_n(PPhZBun)ni the methyl

resonance occurs atn = 1,0.9; n = 2, 0.85; and n 35,0.9 8).

Surprisingly, the predicted increased shielding is not observed

. 31 N ! 3
in the Pn.m.r. (e.g. for ¢Ru3(CO)12_n(PPhZMe%1

the signals

occur at: n = 1,14.9; n 2,14.33 (average),; and n = 3,15.76
p.p.m.). The reason for this discrepancy is not obvious but
it appears to be general for all the derivatives.

The reaction of EH4Ru4(CO)1Z§ with phosphines has been
reported ? and the products, EH4Ru4(CO)12_n(PR3)n§ (n =1, 2,
3 and 1), shown to involve substitution at different ruthenium
centres.>’ The solid state structures of §H4Ru4{CO)11P(OMe)SIS8

and 'H Ru (CO) O(PPh3)2f39 have been determined and show a

distorted tetrahedral, ”DZd” coere of ruthenium atoms with four
. 1 1
long Ru —-Ru and two short Ru — Ru distances. The "H n.m.r.

7 , . . .
of these complexess' show that the hydrides in solution are

-y

3 1 H ) ; - 7
fluxional. The "H n.m.r. spectra of [HyRu (CO),,__(P{OMe )20, I

(n = 1-4), showed that only one time averaged isomer existed

[V

for each value of n, as the hydride signals displayed simple
coupling patterns. However, the "H n.m.r. results for

H4Ru4[CO}lz_n(PPh2R)n; (n = 2 and 3), indicate the presence

of isomers or inequivalent phosphines on the n.n. time
scale, as the hydride signals were either broad (n = Z) or

. - 51 fra conf
comnlex multiplets (n = 3) The P n.n.r. spectra confirmed

th1s with for n = 2 and 3, two signals peing ¢0°S
approximate abundances of Z2:1.

In the case of n = 2, this is probably because the greater
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cone anglégof PPhZR (P?hzﬂe =1560, PPhZEt = 140 °C) compared

with P(OMe)3 (1070) causes slowing down of the interconversion
of the two possible solution isomers (see Diagram 5.3, carbonyls
and hvdrides omitted for clarity) sufficiently for them to be
resolved on the n.m.r. time scale (e.g. cooling of §H4Ru4—
(CO)lO(PPhMe]Zj caused the broad hydride signal to be resolved
into a complex multiplet). The possibility of the two

isomers differing in the positions of the bridging hydrides
cannot be ruled out, but it appears to be unlikely as no

1

change was seen in the "H n.m.r. spectrum for §H4 u4{CO)8—

77
(P(0OMe) on cooling to -100 0c. 7] Variable temperature

|
304
I5¢ n.m.r. studies on these compounds 3hould resolve this

problem. The propoertions of these two isomers appears to

be i1uadependent of the R group in the phosphine Pfth, but

this is not unexpected as the cone angles dc not vary
significantly as the alkyl chain length is increased (e.g.

. ; z~0
PEt., PPr. and PBuE all have the same cocne angle of 1327).

(93]

| \
7
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For n = 3, 31P n.m.r. indicates that there are either
two 1isomers or two phosphine environments present. A
molecular model indicated that the latter possibly was the
most likely, with one phosphine occupying a different
environment from the other two. A way to visualise this
is to consider each phosphine as sitting asymmetrically on a
face: the justification for this being that the M(CO}S or

38,39,

M(CO}ZL units are staggered (from the crystal structures
with respect to the M —-M edges of the cluster (see Diagram
5.4). In the case of n = 3, two of the phosphines possess
a vacant face adjacent to them whereas the other phosphines
nearest vacant face 1s trans to it (see Diagram 5.5). Again
the presence of isomers due to the hydrides cannot be ruled
o 13, D o e
out, without a C n.m.r. studyv. fhe reason .why this is

not observed for the P{OMe)s analogue 1is again probably due to

..
PN Y
1

Diagram 5.4. ///%\\
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its smaller cone angle allowing a facile exchange process
causing equivalence of the phosphines. Such a process
would involve a facile rotaticn of the M(CO)ZL groups.

The i.r. spectra of {H4Ru4(CO)12*n(PPh2R)n§ (n =1, 2,
and 3) again show the trend of decreasing the CO stretching
frequency as the degree of substitution increases. For
example, the highest frequency CO bands for }H4Ru4(CO}12_n—
(PPhZMe}n{ are n = 0, 2 109 (Raman); n = 1, 2 094; n = 2, 2 076
and n = 3, 2 061 em™L. Also again the protons on the alkyl
group carbon adjacent to the phosphorus show an upfield shift
as n increases. For example, in §H4Ru4{CO)12‘n(PPhZEt)Rg
the position of the quintet is n =1, 2.56; n = 2.4, (average);

and n = 3, 1.9 (average)s. The average position of the hydride

et
f
I

signal, however, shows an opposite trend (e.g. 'H,Ru,(CO},,_ .
- ~

(PPh,Et) | n =0, -17.77;n =1, -17.42; n = 2, -17.05; and
n = 5,-16.66 £ as the ''peak’ moves downfield by increment of

0.1 with each successive addition).

(e

approximately
The reaction and structure of the two major products
; ; C(Cco: | ith DD - g, %o Bot

from the Ru wktbjlsf with Pfhs have been reported. Both

the mono and disubstituted products involve replacement of
0

the basal CO ligands of the square pyramidal cluster. In
the disubstituted conmpeund 5Ru5C(CO}13(?Ph3}7f, the two

phosphines are thouzh Py ans positions below ti
hosphine thought to occupy trans positions below the

square face and supporting evidence for this is provided by

tac crystal structure of xRuSC CO}}gD“P? (iscmer 2, see later
Flzures 5.7, 5.», pages 515 and 316). This compound also
possesses a similar i.r. spectrum to the disubstituted preduct.
ihe mechanism of tne r2action of 2u_C(lD) «ith nhosphines

b

b
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has been discussed in the preceeding chapter. The same

trends in the carbonyl and 1y nom.r. spectra as seen for

Ru3 and Ru4 clusters are observed. The 31P n.m.r. shift also

shifts unambiguously to lower values from the mono to di-

substituted derivatives.
The reaction of ERU6C(CO)17§ with phosphines together

with a crystal structure (§Ru6C(CO)16PPh2Et{) have been

reported.42’43 The disubstituted derivative is thought to

exist as a mixture of cis and trans isomers with for L =

P(OMe) ., the cis isomer pred@minating.56 This is in part
confirmed by the 31P n.m.r. results which show two unequal
peaks which vary in relative intensity as R is changed. For
example, when R = Me 4:1, Et 7:1 and for R = pr® and Bu" the
rohably hidden by the major peak.

minor up field neak is

110
mine riel ned
£

2%

This decrease in abundance of the minor peak as the cone angle
increases indicates that it is probably the cis isomer. The

L 56 . .. . .. .
work of S.C. Brown®? indicated that the cis-isomer predominates

for P(OM@)S. This is in accord with the product distribution

ei

ey

determined by electronic factors (favouring a cis

-}
[tfe}

rroduct, possibly by a M —-M bond cleavage mechanism,

I

facilitated by the adjacent phosphine) and steric fac

t
@}
=
n

4

(nredominating as the cone size increases P{OM@}B << PPh,Me <

. n ; . n . 1 3
PPh,Et, PPh,Pr~ and PPh,Bu’). The i.r., "Hn.m.r. and P

o]
L

p -

nom.r. results again shew the same trends as observed for

. -, BU

3 4

T
51 1 .
decreases and the P and "H n.m.r. peaks move upfield. The

(O3]
-

P n.m.r. spectrum of Ru,C(CO),,(PPh.Et), | shows cnly a
£ 6 13 > 1
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single peak and so indicates that this compound exists as
only one iscmer containing all the substituted ruthenium atoms

in a plane (see Diagram 5.6), and that the M(CO),L apices

Ru
\ L

L

L

v
(@)

Diagram

are probably fluxional to cause all the phosphines to become

equivalent.

Analysis of the 31? n.m.r. shifts for the monosubstituted

clusters demonstrates at least four contributing factors to
the observed shift. The results in Table 5.1 can be

simplified in several ways. Firstly, subtraction of the

5}

Ph.,Me substituted cluster should remove all

o)

hi of ti

th
(-f

e

97}

see Table 5.2) and leave effects caused by

[
971
N

effec

(@]
ot
-
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t

e

~

differences in the ligands. As can be seen, the discrepancies
are mostly caused by differences in the free ligands initial
shift (AL, compared to PPh,Me]. Subtractiocn from Table 5.2

* L

of these differences (2L) of the free ligand from free PPh,Me

= uld leave effects causzed by differences in the R op CO-0r2in
(see Table 5.3). As can be seen these effects are small but

show a dependence on both the ligand and cluster, as would be

expected, 1if the Jdiffereences are due to an interaction between

atio

n
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R and the cluster. The most important contribution to the

final 31P n.m.r. shift is that caused by co-ordination to the

cluster. This itself can be subdivided into 3 main factors
that is the nature of the metal (i.e. ruthenium(0) rather
than Ru2+ or Feg+, so this term should be the same for all
the clusters considered), the change in the C — P — C angles
on co-ordination (i.e. angle opening causes a downfield shift)
and a new term not seen for mononuclear complexes, the cluster
nuclearity/geometry.

Subtraction of the 31? n.m.r. shifts for the triruthenium
subtracted clusters from other clusters substituted with the

same ligand should remove shifts caused by the nature of the

metal and possibly ligand effects (i.e. angle opening or

— - A - P 3 1

13 i - N 1 b S P ol a SR P
~01Tuilldatioil) aliu i1t€&ave €riecis Ccaused 0y tie

O

Closing on ¢
differences between the clusters (see Table 5.4 for the results
of this subtraction).

The assumption that the change in the C —P —C angles
upon co-ordination is the same across this series of clusters,
is supported by their crystal structures and the small
dependence of the Pn.m.v. shifts on R (as in PPhZR, see

-5
!

le 5.3) and therefore steric size of the phosphines. This
J

o
o

i

caves as the only remainin: variables which cannot be

poend

separated because of the small number of systems studied,

oot

iister size and geometry.

"

- . y s o . L 31,

to summarise, tne positicn ot the ooserved Pnom.r.
signal for a monosubstituted cluster is given by a combination
of four main factors. Thesc are, the initial position of the



free ligand (determined bv electronic and steric factors),
the nature of the metal, the change in the C —-P — C angles
on co-ordination and the cluster nuclearity/geometry.

The 31P n.m.r. shifts for the disubstituted clusters
(see Table 5.5) can be treated in a similar manner. Again,
subtraction of the PPhZMe substituted cluster from the raw
results illustrates the effect the shift of the free ligand
has on the final value. Interestingly, this appears not to
be additive; that is, the 3lP n.m.r. shifts are not
significantly larger than for the monosubstituted clusters
{see Tables 5.6 and 5.2). Also subtraction of AL from the
results in Table 5.6 illustrates the R group is again interact-

ing with the cluster and possibly the other phosphine (see

TaAahl
1acLe

O3}

7
« /Ay . 2UDTY

from the analogous higher nuclearity clusters again demonstrates

the effect of cluster size/geometry on the DlP n.m.r. shift

On comparing the results for the disubstituted clusters

to those of the monosubstituted clusters, there is a general

ot

T Fan o
uted

small shift upfield (see Table 5.9, ashift = disubsti
monosubstituted) on going from the mono to disubstituted
cluster, which is in accord with the cluster becoming more

he

electron rich and so accepting less electron density from ti

1

hin

]

ToTSD
& A

Although the data for trisubstituted clusters is limited,

PR
CTV

the results suggest the existence of cluster size/gecme
- . .. 51 n

and free ligand effects on the final observed P n.m.r. peak

rositions, similar to those seen for mono and disubstituted

clusters {see Table 5.10).
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TABLE
31
Nuclearity

Ru3 Ru4 RuS
36.03
14.90 19.45 20.61
30.60 533.17 36.69
27.14 29.85 33.68
27.44 30.45 34.20
34.11 37.24 39.50

TABLE

Ru

5.

.00
.90
.60
.14

2.

°lp h.m.r. shifts minus the shift of the

cluster.

Ru3 RuJr RuS

0 0 0
15.70 15.72 16.08
12,24 10.40 15.07
12.54 11.0 15.58
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Ligand
PPh3 +6.00
PPhZMe -26.

PPh,Et -11.

PPh?Bun -16.

P n.m.r. shifts of the monosubstituted clusters

PPh, (CH,) ,51(0Et) 5

28"
-8.90
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5+
e

i~
jaw]
ol
oy

o
vy
"
—

to

2N

™

-t
3]



TABLE 5.3.

31P n.m.r. shifts minus the shift of the PPhZMe substituted

cluster minus, AL, the difference in the shift of the free

ligand from free PPhZMe.

Nuclearity

Ru3 Ru4 Rus Ru6 Ligand

0 0 0 0 0 PPh,Me

0.77 -1.21 1.15 -1.03 0 PPh,Et

2.44 0.60 3.27 1.80 0 ppthrn

2.29 0.75 3.34 1.89 0 PPh,Bu"

1.73 0.31 1.41 -0.28 0 PPh,(CH,),Si(0Et)4

TABLE 5.4.

31? n.m.r. shifts minus the shift of the Rug cluster

substituted with the same ligand.

Nuclearity

RUS Ru4 RuS Rub Ligand

0 1.55 5.71 11.10 PPh,Me

0 2.57 6.09 9.30 PPh,Ft

0 2.71 6.54 10.46 UPngPrn

0 5.01 6.76 106.70 PPh,Bu”

0 5.13 5.39 9.00 PPh (L) ,S1M0EL) ¢
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TABLE 5.5.

31? n.m.r. shifts for disubstituted clusters
Nuclearity
RuS(average) Ru4(average) Ru5 Ru6 Ligand
14.33 18.65 19.90 25.30 PPhZMe
30.25 33.02 34.50 39.40 PPhZEt
26.39 29.85 31.87 37.24 PPh,Pr"
26.61 30.40 32.13 37.84 PPhZBun
TABLE 5.6
51? n.m.r. shifts minus the shift of the PPhZMe substituted
Cluster
Nuclearity
Rug(average) Rui(average) RuS Ru6 AL Ligand
0 0 0 0 0 PPh,Me
15.92 14.37 14.60 14.10 11.92 P?hZEt
12.06 11.20 11.97 11.94 9.80 PPhZPrn
12.238 11.75 12.22 12.54 10.25 PPh:Bun
TABLE 5.7
31 ]

P n.m.r. shifts minus the shift of the PPh,Me substituted
cluster minus oL.

Nuclearity

Rus{average} Rui{average} RUS Ru6 AL Ligand
0 0 0 0 0 PTh e

1.00 -0.55 -0.32  -0.82 0 PPh,Et
2.26 1.40 2.1 2.14 0 pathrn
2.05 1.50 1.97 2.29 0 pphzgu“
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TABLE 5.8.

3 . . .
1? n.m.r. shifts minus the average shift of the Ru3 cluster

disubstituted with the same ligand.

Nuclearity

Ru4(average} Rus Ru6 Ligand
1.32 5.57 10.97 PPh,Me
2.77 4.25 9.15 PPh,Et
3.46 5.48 10.85 PPh,Pr
3.79 5.51 11.25 PPhZBun

TABLE 5.9.

The difference in the ij shifts of the mono- and disubstituted
clusters.

Nuclearity

Ru, Ru Ru- Ru Ligand
3 4 5 6 =
-0.57 -0.80 -0.71 -0.70 PPh,Me
~0.35 -0.15 -2.19 -0.50 PPh,Et
-0.75 0.00 -1.81 -0.40 PPh,Pr"”
-0.83 -0.05 ~2.08 -0.30 PPh,Bu”

TABLE 5.10.

31 .~ - . .
P n.m.r. shifts for trisubstituted clusters
R, Ru L
3 1
15.76 17.87 PPh . Me
31.5% 31,20 PPh,Ct
28.10 PPh,Pr!



(b) §Ru3[CO)12E with Polydentate phosphines.

The reaction of §Ru3(CO)1Z§ with tridentate phosphines,
such as HC(PPh,)s,° (:HSC(CHZPPhZ)S"H and MeSi(PBu™),> has
been only marginally successful, since the yields of the
required products, §Ru3(CO)9(u3—P3R’)% have been low in general.
The importance of tailoring the capping phosphine to the cluster
is demonstrated by the reaction of CHSC{CHZPPhZ)B(TDPME)
with §Ru3{CO)12§ during which only mononuclear products such
as {Ru(CO)ZTDPME§ were obtained despite there being an excess
of ERuS{CO)12§ present. The reactions of ERuS(CO)12§ with
HC(PPhZ)S and MeSi(PBunjs were more successful as the desired
products were obtained, though only in low yields (typically in

less than 15 % yield), together with numerous side products,

'Ru_(COY L+ ~(PPh_)YC(PPh, )(H)}! (one i a .
e.g- (Ru (C0) ,{u,-(PPh,)C(PPh ) (H)}  (one phosphine unatt ched)
In order to investigate the tailoring of capping tridentate

phosphines to fRus(CO]12§ it was found to be more convenient
to experiment with the readily accessible bidentate phosphines,
PPhZ(CHZ}nPth (where n = 1, DFPM; =n = 2, DPPE; n = 3, DPPP,

n = 4, DPPB). The 1.r. spectra of the compounds with the general

formula Ru.(CO) {p7—(PPh2)7{Cszn)§ (see Figure 5.1) indicate

(W)

—

the possible existence of 3 distinct structures: a DPPM

73]

structure, a DPPE and DPPP structure, and a DPPB and (-)-Diop
structure ((-)-Diop = (-)2,3,-0o-isopropyvlidene-2,3-dihydroxy-
L.,4,bisdipnenylphosphinobutane).

A recent single crystal structure determination on
“PEEQS has shown that the bidentate phosphine ligand

lODF

assumes an equatorial edge bridging mode with both phosphines

'Ru- (CO)
Rus(



(a)
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(b)

(d)

_J

(e)
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occupying sites the same side of an Ru —-Ru edge. The
structure of fRuB(CO)loDPPM§46 has been shown to be effectively
the same by a variable temperature 136 n.m.r. study. A

possible explanation as to why their i.r. spectra are so
different is that, the different bite size and steric require-
ments of the two ligands cause different perturbations to the
ligand anticubooctahedron.

The crystal structure of fRuB(CO)loDPPEE demonstrates
that the Ru3 triangle size is virtually unaffected by the
substitution (average Ru —Ru distance, RuS(CO)lZ = 2,851 X
and fRuB(CO)lODPPEE = 2.853 K). This is surprising, as
phosphine substitution usually causes a lengthening of Ru —Ru
bonds (e.g. iRU~\CO)11PPh3! average Ru —Ru distance = 2.88 2)

—— S

s N ~remmhkin A £ A+
to a ccombing £ both electron

ot
P.-l-

ke
ir

@]

~
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In addition to this, a crystal structure determination on the
analogous compound iRuS(CO)10{1,2—bis(dimethylarsino)tetra—
fluorccyclcbut-l-ene}, has shown that this ligand also bridges
an edge cquatorially but the bridged edge is nearly 0.06 X
longer than the others. This is probably a consequence of
the different bite of this biarsine ligand compared to the

PE ligand (which must have a restraining effect on the size

v}

D T
of the Rus triangle).
The solid state structure of ZRuSCCOjloDPPEK, compared

. . . oL .
hows large distortions (11 - 207) in the

9]
o

positions of the equatorial and axial carbonyl ligands caused
bv accomnodating the bridging DPPE ligand. The differences

in the i.r. spectra of the DPPE and DPPM adducts are probably
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due to these distortions. Interestingly, not only does

the DPPM adduct form more readily (by thermal reaction) but

it is also more thermally stable than the DPPE adduct. Hence,
the DPPM ligand appears to have a more appropriate shape/bite
for bridging a Ru —Ru edge.

The °1P n.m.r. spectra of both §Ru3(CO)lODPPM§ and
tRuS(CO)IODPPE} at 31 °C are sharp singlets indicating that
either both phosphorus atoms are equivalent or they are made
equivalent by a fluxional process. Further evidence for
fluxionality is obtained from the gy nom.r. spec In the
case of [RUS(CO)loDPPME the methylene is observed as a sharp

triplet signal at 31 OC, which broadens on cooling. This

indicates that the methvlene protons are rapidly exchanging,

probably by a flipping process similar tc that known for cycle-
pentane (see diagram 5.7).
H
H
[Co)v \\C///
Ru—="P—""
LT ¢
/ i
{ 7 ,Ru : —
LOC}Z}" \ i s {C\)H‘”
e
Ry ] ////////Ru P
(CO) | \

(U]
G
O
Q!
[
el

1~ (1



i
[N
~3
O

I

This analogy with organic cycloalkanes could also explain
why the ERuS(CO)loDPPE{ adduct is distorted, that is the six-
membered bidentate phosphine ring is trying to adopt a
conformation of minimum strain like the chair conformation
of cyclohexane. This effect has been previously observed by
Cotton and Co~workers48 for compounds of the type jMozBr4-
(dppe),| and ;M0X4(arphos)2f (X = C1 or Br, arphos =

CH

PPhZCH Asth). These have very similar spectroscopic

2772
properties and a crystal structure has been carried out on
%MozBr4(arphos)zi. This demonstrated that both the ligands

assume a bridging mode, with the two approximately square

MoBr, (PAS)| sets rotated from a completely eclipsed configura-

0

tion by about 30 "C. The driving force for this twist appears
to be the two fused (As?h7CH2CH2PPh2)ZM07 &-membered rings
which both adopt chair conformations. This twist causes

about 0.5 of the & bond to be broken and the band order (from
the crystal structure) to be about 3.5 instead of 4.

The recent crystal structure of }RuB[COJS(DPPM)ZgiBin
which both DPPM ligands equatorially bridge different edges

of the cluster, provides support for the postulated structure

-

of ERUB(CO)lO{DPPM)i. This compound, like %RUS{CO}EQD?PH
displays a sharp triplet at 31 °C in the methylene region of tae

1 ) . - . .
Hn.m.r. spectrum and two sharp signals of ecual intensity at

o

31,

°C in the P n.m.r. spectrum. Thererfore, the ~echanisn of

51
interchange of the methylene hydrogens must not invclve 2

change in the mode of bonding of the ligand (see Diagram 5.5,

carbonyl and phenyl ligands onitted for clarity},



the flipping motion proposed for the monosubstituted cluster.

H2C-’*“ ‘/// \\\\\ ///P\\\\\\

Ru 2

\/\ < p\/\/P/
u-—_——_Ru CH;//' //Bu—~——————~—Ru
\\\\\‘P

(SN

-

Diagram 5.8.

The similarity of the i.r. spectra of TRUBECOleDPPBi and

e

gRuS[CO)IO{(—)-Diop}] indicate that both have similar structures

. c 1 31 ,
(see Figure 5.1). The "H and P n.m.r. spectra suggest that

the two phosphines occupy identical environments, though

fluxionality cannot be ruled ocut. An attempted single crystal

i

study on ERU3(CO)10{[')'DiOP}; during my period of study was
unsuccessful due to decomposition of the sample. However,
57
new crystals have subsequently been obtained and their
structure solved.
The crystals for the X-ray diffraction study were obtained

from a CH,Cl,/pentane solvent mixture, and the completed

structure showed the partial inclusion of CH,Cl, into a hole
I L

e

). Despite

in the crystal (random occupancy of about 33

Lt
.
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n
)

disorder the final R value c¢btained wa
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ihe structure of the '‘Ru,(CC),. (-;-Diop: molecu

that the phosphine also

}_-l
=}

to that found for fRu5(CO)30 PPE ",

bridges an edge equatorially (see Figures 5.2 and 5.5, and

iy

11). The differences in the i.r. carbonyl spectra o

¢
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the DPPE and (-)-Diop adducts are presumably due to the
different distortions seen in the two clusters.

Interestingly, the absolute configuration for the (-)-Diop
ligand was obtained from the X-ray study, as there proved to
be two possible mirror image solutions. When the left hand
side configuration for the ligand was used (see Diagram 5.9),
the R value fell to a lower value (0.0Shrather than 0.10),

and hence showed that this is the absolute configuration of thre

(-)-Diop ligand.

PPh

CHZ

2

H Mm—

/

1

This chirality in the ligand induces an asymmetry in the

the

»

”RuSCCO}lO” cluster fragment. The rigid ketal ring 11

@

middle of the bidentate phosphines alkyl chain backbon

3

with its specific trans stersochemistry, causes the ligand to
straddle the Ru —Ru edge asyrmmetrically. For cxample,
Figure 5.3 shows that one PPhZCHZ~ unit occurs above and cne
below the plane of the Ru triangle. This, together with the
resulting preferred orientation of the rest of the phosphine



The

CH,

solid state structure of

, . N ,
Cl, viewed from ahbove the
I
2

ruthenium



The crystal structure of SR»S(CQ}lg{(-)—Diop}’X—
CH,Cl,; viewed in the Ru, plane with the phenyl
A 3

ups and alkyl backbone of the (-)-Diop ligand

omitted for clarity.
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TABLE 5.11.

Selected bond lengths and angles for
}Rus(CO)lO{(—)—Dlop}.x CHZClzg.

o
Bond lengths (in A, standard deviations in brackets).

Ru(1l) - Ru(2) 2.888 (.001)
Ru(1l) - Ru(3) 2.836 (.002)
Ru(2) - Ru(3) 2.845 (.002)
Ru(1) - P(1) 2.328 (.003)
Ru(2) - P(2) 2.337 (.004)

average Ru —C = 1.8982

average C — O (for carbonyls) = 1.1556

Non-bonded distances.

Ru(1l) - C(6) 2.819 (.015)
Ru(2) - C(3) 2.756 (.015)
P(1) - P(2) 5.094 (.004)

Bond angles (in degrees)

Ru(l) - Ruf2) - Ru(3) 59.3 (.0)
Ruf(2) - Rufl) - Ru(3) 59.6 (.0)
Ru{l) - Ru(3) - Ru(2) 61.1 (.0)
Ru(2) - Rufl} - P(1) 117.2 (.1)
Ru(l) - Ru(2) - P(2) 116.7 (.1)
Ra'l) - C(3) - O(3) 166.6 (1.4)

i(2) - C(o) - 0O(6) 167.0 (1.3)
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TABLE 5.11 (Continued).

Torsion angles
Ru(3) - Ru(l) - Ru(2) - P(2) -163.27

Ru(3) - Ru(2) - Ru(l) - P(1) -170.48

Angles between normals to planes
Ru(l) - Ru(2) - Ru(3)/C(8) - Ru(3) - C(10)
Ru(1l) - Ru(2) - Ru(3)/C(7) - Ru(3) - C(9)
C(8) - Ru(3) - C(10)/C(7) - Ru(3) - C(9)
C(1) - Ru(l) - C(3)/C(4) - Ru(2) - C(6)

. 60
.88
.85

.83
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ligand causes the two Ru(CO}3 units to partially rotate to
minimise the interactions. In addition to this the Ru —Ru
edge bridged by the phosphine is abnormally long (2.888 X
compared to 2.851 i in lRu3(CO)12$) and the other two edges
are shorter than that seen for }RuS(CO)lzi {see Table 5.11,
Ru(l) - Ru(3) = 2.836, and Ru(2) - Ru(3) = 2.845 3). This
lengthening of the bridged edge is presumably caused by
accommodating the ligand, which causes the Ru(CO)3 groups to
partially rotate. A consequence of this is that two carbonyls
{6(6)0[6) and C(S)O(S)) appear to have a weak semi-bridging
character, as the oxygens are swept back from the weakly

co-ordinated metal (angles Ru(2) - C(@) - 0(6) and Ru(l) -

o) 0 .
C(S} - O(S) = 166 - 167 “C, compared to 180 “C typically
observed for terminal carbenyl ligands). It is interesting

to speculate that the partial rotation of the Ru(CO)3 units
(caused by accommodating the (-)-Diop ligand) causes partial
breakage of the Ru —Ru bond and this is offset by the weakly
semi-bridging carbonyls and increased Ru — Ru bonding to the
unique Ru atom.

The induction of the chirality of the ligand into the
structure of the cluster is evident in this X-ray. The
importance of this lies in chiral catalysis where the optical

nduction in the products depends on the interaction of the

=N

ates with the catalyst. The catalyst can be made chiral

ot
=

ubs

e

193]

by eitiaer asymnetry in the ligand envelope (e.g. compound

@

chirallor by induced asymmetry

‘
e

MLOLZ7L~~7L-”"" are yotentially

caused by interaction with a comparatively distant chiral centre



as in this case. This interaction with the chiral ligand
in {RuS(CO)IO{(-)—Diop}I (see Figures 5.2 and 5.3) extends
beyond the immediately co-ordinated metal atoms. For example,
the unique Ru(CO)4 unit is partially rotated so as to minimise
the interaction with carbonyls C(4)O(4}, C(S)O(S)’ C(Z)O(Z)’
and C[l)o(l) which are pushed back by the straddling phosphine.
As the alkyl chain length between the two phosphines
increases, the proportion of the products involving the linking
of two or more clusters increases. This is presumably because
after one end of the phosphine becomes attached the likelihood
of the unattached end colliding with the adjacent ruthenium
centre decreases as the chain length increases. For DPPB and
(-)-Diop the chain length is sufficiently long to allow the

synthesis of re

Yy
W

sonable amounts of f{RuS(CO}Il}Z(bidentate—

bt

phosphine) , particularly under conditions of high concentration
and a large excess of Euus(CO)lzf. These compounds were

identified by comparative i.r. spectroscopy (with mono-
31

substituted Ru, clusters such as ERuS(CO}llPPhZMeI) and “°P

[N

n.m.r. {which shows both phosphines as equivalent). The

benzophenone ketyl catalysed reaction, because of its mechanism

g

(see preceeding chapter), allows the nreparation of moderate
ields of these clusters, even if they have short chains (e.g.
v s )

vields over 50 %) and

]
(W
ok
3

can he obtain

these may be of future interest in producing new higher

Another rossible aspect of interest with these clusters

mayv be their ability to co-ordinate dioxygen. For example,



both §Ru30(CO)6(DPPM)2§ and ERuSO(CO)é(dpam)7{ (dpam = bis-
diphenylarsinomethane) contain a kg-OXygen atom and are
produced by interacting the disubstituted clusters with

50
molecular oxygen.

(c) EH4Ru4(CO)l7§ with bidentate phosphines.

The reaction of §H4Ru4[CO)12I with bidentate phosphines
proceeds, with gentle heating or sodium benzophenone ketyl
catalysis, to give as the main products, cluster compounds of
the general formulae %H4Ru4(CO)1O(P —P)| (P —P = Bidentate
Phosphine ligand).

The structure of two isomers of inRud{CO)lO(DPPE)f have

51,52 e . - . .
been reported.™ 7’ These differ in the mode of co-ordination
cf the DPPE ligand which can either bridge an edge or chelate
to one ruthenium atom. The latter is the thermally stable

form with the bridged iscmer, produced by MeSNO assisted
phosphine substitution, converting slowly at r.t. to the
corner co-ordinated i1somer. Obviously the MeSNO oxidation of
the second carbonyl occurs at the least substituted ruthenium
atom, presumably on steric grounds.

The structures of the compounds, §H4Ru4§CO)lO[P — Py,

were identified by comparing their i.r. spectra with those of

f\. T:; . 4‘ - 1
1OuPPL‘ (sece Figure 5.4). For

example, the structure of :HiRu,(CQ} oPPFB appears to be a
-t

Ry

the known isomers of EHiRud{CO

e i 1 P . R A " ; s
xture of both the edge and corner 1scmers from the the 1.T.,

L o .
Pn.m.r. and "H n.m.r. spectra. The preference of a ligand

¢
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ticular geom
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in these cluster/ligand systems for a
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Figure 5.1. I.r. spectra in cyclohexane of

Ly H4Ru4(CO)1ODPPE tzornor isor -1
(b) ’H4Ru4(CO}IODPPMf (bridging isomer)

and fc IH4Ru4(CO)1ODPPB bcth 1iscmers.
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controlled by a balance of thermodynamic and kinetic factors.
For example, in §H4Ru4(CO)1ODPPE§ the edge bridging isomer is
formed kinetically by the MeSNO assisted substitution but
thermodynamically the corner isomer is the most stable. For
DPPM and DPPP the thermodynamic balance is in favour of the
edge bridging isomer. Possible explanations for this change
in mode of bonding are: that DPPM prefers to form a five
membered ring (edge bridging) to a four membered ring (corner
co-ordinating) on ring strain grounds; that DPPE prefers to
form a five membered ring on a corner rather than a six membered
ring bridging an edge, in which it cannot obtain a low ring
strain chair conformation because of the stereochemistry of
the bonding (the two phosphorus and co-ordinated ruthenium atoms
are confined to a plane); and, that DPPP prefers an edge
bridging mode for probably the same reason. In the case of
DPPB the increase in the ring size probably accounts for the
occurrence of both isomers. The proportions of the two 1somers
of the complex containing DPPB does not change upon standing.
[his indicates that they are equally stable thermodynamically
which is probably a consequence of the greater flexibility of
the long alkyl chain separating the two phosphines.
Interestingly, the sodium benzophenone ketyl catalysed
reaction was found in all cases to produce the thermodynamically

of DUDM,

-
0

stable isorer. This was illustrated by the reactio
E, DIFP and [CPPB which gave the same iscomer distribution
HRu {CO0) (P —P)I, by both the thernal and ketyl assisted
substitutlcn routes. This preference for the radical reaction

to give the most stable isomer is hard to cxplain as this 1is
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not necessarily the kinetic product. For example, when the
ring size 1s small (less than six membered) and one end of the
phosphine becomes attached, the unattached end is held in a
favourable position to complete the ring. However, when the
ring size increases to above six this advantage is lost and it
becomes favourable to form the smallest ring. For example,
the DPPB ligand can form either seven or eight membered rings
and on ring size considerations one would expect DPPB to form
kinetically a seven membered ring (corner co-ordinating mode)
in preference to an eight membered edge bridging ring. However,
the radical catalysed reaction produces only the thermodynamic
ratio of the isomers.

This decrease in the favourability of forming rings as

-

+ B4
LT i b

ot

he of the vields

lowering
N >

93]
(oW

theilr size increases 15 manife

of [H4Ru4(CO) (P —P)| from DPPE to DPPB, together with an

10
increase in side products, such as §{H4Ru4(CO)11}2(—)—Diopl,
which involve the linking of two or more clusters.

From its i.r. spectra, the compound §H4Ru4{CO}10{{—}-Di0p}§,
like 1H4RUQ(CO)1ODPPB%, exists as a mixture of corner and
bridging isomers but owing to problems in purification this
compound could not be obtained in the pure state and so
1 31 A

. . . 1 S1,
confirmation cof this by P and "H n.m.r. was not possible.

1
uiit
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§H4Ru4(CO)lODPPM§ was investigated more closely spectro-

13

scopically. The C n.m.r. spectra (see Figure 5.5) of this

compound show the presence of several fluxional processes.

. . . 1
These can be interpreted with the aid of the "H n.m.r. spectra.
At 60 °C 211 the carbonyls and hydrides are equivalent. On

cooling the carbonyl exchange process slows first (ccalescence
O~ . 13 . o d e - roc
occurs at 40 “C 1in the C n.m.r.), the hydride exchange process
] 1 . , -n ©
only slows down to the "H n.m.r. time scale by -50 "C. At
o) . . . . .
0O "C localised carbonyl exchange is occurring and gives rise
to a 3 line pattern of relative intensities 3:1:3. This is

probably caused by two separate processes, two rotations on

the two unsubstituted ruthenium atoms causing the two peaks
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S N.m.r. spectra of |H4Ru4(CO)IODPPM1 in cither d8-toluene (80 °Cc — 21 °c) or
CD,CLL, /CE,CUL (0 - -114 °C) at (a) 50 °C, (b) 21 °C, (c) 0 °C, and (d) -30 °c.
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solvents employed at these temperatures), does demonstrate

the presence of two fluxional processes affecting the methylene
protomns. The higher temperature process causes interconversion
of the methylene protons. This could occur by the conversion
of the edge-bridge into a corner-bridge and then back after
rotation or by a rocking motion on the substituted ruthenium

centres (see Diagram 5.11). As this methylene proton inter-

O

conversion process ''ceases'" on the n.m.r. time scale at 45 “C

neither mechanism can be eliminated, though the edge-corner
mechanism would explain how all the carbonyls become equivalent.
The conversion of the edge-bridge DPPE isomer to the corner
isomer provides a precedent for such a mechanism, but has too
high an energy barrier to make this an observable process in the

™
iie

m.T.
As the methylene proton interconversion process 1is not
occurring rapidly at O OC, the carbonyl exchange process giving

rise to the four equivalent carbonyls on the phosphine
substituted rutheniums must not involve a change in the mode

of co-ordination of the phosphine. For example, if the edge-

corner fluxionality occurred the methylene protons would also

be made equivalent at the same time. A possible mechanism, which
. i . 16 .
has alsc been proposed for §Ru3{CO)}O{Dsﬁﬂjs, 6 involves the

conversion of terminal carbonyls into bridging carbonvls on

the phosphine bridged edge (see Diagran 5.123, though a localised

clytopial exchange cannot be ruled out.

the methylene protons (discussed earlier) ceases to be rapid
yc O . -, O, 1, . P
at 15 “C and on ceccling te 51 7C the “H n.m.r. signal sharpens
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to a multiplet consisting of an overlapping pair of triplet

of doublets. This is because each of the two protons are in
different environments (i.e. towards or away from the cluster)
and so each give rise to a triplet {coupling to two phosphorus
atoms) of doublets (coupling to the each other). On cooling
further this multiplet first broadens (-20 °C) and then sharpens
again (-50 OC). This change could be due to the slowing down
of carbonyl exchange process on the phosphine substituted
ruthenium atoms but this is probably not the case as the pattern
of the multiplet at -50 °C is different from that obtained at
-30 "C. An explanation of this is that this broadening and
sharpening of the methylene proton signals represents a slowing
down of the flipping motion of the five membered ring (a

similar motion has been proposed for §Ru3(CU)1OUPPM§,““

Diagram 5.13).

isomer a iscmer b

- 13 - o
The C n.m.r. spectrun at -50 “C, shows a splitting of

the peak assigned to the carbonyls on the nhosphine substituted

ruthenlum atoms. This could be Jduz to a "freezing' out of
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the postulated terminal-bridging exchange process (see
Diagram 5.12). Another spectral change that occurs on
cooling to =50 °C in the 13C n.m.r. spectra is that the
downfield peak of intensity three shows phosphine or hydride
coupling to give a triplet. Phosphine coupling can be ruled
out as one would expect to observe it also at higher
temperatures, particularly below 45 °C when the phosphine
movement 1s frozen out. The observation of hydride coupling
to only this Ru{CO)3 unit can be explained in terms of
localised freezing out of only the two hydrides about Ru(3),
(see Diagram 5.14). This would also explain why the hydride
signal at these temperatures is broad. A similar behaviour
to this has been observed for §H4Ru4(CO)IODPPE{, where the

h
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Further cooling of the 13C n.m.r. samples causes further
changes in the n.m.r. spectra. The rotation of the carbonyls
on Ru(4) slows down and the peak of intensity 3 splits into
two, of relative intensities 2:1 (one towards the phosphine and
two away). The rotation of the carbonyls on Ru(4) is more
restricted than for Ru(3) as the phosphine is directed towards
Ru(4). The peak of intensity 2 (for the carbonyls on Ru(4))
on further cooling sharpens enough to display a slight splitting
into a doublet which can be explained in terms of the hydrides
becoming frozen as in structure (i). This splitting 1is
presumably not observed for the other peaks due to solvent

broadening and the strong angle dependenceS%f'ZJHC (this would

also explain why ZJPC is not observed).

(d) ERuSC{CO)lSQ with bidentate phosphines.

The reaction of §Ru5C(CO)15§ with bidentate phosphines
(P —P) proceeds rapidly under mild conditions to give as the
main product, cluster compounds of the general formulae
{RuSC[CO}lg[P — P) !, and since under gentle conditions phosphine
substitution occurs only at basal and not apical ruthenium atoms*
only 6 main co-ordination modes are likely to occur (see Diagram
5.15), two corner co-ordinating and three edge bridging

differing in the occupation of equatorial or axial sites by

4

ly bridging mode. 0f t
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1:10, see Diagram >5.13). The evidence for this comes
1

(93]

principally from the P n.m.r. which shows a sharp singlet at
r.t. but on cooling to -90 °C this broadens, splits and sharpens
into a 3 signal pattern. The two weaker signals of equal
intensity can be assigned to structure (a) (since it has
inequivalent phosphorus atoms). The strong signal similarly
can be assigned to structure (b) which possesses equivalent
phosphorus atoms. Some supporting evidence for this comes from
its variable temperature 13C n.m.r. spectra (see Figure 5.0).

At 60 °C only a singlet 1s observed as all the carbonyvls are
exchanging positions; on cooling this exchange slows down and
by 21 OC localised exchange occurs on the n.m.r. time scale,
with the carbonyls on the axial ruthenium atom appearing to have
a separate exchange process to those on the basal ruthenium

atoms (this has also been observed for ’RuSC(CO)IS{}. These

-~
£

two processes at 21 °c give rilse to two singlets, one ot
relative intensity 3 due to the carbonyls on the axial
ruthenium atom (made equivalent presumably by a rotaticn) anc
one of intensity 10 due to the carbonyls on the basal ruthenlum

atoms. The mechanism of the latter process is unclear but th

P

complexity of the changes which occur on cooling indicate tha

By

at least two separate processes occur which together cause

17

. O 4 -
nyls. On cooling to O “C this

(on
[

equivalence of these ten car

peak broadens and then splits into 3 peaks of relative

intensities Z:l:o. \n explanatiosn fcr this is that, as the
. . . . , N 0 b 51, -
chosphine rctation "ceases"” at about -40 “C (see the A s 1N 11 B
1 + 4 I'nd
and "H n.m.r. spectra, the rotation of the two basal Rul D)
/ 5
croups adjacent to the phosphine substituted ruthenlum GICms

g



~
< -

-¢0

T T e I - T s B
203 194 205 193
(c) pP.p.m. (d) pP.p.1.

- 3
Figure 5.0. ! G

n.m.r. spectra of lRuSC(CO)L%DPPMI in db—toluene (60 °c - 0 °Cy, CD2C12 (30—-60 Oc)
and CD,CL,/CFCLH (0 - -121 °C) at (a) 60 °c, (b) 30 °¢

, (¢) 0 °c, and (d) -40 OC
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ceases, presumably on steric grounds, and this should give rise
to two pairs of equivalent equatorial carbonyls (see Diagram
5.16, C40 and CZO) which would explain the two signals of
intensity Z. As the carbonyl on the phosphine substituted

Ru atom 1s not seen a rapid exchange of the axial carbonyls
(see Diagram 5.16, CSO) on the basal ruthenium atoms must
occur and this coupled with the rotation of the trans Ru(CO) 5
unit to the phosphine substituted ruthenium atom would explain
the equivalence of these 6 carbonyls. Upon cooling further
this peak due to 6 carbonyls broadens but by -125 °C (the
lowest temperature obtainable on the n.m.r. machine) it 1is not

frozen out. Interestingly the peak assigned to the carbonyls

OC, and this

on the axial ruthenium does not broaden by -125
is what one would expect from the similarity of the two possible
carbonyl sites.

The 1

Hn.m.r. spectra of |Ru.C(CO), DPFM| demonstrate

the importance of the rotation of the phosphine substituted
ruthenium unit in interconverting the two isomers and also the
methylene protons in the DPPM ligand. For exanple, at 45 C

a triplet is seen because the rapid rotation interconverts the

two otherwise inequivalent methylene protons, whereas at

P . X . .
-6 C when this process is slow on the n.m.r. time scale
the two protons are inequivalent.
3 J D [ T T = o
The solid state structure of [H Ru.T'CO).-DIPL has Sesn
L > ja
oo 41 1 e
determined by X-ray ditffraction and shcws tnat it exists
as structure {a) (see Diagram 5.15); how=sver, this work

suglests that zRuSC{CO}lzDPPEi exists soleiv in solution as

structure (b). A main piece of evidence for this arises from
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comparing its i.r. spectrum with that of ERuSC(CO)lsDPPM§.
Since }RuSC(CO)ISDPPME exists in solution as mostly structure
(b) with traces of structure (a) (as suggested by the SIP
n.m.r. spectra), its i.r. spectrum should show a Yeo pattern
indicative of (b) with small impurity peaks due to (a).
However, the i.r. spectrum of {RuSC(CO)lsDPPE} agrees only with
the major peaks in the spectrum of the DPPM adduct (see

Figure 5.7) and so must have predominantly structure (b) (like
the DPPM adduct) in solution.

The 13C n.m.r. spectra of iRuSC(CO)lsDPPE} (see Figure 5.8)
shows that this molecule possesses a plane of symmetry at low
temperatures and so suggests that it possesses structure (b),
but rapid rotation of the Ru(phosphine)CO unit cannot be ruled
out

8

At high temperatures all the carhonyls are made
equivalent by exchange processes and a sharp singlet 1s seen
(103 OC); upon ccoling this broadens and splits into a two
peak pattern of relative areas 5:10 and like in the DPFM

adduct these can be assigned to the carbonyls on the axial
ruthenium and those on the basal ruthenium atoms, respectively.
Also, similarly to the DPPM case, the band due to the axial
ruthenium atom carbonvls remains sharp to the lowest
temperatures studied, while the other band broadens.

This slowing of the exchange of carbonyls between the
different sites on the basal ruthenium atoms occurs 1in stages
vsimilarly to tie DPFM adduct) and so indicates tazt severd
first proccess to slow causes a proadening of the peak (at 1€
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Figure 5.8 (Continued).
(g) -63 °C, (h) -94 °c,

(i) -115 °c.

\
\\"‘\AA A .
WM L P VPGNP nj
i
;
i
!
|
|
.
I /
H | i g%
C ! | p
I ; ’
,/J v r’/ Voo J V\*\ .
#N V&Fm NA‘M‘J"W\‘“{*’{VV"\"‘ V“AA}W"\“;&;‘}\_;M*« L1
li T 1 1
210 200 19C 180G n.p.u



4:6 (peaks at 203.5 and 196.5 p.p.m., respectively at -48 OC)
these could be assigned to the axial and equatorial carbonyls
respectively, but in reality the situation appears to be more
complex with an intermediate peak being produced on further
cooling (at -83 °C and -73 OC) which on further cooling
broadens (at -94 OC) and meanwhile a new peak becomes evident
(v 205 p.p.m.) corresponding to two equivalent carbonyls.

Upon cooling further the other exchange processes slow down
and the other basal carbonyls '"freeze out" to give a pattern
of relative areas 2:1:3:2:2:1, indicative of a plane of
symmetry existing in the molecule with the phosphine occupying
two equatorial sites. Unfortunately, as a result one cannot
tell whether or not the rotation of the Ru(phosphine)CO unit
has ceased. Incidentally, in the spectrum at.-115 °C the pedk
at ~ 187 p.p.m. appears to be of area 2 but its integral is 1,
so the small peak on the side is possibly a result of noise

31

)
spectrum. The P n.m.r. spectra (40

~y Ofﬂ‘ >
C - -90 “C) like

]

in th
1

o d

the ~°C n.m.r. spectra support the claim that RuSC(CO)13DPPEi
exists in solution as predominately structure (b) with two
equivalent phosphines, though rotation of the Ru(CO)}phosphine
unit again cannot be ruled out.

Initially when RuSC(CD}ls is reacted with DPFP, a new
cempound, with an i.r. spectrum similar to the disubstituted

cmnounds Ru.C(CO) (PPh .2, , 1s formed. This on sztanding

converts to a mixture of ccmpcounds mainly of structures (&)

[S—

. . . < . . . oy -
(1ts 1.r. spectrum 13 very similar to ;RUSCQLQ

with some of the initial ccmround (thought to have structurs (fJ,
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see Diagram 5.15). The Slp n.m.r. spectra demonstrates the
existence of (f) and (a) + (b) in equilibrium proportions of
1:5. On cooling no evidence is observed in the spectra for a
slowing down of the exchange of (a)==1(b) but this could be
because this compound exists mainly as isomer (b).

The opposite type of behaviour is observed for DPPB, which
initially produces a mixture containing mainly (a) and (b) with
some (f), which on standing converts into wholly (f). This
complex exhibits one 31P—{lH} resonance and the 13C n.m.r.
spectrum 1is consistent with both phosphines occupying equivalent
sites on the basal ruthenium atoms. Its i.r. spectrum (see
Figure 5.9) is similar to that obtained for compounds of the
general formulae, %RuSC(CO)IS(PPhZR)ZI.

This similarity was confirmed by a single crystal X-ray
diffraction study, crystal data: CQZHZSOISPZRQS’ monoclinic,

o
space grmgapzl/n, a = 10.630(8), b = 17.440(3), ¢ = 23.889(4) A,

£ = 96.07

Fa

O -
1%, 2 =4,U =4 106.7 A7, u(Mo-K ) = 17.4 cm .
The data were collected using an Enraf Nonius CAD-4 diffracto-
meter which gave } 077 unique reflections [F > 2.55(F),. The

tructure was solved by direct methods to locate the RUS cluster

921

nd subsequent structure factor and electron density calculations

jev}
v}

located the remaining non-hydrogen atoms. Least sguares

(]

refinemnent (237 parameters) gave R = 0.049.

The molecular structure (see Figures 5.10, 5.11, and
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Figure 5.10. Molecular structure of ]RUSC(CO)IS(DPPB){
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TABLE 5.172.

o) .
Selected bond lengths (A) and angles (degrees) for ZRuSC(CO)lg—

(PPhZ(CHZ)4PPh2)£ with estimated standard deviations 1in

parentheses.

(a) distances

Ru(l) - Ru(2) 2.873(1)

Ru(l) - Ru(4) 2.891(1)

Ru(l) - Ru(5) 2.847(1)

Ru(2) - Ru(3) 2.837(1)

Ru(2) - Ru(5) 2.778(1)

Ru(3) - Ru(4) 2.894(1)

Ru(3) - Ru(5) 2.881(1)

Ru(4) - Ru(5) 2.760(1)

Ru(l) - P(1) 2.367(3)

Ru(3) - P(2) 2.337(3)

Central carbide

Ru(l) - C(14) 2.024(9)

Ru(2) - C(14) 2.073(9)

Ru(3) - C(14) 2.002(9)

Ru(4) - C(14) 2.064(9)

Ru(5) - C(14) 2.163(9)

P(l) - C(15) 1.868(10)
P(l)y - C(21) 1.835(6)

P{l) - C(31) 1.832(5)

P(2) - C(18) 1.843(10)
P{2) - C{41) 1.823(3)

P{2) - C{(51) 1.83075)

Terminal CO distances

C - O(ain) 1.155(12)
C - O(max) 1.1961016;
C - O(mean) 1.1665



TABLE 5.12. (Continued}.

Phosphines alkyl chain.

C(15) - C(16) 1.521(14)
C(16) - C(17) 1.520(14)
C(17) - C(18) 1.521(13)

distance of carbide (C(14)) below Ru(l), Ru(2), Ru(3) and Ru(4)
plane = 0.21.

(b) Bond angles

Ru(l) - Ru(2) - Ru(3) 89.5(1)
Ru(l) - Ru(2) - Ru(5) 60.5(1)
Ru(3) - Ru(2) - Ru(5) 61.7(1)
Ru(2) - Ru(3) - Ru(4) 91.2(1)
Ru(2) - Ru(3) - Ru(5) 58.1(1)
Ru(l) - Ru(4) - Ru(5) 60.4(1)
Ru(3) - Ru(4) - Ru(l) 88.0(1)
Ru(3) - Ru(4) - Ru(5) 1.2(1)
Ruf(4) - Ruf3) - Ru(5) 57.1(1)
Ru(4) - Ru(l) - Ru(2 90.5(1)
Ru(4) - Ru(l) - Ru(5) 57.5(1)
Ru(5) - Ru{l) - Ru(2) 53.5(1)
Ru(l) - Ruf{5) - Ru(2 61.0(1)
Ru(l) - Ru{5) - Ru(3) S9.1{1)
Ru(l) - Ru(5) - Ru(4) 62.1{1)
Ru(2) - Rui5) - Ru(3) 60.101)
Ru{2) - Ru(3) - Ru(4) 95.111)
Ru(3) - Ru{(5) - Ruf(4) e1.7(1)
P(1) - Ruf(l) - Ru(2) g9.1{1)
P{1}) - Ru(l) - Ru(d) 116.9(1)
P{1) - Ru(l) - Ruf(s) 151.5(1)

(2) - Ru{3) - Ru!2) 105.4(1)
2,2) - Buf3i - Rald) 107,171
P{2) - Ru{3) - Ru(5) 152.1(1)



Ru(1l)
Ru(l)
Ru(2)
Ru(2)
Ru(3)
Ru(4)

R - C

Ru(l)
Ru(l)
Ru(l)

Ru(3)
Ru(3)
Ru(3)
C(15)
C(15)
C(21)

Cr18)
Ci18)
C(41)
)

.

J

s
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TABLE 5.12. (Continued)

- C(14) - Ru(3)
- C(14) - Ru(5)
- C(14) - Ru(4)
- C(14) - Ru(5)
- C(14) - Ru(5)
- C(14) - Ru(s5)
- O(max)
(min)
{(mean)
- P(1) - C(15)
- P(1) - C(21)
- P(1) - C(31)
- P(2) - C(18)
- P(2) - C(41)
- P(2) - C(51)
- P(1) - C(21)
- P(1) - C(31)
- P(1) - C(31)
- P{(2) - C(11)
- P({2) - C(51)
- P(2)y - C(51)
- C(15) - C(16)
- C(16) - C¢17)
- C(17)y - C(18)
- C(18) - P(2)

172.8(5)
85.6(3)
163.4(5)
81.9(3)
87.4(3)
81.5(3)

.6(1)
.2(1.5)
.2

- ON

1
1
1

~3 =1

[Va]

122.4(4)
108.8(3)
118.9(2)

116.3(3)
119.3(2)
111.9(2)

102.5(4)
99.1(4)
102.4(3)

100.9(3)
104.504)
102.0(3)
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they would be expected to be equivalent in solution, as

observed by 31? n.m.r. The binding of the phosphine, to non-
adjacent metal atoms 1is noteworthy and the bite of this
particular ligand is appropriate to achieve this. The mean
Ru(apical) —Ru(basal) —P angle (153.5%) is 10° less than

the corresponding Ru(apical) — Ru(basal) — C(carbonyl) angle
(1640). The strapping phosphine causes the ML < units in the
base to the square pyramid to tilt in this relatively small
distortion. Interestingly, for DPPP this strapping conformation
is the kinetic product but not the thermodynamic product
(presumably because of the shorter chain length) of the reaction
whereas for DPPB, the DPPM structure is the kinetic product

(presumably due to the unfavourability of producing a larger

I 4id

~

J o

U

The importance of the alkyl chain flexibility on the pattern

of substitution of §RUSC{CO¥TSE with bidentate ligands 1is

demonstrated by the reaction of the (-)-Diop ligand. This
ligand contains, in the middle of the 4-membered alkyl chain

s5e

arating the two phosphorusatoms, a trans ring junction to

el

a five membered ketal ring which should restrict the flexibility
of the alkvl chain. This is manifested in the reaction of
(-)-Diop which behaves like DPPP (3 membered alkyl chain) rather
than DPPB (4 membered alkyl chain like (-)-Diop). That 1s

f-y-Diop, similar to DPPP, initially forms structure (f) which

on standing converts to a mixture cf iscmers (a) and (b) (see



adduct; (ii) 1H n.m.r. spectrum - which for the final product
mixture shows only two main Pgﬁz environments of equal abundance;

31P spectrum - which shows initially a single peak (at

(iii)
23.19 p.p.m.) which on standing decreases, concomitant with

the growth of two peaks of equal intensity (at 29.30 and 19.68
pP-p.m.).

Since the final i.r. spectrum of this compound, §RuSC(CO)13—
{(-)-Diop}|, resembles closely that of the DPPM adduct, (see
Figure 5.7), 1t 1s reasonable to assume that it occurs mostly
as isomer (b) (see Diagram 5.15) in cyclohexane solution.

However, both the 31? and 1

H n.m.r. spectra indicate that the
two phosphines are inequivalent and hence suggest that this
compound has predominantly structure (a) in CH2C12 or CDCI3
solution, and also rigid on the n.m.r. time scale. An
explanation for this is that the compound has predominantly
structure (b) in all the solvents but the two phosphines are
made inequivalent due to the chirality of the ligand. That
is the trans-ring junction in the alkyl backbone forces the
methylene groups adjacent to the phosphines to occur above and
below the plane of the square base of the cluster (a similar
straddling effect has been seen for
Figures 5.2 and 5.3). This coupled with the structure being
id on the n.m.r. time scale explains why the phosphines
2nd the adiicent methylenes are ineguivalent [see Diagzram 5.17).
As was seen for Ruz and Ru, clusters
products involving the linking of two or more clusters increases

hain longth increases. For exawple, a major side

o)
193]
~+
o

a
@



(0C) JRu-- - -

\(‘)
L
EAN

CH
( 3)2
Diagram 5.17.
prceduct freom the reaction of DPPB or (-)-Diop with ERUSC(CO315§
is [{Ru C(CO);,},(P —P)| (where P —P = DPPB or (-)-Diop)

and this displays an i.r. spectrum similar to the mono-

substituted §Ru5C{CO)14PPh R| clusters (see Figure 5.12).

2
Confirmation that both ends of the phosphines were attached

—

o - 4 3
was obtained by a successful analyses and P n.m.r. spectra
h

1at both phosphorus atoms were equivalent.

R
ot
}-u-l

The reaction of DPPM with fRuSC{CO)ISf gave 'RucC(CO
i as well as ?RuSC(CO)13DPPH§, the vield of which could

be increased to over 90 % by reacting an excess of DPPM with

the cluster overnight. The 1H, 31? and 13C n.m.r., spectra
indicate that this molecule probably has structure (g), thcugh
structure {nh) cannot be eliminated (see Diagram 5.18). The
Low temperature 1SC n.m.r. spectrum from -116 °c - -16 °C
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effectively does not change and consists of a 5 band pattern of
relative intensities 2:3:2:2:2, which indicates the existence
of either a plane of symmetry (e.g.structure (h)) or a two-
fold axis of symmetry (e.g. structure (g)). The peak of
intensity 3, in the light of what occurs as the sample is
warmed, can be assigned to the carbonyls on the axial ruthenium
atom. On warming, the bands of intensity 2 broaden unevenly
and coalesce to produce two bands of intensity 4 by 85 OC,
presumably caused by two unknown equilibrating processes.

The existence of a carbonyl band of intensity 2 shifted a fair
distance downfield from the other peaks in the low temperature
spectra indicates that probably only two carbonyls are on

the ruthenium substituted by the DPPM ligands, i.e. the

SIP

Tha " + ~+tra
Lol 1X & lil w i & R

€5}

e -~ -

4eve e 5 1A
uccure 1s prubab”

ct+

ion {gJ. ne

g

st op
indicate the existence of an equilibrating process between the
two phosphine environments seen in the low temperature spectrum.
This could occur in option (g) by a rotation of the two
Ru(CO) (phosphine) units, and in option (h) by a rocking
process for the phosphines moving them from axial to equatorial
sites together with a semi-rotation of the two carbonyls.
This latter process would explain the occurrence of the two
bands of intensity 4 in the high temperature spectrum but not
the uneven sharpening of these two peaks.

A possible explanation of this uneven broadening and

due t0o

3

Jdifferent positions of the two bands i

e

921

1 Py -
that they ar

localised exchange of onlv axial or equatorial carbonyls which

o
v
u
o o
U
o
Q
ot

have different activation energies. Such a proc

ossible for structure [h) as the nrocess of exchange of the



two phosphine environments would necessarilv exchange the

axial and equatorial carbonyls. This is not the case for

(g), if the exchange process requires the formation of inter-
mediates with axial bridging carbonyls it will also require
rotation of Ru(CO) (DPPM) units since the Ru{CO)3 units are
isclated by the phosphine which occupies both axial and
equatorial sites. This would also cause equivalence, when
fast enough, between the equatorial carbonyls since this motion

would generate two time-averaged planes of symmetry bisecting

—-Ru,asal planes.

the cluster along the two Rubasal —-RuaXial b

The 1H n.m.r. spectra of [RuSC(CO)lliDPPM)Zi confirms
that a Ru(CO) (phosphine) unit rotation occurs above -65 °C with

the two sets of signals for the different types of methylene

Rt -~ YT ac~3nes he 1n Qp T S N T
tons broadcning and Coa.Lesling by -.iu L, tadugn a nign

g

c
temperature limiting spectrum was not obtained (i.e. a

triplet), because of cluster decomposition on heating.



(e) §Ru6C(CO)17i clusters with bidentate phosphines.

The attempted reaction of {Ru6C(CO)17§ with HC(PPh,); to

produce RuéC(CO)14{u3—(PPh2)3CH}i was unsuccessful under a
variety of conditions. This result demonstrates again the
need to study the effect of chain length on the mode of
co-ordination of polydentate phosphines. The reaction of
IRh6C(CO)16{ with bidentate phosphines has been repm"ced,&3 to
give clusters of the general formulae [Rh,(C0),(P —P)| (where
(P — P) = DPPE and DPPB) with two different structures. In
the DPPB adduct the phosphorus atoms are thought to co-ordinate

to adjacent Rh atoms and in the DPPE adduct one phosphorus atom

co-ordinates to a Rh atom and the other to a face bridging

carbonyl.
H - -
fRu6C(CO)17g rcacts under mild conditiecns (r.t., CH,CI,

solution, overnight) with bidentate phosphines to give in
moderate to high yields clusters of the general formulae
}RuéC(CO)IS(P — P)| (where P — P = bidentate phosphine). Alr
stable crystals of the first member of this series ;Ru6C(CO)15-
DPPM| were obtained from a cyclohexane/CHZClz diffusion and
subjected to an X-ray diffraction study. Crystal data -
C,,H,5,0,-P Ru6, Monoclinic C centred, space group C2/c, a =

41722"15%2 a
14.116(4), b = 18.132(4), c = 35.665(4), 3 = 101.04(2)°, Z = 8,

[0 R4
U =8 953.6 A7, w(Mo-K ) = 17.4 cm ", The data was collected
using an Enraf Nonius CAD-4 diffractometer which gave 5 261
unigue reflections 'F > 2.36(F);, which were used in the

structure determination. A Patterson function clearly

indicated the presence of a Ru6 cluster from the Ru ——Ru vectors

[q¥]

around the orivin. Multan-80 was used to determine the

Uy
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position of the cluster in the unit cell. The four E-maps with

1

the hizhest CFOM values were examnined and of these the one with

the highest CFOM gave the correct solution (which agreed with
the Patterson map). Subsequent difference electron density
synthesis rapidly located the remaining atoms. Least squares
refinement of isotopic atoms reduced the R value to 0.08Z.
The Ru and P atoms were made anisotropic and rigid phenyl groups
were introduced (C —C = 1.395 3, C —H = 1.08 E) and the
model converged to R = 0.0516 (R, = 0.0569, 250 parameters).
This single crystal study demonstrated that the phosphine
bridges a Ru — Ru edge (see Table 5.13, and Figure 5.13).
Imperfect tailoring of the ligand to the cluster is evident in
the torsional and bond angles in the ligand which show an
asymmetry in its made of co-ordination, though the possibility
that this is due to packing effects in the crystal cannot be
ruled out. The other members of this series IRu6C(CO)1S{P — P}
(where P — P = DPPE, DPPP, DPPB, (-)-Diop) are thought to have
similar structures because of the strong similarities in their
veg fingerprint patterns to ?RuéC{CO)lsDP?M{ (see Figure 5.14).
However, there 1s a gradual change in the fingerprint pattern
as the cnain length incCreases. That 1s new lower frequency
bands appear and become resolved (bands at 1 995 and 1 9500 Cmgl)
and a new bridging band (1 865 cmwl) appears. These results

. . 31
suggest the appearance of a new isomer but the P n.m.r.
spectra show only sharp singlets at 31 “C. However, on cooling

-, ) -~ 0. . . i P
of these samples to -85 "C these singlets broaden (e.g. 5 H

at 31 °C, and at -85 °C, DPPM 200 Hz, DPPE 100 Hz and DPPB
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Figure 5.13  The solid state structure of fRu6C(CO}T~{;A—D??}I} .

oy
2

Hydrogen atoms omitted for clarity.
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TABLE 5.13.

0
Selected bond lengths (A) and angles (degrees for §Ru6C(CO)15-

(PPhZCH7PPh2) with estimated standard deviations in parentheses.

(a) distances.

Ru(l) - Ru(2) 2.986(1)
Ru(l) - Ru(3) 2.975(1)
Ru(i) - Ru(4) 2.874(1)
Ru{l) - Ru(5) 2.897(1)
Ru(2) - Ru(3) 2.936(1)
Ru(2) - Ru(5) 2.900(1)
Ru(2) - Ru(6) 2.870(1)
Ru(3) - Ru(4) 2.857(1)
Ru(3) - Ru(6) 2.838(1)
Ru(4) - Ru(5) 2.903(1)
Ru(4) - Ru(6) 2.898(1)
Ru(5) - Ru(6) 2.938(1)
Ru(l) - P(1) 2.345(3)
Ru(2) - P(2) 2.328(3)

Central carhide

Ru(l) - C(18) 2.038(10)
Ru(2) - C(156) 2.021(10)
Ru(3) - C(16) 2.048{10)
Ru(4) - C(16) 2.074(10)
Ru(5) - C(16) 2.063(10)
Ru(6) - C(16) 2.093(10)
P(1) - C(21) 1.822(7)
P(1) - C(31) 1.840(7)
P(1) - C(17] 1.843711)
P{2) - Ciil) 1.819(7)
P(2) - C(51) 1.825(7)
P(2) - C(17) 1.822(11)



Terminal CO

TABLE 5.13 (Continued).

Ru - C(min) 1.832(14) C - O(min)
Ru - C(max) 1.927(14) C - O(max)
Ru - C(mean) 1.862 C - O(mean)
Bridging
Ru(3) - C(7) 2.051(13) C(7)y - O(7)
Ru(6) - C(7) 2.062(13)
C—C =1.395" C—H=1.08"
(* = constrained during refinement).
(b) Angles
Ru - Ru - Ru on triangular faces (24)

max 62.5° (1)

min 58.4° (1)

|idealised = 60.0°]

Ru - Ru -~ Ru on square sections (12)

max 91.4 (1)
min §8.7 (1)
|idealised = 90.0°!
Ru(l) - P(1) C(z21) 116.1(3)
Ru(l) - P(1) C(31) 118.5(3)
Ru(l) - P(1) C(17) 111.2(4)
Ru(2) - P(2) C(41) 119.1(3)
Ru(2) - P(2) C(51) 111.9(3)
Ru(2) - P(2) C(17) 114,571
P(1) - C(17) P(2] 112.1(06)
Terminal CO's
Ru - C - 0 max 17335
min 16571
mean 176
Bridging CO
Ru{3) - C{7) - Rui6) 87.3705)
Ru{3) - C(7) - O(7y 155.101.1)
Ru{6, - C(7) - 27, 157.5(1.1

1.150(18)
1.188(17)
1.169

1.191(15)
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coalescence) and in one case, DPPP, there is a partially
resolved splitting of the peak into an unequal pair of peaks.
An insight into what is happening was gained from a variable
temperature L3¢ n.m.r. study on §Ru6C(CO)1SDPPM§.

In the case of IRuéC(CO)ISDPPM! one would expect from
the X-ray structure determination the phosphines to be inequi-
valent and the signal due to the methylene protons to be two
triplets of doublets. However, at r.t. and down to -80 °C
this signal is only a triplet and hence indicates that the
protons are exchanging environments. There are three possible
processes for this (see Diagram 5.19). The first two mechanisms
involving the change of position of co-ordination of the

phosphine on the octahedron can be ruled out in the light of

13 0 13

C the

C n.m.r. spectra. At 25 C n.m.r. spectrum

the
displays a singlet with all the carbonyls exchanging,

possibly caused by the bridging carbonyl migrating over the
whole of the metal cluster. On cooling first coalescence
occurs (-46 OC), and then localised exchange is evident (-606 °0)
with carbonyls dividing into two sets. One set corresponding
to 4 carbonyls are assigned to those on the phosphine substitu-
ted ruthenium atoms by virtue of its upfield position (194
p.p.m. ). The other set downfield (»~ 205 p.p.m.) are attributed

to the remaining 11 carbonyls on the unsubstituted ruthenium

atoms. Since the four carbenyls on the substituted ruthenium
4 T oo ~ O ~ ~ 1N
atoms are Jlistinct at -66 “C and the methvlene protons' signal

is still a sharp triplet at -66 "C pechanisms (i) and (ii) can



TN P
OC//;Zij77\\\\J/P OC ’“\\y
\ / > P

(1) Phosphine walking mechanism

OC\/X/C_O__; 4(:& 1 Oc / >
P/\/\P o OC/ | Y. <P>
QO

{ii) Bridge-corner mechanism

RO ZN
= T

isorer a isomer b

P

(iii) Ru(CO),P partial rotation mechanisn

Diagram 5.19.



carbonyls. Mechanism (1ii) would not explain why the four
carbonyls are equivalent because the Ru(CO)zp unit rock would
not interchange the two distinct carbonyls. Further evidence
for another exchange process occurring on these Ru(CO)zp units
is provided by the fact that this peak remains sharp down to

31? n.m.r. signal is broad by -85 °c, so

-116 °C while the
the process interconverting the two isomers (seen for the DPPP
adduct) must not be responsible for this equivalence. A
possible process that would cause this has been proposed for
!RuS(CO)loDPPM§ and involves the exchange of carbonyls between
the Ru(CO),P units by the formation of a doubly bridging
carbonyl intermediate on the phosphine bridged edge.

On cooling further the signal due to the carbonyls on the
unsubstituted ruthenium atoms broadens and starts to resolve
the localised exchange within the Ru(CO)3 unitg, but due to
limitations with the solvent the low temperature limiting

spectrum was unobtainable. Interestingly, at no temperature

was a bridging carbonyl observed as one would expect if it

@

is involved in the exchange between the different Ru{CO}3 and
Ru(CO),P units.
The yields of the products jRuéC(CO)ls(P — P) | decrease

when longer chain T hines are employed which 1is

frownk
W
=
[i]e]
ot
oy
e
Q
n
"3
oo

Ru4 and Ru5 clusters.

ducts decrease there 1s

in common with the observations for Ru,,

|8}

(a9
@]

Again as the yields of the desired pr

]

~ 1

an increase in the vproportion of products involving the linking

»
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concentration, low reaction temperature and excess cluster

with respect to the phosphine.

(F) Ring parameters, do they exist?

One of the basic problems of the organometallic chemist
is the determination of the structure and stereochemistry of
complex molecules. Shaw and co-workers’ have pointed out that
there is a good linear correlation between the chemical shift
of a tertiary phosphine, S, and the change in the chemical
shift upon co-ordination to a metal A. From the relationship
A = ASp + B, co-ordination shifts of phosphines can usually be
predicted, for a given complex, once enough analogues are known
for calculation of the constants A and B. This relationship,
however, failed for compounds involving metalated phosphines,
and chelating phosphines. This was overcome Ey the introduction
of a new term, A, the ring ccntributiong

R
An is equal to the co-ordination shift of a chelated
phosphine complex minus the co-ordination shift of an equivalent
phosphorus in a non-chelated analogue. The co-ordination shift
A is equal to the change between the chemical shift of a free
(non-co-ordinated) phosphine ligand 4p, and the observed
chemical shift of the phosphorus atom under study ips (in p.p.m.
relative to H3P04 with deshielded values being given a positive

signj), i.e.

The value of 2o varies with the ring size, for 4 membered

rings it is large and negative, for 5 membered rings i



and positive, for 6 menbered rings it is small and negative

and for larger rings it is near zero. Only one example of

its use in the structural determination of clusters exists in

the literature, that is for the two isomers of jH4Ru4(CO}lo

So, in order to explore this more fully, the

5152

31P n.m.r. spectra

were investigated for chelate clusters and their closest non-

chelate analogues. For example, to investigate ring parameters

with DPPM, DPPE, DPPP and DPPB, PPhZR was used, where R = Me, Et,

Prn

fo

n . i
and Bu, respectively. Thus to measure the ring parameter

r |Ru C(CO)q;DPPM], jRuSC(CO)IB{PPh7Me)7§ was prepared and

both their 31P n.m.r. spectra run and the results inserted into

the equation, e.g.

31

Ru.C(CO), .DPPM
5 13

"R

P n.m.r. shifts: DPPM = -22.70, PPhZE = -26.38,

+19.90 .
(average)

Il
I

+14.97, Ru.C(CO), . (PPh,Me),
5 L5 L .

= (14.97 - (-22.70) - (19.90 - (-26.33)) = -8.61.

The ring contributions for the other bidentate phosphine

substituted clusters were calculated similarly. Tor clusters,

such as ! (CO) {4 (PPh,R) 7f and  H,Ru, (CO (PPh Q}q , where the

ph

a

710°
osphorus atoms are either inequivalent or two isomers exist

~

. - 51 c .
welighted average of P n.m.r. peak positions was used in the

calculation. The resul*s of these calculaticns are shown 1in

size dependent contribution to the " P an.m.r. shift o

the chelate clusters or that tne model non-chelate compounds

ed were not suitable analogues. This unsuitability of the

non-cnelate cluster conmpounds is probably a consequence of the



Ring Size

4
5

Calculated

Table 5.14.

31
Compound

|RucC(CO) {DPPM]
IRuB(CO)lODPPM{

|H,Ru, (CO), ,DPPM]

% - 3
|Ru C(CO){ - DPPM|
? 1 r

;HiRu/&CO)loDPPEf (corner)

!
| !
gHC(PPh2)3Ru3(CO)9;

{ T |
1HC(PPh2)3Ru4(h)4{CO)9g

I t
|Ru(CO);,DPPE]

!H,Ru4(CO}1ODPPE§ (edge)

4

|Ru C(CO),;DPPE|

6
IRUSC(CO}lsDPPPI (major)

' ISalah! i
;Rus\uoleDPPPg

fH4Ru4(CO)1ODPPP§

|Ru

| 6C{CO}159PPPE

P n.m.r. ring parameters A

R*
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sensitivity of the observed 51? n.m.r. shift on the geometry of

the substitution. For example, in iRuSC(CO)lsDPPMI two isomers
exist which differ only in the stereochemistry of the phosphine,
which chelates to one basal atom, however, each isomer possesses
distinct SlP n.m.r. signals (e.g. major isomer = 17.05 p.p.m.,
minor 1isomer = 14.07 and 12.85 p.p.m.).

A possible way around this problem, could be to use as model
compounds, compounds which contain chelating phosphines which can
form large rings (e.g. DPPB can form either 7 or 8 membered rings)
and so have a negligible ring contribution to their observed 31P
n.m.r. shift. This approach, however, is of limited value as

the length of the alkyl chain separating the phosphorus atoms

often strongly affects the mode of substitution. For example,

P

[Ru-C{CO}, (P —
|Ru C(COJ 5

s

| displays three different mades of substltution

v
p—

he chain length varies. In the one case, where the mode

jab]
93]
ot

f

@]
93]

ubstitution is insensitive to this, 'Ru-(CO),~(P —P)I,
3 10 ‘

o

calculation of the ring parameters using ERuS(CO)IO(DPPB}i as
the model 'non-chelate' analogue, still does not give meaningful

ring parameters (e.g. the values obtained where: DPPM, -2.77;

DPPE, 12.42, and DPPP, 5.00). A possible explanation for this
is that the longer Ru —Ru bond length, compared to the C —C
bond length, causes a change in the expected conformations of

the rings, and since any change in the angle of the substituents

ift in the P n.m.r. signal, the

e

o ~ 4+ A v o . v -\ ~ 1 101 15 0.0 Lo o 5 . 3 =
exvectad ring parameters spould be Jifferent for rings containin
> 5

Ru — Ru bonds. Indeed, this change in the P n.m.r. shift to

(€2}
L

high field when structural constraints require small CPC angles

e v mamd e ch 3 oy FAYeAN - 3 YOO =
the chemical shift of P{OVe). = -111.7 p.p.m., < OFO




-310-

100.19; and P4 = +450 p.p.m., < PPP = 60 OC) has been advanced

as a partial explanation for the occurrence of ring size
dependent contributions to the 31? n.m.r. shift of chelate
mononuclear compounds. A possible use of this is that if the

An values for clusters can be accurately evaluated, the deviation
from the ideal value for a given ring size will reflect on the

suitability of the phosphine for that mode of chelation.

Despite this failure to predict Ap values for chelate

31

clusters, these results demonstrate that the P n.m.r. shift

is highly sensitive to both the geometry and nuclearity of the
- - 31 - - . D2 36,
cluster. This suggests that P magic angle spinning n.m.rs<

should be a powerful tool in identifying anchored clusters provided

that the model homogeneous compounds are available.

(g) The specific anchoring of a chiral cluster.

The anchoring of the chiral (-)-Diop ligand onto aldehyde

containing resins has been reported. This was achieved by

ondensing hydrolysed (-)-Diop with an anchored aldehvde (produced

[

by dimethylsulphoxide oxidation of the chlorinated resin) to
generate an anchoring acetal link (see Diagram 5.1). An attempt

was made to expand this approach to oxides, first an anchored

1kyl chloride was prepared by reacting (}MeO)

oW

ilica and vy-alumina, and then dimethylsulphoxide oxidation was

9]

attempted. Unfortunately, during this step extensive leaching
57 the anchored ligand occurred, which precluded the obtaining
of a reasonable loading of (-)-Diop.

This problem was overcome by preparing an acetal with sillane

ancroring functionality (see Diagram 5.207. Two routes for
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C(H)CHCH, + HSi(OEt)4

(E0) )

2

HPtH

V
(Et0),C(H)CH,CH,Si (0Et)

ﬁ/SiO7

y-A1203

V
(Et0),C(H)CH,CH,Si(0Et) 5 (M70_)

+ traces of aldehyde

H
acid HO —C — CH,PPh,
catalysis HO ——C — CH

|
\ /

T () ———— () T,



preparing anchored diop containing clusters were evaluated.
The first approach used was to prepare the anchored acetal
(identical conditions were used to those employed for (ieO)SSi—
(CHZ)SCl) and then by using acid catalysis, condense it with
hydrolysed (-)-Diop. Thought this route appeared to be
successful, control of the degree of substitution of the cluster
during anchoring was lacking. For exanple, when fRuéC[CO}17f
was reacted with anchored (-)-Diop on silica, the cluster was
anchored, but not in the required fashion. That is, from the
i.r. spectra, several products could be discerned besides the
planned product IRu6C(CO)15”(~)—Diop”Z, such as fRu6C{CO)16P§.
The occurrence of this [Ru,C(CO);cP|, in higher yields than was
observed for solution reactions under similar circumstances
(approximately one equivalent of the anchored bidentate phosphine
was stirred with the cluster overnight in CHZC12) sugcest that
partial oxidation of the phosphine ligand may have occurred
during th:> anchoring. This oxide induced oxidatlon of
phosphine ligands during anchoring has been observed previously.
An alternative synthesis which overcomes these =roblems
is to prepare and purify the (-}-Diop substituted horogenecus
cluster (e.g. ‘RUGC(CO}I {(-)j-Diopt’') and condense it with the
silane containing acetal, and then react this with cxides.
This was found to be preferable to reacting the Diop substituted

clusters directly with 1nchored acetal, ZJuring wshich extensivs

cluster decompositiz>n cccurrad, “hhis ancrored RuLC{Cles«
“J

"(-)-Diop'": was prepared as shown in Diazram 5.21 (see also

Figure 5.10). Unfortunately, samples »renared by this route
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§Ru6C(CO)17{ + (-)-Diop

(1) CHZC12’ 16 h

(ii) column chromatography

v
ERU6C(CO)15{[—)—Diop}§

), CH,Si(0Et) 5

. (Et0) ,CHCH,

|
|

acid catalysis

Ru6C(CO)15"(—)—Diop” + EtOH, CHSC(O)CHS, and CHSC{OE‘C)ZCH3
v-alumina

|RugC(CO) " (-)-Diop"~ - Si(0Et);_ (M70_J |

Diagram 5.21.
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the oxide environment catalysing the hydrolysis of the

acetal link.

Conclusion.

The reaction of ruthenium clusters of nuclearities 3 - 6
with monodentate phosphines PPhZR yielded the known substitution
. ! - - I -
products, i.e. 1Ru3(CO)12_X(PPhZR)Xi (x = 1 3), [HyRu, (CO){,H o
(PPh,R) | (x =1 - 4), }RuSC(CO)ls_X(PPhZR)Xf (x = 1 and 2) and

fRuéC(CO)17_X(PPhZR)Xi (x 1 - 4). Analysis of these compounds
spectroscopically showed in general as the degree of substitution
increased, the CO stretching frequency decreased and the degree
of shielding of the alkyl groups on the phosphine increased,
as one would expect with phosphines being poorer = acceptors
than the replaced carbonyls.

Interestingly, the phosphines in {RuS(CO)iO(PPhZRJZ{ were
found to be rigid at 31 °C on the n.m.r. time scale, unlike
the osmium analogue QOSB(CO}lo(PEtS}Zi. This 1is presumably
due to a combination of the smaller RUS ring size, and the
larger cone angles of the phosphines employed. Unlike the
compounds ;H4Ru4(CO)12_n(P{ Me)s)ni (n = 1 - 4) in which only
one isomer was found to exist for each n on the n.m.r. time

scale, the compounds [H,Ru,{CO){,_, (PPh,R) | (n = 2,3) were

n
found to have either two isomers (n = 2) or inequivalent
~hosphines (n = 3). This is probably a reflecticn of the
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that the cis-isomer predominates for P[OMe)S. The abundance
of the minor upfield peak decreased as R changed from Me to
Et and this is in accord with the minor isomer for phosphines
PPh,R being the cis-isomer and this again indicates the
importance of cone angles in determining the geometry of the
substitution of clusters.

Analysis of the 31P n.m.r. shifts of these clusters showed
the existence of contributions due to the free ligands initial
shift, nature of the metal, change in the C —P —C angles on
co-ordination, and a new term not observed for mononuclear
complexes, a cluster nuclearity/geometry contribution (which
increases as the nuclearity of the cluster increases).

The reaction of ruthenium clusters of nuclearities 3 - 6
with bidentate phosphines of varying chain length yielded several
novel geometries. In the case of Ru3 clusters, ERUS(CO)lo—

(p —P) , 3 co-ordination modes were observed, a DPPM, a DPPE
and DPPP, and a DPPB and (-)-Diop mode. The structures of all
the adducts have been shown to involve a bridging phosphine
occupying two cis equatorial positions. The differences 1in

the i.r. spectra of these compounds (see Figure 5.1) are
probably a result of distortions in the carbonyl envelope caused
by accommodating the different bidentate phosphines.

Only two isomers were observed for the compounds,

(P —P) 1. These have been previously observed for

LI D‘Ll )
R Jr{CO}lO

(CleqDPPE',and involve the phosphine either bridging an
f

edge or co-ordinating to a corner. DPPM and DPPP both form

the edg

D
D

compound thermally whereas DPPE forms the

gy
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driving force in 6 membered rings to achieve boat and chair
conformations (to relieve ring strain) and this is impossible

for an edge-bridging ligand as the two phosphines and two edge
ruthenium atoms, because of bonding considerations, have to be

in a single plane. The DPPB adduct displays both isomers and
there appears to be no preference for either mode possibly because
the alkyl backbone is sufficiently flexible to avoid ring strain.

Three different phosphine co-ordination arrangements have

. The identity

been observed for }RuSC(CO)ls(PPhZ(CHZ)HPPhZ)
of the kinetically and thermodynamically favoured form is a
function of the phosphine chain length. A summary of the
isomerisation processes of the five lRuSC(CO)lg(P —P)!| deriva-
tives 1s presented in Diagram 5.22. There 1is no evidence for
an edge bridging co-ordination mode d. A single crystal X-ray
study on isomer a of lRuSC{CO}IBDPPBI was carriéd out and

c-nfirmed the diagonal bridging mode of the phosphine on the

*

square face of the cluster. Interestingly, (-)-Diop acts like

this is a reflection of the restriction in the flexibility of
the chain caused by the ketal ring.
The general structure cf the compounds 'RuéC(COE,:{P — Py

was found by a single crvstal X-ray structure determinatioen on
the first member of the series, [Ru C(CO); DPPM', to involve an

edse bridging mode with both phosphines co-crdinated to adjacent

othiniun oators. In order to explain the gradnal veriitison 1in
the i.r. spectra as the chain length increased, cis and trans
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7N, // N
PN Y

c
d
Ligand Isomerisation
DPPM C<—-b
DPPE Coe—= b
DFPP a—== b — C
DPPB b= ¢ a
(-y-Diop Qs DT C
Diagram 5.22



1 bd
*2C n.m.r. study on §Ru6C(CO)15DPPM§ in addition to low
temperature S1p nom.r. spectra of the other adducts.

The ring narameters, were calculated for these chelate

Lps
clusters but the model compounds used proved to be poor models
for the chelate clusters and as a result no trend was obvious.
The failure of this, however, did demonstrate the sensitivity

of the Slp n.m.r. shift to the cluster geometry.

Anchored Diop was prepared and though it was suitable for
anchoring clusters the lack of specificity, demonstrated by the
product distribution obtained for ERuéC(CO)lvl, was undesirable.,
This was subsequently overcome by a route which allowed the
initial preparation and purification of the (-)-Diop substituted

cluster homogeneously before anchoring it by exchanging the ketal

for an acetal containing a Si(OEt), functionality.
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Experimental

All the i.r. spectra were run in cyclohexane, the Hn.om.r.

o) 31

in CDCl3 (31 “C, and measured in & (p.p.m.)) and P n.m.r. in

CH,C1, (31 °C, and measured in p.p.m. relative to 85 3 H3PO,)
except where mentioned otherwise.

The 13C n.m.r. spectra were all recorded with the aid of
Cr(acac)3 as a spin relaxant and with the exceptions of HC(Pth)3
and ERuSC(CO)lsDPPBf were on 13CO enriched samples prepared from

the corresponding 13CO enriched clusters.

reparation of alkyldiphenylphosphines PPhZR.

These were prepared by two main routes. The diphenylethyl-
phosphine was prepared by a Grignard reaction (ethyllmagnesium
bromide with chlorodiphenylphosphinell) and the others were

prepared by the action of lithium diphenyl phosphide on the

2 s
corresponding alkyl bromide.l“ All the products were purified

by distillation in vacuo which gave as products colourless

viscous oils (typically in yields of approximately 80 %).

Pthﬂe

m

BR,Pt. 115 - 118 OC/O.Z mm Hg (1iteraturel° 108 - 110/1.5 mm Hg).

IH n.m.r./¢{(p.p.m.): 7.4 (m, 10 H, Ph) and 1.8 (d, 3 H J,,.:JI = 7 d
14 1

51 . 5 S
>*P n.m.r.: -26.38 p.p.m. (literature 28.0 and 28.1 in CDCI

(a1

m.s. This gave a parent ion at 200.062 a.m.u. followed by a

[

- olex fragmentaticn pattern dominated by P —C ¢
processes. For example, the table beiow shows all tore peaks cf

intensity more than 7 % of the base peak.

[l
.



Measured mass % intensity of assignment
in a.m.u. base peak
200.06 100.0 CH;PPh,"
199.05 22.4 CH,PPh,"
185.04 54.4 PPh,"
184.03 10.2 P(Ph](C6H4)+
- +
183.02 65.7 P(Cy,Hg)
107.01 9.3 pph”
2+
100.04 7.0 CH,PPh,
91.05 22.4 PRCH, "
- +
78.05 11.0 CeHg
+
77.04 24.1 CgHe
51.03 12.2
31.99 16.9 pH"
PPh,Et
o
B.Pt 125 - 130 °C/0.5 mm Hg (literature, 108 - 111 C€/0.3 mm
e, * 114 - 116 ©C/0.3 mm Hg?® and 112 - 116 °C/0.1 nm Hg'®).
W n.m.r./s(p.p.m.): -7.15 (m, 10 H, Ph), 2.0 (m, 2 H, CH,) and
1.05 (dt, 3 H, CHg, Jpy = 20 Hz, Jy, = 7 Hz).
- ! 5 .
>lp nimy -11.45 p.p.m. (literature -13.5'" and 21255 in CbClz)
m.s. This gave a parent ion at 214.03 a.m.u. and similar

.l
A,VL

1 o

o N - ~ : 5

t. Soo= 130 YC;0.1 mim Hg (1
n.m.T (p.p.m.): 7.3 (m, 10
Sy Jue = Hz), 1.5 (m,

PR & 1

to the methyl analogue,



17
)

m.s. This gave a parent ion at 228.09 a.m.u. followed by a

31 . -
Pn.m.r.: =-16.58 p.p.m. (literature -17.6

similar fragmentation to the methyl analogue.

n
PPh,Bu
B.Pt. 150 - 160 °C/0.2 mm Hg (literature 117 - 120 °C/0.3 mm
Heg'®, 110 °C/0.45 mm He!® and 114 - 115/0.15 mm Eg20)

Y onm.r./s(p.p.m.): 7.3 (m, 10 H, Ph), 2.05 (t(distorted), 2 H,
PCHz), 1.4 (m, 4 H, PCHZ(E57)2CH3) and 0.9 (t(distorted), 3 H,
CHS) »
31 . - o 21

Pn.m.r.: -16.13 p.p.m. (literature -17.177).
m.s. This compound gave a parent ion at 242.10 a.m.u., but
unlike the methyl analogue, alkyl chain fragmentation dominates
the fragmentation pattern (e.g. the base peak at 199.00 a.m.u.

. - +
can be assigned to bHZPPhZ J.

These were carried out according to the reported
preparationlz of DPPM (n = 1) and DPPE (n = 2) by varying the
alkyl halide reacted with the lithium diphenvlphosphide. The
phosphines for n = 3 DPPP and n = 4 DPPB are alsc white powders

like DPPM and DPPE.

DPPM

Hn.m.r./3(n.p.m.) 7.55 {m, 20 H, Ph), aad 3.C5 (t, > H, Cﬂj,
JPH = 2 Hz).

31? n.m.r.: =22.70 p.p.m. (literature ~35‘614}.

m.s. This sample gave a fragmentation identical to that

reported in the literature ‘zarent ion at 5:4.12 a.m.u

f [
i

]
PR



DPPE

Iy n.m.r./s(p.p.m.): 7.3 (m, 20 H, Ph), and 2.05 (t, 4 H, CHz).
31 22).

m.s. This compound gave a parent ion at 398.12 a.m.u. followed

Pn.m.r.: =-12.12 p.p.m. (literature -13.2

by a similar fragmentation pattern to DPPM.

DPPP

" n.m.r./s(p.p.m.): 7.35 (m, 20 H, Ph), 2.2 (m, 4 H, P-CH,) and
1.6 (m, 2 H, PCHzggz).

31? n.m.r.: -16.90 p.p.m.

m.s. A parent ion (412.16 a.m.u.) was observed followed by a
complex fragmentation pattern similar to that observed for DPPM

but with a very low abundance of PPh3+. Obviously this must be

due to the greater separation of the two PPh, units in DPPP

L

compared with DPPM and DPPE.

DPPB
"Wn.m.r./ (p.p-m.): 7.35 (m, 10 H, Ph), 2.0 (m, 4 H, PCH,)
and 1.55 (m, 4 H, PCHZQEZ}.

Slp nimur.: -16.00 p.-p-M.

m.s. This gave a similar mass spectrum to the DPPP (parent ion

o Lt - .
observed at 126.19 a.m.u.) but with no PPnS in the fragmentation

attern.

o]
W

Preparation of HC{PPhZ)S

This white powder was »repared in 70 % vield by a literature
23
nreparation.
1 - . L :
Hn.om.r./ (p.p.m.) 7.17 {m, 30 H, Ph) and 4.15 (br, 1 &k, C-H)
15~ e s 7 ST D 3 131 f
C n.m r,/thls: $ {(p.p.m.} 155 (m, 6 C, P-C , 13 {m,



12 C, Cypne)» 131 (m, 6 C, Cpara}’ 127 (m, 12 C, C__ . ) and

il

25.3 (q, 1 C, C-H, J 45 Hz).

31

pC
Pn.m.r.: =-9.70 p.p.m.

m.s. A parent ion (383.Z21 a.m.u.) was observed followed by
PPh3+, CHZPPh2+, P(C12H8)+ as the most important ions in a

complex fragmentation pattern.

Preparation of (-)2,3,-O-isopropylidene-2,3, -dihydroxy-1,4, -

bisdiphenyl phosphinobutane or (-)-Diop.

This was prepared according to the literature by converting
Lg~tartaric acid to a dimethyl—z,3~o~isopropy1idene—Lg—tartrat624
and then reducing it to 2,3,-O-isopropylidene-Lg-threitol >
and then tosylating it to 1,4,-ditosyl-2,5-o-isopropylidene-Lg-
theitol”? which on reaction with LiPPh, gave (-)-Diop (see
Diagram 5.23). N

"Monom.r./5(p.p.m.): 7.35 (m, 20 H, Ph), 3.92 (q(distorted),

2 H, C-H, Jo = 5 Hz, Jpy = 2 Hz and 6 Hz), 2.39 (m, 4 H, CH,
Jyy = 5 Hz, Jpy = 3 Hz) and 1.36 (s, o H, CHSJ.
o nimir.:s -22.50 n.p.m.

m.s. This exhibited a very weak parent ion (499.20 a.m.u.)

and a fragmentation pattern similar to that obtained with DPPB.

s}

Prep ; : ! Ru. (C ! - e
Preparation of [Ru;(CO);,L; and [Ru-(CO) 4L,] (L PPh., PPhMe,

S . n
PPn,Et, PPh,Pr  and PPh,Bu
L Lo

7

cenvient method found was to prepare both
"ts could be easily separated

ti

e}

n

[
jom

and puritfied by flash chromatograrvhy. In general, a so

S | S, - s I - : P I -
of sodium benzophencne ketyl (0.023 M in t.h.f.) was added drop
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-wise to a solution of fRu3(CO)lZE (50 mg) and the phosphine

1.5 equivalents) in 40 Cm3 dry t.h.f., until no further reaction
was detected by i.r. spectroscopy. The solvent was removed

under reduced pressure and the residue applied to a flash
chromatography column. The most convenient method of application
found was to add a small amount of column material to the solution
before removing the solvent; the resulting orange powder could
then be poured directly onto the column and then eluted with
solvents of gradually increasing polarity. This yielded first
unreacted ?RuS{CO)lzf, then §Ru3{CO)11LE and finally iRuS(CO)lOLZ?.

The yields of the orange-red crystalline mono- and di-substituted

Y

derivatives were generally 70 - 90 % of the expected maximum

values.

ERuS(CO)llpphsi

I.r.: 2 098(m), 2 047(vs), 2 032(m), 2 025(m), 2 016(vs),
1 938(m), 1 987(r) and 1 963(w) cm L.

4 nom.r./s(p.p.m.): 7.5 (m, 15 H, Ph).
6

Pn.m.r 36.03 p.p.m.
Analysis calculated cC, 39.2 %5; H, 1.7 %
found c, 40.1 %; H, 1.6 3.
Ru-7CO), ,PPh,Me]
it i —
I.vr.: 2 0537(m), 2 045(s), 2 028is}, 2 Old7s)y, 2 COL{m;,
=1
1 S25(m), 1 985(m) and 1 %ol wr o 7
] I
-1 ;s f s T N N % 1
Hn.m.r./4(p.p.m.): 7.5 (m, 1O H{, Phj and 2.18 [d, > H, MHS,
Jo = 9 HI)
PH g
g}
2YP a.n.r 14.90 p.p.m



Analysis: calculated C, 35.5 %;

H
found C, 35.7 %; H, 1.7 %.

)RuS(CD}lo(PPhZMe)Zi

I.r.: 2 073(w), 2 020(vs), 1 998(br,s), 1 986(sh) and
1 974(sh) cm™ L.

1y n.m.r./8(p.p.m.): 7.44 (m, 20 H, Ph) and 2.14 (d, 6 H, CH

3
JPH = 0 Hz)
31p n.m.r.: 14.93 and 13.72Z p.p.m.
Analysis: calculated C, 43.9 %; H, 2.6 %
found C, 44.2 %; H, 2.8 %

ERUS(CO)llPPhZEt)}

I.vr.: 2 097(m), 2 045(s), 2 030(sh), 2 024(m), 2 0O15(vs),

1 986(m) and 1 960 (w) cm L.
ly n.m.r./¢é(p.p.m.j: 7.6 (m, 10 H, Ph), 2.5 (quintet, Z H, CH,,
Jyy = 7 Hz, Jpy = 7 Hz) and 0.92 (dt, 3 H, CHg, Jy = 7 Hz,
JPH = 20 Hz)
31

Pn.m.r.: 30.60 p.p.m.

rD1 Y [
(PE HZEt) 7

I.vr.: 2 074(m), 2 064(w), 2 019(s), 1 998(br,vs), 1 987(sh
and 1 $77(sh) cm T

1 M o - I ~ ; . E T
Hn.o.r./4(p.p.m.): 7.5 (m, 20 H, Ph), 2.46 (quintet, 4 H,

e i~ e r 3 Is Ty — -7 -~ 3
Cd,, Jy = J., = 7 Hz) and 0.92 (dt, 6 H, CH., J,., = 7 Hz, and
- o i b rin
= sl
Jpy = 20 Hz)
31

P n.m.r.: 31.70 and 28.80 p.p.m.



lRuB(CO)IIPPhZPrDE

I.r.: 2 097(m), 2 046(s), 2 030(sh), 2 024(m), 2 015(vs),
2 000(w), 1 995(m), 1 986(m), and 1 959(w) cm .
IH n.m.r./6(p.p.m.): 7.45 (m, 10 H, Ph), 2.4 (q(distorted), 2 H,

Zggz) and 0.98 (t(distorted), 3 H, CHS).

Pn.m.r.: 27.14 p.p.m.

P-CH,), 1.3 (m, 2 H, PCH
31

| y
[Ru; (CO) o (PPh,PT™), |

I.t.: 2 073(m), 2 019(s), 1 997(vs), 1 987(sh) and 1 977(sh)

em™ L.

o

W n.m.r./s(p.p.m.): 7.4 (m, 20 H, Ph), 2.38 (m, + H, PCH,),
1.3 (m, 4 H, PCH

31

CHB) and 0.98 (t(distorted), 6 H, CH.).

2 3

Pn.m.r.: 26.99 and 25.78 p.p.m.

IRUS(CO)ll(PPhZBuH){

I.t.: 2 097{(m), 2 045(s), 2 030(sh), 2 024(m), 2 0li(vs),

-1

2 0007w), 1 995/m), 1 986(m) and 1 959(w) cm

o
3

IH n.m.r./8(p.p.m.): 7.45 (m, 10 H, Ph), 2.5 (q(distorted),

2 H, PCH,), 1.3 (m, 4 H, PCH,(CH,),CH;) and 0.9 (t, 3 H, CHg,

J = 6 Hz).
HH e
31 -
Pn.m.r.: 27.11 p.p.m.
|Ru, (CO), ~/2Ph 3u™) !
T3 o10 27702
I.7 2 073(m), 2 0600w), 2 0450w), 2 018(s), 1 S97(br,s),
- . - - -1
1 $~70ishy, 1 977(zh) and 1 -60{sh) cnm
IH n.m.r./2/p.n.m. .4 um, 10 H, Ph), 2.45 (m, 4 H, PCH,),
1.3 (m, 3 H, PCH,(CH,}.{CH.} and 0.35 (t, 6 H, CH_, Jog ¢ 7 Hz).
N S - > 1l

y

Prn.m.r.: 27.29 and 25.%3 p.p.n.



Preparation of }RuEQCO)QLgl

In general ERuS(CO)IZE (50 mg) was refluxed overnight in
n-pentane (100 cmg) with 3.1 equivalents of the phosphine,
cooled and the solvent removed under reduced pressure, after
adding a small amount of "flash silica'. The purple powder

was added to the column and eluted with solvents of increasing

polarity until the violet fraction came across. Removal of
solvent in vacuo gave a 80 - 90 % yield of a dark violet

crystalline solid.

{
H
1

{RUS(CO)Q(PPhZMe)

|93}

T.r.: 2 047(m), 1 975(vbr,vs) and 1 949(m) cm L.

'Y n.m.r./¢(p.p.m.): 7.35 (m, 30 H, Ph), and 2.1 (d, 9 H, CHg,

JPH = 10 Hz)
JIP n.m.r.: 15.76 p.p.m.

3
I.t.: 2 045{(m), 2 017(w), 1 975(vbr,vs) anl 1 940{w) cm L.
Yy nomor./s(p.p.m): 7.35 (m, 30 H, Ph), 2.43 (quintet, 6 H,
CH,, Jp; = Jyy = 8 Hz) and 0.9 (dt, 9 H, Ci., Jy, = 7 Hz,
Jpy = 20 Hz),
Slp him.r.: 51.51 p.p.n.
Analysis: calculated C, 52.1 7; H, 4.3 2%;
found c, 52.2 °; H, 4.4°

Ru_(CO) . (PPh. Py,

S E) Z 5
I.r.: 2 045(w), 1 970(vbr,vs) and 1 910(n) cm L.
lH n.m.r./3p.p.m.d: 70535 (m, 530 H, Fh;, 2.55 17, b1, PCHZ},
1.25 {m, 6 H, PC%EEEijsi and S5 0, 9 H, CHSI
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31

Pn.m.r.: 28.10 p.p.m.

] n
|Ru; (CO) 4 (PPh,Bu )Si

I.tr.: 2 042(w), 1 970(vbr,vs) and 1 946 (m) cm 1
g n.m.r./8(p.p.m.): 7.4 (m, 30 H, Ph), 2.41 (m, 6 H, P-CH,),
1.15 (m, 12 H, PCH,(CH,),CH.) and 0.95 (t, 9 H, CHj, Jyy = 7 Hz).

31 -
Pn.m.r.: 28.34 p.p.m.

H

- ] i -
Preparation of 5H4Ru4(co)12—n(L)n* (n = 1 and 2).

These were prepared in the same way as §Ru3(CO}11L! and
iRuB{CO)lOLZ[ except that Ru;(CO),, was replaced by
EH4Ru4(CO)lZ§ and the vields of the yellow orange products were

lower - about 60 % of the expected maximum values.

nu {CO) (
474 11

I.r.: 2 094(m), 2 088(m), 2 067(s), 2 058(s), 2 032(s),

[ O]

2 026(s), 2 008(s), 1 990(m), 1 969(m) and 1 964(m) cm *

W nom.r./s(p.pon.): 7.5 (m, 10 H, Ph), 2.13 (d, 3 H, CHg,

J = 9 Hz) and -17.42 (d, 4 H, Ru-H-Ru, jPH = 3 Hz).

51 -
Pn.m.r.: 19.45 p.p.m.

Analvsis: calculated C, 31.4%; H, 1.9 %
found Cc, 32.0 %; H, 2.4 ¢
’hiRuQ(CQ}lo{P?the}za
I.r 2 076(s), 2 C3ois1, 2 029(w), 2 018:3), 2 00Y(s),
1 996(s;, 1 969tw) and 1 S51:17) cm
ly n.n.r./é(p.p.m.): .5 {m, 20 H, Ph), 2.2 (br, ¥ 2 H, CHg),

)

A 73 ~u i A T - ST - i ¢ I B
- (d, ~ 4 B, CH T = 3 2% ana -1o.29 {(br, 4 H, Ru-H-Rul.
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lp nimr.: 19.32 (major) and 17.32 (minor) p.p.m.

(major:minor 3 2:1).

-

Analysis: calculated C, 39.7 %;

found C, 39.8 %;

|HyRu, (CO)qq (PPh,EL) |

4

I.r.: 2 095(m), 2 088(w), 2 067(s), 2 058(s), 2 033(m),

[}

1 962(m) cmL,

1H n.m.r./8(p.p.m.): 7.45 (m, 10 H, Ph), 2.56 (quintet,

HH
Jpy = 20 Hz), and -17.42 (d, 4 H, Ru-H-Ru, J,, = 3 Hz).

Pn.m.r. 33.17 p.p.m
YL D.a Ny fMDw T+ |
‘Ll4x\u4\pu110L‘L;12pu)2‘
I.r 2 077(m), 2 057(s), 2 029(m), 2 018(s), 2 008(m),

1 996(n), 1 970(w) and 1 949(w) cm L.

W n.m.r./s(p.p.m.): 7.4 (m, 20 H, Ph), 2.1 (m, ¥ 4 H, CH,),

1.0 (m, 3 H, CH.) and -17.05 (br, 4 H, Ru-H-Ru).
W 2 b4 3 > 3
Pn.m.r.: 33.77 (mahor) and 31.51 (minor) p.p.m.

(major:minor Y 2:1)

. n.
'H.Ru.(CO (DDh D ]
tHRu, (CO (PPh,Pr
177 11 2 ’
I.r 2 094(m), 2 087 (m), 2 067(s), 2 0583°s), 2 033(m),
2 026(sy, 2 0C8fsy, 1 382(m), 1 5705 and 1 962(m) cm
o e L) 7.5 m O H ! :2 {g(distorted)
! M P. T J 2 oy, 4 oy, hj, L.+ o LGLdd B ’
PCH ), Lo4 (m, 2 H, ?CH7CH?CH3}, 0.9 (t(distorted), 3 H, CHS)
and -17.+42 {d, 4 H, Ru-H-Ru Jp% = 2 Hz)

026(s), 2 008(s), 1 995(m), 1 990(sh), 1 970(w) and

2 H,

¥ Jyy = 7 Hz), 1.06 (dt, 3 H, CHs, Jy = 7 Hz and



T Is D n :
h4Ru4(CO)1O(PLh2Pr )2,

I.v.: 2 076(m), 2 056(s), 2 029(m), 2 O17(s), 2 009(m),

1 996(m), 1 970(m) and 1 949(w) cm L.

" on.m.r./s(p.p.m.): 7.4 (m, 20 H, Ph), 2.3 (m, 4 H, P-CH,),
1.4 (m, 4 H, PCH7C§ZCH3), 0.9 (t(distorted), 6 H, CH3) and
-17.05 (br, 4 H, Ru-H-Ru).

31? n.m.r.: 30.75 (major) and 28.04 (minor) p.p.m.

(major:minor = 2:1).

" JO R
;§4§E4(CO)11(PthBu ) |

I.r.: 2 095(m), 2 088(w), 2 067(s), 2 058(s), 2 033(m),

2 025(s), 2 008(s), 1 989(m), 1 970(w) and 1 962(m) cm '
Y nom.r./s(p.p.m.): 7.5 (m, 10 H, Ph), 2.44 (m, 2 H, P-CH,),
1.3 (m, 4 H, PCH,(CH),CH:), 0.89 (t, 2 H. CH;, Jy = 6 Hz) and
-17.42 (d, 1 H, Ru-H-Ru, Jpg = 3 Hz).

JlP n.m.r.: 30.45 p.p.m.

1H

n
|H Ru, (CO) ;4 (PPh,Bu™), |

I.7r.: 2 076(s), 2 056(vs), 2 029(s), 2 0Ol7(vs), 2 009(s),

1 695¢s), 1 985(sh), 1 970(m) and 1 ©1)(m) cm T .

YYonim.r./s(p.p.m): 7.4 (m, 20 H, Ph), 2.38 (m, 4 H, P-CHJ),

1.

(ot

5 (m, 8 H, PCH,(CH,),CH.), 0.8 (m, 6 li, CH;) and -17.04

vbr, 4+ H, Ru-H-Ru)}.

(ot
et

Preparation cf H,Ru,(C 2
I on ¢t 1{R\li kLO‘JQLJ{

. R . PPN cos P , I R, 1
the reaction of 'H*Rui cOs with PPRLR, under the same
ins



(a1

(@)

(3]
]

conditions as used for preparing fRuS(CO)g{PPhZR)SE, tynically

gave, after flash chromatography, 60 - 70

yellow products.

;HiRu4[CO)9(PPhZMe)3f

I.r.: 2 061(m), 2 024(s), 2 002(m),
1 941 (w) em L,
Ly nomor./s(p.pom.):  7.35 (m, 30 H,

doublets, 9 H, CH J =

3’ “PH
Ru-H-Ruj .

31? n.m.r.:

(major:minor % 2:1)

;H4Ru4(CO)9(PPh2Et)3§

T.r.: 2 060(m), 2 022(s), 2

1 940 (w) en 1,

1 990(m),

Ph),

18.54 (major) and 16.53 (minor) p.p.m.

1 962(m)

1.9 {(two uneven

9 Hz in both) and -16.7 (m, 4 H,

% yields of these

and

003(m), 1 988(m), 1 961(m) and

‘H n.m.r./8(p.p.m.): 7.35 (m, 30 H, Ph), 2.3 ("quintet', * 4 H,
o r = ~ a1 = { 1 : 1 N DL
PCH,, JHH Y JPH 6 Hz) also 1.9 ("quintet", T 2 H, PCH,,
J;% A Jp% = 6 Hz), 2.1 - 0.4 (two uneven overlapping dt, 9 H,
i i
CH-) and -16.6 (m, 4 H, Ru-H-Ruj
o ninr 36.02 (major) and 30.55 (minor) p.p.m.
(major:minor ~ I:1)
Freparation of Ru.C/(CO;, L
) ' S L4
e I i 3T 3 H M - [ «s«S ~ o
Losolution of JSV*V ;5 L=s gl in CH,CLl, 57 on™. 1S
. 0, R ) . P
ccoled to -40 “C and its i.r. spectrum continucusly monitors
by means of a flow cell as the nhosphine in CH,CI 10 ¢m7 ) was
< i p 7 -3
slovly added the reaction was stopped when the i.r. c¢f the
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starting material was absent. The solvent was removed in vacuo
and the residue purified by flash chromatography to yield the

product as a red-purple crystalline solid in about 90 % yield.

[Ru C(CO)q, (PPh,Me) |

I.r.: 2 088(w), 2 056(vs), 2 046(s), 2 024(s), 2 017(s),

-1

1 997(w), 1 983(w) and 1 965(sh) cm

@]

"W nom.r./s(p.p.m.): 7.4 (m, 10 H, Ph) and 2.2 (d, 3 H, CHg,

JPH = 9 Hz).

3lP n.m.r.: 20.61 p.p.m.

[RuC(CO)p, (PPh,EE) |

T.r.: 2 088(m), 2 056(s), 2 046(s), 2 025(s), 2 016(s),
1 998(m), 1 982(w) and 1 963(w) cm ‘.

IH n.m.r./8(p.p-m.): 7.4 (m, 10 H, Ph), 2.5 ("quintet ', 2 H,

P-CH,, Jyy % Jpy = 7 Hz), 1.86 (dt, 3 H, CH;, Jyy = 7 Hz, Jpy
20 Hz).
Blp 76 5] N m

n.m.r 36.09 p.p.m
N ~ T n.
;RUSC{CU}ii{P?h7Pr S
I.v 2 088(m), 2 036(s), 2 016(s), 2 025(s), 2 0Ll6(s),

1 993(m), 1 935(w) and 1 965(w) cm

IH n.m.r./5{p.p.m.;: 7.39 (m, 10 H, Ph), 2.4 (m, 2 H, P-CH,),

1.3 (m, 2 H, PCE.CH.,CH.) and 0.94 (t(distcrted), 3 H, CHS).

3
51 - -
P n.o.r. 33.5%3 0,7
Analysis calculated €, 31.7 %; H, 1.5



! - - n
|Ru.C(CO), (PPh,Bu™) |

I.r.: 2 088(m), 2 056(s), 2 046(s), 2 025(s), 2 015(s),

1 996(m), 1 983(sh) and 1 963(w) cm .
"Wonom.r./s(p.p.m.): 7.37 (m, 10 H, Ph), 2.42 (q(distorted),
2 H, P-CH,), 1.4 (m, 4 H, PCH,(CH,),CH;) and 0.83 (t, 3 H,
CHy, Jyy = 7 Hz).

Slp n.m.r.: 34.20 p.p.m.

Preparation of }RuSC(CO)lsLZE

A solution of lRuSC(CO}IS[ (25 mg, CH,C1, 50 cm®) was
monitored continuously by i.r., by using a flow cell, while
the phosphine was added. The reaction was stopped when a
pure spectrum of the disubstituted derivative was obtained.
After removal of solvent in vacuo and purification of the residue
by flash chromatography, the dark purple crystélline products

e typically obtained in almost quantitative vields.

s

"

AT~
W

(Ru:C(CO) (PPh,Me), ]|

I.r.: 2 070(w), 2 044(vs), 2 028{m), 2 0O18(s), 2 012.s),

[
}.._A
L

e
e
-
=3
-
wid

S
o
s
[aW

}‘.-.J
W
¢

e

<
o
4
-
=
R
@)
b

C00(sh), 1 994(sh},

Yin.m.r./s(p.p.m.): 7.4 (m, 20 H, Ph) and 2.18 (d, 6 H, CHx,

i

Jo = 8 Hz).

(93]
-

Pn.m.r.: 19.90 p.p.m.
Analvsis Calculated C, 37.5 H, 2.0 %
found C, 3.2 ~; H, 2.2 7
uSCJCO}lsipPhZEtEZ
I.r 2 069(m), 2 043(vs, 2 7i6{s), 2 Ol2(s), 2 20Z{shj,

1 992(w) and 1 S7C vir,w, cn
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Iy n.m.r./s(p.p.m.): 7.44 (m, 20 H, Ph), 2.25 ("quintet', 4 H,

CH,, Jgy % Jpy = 7 Hz) and 1.8 (dt, 6 H, CH;, Jy, = 7 Hz,
Jpgy = 20 Hz).
31

Pn.m.v.: 34.50 p.p.m.

{RuSC(CO)lS(PPhZPrn)Zi

IT.r.: 2 068(m), 2 043(vs), 2 016(s), 2 002(sh), 1 993(sh),
1 984(sh) and 1 959(vbr,w) cm™1
" on.m.r./s(p.p.m.): 7.45 (m, 20 H, Ph), 2.3 (m, 4 H, P-CH,),

1.3 (m, 4 H, P-CH
31

29§7CH3) and 0.86 (t(distorted), 6 H, CHS).

Pn.m.r.: 31.87 p.p.m.

: n
|RucC(CO), 5 (PPh,Bu™), |

I.r.: 2 068(m), 2 043(vs), 2 016(s), 2 012(sh), 2 002(sh) and

1

1 960(vbr,w) cm

4 n.m.r./s(p.p.m.): 7.44 (m, 20 H, Ph), 2.3% (m, 4 H, P-CH,),

1.3 (m, 8 H, PCH7(§§ZJZCH5} and 0.8 (t(distorted), 6 H, CHE}.

31? n.m.r.: 32.12 p.p.m.

All the reactions with fRuSC{CO}1S? were carried out in a

(C0),,! (produced in

flow cell because the occurrence of 'Ru )15

(3]

variable proportions during its synthesis) as an inpurity, made

accurate calculation of the amount of pheosphine required
impossibtle
Preparation of 'Ru,.C(CO), . L’
. ' o - L0
in equimolar quantity of L as added to a sol.ticn ot
2, CrC0Y -1 (30 mg, CH,C1, 50 cu”), cooled to 0 °C Lviter an
\JO YT Lo ng, LL2L 2 > (O IR N coLie U S -

- P N - S : ey g H
v oat r.t. Removai of the seclvent 1n vacuc and

cvornizh



-367-

purification of the residue by flash chromatography gave
a

fRu6C(CO)16LE as a red-brown crystalline solid f(typically 80 %

yield).

|Ru C(CO) 4 (PP Me) |

I.r.: 2 085(m), 2 056(m), 2 046(s), 2 032(vs), 2 020(n),

2 006(m), 1 982(m), 1 967(w), 1 956(w) and 1 837(vbr,w)

-1
cm .

4 n.m.r./s(p.p.m.): 7.44 (m, 10 H, Ph) and 2.34 (d, 3 H, CHs,

JPH = 8 Hz).

31

Pnm.r.: 26.00 p.p.m.

|Ru C(CO) ¢ (PPh,EL) |

I.r.: 2 084(m), 2 056(s), 2 046(s), 2 032(vs), 2 020(m),

- - !
2 00L(m), 1 983(br,m) and 1 846(vbr,w) cm .
1 : - N P o
Hn.m.r./5(p.p.m.): 7.4+ (m, 10 H, Ph), 2.58 (quintet, Z H,
PCH,, Jyy © Jpy = 6.5 Hz) and 1.08 (dt, 5 H, CHy, Jy, = 7 Hz and
J = 19 Hz).
PH /
31 .
Pnom.r.: 39.90 p.p.m.
n
Ru C(CO,, (PPh,Pr7) |
I.r 2 03d(m, 2 056(s), 2 Cd6(s), 2 032 vs), 2 020(m,
- = 1 3 1 070 2} 707 917 —
CC3iw), 1 983¢7my, 1 070+sh} and 1 3+ .07r,w; <& .
7 - — -~ - -
“Hn.m.r. "f(z.p.m.) 7.4+ m, 10 H, Ph!, 5 (gidistorted),
20H, s=Clx.0, 1.4 (m, 206, TLM72§7533} and 1.0 "+ listortcd,,
J Iy vzis;,
dp p ey 37,60 p.p.n
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.
iRu6C(CO)16(PPhZBu )i

I.r.: 2 084(m), 2 0O55(s), 2 046(s), 2 032(vs), 2 019(m),

2 003(w), 1 982(m), 1 967(w) and 1 839(vbr,w) cm L.
M nom.r./s(p.p.m.): 7.44 (m, 10 H, Ph), 2.5 (m, 2 H, P-CH,),
1.38 (m, 4 H, PCH,(CH,)(CH;) and 0.88 (m, 3 H, CHj).

ij n.m.r.: 38.14 p.p.m.
Analysis calculated C, 30.3 %; H, 1.5 %
found c, 30.5 %; H, 1.5 %

N i £ |
Preparation of !Ru6C[CO)15LZ,

iRu6C(CO)17§ (25 mg) and L (2.1 equivalents) were heated in

refluxing cyclohexane for 3 hours during which time the solution

turned dark brown. After removing the solvent in vacuo and
flach chromatooranhing the residue IRy _C(COY. 1.1 a dark red-
e e - T e S T Dy S

}RuéC[COjls(PPhZMe)Zf

065(m), 2 029(s), 2 0l7{vs), 1 991rm), 1 9381(m),

i
.
i
.
OS]

1 972(m), 1 953(w), 1 861(br,w) ard 1 833(br,w) cm T.

1y n.m.r./s(p.p-m.): 7.4 (m, 20 H, Ph), 2.28 (d’mincr isomer),
CHS’ JHP = 9 Hz) and 2.23 {d(major isomer), CGS, jﬁi = 9 Hz),
(major:minor % 3:1)

31

25.530 (major) and 24.30 (minor' p.p.n.

(major:ninor % +:1)

La

>
jo-—
G

lculated C, 35 7 1,

[
3
fud

¢

Aralyvsi

[

O
(3
(o)
T

-
[
[

<

cund C,



(Ru C(CO) 5 (PPh,EL),,

I.r.: 2 065(m), 2 028(s), 2 015(vs), 1 990(m), 1 980(m),

1 970(sh), 1 950(w), 1 857(br,w) and 1 838(br,w) cm T.
4 nom.r./s(p.p.m.: 7.4% (m, 20 H, Ph), 2.46 (quintet, 4 H,
CHZ) and 0.99 (dt, 6 H, CHS)’
31P n.m.r.: 35.40 (major) and 39.60 (minor) p.p.m.

(major:minor % 7:1)

}Ru6C(CO)15(PPhZPrn)ZI

I.r.. 2 064(m), 2 028(s), 2 014(vs), 2 003(w), 1 995(m),
1 980(m), 1 975(sh), 1 950(w), 1 857(br,w) and 1 837(br,w)
-1
cm .
YWonom.r./e(p.pom.): 7.44 (m, 20 H, Ph), 2.39 (m, 4 H, P-CH,),
1.4 (m, 4 H, PCH,CH,CH,) and 0.9 (m, 6 H, CH,).

2
31

Pn.m.r.: 37.24 p.p.m.

i | s D1 n !
théC(CO)IS(PknzBu )Zg

I.r. 2 064{m), 2 028(s), 2 Oli(vs), 2 0O03(w), 1 994im},
1 975(m)y, 1 960(sh), 1 950(w), 1 §57(br,w) and 1 837(br,w)
cm”t.

1

SN
[}
oo
P
=
-
.
s
-
v}
i
(@]
w3
(G}
.
-

Hn.m.r./s(p.p-m.): 7.44 (m, 20 H, Ph),

.55 (m, 8 H, PCH,(CH,),CHs) and 0.85 (m, 6 H, CH3).

a1 -
Pn.m.r.: 5 .84 p.p.m
freparation of RUQC(C3>1:{PPP,Et;,'
L ot - i

‘RuéC(CO}17= (25 mg) was stirred overnignt with a large

~ . N s T ~ (oI -n 1
ss of PPh,Et (10 equivalents) in CH,Cl, (30 ¢crn”j. Removal

e
&)
@

of the solvent in vacuo and separation of the residue by fla



chromatography gave §Ru6C(CO)13(PPh2Et)4§ as a brown powder in
50 % yield.

I.r.: 2 044(m), 2 006(vw), 1 969(s) and 1 946(m) cm *

4 n.m.r./s(p.p.m.): 7.35 (m, 40 H, Ph), 2.48 (quintet, 8 H,
CH,) and 0.9 (dt, 12 H, CHj).

31P n.m.r.: 31.10 p.p.m.

) , | ,
Preparation of ;RuS(CO}IO(PPhZ(CHZ)nPPhZ)5

The highest yield route to iRuS(CO)lODPPMI (n = 1) and
§Ru3(CO)lODPPE§ (n = 2) was found to be to reflux overnight a
solution of ;RuS(CO)12§ (50 mg) and phosphine (1.1 equivalents)
in n-pentane (100 Cms). This gave typically 60 - 70 % yields
of these orange-red crystalline products after removing the
salvent in vacuo and isolating the products by flash chroma-
tography. when this preparation was repeated for other
phosphines with a longer chain lengths, the vields dramatically

= 4) the products involving tlhe

ey

decreased, with for DPPB (
linking of 2 or more clusters predominating. In these cases
the benzophenone reaction (as used for Ru {CQ}lz§ and PPhZR)

gave more satisractory yields (typically 30 - 50 %).

R - . N =
I.r. 2 083{sy, 2 062(w), 2 0253(s), 2 C1Z'vs), 2 002(vs),
-}
1 9S5fm), 1 260'm) and 1 9507p! cm
1
A ~ - 1 - 1 - it
Lon.mLeT. /S pene ) i om, 20, Phy oand L5 (t, 2 H, CH,,
. A gl
N 10 H:z
BN 9
o1y 11 AT A
Con.a.T L+.230 1 p N
‘ralvsis calculated O, 453 ¢ H, 2.3 °

)
L
-
[}
[F3]



! |
‘Ru;(C0) 1, (DPPE) |

T.r.: 2 080(s), 2 045(w), 2 O13(vs), 1 998(vs), 1 980(m),
1 964(m) and 1 937 (br,w) cm *
" on.m.r./6(p.p.m.): 7.5 (m, 20 H, Ph) and 2.2 (m, 4 H, CH,).

31? n.m.r.: 40.40 p.p.m.

Analysis: calculated C, 54.4%; H, 3.2 %
found €, 55.0%; H, 3.1 %

§Ru3(CO)lO(DPPP);

I.r.: 2 079(s), 2 O4d4(w), 2 O1l1(vs), 1 999(vs), 1 980(m),
1 964(m) and 1 921(br,m) em™L
H n.m.r./s(p.p.m.): 7.44 (m, 20 H, Ph), 2.6 (q, 4 H, P-CH,,

NoJoo= ) H. PCH.CH
JHH v Jpy 6 Hz) and 1.5 (m, 2 H, LLHOan),

31? n.m.r.: 28.20 p.p.m.

iRuS{CO)EO{D?PB}f

~

I.r.: 2 08C(s), 2 062(w), 2 032{(w), 2 Oll(vs), 2 COd(vs),
1

ek

9807 w), 1 996(m) and 1 900(vbr,w) cm

.
1 .- N - e . — - .
Hn.m.r./3p.p.m.): 7.5 (m, 20 H, Ph), 2.5 (g, + H, P—Cdz,

/ &
Ty & Jpn = 7 Hz) and 1.1 (m, 4 H, 7CH,CH,)J.
k4
p nair 21.10 p.p.m

RuSQCOJS(DPPM}Z, Orange-red crvstailine solid.
1.1 2.061(m), 2 045:w), 1 932:r» , 1 971(s), 1 967 (s),
1 045m), 1 928iu;, 1+l ind 1 323(br,wy om L.
N onemr. /3 p.pa. 7.2 {m, 30 H, Ph) and +.06 (t, 4 H, CH,,
Jpy = 10 H2)
31 S



Analysis calculated C, 53.3 %; H,

[N}
&) o
o

Pat

found C, 53.0 %; H, 3.

;{RUB(CO)ll}ZDPPEé

I.r.: 2 097(m), 2 047(s), 2 029(s), 2 028{sh) and 2 017(br,vs)
cm L.

Iy n.m.r./s(p.p.m.): 7.5 (m, 20 H, Ph) and 2.1 (m, 4 H, CHZ).

Reaction of ;RUSQCO)IZE with (-)-Diop.

A solution of one equivalent of iRuS(CO)lzi and (-)-Diop
in t.h.f. was reacted with sodium benzophenone ketyl, as
described for ERUS{CO)lZ{ with monodentate ligands, earlier.
This yielded two main orange-red crystalline products,i{RuB(CO)lﬁz“

(-)-Diop} (30 %) and&RuS(CO)lo((—)—Diop)E(40 - 50 % based on

[
O

Ru.{ }17 Consumed) .

[¥3]

! 3 M S N A 1
;{RuS(CO,11,2~( )-Diopl|

I.v.: 2 097(m), 2 046(s), 2 025{sh), 2 0O15{vs) and 1 970(sh) cm
'y n.m.r./8(p.p.m.): 7.4 (m, 20 H, Ph), 3.3 (t/broad), 2 H,
C'H)O-, Jpy = 8 Hiz), 2.3 (m, 4 H, P-CH,} and 1.42 (s, 6 H, CH.).

PH
3 i N e}
1? n.m.r.: 25.0C p.p.m.

Ru.{CO f (- =Dion
(AP o it } 10
3 )10 v i
I.r. - OSG(W‘, 2045 w), 2 013(\/5}, 2 G303 1 9760w,

1 7 - Id 1 - -~ o Yy
mon.mLr./ooz.p 1+ {m, 20 H, Th; oo T, O -0,
B 10 Hz», 2.8 (m, }+ H, PCH,, verv cornlex ~attern) and
Lo i o

v = SRE I
Lo+Z2 3, © 5 {/;13}



Preparation of §H4Ru4(CO)1O(P —P)]

Both the benzophenone ketyl catalysed and thermal reactions
(under the same conditions used for the preparation of
IRuS[CO)lo{(PPhZ)Z(CHZ)n}E) gave similar vields after separation

of the products by flash chromatography.

i
| H,Ru, (CO) ;4 (DPPM) |

[.t.: 2 085(w), 2 073(s), 2 052(s), 2 034(s), 2 024(m),
2 012(s), 1 993(m), 1 981(m), 1 969(s), 1 952(s) and

933(w) em L.

ot

8

" on.omor./ (p.p.m.), CDC1; 45 - 50 °C, d®-toluene 45 - 70 °C.

60 °C: 7.3 (m, 20 H, Ph), 3.78 (t, 2 H, CH,, Jpy = 10 Hz) and

-16.38 (t, 4 H, Ru-H-Ru, J = 3 Hz).

PH
45 °C: 7.3 (m, 20 H, Ph), 3.78 (br, 2 H, CH,) and -16.38 (t,

31 °c: 7.3 (m, 20 H, Ph), 3.8 (m, 2 H, CH,) and -16.38 (t,

-20 °c: 7.3 (m, 20 H, Ph), 3.8 (br, 2 H, CH,) and -16.39 (br,
4 H, Ru-H-Ruj.
-50 °C: 7.3 (m, 20 H, Ph), 4.0 (m, 1 H, CH), 5.4 (m, 1 H, CHp)

~
A

-toluene 80 - -21 C, CDZClz/CFZClH
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Temperature Position No. of
carbonyls
60 °C 194,88 10 all carbonvls
30 °C broad exchanging slowing
21 °c no signal coalescence
0 °c 197.88 (br) 3
195.73 (t) 4 JHP or Jye = 4 Hz
194.24 (t) 3 JHP or JHC = 3 Hz
-50 °c 198.35 (t) 3 Jyp oF Jyo = 6 Hz
196.72 2
195.66 2
194.35 3
-74 °C 198.56 (t) 3 Jyp ot Jyo = 6 Hz
196.88 2
195.57 2
194.51 2
193.62 1
-84 °C 198.76 (t) 3 Jyp OF Jye = 5 Hz
196.98 2
195.55 2
134.60 2
193.61 1
-104 °C 193.84 (t) 3 Jup °t Jpc = 6 Hz
157.10 2
195.47 2
151.55 (dj 2 Jc ©F Jpc = 1 Hz
195,54 1
JlP n.m.r.: 11.73 p.o.m.
Analysis calculated €, 39,1 7%; H, 2.4 5%

Ty
O
¢
3
[N
C
-
[N}
w
el
f)
oy
-
(3]
o
o



[HiRu4(CO)1ODPPE§ (corner chelating isomer)

I.r.: 2 076(s), 2 061(w), 2 046(s), 2 033(s), 2 024(s),
2 009(s), 1 992(w), 1 982(m), 1 971(w), 1 964(w) and
1 956 (w) cm L.
4 n.m.r./5(p.p.m.), CDCl;, -50 °C: 7.44 (m, 20 H, Ph), 2.2
(m, 4 H, CHy), -19.2 (t, 1 H, Ru-H-Ru), -16.5 (s, 1 H, Ru-H-Ru),
-16.1 (dd, 1 H, Ru-H-Ru) and -14.8 (dd, 1 H, Ru-H-Ruj.

31? n.m.r.: 66.73 p.p.m.

|
|H,Ru, (CO),,DPPP|

I.r.: 2 073(s), 2 032(s), 2 032(s), 2 012(s), 2 003(w),

1 991(m), 1 981(m), 1 971(m) and 1 951(m) cm *

W on.m.r./s(p.pom.): 7.44 (m, 20 H, Ph), 2.45 (m, 4 H, PCH,),

1.6 (m, 2 H, PCH,CH,) and -17.14 (br, 4 H, Ru-H-Ru).

Slp nim.r.:  30.83 p.p.m.

|H,Ru, (CO),,DPPB

f

1

I.r.: 2 078(s), 2 073(s), 2 058(s), 2 C54(s), 2 032(s),
2 019(s), 2 013(s), 2 009(s), L 993(s), 1 9923(s),
1 972(m), 1 963(w) and 1 950(m <
¥ n.m.7./¢(p.p.m.): 7.4 (m, 20 H, Ph), 2.6 (m, 4 H, PCY,),

-

1.5 (m, 4 H, PCH,CH,)) and -16.75, -17.47 (br, 4 H, Ru-H-su,

two isomers of abundances I:1, respectively)
31 T 70 ¢ . 7o P ) -
P n.m.7r 33.32 (winor) and 253.52 malicr) T.D.
(major:minor - Z:1)
LhiRuigCO}lll7(—}~Diop
I.r 2 095(s), 2 033 n;, 2 0381w}, 2 Ce~ s, 2 357 (1s),

Q]
O
[
~1
R
uy
S o
-
i~
-
O
1]
N
Uy
~
1
L.
}m
[y
¢
b
[
.
¢l
3
P
1



Yy
I

IH n.m.r./8(p.p.m.): 7.45 (m, 20 H, Ph), 3.64 (m, 2 H, C(H)-0-,

Jpy = 9 Hz), 2.35 (m, 4 H, PCH,), 1.29 (s, 6 H, CH;) and -17.45
(d’ 8 H, RU"H‘RU, JPH = 4 Hz).
JlP n.m.r.: 26.75 p.p.m.

{HARu4(CO)1O(—)—Diopf

I.t.: 2 079(m), 2 075(m), 2 060(s), 2 056(sh), 2 033(s),
2 020(vs), 2 015(s), 2 009(m), 2 001(m), 1 985(w),

1 975(w) and 1 952(br,m) cm \

i

Preparation of 1300 enriched §Ru5C{CO}155

A solution of [Ru.C(CO);.! (100 mg, 30 cm” CH,CL,) was
stirred overnight at 40 °C und 13

er a partial pressure of co

(quantity calculated for about 35 % enrichment). The red
product was purified by flash chromatography from two side
products (;RUB(CO}lzi and fRu6C{CO} YE).

e

13 8

1
Cn.m.r./:{p.p.m.), d° -toluene, 103 - 25 °C, €D,Cl,/CH,CI,

-48 - -115 °c.

103 - -48 ©C 191.45 12 tnsal carbonyls

156.70 5 a<ial carbdonvls
. O 1

- 5 C 151.45 signal broadening

196.70 sharp
- O, -

-115 °C 195.2 very bread

198.55 sharp

P - 1y 3 - I FRN R
An eguimslar guantity 0L The “lieon

- . C s . . o
[he solvent was remcvad in vacuc and the rasidue worked up by



flash chronatography. The yields decreased as the chain length
increased, e.g. }RuSC(CO}ls(P — P)!, DPPM 80 %, DPPE 80 %, DPPP
60 % and DPPB 30 %. However, the vields of the DPPP and DPPB

derivatives could be increased by heating the solution to 50 °C,

increasing the dilution, and adding all the phosphine at once.

|Ru C(CO) {DPPM]

I.r.: 2 074(m), 2 062(w), 2 047(m), 2 039(s), 2 027(s),

2 016(sh), 2 010(s), 2 002(s), 1 968(w) and 1 951(w) cm =

Hn.m.r./8(p.p.m.), CDCIS, 45 -~ -50 OC; CDZCl2 30 — -98 “cC.

+45 9C: 7.3 (m, 20 H, Ph) and 4.66 (t, 2 H, CH., Jpy = 11 Hz).

1

+30 °C: 7.3 (m, 20 H, Ph) and 4.66 (br, 2 H, CH,) .

+10 °C: 7.

(¥3]

(m, 20 H, Ph) and 4.60 (vbr, 2 H, CHZ).

-10 °c: 7.3 (m. 20 H. Ph).

-10 °C: 7.3 (m, 20 H, Ph), 5.2 (vbr, 1 H, CH,) and 4.0 (vbr,

1 H, CH.).

(2]

160 °c: 7.3 (m, 20 H, )Yh), 5.2 (m, Ll H, CH) and 4.0 (z, 1 H,

CHb).
o) . L .
-90 "C: no improvement in gquality.
13 . . 8 . 0 - 0
“°C n.m.r./8(p.p.m.), d -tcluene, 60 - 0 C, ¢p,Cl,, 30 — -60 °C,
- ~ L 0. . -
LD?617/LFC12H 0 - -121 “C (see Figure 5.0).
2772
Tcmperature Position No. of carbonyls
60 °C 199.30 (s) 13
PO ‘U/
O - -
10 7C 193,15 (=1, 15
21 ° 200, 23S 5 car s cn 4xial Ru
= AU v uwlh,Qn} Ls Chn AX1c jas
163.312 10 carbonyls on basal Ru's
0~ S .
0 ~C 101,48 3
1og.15 2 10



C 203.09 (br)
201.81
196.92

-40

(O]

C 204.51
203.01
202.02
201.88

-60

(@3]

C 204.51
203.01
202.20 3
201.88 (br)

-90

C 204
203.
202.
197.

d

-107

il

}-A
O v =

(vbTr)

(O3]
LS

-117 ¢ 203.27
202.61

202,45
197 hroad featrue

[OR}

C 203.27
202.61 3
202.15

-119

197 cecalescence
-125 °C The three remaining bands are unchanged and new

features are starting to appear.

&

Pn.om.r./>(p.p.m.), 3L — =90 “C,
- C,f" 1/ o I3 -y ™ YTy L
51 b L4,y s, £ i, DPDPA,
-
- M 1 -7 - — L
17 C L4.97 (s, °, 10 Hz peak widtn)
R — P
-40 “C 14.40 (s, 2 P, 60 Hz peak widtnj
o
. . Lo - N .
-30 7C 12.85 and 14.07 (minor isomers)



{ O ~ — Vs - .
~-90 C 12.85 and 14.07 (minor isomer)

17.05 (major isomer, 20 Hz wide)
(major:minor = 9.5:1)

Analysis calculated C, 46.2%; H, 2.8 %

(o}

found C, 45.5 %; H, 3.6 %.

|Ru.C(CO) ;DPPE]

I.r.: 2 073(m), 2 056(w), 2 038(s), 2 027(vs), 2 010(s),
2 001(m) and 1 947 (br,w) cm L.

1y n.m.r./4(p.p.m.): 7.5 (m, 20 H, Ph) and 2.3 (m, 4 H, CHZ).

13¢ aum.r./s(p.p.m.), d°-toluene 105 - 25 °C; CD,C1,/CFHCI,,
-17 — =115 °C (see Figure 5.8).
Temperature Position No. of
carbonyls
103 °C 198.81 15 all carbonyls exchanging
94 0C 198.62 (br) 13 localised exchange
occurring
§1 °C 198.58 basal carbonyls
exchanging
199.7 (sh)
75 °C 198.58
1399.7 (br)
18 OC 198.58
189.7 (br) sharper)
25 °C 198.58 10
196.75 3 axial carbonyvis
exchanging
-17 °C 199.5 (br) localised exchange
about basal Fu atoms
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]

lP n.m.r.:

+39.80 p
from 40
Analysis calculated

found

-1 |
[RuSC(CO)IBDEPP|

When freshly made

standing a solution of

o

(3}

.p.m. (no change observed in peak width
— -390 °0).

C, 38.1 %; H, 2.5 5%

C, 37.7 %; H, 2.0 %.

this compound was

(within a couple of hours).

Isomer (1)

I.r.: 2 070(m), 2 046(s),
1 981(m), 1 966{m),
Isomer (ii)
I.r.: 2 073(s), 2 047(s),
2 009(s), 2 004(m),
IH n.m.r./s(p.p-m.): 7.5
1.5 (m, 2 H, PC?ZCHZ},
31? n.m.r./3{p.p.m.J), 30
the two peak spectra: 40.
(isomer ii:isomer 1 % 5:1)
fRuSC(CO}15SPPB
When this compound wa
isomer (ii} with traces orf
solution ccnverted intc wh
Isomer (1i)
I.r. 2 0750s;, 2 Cdb6isy,
2007 (s, L 9udisg,

wholly isomer (1) but on

it converted to predominantly isomer (ii)

2 020(s), 2 011(s), 1 993(m),
ey -1
1 952(m) and 1 939(w) cm .
2 039(s), 2 028(vs), 2 020(s),
N ) - -1
1 996(m), 1 966(w) and 1 952(w) cm ~.
(m, 2 O H, Ph), 2.2 (m, 4 H, P—CHZ) and
0
-90 “C, no change was observed in
37 (iscmer ii) and 33.39% (isomer 1)
s freshlv made, it consisted of mainly
isomer (i) which upon standing in
2llv isomer (1i}.
2 039(s), 2 028f{s), 2 C20(s),
. - - -1
1 965Mm) and 1 9510w} cm .
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Isomer (1)

I.r.: 2 071(m), 2 046(s), 2 020(s), 2 012(s), 1 994(m),
1 981(m), 1 966(m), 1 952(m) and 1 939(w) cm *

1

“Hn.m.rv./8{(p.p.m.): 7.5 (m, 20 H, Ph), 2.18 (m, 4 H, PCHZ} and

0.98 (m, 2 H, PCH,CH,).

2
13C n.m.r./¢(p.p.m.), natural abundance, CD2C1Z, 31 OC, carbonyls:
201.2 (s, 3 carbonyls, apical ruthenium carbonyls), 199.05 (s,
10 carbonyls, carbonyls on basal ruthenium atoms); phenyl ring
carbons: 132.7 (d, 12 C, Ph, JPC = 8 Hz), 131.4 (d, 12 C, Ph,
pc = 10 Hz), 129.1 ("t", 18 C, Ph, Jpc = 7 Hz), alkyl chain
carbons: 32.5 (d, 2 C, PCHZ, JPC = 9 Hz) and 23.3 ("d", 2 C,

J

PCH,CH,) .
Sp num.r.:  34.06 p.p-.m.
Analysis: calculated C, 38.6 %; H, 2.1 %

found c, 39.0 %; H, 2.1 2.

iRuSC{CO)ll(DPPM}ZI

), 1 987(m), 1 9637m), 1 960(sh),

I.r./CH2C17: 2 025fm), 1 998(s

and 1 940(w) cm L.
1 I ~ ) z 9.
Hnm.r./ (p.p.m.), CD,CL1,, 39 — -85 "C:

-~ O - . . P
50 "C: 7.3 (m, 40 H, Ph) and 4.3 - 3.7 (Hr, 4 H, Cﬁy).
0 “C: 7.3 (m, 40 H, Ph) and 4.0 (br, 4 1, Cil,).

~ 0 5 - Cu
-10 °C: 7.3 (m, 40 H, Ph) and 1.C ~vbr, 4 H, CH, ).

-20 OC: as acove,

-13 °c: 7.3 (=, 40 H, PRy and 1.0 ‘hr, o H, M)
-65 OC 7.3 (m, 40 H, Th) and 4.0, 3.4 {»r, 1 H, Z H each,

3
o)

i
A
Lt




B¢ num.r./s(p.p.m.), d%-toluene, 85 - 23 °C, CD,C1,/CEHCL,, -3
-116 °c:
Temperature Position No of
carbonyls
85 °c 204.88
203.09
201.17
65 °C 204,89
203.11
201.1 4 broadening
52 °C 204.90
203.1 4 broadening
201.2 4 broadening
37 °C 204,84 3
203.1 4 broadening
201.1 4 broad
23 ¢ 204.92 3
203.2 4 no longer sharp
201 broad
-3 °C 206.24 3
-26 °C 206.15 3
205.5  (br)
203.6 by}
198.5 br)
-15 °C 206.26 3
206.03 2
205.57 2
203.50 2
198.25 2



-116 °C

-90 ¢

Analysis:

| LRu.C(CO;
ﬂ 5 1

[@.¢]

I.r.: 2 G

-384-

3(sh) and 1 936(sh) cm ™t

206.26 3 peak slightly
206. 3 2 broadened
205.57 2
203.50 2
198.25 2

. 0 o)

é(p.p.m.), 80 - 0 C, [CHZCI)Z; 0 — -9 “C, CHZCIZ:
10 p.p.m. (80 Hz width
10 p.p.m. (200 Hz width)
~ 10 p.p.m. unresolved doublet (400 Hz width
~ 10 p.p.m. unresolved doublet (600 Hz width)
~ 10 p.p.m. unresolved doublet (1071 Hz width,

13.2 p.p.m. across)
peaks at 3.61 and 17.21 p.p.m. (peak width 100 Hz)
peaks at 3.56 and 17.26 p.p.m. (peak width 20 Hz)
peaks at 3.52 and 17.30 p.p.m. (peak width 10 Hz)
calculated C, 16.2 %; H, 2.8 %
found c, 45.5 %; H, 3.5 %
,4>2DP?Bi
9(m), 2 058(s), 2 047(s), 2 024(s), 2 013(sh),

1 93

‘Hn.m.r./%(p.p.n.), CD,Cl,: 7.4 (m, 20 H, Ph), 2.2 (m, 4 H,
PCH,) and 0.9 (n, 4 H, PCH,CH,").
Analysis: calculated C, 31.0 3%; H, 1.2 ~°

found C, 30.9 %; H, 1.3 5%
Reaction of R2u _C.CO),. with (-j-Diop

e 12 -
in equimolar guantity of (-)-Diop was aded to a heated

cvclohexane soluticn of Ru.C(CO),.! (350 OC, 50 cms, 200 mg)



After an immediate darkening of the red solution, the reaction
was stirred for a further 30 minutes. The solvent was removed
in vacuo and the residue applied to a flash chromatography column.
Upon elution with solvents of gradually increasing polarity,
first unreacted IRUSC(CO]lsi, then I{RuSC(CO)14}Z(—)-Diop§ (40 %)
and finally IRuSC(CO)ls{{—)~Diop)}§ (50 % vyield based on

lRuSC(CO)ISI consumed), were obtained.

{{RuSC(CO)14}2(~)—Diop!

I.r. (see Figure 5.7): 2 088(m), 2 057(vs), 2 047(s), 2 026(s),

2 015(s), 2 000(m), 1 990(m) and 1 963(w) cm

'Y n.m.r./8(p.p.m.): 7.35 (m, 20 H, Ph), 3.4 (t, 2 H, -OC(H)-,

JHH = 7 Hz), 2.4 (m, 4 H, PCHZ) and 1.44 (s, 6 H, CHS)’
o nimar.: 26.75 p.-p.m.
Analysis: calculated C, 31.5 %; H, 1.38 %
found Cc, 31.6 %; H, 1.4 5.
gRuSc (CO)y 5L (-)-Diop}
I.r.: 2 075(m), 2 047 'shy, 2 029(vs), 2 Oll(vs), 2 O1l2(mj,
2 005(m), 1 996w, and 1 970(br,v) cm .
1y n.m.r./8§(p.p.m.: .4 (m, 20 H, Ph), 4.12 (quintet(distorted),
1 H, —OC(Ha)~}, 5.6 (gquintet distorted), 1 H, —OC{Hbj~}, 2.8
and 2.2 (complex m, 4+ H, PCHZ, CHZ grouns inequivalent) and
1.45 (s, 6 H, CH.j.
31? n.m.r initialiyv 23.1% p.p.m., firally 29.50 and 10.63
p.D.Mm
Analysis: calculatea C, 39.06 °; H, Z.51 %
found C, 39.3 %; H, 2.3 °
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Preparation of fRu6C(CO)15(P — Py !

An equimolar quantity of the phosphine was added to a

CH,C1, solution of §Ru6C(CO)l7f and stirred overnight. After

2
removing the solvent in vacuo the residue was purified by flash
chromatography. Again the yields of the longer chain deriva-

tives could be increased by increasing the dilution and heating

the reaction mixture.

|Ru, C(CO) ;DPPM|

I.r./CHZCIZ: 2 073(s), 2 036(vs), 2 019(vs), 1 979(m),
965(m), 1 946(w) and 1 823(br,m) cm -

1
"M n.m.r./s(p.p.m.), CD,Cl,: 7.35 (m, 20 H, Ph) and 4.98 (t,
2 H, CHZ, JPH = 12 Hz). This spectrum remained unchanged down to
-50 °c. Unfortunately, temperatures below this were

unattainable due to solubility problems.

13 - 1 74 YT o~
C n.m.r./s(p.p.m.), CD,Cl,, O - 30 "C; CHFC1,/CH,Cl,, O -
-115 °cC:
Temperature Position No. of carbenyls
25 ¢ 202.08  (s) 15
1 G 7 9 9]
-16 “C 202.9 (vbr)
O,, - - 1 A
-66 C 205.5 {(br)
195.2 (vbr)
0 SR
-36 C 205.52
136.27
154.56  1s) 1
-96 °C 205.7

et
'}
A
31
O
SN
U
p—
e



-106 °cC

206.76
205.7

-115 °C

194

204.

201.
197
194,
194,

.45

33
99

.09

78
71

(br)
(br)
(s)

(br)
(br)
(br)
(br)
(br)

Ll
(&)

194.37

Sp nim.r./31 — -85 °c: 31 °C, 20.70 p.p.m. (5 Hz peak width;

O

-85 "C, ~ 20.70 p.p.m. (200 Hz peak width).

Analysis: calculated (€, 34.5 %; H, 1.55 %

found C, 34.9 %; H, 1.6 %.

§Ru6C(CO)15DPPE§

o

I.r./CHZCIZ: 2 073(s), 036(vs), 2 020(vs), 1 995(sh),

1 978(m), 1 963(m), 1 945(w), 1 858(br,w) and

1 826(br,m)

. o, p
IH n.m.r./8{p.p.m.): 7.4 (m, 20 H, Ph) and 2.4 (=, 4+ H, CH,).
51 . =7 Cn ~ e . FE trm i 3Ty . - 0.

Pn.m.T.; 1 7C, 40.26 p.p.nn. (5 Hz width); -85 °C,

~ s
- +0.00 p.p.m. (100 Hz width)
I e hoeD
~\v¥6i-)i ujlz}u&h;
v ;= T e VT T e o - - AT N
i I‘./;“‘rﬁ,iv 2 07 20sy, 2 033'vs, o UZQ/‘«b}, 1 99,1\311},
Ia P Y -y 97 4 At
1 920{sh}, 1 26! Hhr,m), 1 856(br,w, and
-1
1 22575r,m) ¢~
1
Lo ; - R P N N 1

dn.n.r./3ip.eoan. ) 5 (m, 20 H, Ph), 2.5 (gidistorted), 4

Pld,, Jgoy = 10 Hzj and 1.6 m, 2 H, PCH,CH,)
L il Lo
31, - , o - P

P n.m.1 31 °C, 13.36 p.p.;m. 5 Hz widthy; -35 7C, twc

urequal peaxks +3.10 and 5C.00 p.p.m only nartially vesclved)
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'Ru,C(CO) ;DPPB|

I.7./CH)Cl,: 2 077(s), 2 055(sh), 2 045(sh), 2 030(m),
2 005(br,vs), 1 957(br,m), 1 899(br,w) and
1 859 - 1 828(br,w) cm L.

4 nm.r./6(p.p.m.), CD,Cl,: 7.4 (m, 20 H, Ph), 2.45 (q(distor-

ted), 4 H, PCHZ) and 1.1 (m, 4 H, PCHzgﬁz).

Sp nom.r.: 31 °C, 35.90 p.p.m. (7 H width); -85 OC coalescence.

Analysis: calculated €, 36.1 %; H, 1.9 3%

NG

found c, 36.5 %; H, 1.7 %.

| {Ru C(CO), },DPPB]

I.r./CH,Cl,: 2 077(s), 2 055(sh), 2 045(sh), 2 030(m),
2 005(br,vs), 1 957(br,m), 1 899(br,w) and

50 - 1 828(hr,w) em™L.

1

0

lH n.m.r./sé{(p.p.m. ), CD,Cl,: 7.4 (m, 20 H, Ph), 2.3 (m, 4 H,

PCH,) and 0.89 (m, 4 H, PCH,CH,).

31? n.m.r.: 24,01 p.p.m.
Analysis: calculated C, 29.1 9%; H, 1.1 %
found C, 30.0 1, E, 1.2 °
ZRuéC{CO}IS((—)—DiOp)f
I.r /CHECI 2 075(s), 2 03475+, 2 022yvs), 2 000(sh),

1 565(m), 1 930¢sh; and 1 $36(br,w) cn L
IHn.m.r./2(p.p.m. ) 7.1 4w, 200, Ph), 3.9 (m, 2 H, -0CC{H)-),
2.9 (m, 4 H, QCHZI ind 1.3 3, o i, C”S
319 n.m.r 40.40 p.p.n
Analysis calculated C, Z6.71 %; H, 2.0 %
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| {(RugC(CO) 152, ((-)-Diop),

7

L

I.r./CHZCIZ: 2 077(s), 055(m), 2 045(m), 029(m),

1 957(br,m), 1 898(br,w) and 1 860 - 1 S25(br,w)

2005 (br,vs),

en L.
1y n.m.r./CDZCIZ: Unsatisfactory spectrum due to low solubility.
Analysis: calculated C, 25.65 %; H, 1.22 %
found C, 29.3 %; H, 1.3 %.

Preparation of anchored (-)-Diop containing clusters.

Route (i)

(i) Anchoring of [MeO)SSi{CHZ)SCID

A sample of dried Aerosil 380 (150 °C, vacuum 20 h, 10 g)

slurried in toluene (200 Cms], had added (MeO)BSi(CHZ)SCl (2.5 g)

and was refluxed for 48 h while the methancl/toluene azeotrope

After cooling the

was remcved by a Dean and Stark apparatus.

'Z -
sclid was filtered off, washed {CH2C17, 6 x 50 cm”) and dried

in vacuo {48 h). In order to improve the resistance of the

=

ot

{43 hy to afford a

to

in the



ketone. However, the filtrate was found to contain leached

ligand.

(1i1) Hydrolysis of (-)-Diop.

This was carried out as described for 1,4-ditosyl- Z2,3,-
O—isopropylidene-Lg—thietollO to yield 1,4-bisdiphenylphosphino-
2,3-dihydroxy-Lg~-theitol (25 % yield) as a waxy white solid.
1y n.m.t./CDCl.: 7.4 (m, 20 H, Ph), 4.05 (m, 2 H, C-H), 2.1 (m,

5 H, CH,), hydroxyl protons undetected.

(iv) Condensation of the anchored aldehyde with hydrolysed

(-)-Diop.

A mixture of anchored aldehyde (5 g), hydrolysed Diop
(1.0 g), p-toluene sulphoric acid (0.1 g) in benzene (150 cms)
was refluxed for 6 h while the water/benzene azeotrope was
continuously removed. After cooling the solid was recovered
by filtration, washed {CHZCIZ, 6 x 100 cmS) and dried in vacuo.
The 1.r. spectrum of a disc of this cream coloured powder
besides demonstrating the existence of the phosphine, also shows

the presence of phosphine oxide (1 110 cm 7).

i

(v) Reaction of anchored (-)-Dicp with gRu6C(CO)l7§

~ = . e . N - Ie 1 =
overnight in 2 CH,Cl, solution of cluster (15 mg). The nale
Lo Lt
D S R 5 3 e -1 rT 2 CI o
red-brown 30li1d was filitered ori, washed Lo X 50 cm N ilynd 5 )
and dried in vacuo. The very weoik i.r. spectrum of this sample

. . . ) . P . . _— i
indicated the existence of smail guantities of ERuéC{CQ}};BIOp,

together with " Ru.C(CO), P!" and other unidentified species.



Route (1i1)

(1) Preparation of (EtO}SSiH

Dry EtOH (78 cm®, 1.3 mole) was added dropwise at 0 - -10.°C
to a mixture of ClSSiH (33 cms, 0.3 mole) and benzene (100 cms).
After two hours standing and distillation off excess ethanol,
there was obtained at 132 - 135 °C (760 mm Hg) (Et0);SiH (50 %

yield).

{ii) Preparation of (EtO)SSiCHZCHZC(H)(OEt}Z.

A mixture of (EtO)SSiH (30 g), acrolein acetal (20 g,
preparedZ?), and Pt{NH4)2C16 (0.1 g) was stirred for one hour
at r.t. and then refluxed overnight (temperature rose from
120 °C to 135 °C as the acetal was consumed) . The mixture

was distilled from the black-grey platinum residue under reduced

pressure [10“1 - 1 mm Hg). The major liquid fraction obtained
-~ O -1 . .
(B.pt. 122 - 130 C/1 mm Hz) proved to be the desired

product.

1, ;o . o Y -

H n.m.r./LDCIS: 1.4 (¢, 1 H, CH), 3.75 (m, 10 H, C-OCHZ and

SiCCH,), 1.5 (quintet'distorted), 2 i, SECH7CH7}5 1.2 (2t, 15 H,

COCB7CH3 and SIOCH,CH_) and 0.7 (t, 2 H, SiCH,).

Pl Z 3 L
m.3.
measured mass. 5 intensity assignment
base peuk

261,01 I Parent ion

2ie .02 R loss of cne ethoxide

223.0 1.2 1css of cne ethoxide and a
2thyl group.

204,02 2.5 loss of two ethoxides

175.00 10,6 loss of two ethoxides and a
2thvl group



m.s. (Cont.)

163.01 16.4 (Et0)351+

159.99 1.3 loss of three ethoxides

131.01 7.6 (Et0),C (H)CH,CH, "

103.00 100.0 loss of one ethoxide and
Si(OEt}S group.

iii) Anchoring of the sylyl acetal.

This was carried out in an identical manner to the anchoring

of (MeQ) Si(CHZJSCI onto V—AIZOS and Si0,, (described previously)

(O3}

and gave as products cream coloured free flowing powders, whose

-1 .
i.r. spectra showeda weak band at about 1 610 cm - assignable

to an anchored aldehyde. This can be taken to indicate that

partial hydrolysis of the acetal occured on anchoring.

(iv) Condensation of the anchored aldehyde with hydrolysed

(-)-Diop.
This was carried out exactly as descrited for route (1)

1 except that the loading

@]
(a2

and the results obtained were identi

of the phosphine obtained was much higher.

(v} Reaction of anchored (-)-Diop with iRuQC{CO)lﬁE.
i .

This was also carried out as described for route (i).
The results obtained were alsc identical to those of route (1)
excent that the loading of the c¢luster achieved (by 1.r. spectro-
sconv) was much higher.
Koute (111
Specitric ancnoring of Ru{C’LO}ly C-)=-Diconi.
I g 5 '3 )

One equivalent of the silvl acetal cluster (50 mg) and

e



p-Toluene sulphoric acid in freshly distilled tetraglyme were
stirred for 7 days under vacuum. G.l.c. analysis of the
contents of the cold trap indicated the presence of acetal,
acetone and ethanol. The column was found to cause partial
hydrolysis of a pure acetal sample . The mixture was neutra-
lised by the addition of two equivalents of anhydrous NaHCOB,
then a sample of the oxide (250 mg) was added and the sample
stirred under vacuum for a few days, during which ethanol was
detected in the cold trap (by g.l.c.). The samples were

washed with CH,Cl, (some cluster was removed in both cases,

2
3 x 50 cms} to yield pale red-brown powders.
I.r./Nujol mull: (see Figure 5.15).
M~0_ =

n
SiOZ, 2 069{m), 2 030(s), 2 019(vs), 1 997(s), 1 965(vbr,m)
and 1 841 (vbr,w) cm™ L,
y-Al OS’ 2 070(s), 2 034(s), 2 020(vs), 1 998(s), 1 965(vbr,m)
1

2

and 1 835(vbr,w) cm
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