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SUMMARY

A review of the neutral binary carbonyls of iron, ruthenium and osmium
ié presented and the use of bridging ditertiary phosphine and phosphite
ligands to stabilize dinuclear derivatives of these metals, and in
particular of ruthenium, to fragmentation is discussed in some detail.
The synthesis and reactivity of low oxidation state dinuclear
diphosphorus-bridged transition metal complexes is summarized, while the
chemistry of diruthenium complexes is surveyed in a little more detail,

particularly that for systems having ruthenium in a low formal oxidation

state.

With the object of producing suitable precursors for the synthesis of
new diruthenium complexes, the reactions of [Ruy(u-CO)(CO)4{u-(RO),PN-
(Et)P(OR)2}2] (R = Me or Prl) with the one-electron oxidants, silver(I)
salts, 1in a variety of solvents, was investigated. The products
obtained were found to be dicationic solvento species of the type
[Rup(CO)5(solvent){u~-(RO),PN(Et)P(OR)2},12% (solvent = alkyl or aryl
nitrile, ketones, ethers, sulphides, etc). In order to establish the
relative lability of the co-ordinated solvent in these complexes, they
were reacted with a wide range of neutral and anionic donor ligands to
afford complexes of the type [Rup (CO)sL{u-(RO)PN(Et)P(OR)}5]2%,
[RuZ(CO)SA{u—(RO)ZPN(Et)P(OR)Z)Z]+, (Rup (u-A) (CO) 4{u~(RO),PN(Et)P(0O-

Rio}ol*, [Ru2(CO)4A2{M—(RO)2PN(Et)P(OR)Z)Z] and [Ruz(u—A)A(CO)3{u—(RO]2—

PN(Et)P(OR)2}p] (L = neutral donor, A = anionic ligand).

It was established that organonitrile solvents are not readily displaced

from the co-ordination sphere of the solvento species [Rup(CO)g(sol-

vent) {u-(RO)PN(Et)P(OR)5},12%. Water readily displaces weakly co-

ordinating oxygen-donor solvents such as acetone, THF and nitromethane,
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to afford the aquo solvento species [Rup(CO)g(Hp0){u-(RO)PN(Et)P-
(OR)5}»12%, characterized X-ray crystallographically. Addition of a
weak base to this species was found to result in the deprotonation of
the co-ordinated water to give the hydroxycarbonyl species [Rup(CO)g-
{u—-OC(OH) }{u- (RO)PN(Et)P(OR)2}»1*%, resulting from the migration of the
hydroxo group onto a carbon of an adjacent carbonyl ligand. This com-
pound may be deprotonated further by a strong base to produce the carbon
dioxide adduct [Rup(CO)4{u-0C(0)}{u-(RO)PN(Et)P(OR)2}2], the structure
of which has been established X-ray crystallographically. It was thus
apparent that the addition of ligands that may function as a base
towards the solvento species, where the solvent is weakly co-ordinating,
results in the deprotonation of the aquo solvento species by the base;
This difficulty is circumvented through the addition of the acid form of
the ligand to the solvento species, followed by deprotonation of the co-
ordinated acid. Different éroducts were found to be formed in the
reactions 1involving carboxylic acids and carboxylate anions. While
addition of the former gave [Rup(CO)s(00CR’){u-(RO),PN(Et)P(OR)5},1%,
treatment with the latter led to [RuZ(CO)4(u—OOCR’){u—(RO)ZPN(Et)P—
(OR)2}21%, (R = H, Me or Ph). The structure of the acetato-bridged
species  [Rup(CO)q(pu-00CCH3) {u~(Pri0)oPN(Et)P(OPri)s}51PFy  has  been
determined X-ray crystallographically. Carboxylate complexes of this

type are useful precursors and were found to be displaced by a number of

anionic ligands.

The redox behaviour of [Rup (u-C0O) (CO) 4{u-(RO)PN(Et)P(OR)5}»] towards
the electron-acceptor ligand tetrachloro-p-benzoquinone and towards the
diazonium salt [PhNZ][PF6] was also investigated. The former reaction
afforded the chloro species [Rup (CO)5CL{pu-(RO)PN(Et)P(OR)p}51% while
the latter gave a complex characterized X-ray crystallographically as

the phenyldiazene species [Ruz(CO)S{N(H)=NPh}{u—(RO)2PN(Et)P(OR)Z}Z]-
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(PF6)2.

A further objective of this thesis was to investigate aspects of the co-
ordination chemistry of the dinuclear diphosphazane-bridged derivatives
[Rup (u-CO) (CO) 4{pu-(RO)PN(Et)P(OR)2}2]1. It was found that reaction of
[Ruz(u—CO)(CO)4{u—(RO)2PN(Et)P(OR)Z}Z] with various alkynes afforded
alkendiyl-bridged species of the type [RuZ(CO)4(u—02—R’C=CR”){u-(RO)ZPN-
(Et)P(OR)2}2] and/or vinylidene-bridged species of the general formula
[Rup (CO) 4 (u-nl-C=CHR’ ){u-(RO)2PN(Et)P(OR)2}2],  the ratio of these
isomers being dependent on the nature of the alkyne as wéll as the
diphosphazane ligand. Mechanistic studies revealed that these isomers
are formed via two different pathways and are not interconvertible.
Protonation of the phenyl vinylidene-bridged species was found to afford
the p-vinyl derivative [Rup(CO)g{u-nl-02-C(H)=CHPh}{u-(RO)PN(Et)P-
(OR)2}2]1BFg, the structure of the tetraisopropoxydiphosphazane species

having been determined X-ray crystallographically.

As a consequence of studies aimed at understanding the mechanism of
carbonyl substitution and oxidative addition reactions involving the
dinuclear species [Rup(u-CO)(CO)q{u-(RO)PN(Et)P(OR)5}5] (R = Me or Pri)
it was found that thermolysis of the isopropoxydiphosphazane-bridged
derivative resulted in the formation of a co-ordinatively unsaturated
species [RuZ(CO)4{u—(PriO)2PN(Et)P(OPri)2}2], characterized by means of
X-ray crystallography. This compound was found to be highly reactive
towards both nucleophiles and electrophiles as well as radical sources.
In particular, it reacts with dihydrogen to produce a dihydrido species
[RuZHZ(CO)4{u-(PriO)2PN(Et)P(OPri)2}2], the structure of which has also

been determined X-ray crystallographically.

As part of a programme exploring the redox chemistry of the unsaturated



(vii)
species [Ru2(CO)4{u—(PriO)ZPN(Et)P(OPri)2)2], its electrochemistry was
investigated by means of cyclic voltammetry. A two-electron oxidation
in benzonitrile was found to result in the formation of a dicationic
disolvento species viz. [RuZ(CO)4(NCPh)2{u—(PriO)ZPN(Et)P(OPri)2)2]2+
which was confirmed by synthesis of the hexafluoroantimonate salt
[Rup (CO) 4 (NCPh)»{p-(Prio),PN(Et)P(OPri)5}5]1(SbFg)p by addition of a
twice molar amount of AgSbFg to [Rup(CO)gq{u-(Pri0)>PN(Et)P(OPri)s},] in
benzonitrile, and measurement of 1its CV. The structure of the
dicationic dibenzonitrile solvento species was determined by means of X-

ray crystallography.
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CHAPTER 1

DINUCLEAR DERIVATIVES OF RUTHENIUM

1.1 GENERAL INTRODUCTION

1.1.1 Introduction

The co-ordination chemistry of transition metals in low, zero or even
negative formal oxidation states has been studied extensively and
continues to receive increasing attention because of the utilization of
transition metal complexes as homogeneous catalysts for a wide range of
reactions of commercial importance. In spite of this there are few
known dinuclear compounds of ruthenium in low formal oxidation states.
The stability of complexes of transition metals in low oxidation states
depends to a large extent on the presence of strong [l-acceptor ligands
such as carbon monoxide which can accept electron density from the metal
atom. 1 As described, a major motivation for the study of transition
metal complexes of this type has been on the basis of their ability to
catalyze important organic reactions. For instance, soluble metal
carbonyl compounds, especially those of rhodium, ruthenium and cobalt,
have been found to catalyze the transformation of synthesis gas (CO and
Hy) into a wide variety of oxygenated products.2 Further, the reductive
oligomerisation of CO in the presence of Hy to form linear hydrocarbons,
alkenes and alcohols is a well established process. This process, known
as the Fischer-Tropsch process,3 has attracted considerable interest in

the search for alternative sources of fuel and chemical feedstock.

CO + Hy catalyst

linear « olefins, alcohols, alkanes, aldehydes
A, Pressure

carboxylic acids, esters and arenes.



The disadvantages of this process are the high temperatures and
pressures required, the lack of selectivity and the poor dispersion of
molecular weights of the products formed. Additionally, a large
quantity of the carbon content of coal must be discharged as COp to form
the Hy necessary for the Fischer-Tropsch reaction (via the water-gas
shift reaction). Iron and cobalt metal function as excellent Fischer-
Tropsch catalysts, whereas ruthenium gives primarily high molecular
weight linear hydrocarbons and rhodium low molecular weight materials.
It has been found that ruthenium carbonyl can homogeneously catalyze the
hydrogenation of CO at relatively low temperatures and pressure and that
many properties of this catalyst were similar to that of the hetero-
geneous cobalt catalyst. The mononuclear species [Ru(CO)s] and [HpRu-
(CO)q] were detected in the catalytic solutions, suggesting these to be
the catalytically active species. The primary products from this

reaction are methanol and methyl formate.

Recent results in the search for new catalytic processes‘l_8 have
suggested an involvement of a dimetal centre during one or more steps of
some catalytic reactions. Dinuclear systems offer the possibility of
different types of oxidative-addition and reductive-elimination path-
ways, and of the stability of unusual oxidation states and of ligand co-
ordination modes that are not possible for mononuclear compounds. One
experimental approach to bimetallic activation involves the synthesis of
compounds with metallic sites held in close proximity by bridging

ligands which are assumed to be inert during the reaction which the

complex undergoes.

1.1.2. Neutral Binary Carbonyls of the Group VIII Triad

The mononuclear iron pentacarbonyl species [Fe(CO)g] was first reported



in 18919 and was in fact the second known neutral binary carbonyl. Its
structure, in the gaseous state, was established to be trigonal
bipyramidal.10 [Ru(CO)g] and [0s(CO)s) were reported some fifty years
later,!1,12 a5 volatile colourless liquids. Both compounds are light-
sensitive, particularly to ultraviolet light, and readily decarbonylate
and condense to the trinuclear species [Ru3(C0)qp] and ([0s3(C0)q5]
respectively. The infrared spectra for [Ru(CO)g] and [Os(CO)5]13 are
analogous to that found for [Fe(CO)gl, suggesting all three penta-

carbonyls have a trigonal bipyramidal structure.

The dinuclear iron carbonyl species [Fe;(CO)g)] was first described in
190514 and its single crystal X-ray structure, determined in 1939,1-5
revealed the presence of three bridging carbonyl ligands, as shown in
Figure 1.1. Its preparation was the first example of the photochemical

generation of a polynuclear species from a mononuclear precursor.

Figure 1.1: Structure of [Fe;(CO)g)

[Fe2(CO)g] is insoluble in virtually all solvents but shows limited

solubility in certain polar solvents. It is unstable in these solvents,



decomposing to [Fe(CO)4(solvent)]1® and [Fe(CO)gl.17

[0s2(CO)g] is prepared by the ultraviolet irradiation of [0Os(CO)sg] in n-
heptane at -40°C A8 1t is light-sensitive and less thermally stable
than its iron analogue, and in contrast to its iron analogue contains

only one bridging carbonyl ligand, as shown in figure 1.2(a}.

A dinuclear binary carbonyl complex of ruthenium viz. [Rup(CO)g] has
been reported19 but, in contrast with its iron and osmium analogues, is
very unstable and has only been detected transiently in the.photolysis
of [Ru(CO)g] at temperatures of -40°C and less. Spectroscopic evidence
indicated that the complex contains a single bridging carbonyl ligand,
as well as terminal carbonyls, and has a structure analogous to that

known for [0s(CO)g], (Figure 1.2(b)).

o) 0]
¢ C & &
(0]
P Oc cO
Os Os h Ru Ru -
\C/ ™~ co SN N
o oC 8 Co
C C C
o 0 S 8

(a) (b)

Figure 1.2: Structures of [0s3(CO)gl (a) and [Rup(CO)gl (b)

In contrast to their dinuclear counterparts, the trinuclear dodeca-
carbonyls of iron, ruthenium and osmium are all stable solids and their

structures have been determined X-ray crystallographically. It was

established that [Fe3(C0)15120 consists of an isosceles triangle of

metal atoms with two carbonyl ligands bridging a single edge and ten

terminal carbonyl ligands, as illustrated in Figure 1.3(a). In



contrast, the structures of [053(CO)12]21 and [RU3(CO)12]22 were shown
to contain twelve terminal carbonyl ligands; the structure of
[Ru3(CO)1p] 1is shown in Figure 1.3(b). As a consequence of their
stability, the trinuclear carbonyl complexes of 1iron, ruthenium and

osmium have been extensively studied.

021 on

(a) (b)

Figure 1.3: Structures of [Fe3(CO0)12} (a) and [Rugz(CO)q2]1 (b)

1.1.3 Stabilization of [My(CO)g] (M = Fe, Ru, Os) to fragmentation with

bridging ditertiary phosphine and phosphite ligands

Iron, ruthenium and osmium have been found to form stable complexes with
a wide range of neutral ligands such as CO, tertiary phosphines and
phosphites, arsines, stibines, sulphides, nitric oxide, etc. Tertiary
phosphines and phosphites bond strongly to transition metals through
o-bonding, as well as through T-bonding by overlap of their low energy
vacant d-orbitals with filled d-orbitals on the metal. They are
therefore able to stabilize transition metal atoms in low formal
oxidation states through the back donation of electron density from the
metal onto the ligand. It stands to reason that tertiary phosphites

P(OR)3 are more effective in this context than are tertiary phosphines



PR4.

The thesis that two metals kept in close proximity could react co-
operatively with substrate molecules has led to the broad development of
ligand systems which preferentially co-ordinate in the bridging rather
than in the chelating co-ordination mode. Obviously, appropriate
diphosphorus ligands would be good candidates for bridging two low

oxidation state transition metals.

Diphosphorus ligands of the type RyPYPR, (R = alkyl, aryl, alkoxy,
aryloxy groups etc; Y = O, NR’ or CHp; R’ = alkyl or aryl group) have
been used extensively for this purpose. The tendency of these diphos-
phorus ligands, in which the two phosphorus atoms are linked through a
single atom, to preferentially adopt the bridging co-ordination mode is
because of their giving rise to closed more sterically stable five-
membered rings in this situation as opposed to strained four-membered
rings in the chelating mode. For the same geometric reason, 1,2-
bisdiphenylphosphincethane (PhoP(CHy)oPPhy) is an excellent chelating
ligand. Examples of compounds containing diphosphorus ligands adopting
the bridging co-ordination mode include [RhyCly(CO)p(u-dppm)>124 and
[Fep (u-C0) (CO) g{u-(EtO),POP(QEt)»}512°  whereas [Rup (u-00CMe ) (u-CO) -~

(CO)> (u-dppe)lol* 26 contains chelating diphosphorus ligands.

In addition to holding two transition metals in close proximity thereby
inhibiting fragmentation, the use of diphosphorus ligands of the type

RoPYPR, has many other advantages in co-ordination chemistry. For

instance, the electronic and steric properties of the ligand can be

systematically varied by changing the substituent R on the phosphorus

atoms,27 thus affecting the stereochemistry and electron density

associated with the two transition metals. This is illustrated by the



reaction of [Cop(CO)gl with RpPN(R")PRp where (Cop (CO)p{u-FPN(R" )~
PF,}3128:29 for R = F, or [Cop (CO) 4 {u-(MeQ) PN (EL)P(OMe)}130 for R =

MeO, are formed.

By bridging the two metal atoms in a dinuclear complex, this type of
ligand is able to promote reactions involving both metal centres,
bridging by other groups and reactions which proceed by the formation
and cleavage of metal-metal bonds. 31 These diphosphorus ligands
preserve the binuclearity of the complexes during reactions while still
allowing a certain amount of flexibility of the bimetallic framework, so
as to accommodate a more favourable stereochemistry at each metal. For
example, the complex [RhZ(CO)ClZ(u-(PhO)ZPN(Et)P(OPh)2}2]32 is able to
accommodate different geometries at each rhodium centre; at one it is
four co-ordinate and square planar, while at the other it is five co-
ordinate and approximately square pyramidal. In the complex [Cop(CO)g-
(H-[MeO]ZPN(Et]P(OMe)2}2]33 the cobalt atoms have identical sets of
ligands co-ordinated to them, but the stereochemistry of the one cobalt

is trigonal bipyramidal while the other 1is approximately square

pyramidal.

1.1.4 Synthesis and reactivity of dinuclear transition metal complexes

containing bridging diphosphorus ligands

The most extensively reported diphosphorus ligand with strong bridging
properties 1is the ubiquitous bisdiphenylphosphinomethane (dppm).34’35
Workers in our laboratories have however tended to focus their attention
on tetra-alkoxydiphosphazane ligands of the type (RO),PN(R’)P(OR)p (R =
Me, Et, Pri, Ph; R’ = Me, Et) which are less basic and more polarisable

than their harder ditertiary phosphine counterparts. A result of this

preference has been the isolation of products that are often more stable



and more soluble than the analogous ditertiary phosphine derivatives.

The vast majority of diphosphorus ligand-bridged complexes reported have
involved the platinum group metals Rh, Ir, Pd and Pt with few having
been reported for Ru and Os. The synthesis and reactivity of some of
these and other dinuclear complexes bridged by diphosphorus ligands are

outlined below.

The photochemical and thermal decarbonylation of mononuclear RyPN(R’ )PRy
metal carbonyl complexes of Cr, Mo and W has been found to provide
routes to corresponding dinuclear complexes of these metals. For
example, the mononuclear molybdenum complexes [MO(CO)4(n2—R’N(PF2)2}]

(R = CH3 or CgHg) undergo facile pyrolysis to give the dinuclear

derivatives [Mop(u-C0O)(CO)q{u-R'N(PFp)p},1].36

Complexes derived from manganese carbonyl and diphosphorus ligands have .
revealed a rich and interesting chemistr‘y.37’38 For instance, reaction
of manganese carbonyl with dppm under thermal conditions results in the

formation of the hexacarbonyldimanganese(o) derivative [Mny (CO) g (u-

C\ //Mn-—C—O

Figure 1.4: Structure of [an(u—CO)(CO)4(u—dppm)2]



dppm)21.39 This complex has been shown to readily lose carbon monoxide,
under thermal conditions, to afford the red diamagnetic complex
[Mnp (u-CO) (CO) g (u-dppm)pl. The structure of this compound, 40 shown in
Figure 1.4, revealed the presence of a bridging carbonyl ligand which
functions as a four-electron donor. This complex is highly reactive and
has proved to be an important precursor for the synthesis of

diphosphorus dimanganese complexes, summarized in Scheme 1.1.41
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Scheme 1.1

The related rhenium carbonyls [Rep (CO)g (u-dppm)o]  and [Rep (CO)g-

(—dmpm) ] similarly exhibit high reactivity and, in particular, nave

been found to react readily with alkynes, alkenes, water, methanol and

dihydr‘ogen,‘lz'43 as outlined in Scheme 1.2.
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The redox and co-ordination chemistry associated with diphosphorus
ligand—bridged derivatives of rhodium has been extensively studied.44-47
The dirhodium species [Rhy(u-CO)(CO)p(u-dppm)p] was first reported in
1980,48 but it was only in 1985 that its X-ray crystal structure
determination showed it to be a non A-frame complex,49 the
stereochemistry of which is shown in Figure 1.5. This complex reacts
readily with a wide range of substrate molecules;so’51 these reactions

are described in more detail in Chapter 6.

Figure 1.5: Structure of [Rhp (CO) 3(u-dppm) ]
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The chemistry of dinuclear Rh(I) complexes of the type [RhpCly(CO)p-
(u-RoPYPR5)>] has also been extensively examined. The chloro and CO
ligands in [RhZClZ(CO)Z(u—dppm)Z]Z4 are readily displaced by isocyanide
ligands to give [RhZ(MeNC)4(u—dppm)2]2+ which undergoes oxidative

addition and adds unsaturated molecules such as CO and CSZ.SZ"S4

Iridium A-frame complexes have shown similar reactivityssvs6 to their
rhodium analogues. Of significance in this context are the reactions of
[Irp (u-S) (CO)p (u-dppm)p] and [Irp(u-Cl)(CO)p(p-dppm)o] with CO, H2,57v58

acetylenes and SnC1259 which are summarized in the scheme below.
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Extensive studies of dinuclear diphosphorus ligand-bridged derivatives
of platinum and palladium have also been undertaken. The dichloro
derivatives [MpClp(u-dppm)p] (M = Pd, Pt), in particular, are excellent
precursors for a wide range of products containing small molecule
compoundsf’o_62 such as acetylene, sulphur, sulphur dioxide, carbon

disulphide, etc, as illustrated in Scheme 1.4.
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Scheme 1.4

Dinuclear metal complexes containing an "Mp (u-RoPYPR5)>" skeleton have
been shown to activate small molecule species which co-ordinate in the

bridging position and as such are potential catalysts for reactions

involving these species. Complexes which have demonstrated this

potential include [RhZ(CO)Z(u—dppm)Z] which catalyzes the hydrogenation

of acetylene to ethylene®3 and [PdZClZ(u—dppm)Z], which catalyzes the
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cyclotrimerisation of alkynes;48 the catalytic properties of both
complexes are associated with their ability to readily add alkynes
across the two metal atoms. The dirhodium complex [Rhy(u-H)(CO)3(u-
dppm)2]+, on the other hand, functions as a hydroformylation catalyst,64
as well as catalyzing the water-gas shift reaction, but the exact

mechanism of this reaction is not known.65

Surprisingly, the chemistry of dinuclear diphosphorus ligand-bridged
derivatives of ruthenium, in which the ruthenium atoms are bridged by
two diphosphorus ligands as in the above rhodium compound, has not been
comprehensively examined, no doubt because of the lack of readily
available precursors. In fact the only reported bis dppm-bridged
ruthenium derivatives have been obtained by Lehmann and Wilkinson®6
through the reduction of [Ruj0(0pCMe)g(MeOH)3]0»CMe with zinc amalgam in
the presence of dppm, affording [Rup(05CMe)gq(p-dppm)p] in two isomeric
forms, and by Haines et al. who have reported the synthesis of the
diruthenium(0) species [Rup(u-CO)(CO)g{(p-dppm)o]. There are however a
number of known dppm-related derivatives of ruthenium viz.
[Ruz(u—CO)(C0)4{u-(RO)2PN(Et)P(OR)Z}Z],67 reported by Haines et al., and
described in detail in Section 1.3 of this chapter, [RupClg(u-dppm)s],68
recently reported by Cotton and co-workers, and [Ruz(u—CO)(CO)4—
(u~dmpm),1, very recently reported by Gladfelter.®9 There is, on the
other hand, a larger contingent of diruthenium complexes containing a
single bridging diphosphorus ligand as in [Rup(p-CO)(CO)g(u-dppm)]70-73

but which will not be discussed in detail in this thesis.

1.2 SURVEY OF DINUCLEAR DERIVATIVES OF RUTHENIUM

The chemisty of dinuclear derivatives of ruthenium in which the

ruthenium atoms have relatively high formal oxidation states (i.e. z +
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2) has been extensively studied. In contrast, studies on ruthenium
dimers in which the ruthenium atoms have low formal oxidation states
have been limited, owing to the absence of suitable precursors and the
low yields found for those that have been synthesized. The emphasis of
this survey, however, will lie with those ruthenium dimers having low
formal oxidation states since the chemistry established for such

complexes will resemble more closely that of the work investigated for

this thesis.

1.2.1 Higher oxidation state derivatives

o}

Cyclopentadienyl Complexes. Since the discovery of (Cp*RuCly ], (Cp*

CgMeg) in 1984,74 several groups have exploited the synthetic

potential of this compound. This complex is highly reactive and is

O
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15

easily converted into a plethora of compounds under mild conditions.
For example, Koelle and Kossakowski’® have shown that [Cp*Ru(OMe);]o can
be readily prepared from [Cp*RuClz]p, and this in turn reacts with
acceptor as well as strong donor ligands {2,2' -bipyridine) to give a

number of complexes, shown in Scheme 1.5.

The related tetrahydride complex [Cp*Ru(u—H)2]276 has been found to
react with ethylene to give a novel dinuclear divinyl complex

[Cp*Ru(CH»=CH5 ) (CH=CH)>RuCp*] via activation of a vinylic C-H bond.

b. Arene Complexes. Complexes of the type [Ru{n-CgHglXpl, (X = Cl, Br,
I) have proved to be useful sythons in diruthenium chemistry. Fof
instance, it has been shown that the reaction of these complexes with
AgPFg affords triple halide-bridged complexes of the type [Rup(n-
arene),(u-X)31PFg. 77 It was also found that the reaction of the chloro
species [Ru(n-CgHg)Clp1578 with NaOH or NapCO3 followed by addition of
NaBPh, gave, as major product, [(n-CgHg)(OH)Ru(u-OH)Ru(H70) (n-CgHg)1BPhy

together with a small quantity of [(n-CgHg)Ru(u-OH)3Ru(n-CgHg)1BPhy.

Figure 1.6: Structure of [Rup(u-02CCF3)4(CqHgO0)5]
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c. Carboxylato Complexes. Since the discovery of [Ruz(u—OZCR)4]Cl,79

various studies have shown that these formally Ru(II)}/Ru(III) species
can be reduced in solution in a one electron reduction. In particular,
reaction of [Rup(0pCMe)q]Cl with Grignard reagents in THF has led to
isolation  of [Ruz(u—OZCMe)4.(C4H80)2],80 the first carboxylate

derivative with a Rup?* core (Figure 1.6).

d. The Creutz-Taube Complex. The Creutz-Taube and related complexes

have two (or more) ruthenium atoms bridged by bidentate ligands through
which some degree of electron transfer can take place. These complexes
have been studied extensively in recent year581 because of the
information they furnish in respect of electron exhange in binuclear
systems. The title compound [(NH3)5Ru(u—pyrazine)Ru(NH3)5]5+ 82 s
formally a mixed valence (Ru(II)/Ru(lIIl) species with the unpaired
electron being delocalized through the bridging ligand. Some ions with

different bridging groups and ligands have also been shown to have

trapped valencies. 33

1.2.2. Lower oxidation state derivatives

a. Cyclopentadienyl Complexes. The first synthesis84 of the now widely

reported cyclopentadienyldicarbonylruthenium dimer [(n-CgHsg)oRup(CO)q]
(Figure 1.7) has been followed by an explosion of new diruthenium(I)
chemistry.85'86 The chemistry associated with this compound is governed
by the blocking effect of the cyclopentadienyl rings to ligand entry and
the thermodynamic stability of the metal carbonyl bond. Their
reactivity is therefore often associated with more vigorous conditions
(i.e high temperatures or UV irradiation), with the formation of
product mixtures and generally with lower vyields. Some of the

reactivity patterns and chemistry established for these systems are



17

Figure 1.7

however similar to those found for the compounds which form the basis of
the investigations reported in this thesis and as a consequence this
chemistry will be reviewed in more detail. Some of the chemistry
exhibited by this dimer, readily synthesized from [Ru3(CO)12] and

cyclopentadiene is summarized in Scheme 1.6 below.

[X{Ru(CO)z(n-CsHs)}z]"

[HIRu(CO)(n-CsHs)lx]" \ N

‘\ii YRU(CO-):(TI'CsHs)
Rus(COYz =+ [Ru(COX(n-CsHs)ly - XRu(CO)yn-CsHs)

XaM{Ru(CO)(n-CsHs)l2 ‘ Ruy(CON(L)n-CsHs)z
[Ru(OCMe;)(CO)2(n-CsHs))"

i.. cyclopentadiene/air; ii, H*: iii, X3/toluene; iv, Y~ (halide or pseudohalide); v, CHCl3/HCI (X = Cl);
vi, L = PR3, CNR; vii, Ag*/acetone; viii, Gely or SnCl,

Scheme 1.6

Whereas the cyclopentadienylcarbonyl dimer of iron [Fep(CO)g4{n-CsHg),]
reacts with a range of alkynes under UV irradiation to produce dinuclear
complexes containing the dimetallacyclopentenone wunit (Figure 1.8},
only diphenylacetylene has been found to produce an analogous complex
with [Rup(C0)4(n-CsHs)21.87 Nevertheless, the product of the reaction,

viz. [Rup(u-C0)(CO){u-C(0)CyPhy}(n-CsHs)p], undergoes alkyne exchange
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with HCH, MeCoMe, MeC5H, PhCoH  or PhCoMe on heating in toluene to
afford the appropriate dimetallacyclopentenone complexes (Rujp (u-C0O) (CO) -
(u—C(O)CZRZ}(n-CSHS)Z].88 In the case of Me0OpCCpCOpMe, the dimetalla-
cyclobutene complex cis-[Rup(u-CO)(CO)p{u-Cp(COpMe)}(n-CsHslp]l 1is the

only product of the reaction, however (Figure 1.9).

‘—'C 0

NTZ

Figure 1.9: [Ruz(u—CO)(CO)Z(u—CZ(COZMe)Z}(n—C5H5)2]

c
C~\ /

Compounds of the type [Rup(u-CO)(CO){u-C(O)C(R)C(R2)}(n-CsHglp]l in
which the R! # R2 can exist in mere than one isomeric form resulting
from the linking of either end of the alkyne with CO. Steric factors
apparently determine the relative stabilities of the two isomeric forms
in the case of terminal acetylenes but electronic factors play a more

dominant role for internal acetylenes.

Protonation of [Rup(u-CO)(CO){u-C(O)C(R!)C(R?)}(n-CsHg)p] (R'R2 = Hp,
Php, H(Me), H(Ph)) with HBF4.0Et, in acetone has been shown to lead to

facile carbon-carbon bond cleavage and the generation of the u-vinyl
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complexes [Ruz(u—CO)(CO)Z{M-C(R1)=CH(R2)}(n-C5H5)218F4. Significantly,
treatment of this complex with NaBHg in acetone does not lead to the
deprotonation of this cationic species but effects a rapid hydride
addition at the B-carbon of the p-vinyl group to produce the appropriate
alkylidene complex [RuZ(M—CO)(CO)Z{M—C(Rl)CHZRZ}(H-CSHSJZ], as shown in

Scheme 1.7.
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Scheme 1.7

The dimetallacyclopentenone complexes isomerise slowly in toluene at

105°C and in particular to the p-vinylidene complexes [Ruy(u-CO)(CO)p-

(u-CCHR) (n-CsHsg) 5] . 89,90

The vinylidene complex [Rus(u-C0O)(CO)p(u-CCHy)(n-CgHg)pl is converted
quantitatively to the p-ethylidyne species [Rus(u-COJ)(CO);(u-CMe)(n-Cg-
Hs)1* on protonation with HBF4.0Et>.%0 This reaction is reversible and
the latter can be converted to the p-vinylidene complex on treatment

with water, EtgN or MelLi (Scheme 1.8). The p-CMe complex can also be
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synthesized in high yield by successive treatment of [Ru(CO)2(n-CsHg) 1o
with MeLi and HBFy.0Et). Carbyne-bridged compounds of the type
[Ruy (u=CO) (CO)5 (u-CHR) (n-CsHs)p] can be readily synthesized by reaction
of [Rup(p=CO)(CO)p{p-C(0)CoPhp} (n-CsHs)p]l with Ph3P=CHR in toluene under
thermal conditions.?! These compounds have been extensively studied and

have been shown to have a rich chemistry associated with them. 92,93

[t is well documented that the pentamethylcyclopentadienyl ligand
imparts very different steric and electronic effects on metal centres as
compared to the cyclopentadienyl ligand. The pentamethyléyclopenta—
dienyldicarbonyl dimer [Rup(u-C0O),(CO)p(n-CsMeg)y] may be synthesized by

the direct treatment of [Ru3(CO)q1p] with pentamethylcyclopentadiene.94

Treatment of [Rup (CO)4(n-CsMeg)p] with HBF4.0Etp, in CHpClp has been
shown to afford the hydride-bridged dinuclear complex [Rup(CO)4H-
(n-CSMe5)2]8F4 whereas UV irradiation of this species in the presence of
CHpXy (X = Cl, Ip) or PMe3 has been shown to give rise to mononuclear
pr‘oducts.95 Knox and co-workers?® have reported studies which show that
the effect of the pentamethylcyclopentadienyl ligand on the organic
chemistry of the diruthenium centre in [Ruz(CO)4(n-CsMesg)p] is quite

significant. The result of these studies are summarized in Scheme 1.9.

Irradiation of a toluene solution of [Ruy (CO)4(n-CsMeg)o] with ultra-
violet light while purging with ethylene has been shown to produce the
ethylene complex [Rup(u-C0),(CyHg) (CO)(n-CsMes)p] as well as the carbene
derivative [Rup(u-CO)(u-CHMe) (CO)p(n-CgMeg)p] and the unusual [Rup(u-
CO){u-C(Me)CHCH, } (CO) (n-CsMes)].  Sequential treatment of [Ruy(CO)q(n-
CsMes)p] with MelLi, HBF4 and NEts has been reported to give the
p-vinylidene complex [Ruz(u—CO)(CO)Z(u—CCHZ)(n—CSMeS)Z] which parallels

the chemistry found for the corresponding cyclopentadienyl system.
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Scheme 1.9

Irradiation of this complex with ultraviolet light over several days
produced the p-methylene complex [Rup(u-CO)(CO)p{(u-CHp) (n-CsMes)o].
Interestingly, addition of AgBF, to the vinylidene species results in
the formation of the u-ketene species [Ruz(u—CO)(CO)Z(u—nZ—CECH)(n—
C5Me5)2].95 In contrast to the cyclopentadienyl analogue, treatment of
(Rup (CO)4(n-CsMeg)p] with dihydrogen under UV irradiation produces the
multiply metal-metal bonded species [Rup{(p-H)»(CO)p(n-CgMesg)>] and

[Rup (u~-CO) (u-H)» (n-CsMes) 5] . 96

A high vyield synthesis of the nS:nS fulvalene dinuclear complex
[Rup(CO)4(n°:7°-C1gHg)] has recently been reported by Volhardt and
Weideman®’ and its chemistry investigated. Irradiation of this complex

in the absence of donor ligands leads to its isomerisation to the
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unusual dinuclear oxidative product [Rup(CO)gq(CsHg)p]l which converts

back to the parent species under thermal conditions, as illustrated in
the scheme below.
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Scheme 1.10

Irradiation of the parent species [RuZ(CO)4(n5:n5—C10H8)] with
ultraviolet light in the presence of ethylene gives a diruthenacyclo-
butene complex in which the alkyne is bound in a "parallel” alkendiyl
co-ordination mode. Similar complexes are afforded by the reaction of
[RUZ(CO)4(n5:nS—C10H8)] with diphenylacetylene and dimethylacetylenedi-
carboxylate. TIodine readily leaves the ruthenium-ruthenium bond in the
parent species to give the diiodide complex [RuZ(CO)412(n5:nS—C10H8)]
which, on treatment with LiEt3BH affords the parent species, indicating

a very fast intramolecular dihydrogen elimination process.

b. Carboxylato-bridged complexes. Until recently the most common

starting material for Ru(I) dimers was (Ru3z(COJ)12]. Ru(I) dimers
obtained from this trimer are, however, obtained usually as by-products

of its fragmentation under mild oxidizing conditions. 98 One of the most
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commonly used precursors for Ru(l) complexes are the carboxylato-bridged
species [Ru(u-0,CR)(CO)»1, and [Ru(u-0,CR)(CO)p(NCMe)]p, synthesized for
the first time by Lewis and Johnson.9? This latter complex is now part
of an extensive class of derivatives with the general formula [M(up-0,C-

R)(CO)pLl» (M = Ru, Os; R = alkyl, fluoroalkyl or aromatic group; L =

100 101 102 g, 103

tertiary phosphine, nitriles, pyrazole, carboxylic
acidl04 or pyridinelos). Recent interest in these complexes stems in
part from the discovery that they are catalyst precursors for the hydro-
formylation of olefins,106 and the addition of carboxylic acids to
alkynes,lO7’108 as well as the more recent demonstration Ithat these
Ru(l) carboxylate complexes exhibit catalytic activity for the homo-
geneous hydrogenation of carboxylic acids and dicarboxylic esters,109
and the disproportionation of aldehydes. An intensive study by
Singleton, Steyn et al.26’110'111 has shown that these carboxylato
specles provide the basis for a consistent and reproducible route for
the synthesis of Ru(I)-Ru(I) dimeric complexes. These species have been
utilized as precursors for the synthesis of an unusual series of
binuclear Ru(l) complexes, either through replacement of the carboxylate

groups by other bridging anionic ligands, or by substitution of the

labile groups trans to the Ru-Ru bond by bidentate diphosphine and

dithicether ligands.

c. Organo -silicon, -tin and -germanium complexes. Very few examples

exlst of dinuclear Ru(I) complexes which have metal-metal bonds that are
not supported by bridging ligands. An exception to this is demonstrated
by the reaction of [Ru3z(CO)yp] with organo-silicon and -germanium
reagents under thermal or photochemical conditions, 112,113 affording
complexes of the type [Ru(CO)4(ER3)1, (E = Si, R = Me, Et, Pri, cI; ER5

= SiMeClZ). A new, low vyield route has been deviseqllé for the

synthesis of the organo-tin analogue [Ru(CO)4(SnMe3) 1, (Figure 1.10(a))
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involving the treatment of [Ru(CO)4q]2~ with trimethyltin chloride.
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Figure 1.10: [Rup (CO)g(SnMe3) 2] (a) and [Rup(CO)g(u-OCEL)2] (b)
d. Acyl complexes. Edge-bridged trinuclear hydrido clusters of

ruthenium react with ethylene to form compounds containing bridging acyl
groups. For example, NalRu3(u-CO)(u-H)(CO)1gl reacts with ethylene
giving, on acidification [Ru3(u—H)(u-O=CEt)(CO)1o].115 Further reaction
with ethylene results in fragmentation giving [Ruz(C0)jp] and

[Rup (u-0=CEt),(CO)g] (Figure 1.10(b)).

e. Pyrazolate complexes. A convenient high yield route to pyrazolato-

bridged complexes of the type [Rul(u-pz)(CO)3l, (pz = pyrazolyl or
substituted pyrazolyl) involves the carbonylation of RuCl3.nHpO0 in 2-
methoxyethanol followed by zinc reduction in the presence of CO and the
pyrazole ligand.116 A more recent approach117 has involved the
displacement of acetate groups in  [Rup(CO)4(0,CCH3) (NCMe),] by

pyrazolate anions to afford complexes of the type [Rup(CO)gq(u-pz)Ly].

f. Halo compounds. The synthesis of chloro-bridged Ru(I) dimers of the

type [Rup(p-C1)(C0)4{P(Bul)oR}>] can be effected by passage of CO
through a solution of RuCl3.nH,0 in 2-methoxyethanol, followed by treat-

ment of this solution with the phosphines P(But)zR (R = Buf, Ph or
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p—tol).118 A related iodo-bridged species [Rup(u-1)2(C0O)4(u-dppm)] has
been reported as one of the products of the reactions of
[Ruz(CO)g(p-dppm)>] with iodine in toluene under reflux, the other

product of this fragmentation reaction being [RuIZ(CO)(dppm)].119

g. Phosphido complexes. Reaction of [Ru3(COJ)qp] with phosphine ligands

is known to lead to cluster fragmentation and the formation of dinuclear
products. Some of the earlier complexes of dinuclear derivatives
synthesized by this procedure include complexes of the type [Ru(u-ERy)-
(CO)3l» (E = As, R = Ph; E = P, R =\Ph, Me), 120,121 obtained by
reaction of [Ruj3(CO)qp] with secondary phosphines and arsines.
Pyrolysis of the triphenylphosphine substituted derivative [Ru3(CO)q(P-
Ph3)3] gives the phenylphosphido-bridged product [Rup(u-0=CPh)(u-PPhy)-

(CO)5(PPh3)] in low yield as well as the known benzyne derivative

(Ruz(CO)7(PPhp)o(CgHg) 1.

h. Ditertiary phosphine and phosphite complexes. A new class of dinu-

clear ruthenium(0) complexes is emerging with the development of high
yield synthetic routes to diphosphorus-ligand bridged complexes. The
preparation and reactivity patterns for these derivatives are discussed

in the following section of this chapter.

1. Dinuclear carbonylates of the type [M2(CO)8]2—. The homonuclear

dianions [MZ(CO)SJZ‘ (M = Ru, Os) are prepared by a procedure that
involves the reductive disproportionation of CO2 in its reaction with an
alkali-metal salt of [M(C0)4]2” to form [M(CO)s] which then reacts with

additional [M(C0)4]2' to give [MZ(CO)g]Z“, the products being air and

moisture sensitive.122,123
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1.3 DINUCLEAR DIPHOSPHORUS LIGAND-BRIDGED DERIVATIVES OF RUTHENIUM(O)

As described previously, diphosphorus ligands of the type Ro,PYPR, (R

alkyl, aryl, alkoxy, aryloxy groups, etc.; Y = 0, NR’ or CHyp; R

alkyl or aryl group) bind strongly to many transition metals in low

oxidation states.

1.3.1. Tetraalkoxydiphosphazane-Bridged Derivatives

Haines et al.l24 reported the first known substituted derivatives of the
highly unstable [Rup (CO)gl, and in particular showed that the reaction
of [Ruz(C0)12] with (RO),PN(R’)P(OR)» (R = Me, Et, Prl, Ph etc.; R’ =
Me, Et), in equimolar amounts under thermal or UV conditions affords the
trinuclear substituted product [Ruz(C0O)qg{u-(RO),PN(R’)P(OR)>}] which,
on further irradiation in the presence of excess ligaﬁd, produces the

dinuclear pentacarbonyl derivatives [Rup (u-CO) (CO) 4{pu-(RO),PN (R’ )P(O-

Figure 1.11: Structure of [Ruz(p—CO)(CO)4(M—(MeO)2PN(Et)P(OMe)Z)Z]
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R)2}>1. On the basis of the structure established for the tetramethoxy-
diphosphazane species [Rup(u-CO)(CO)g4{u-(MeO)pPN(Et)P(OMe)p}p], shown
above, these compounds adopt structures analogous to those found for the
di-iron diphosphorus ligand-bridged derivatives [Fe,(u-CO)(CO)gq{u-(Et-

0)POP(OEt)p}p]. 125,126

These tetrasubstituted derivatives of [Ruy(CO)gl| are not entirely stable
in solution decomposing, particularly in polar solvents, to [Ru(CO)3{(R-
0)2PN(R’)P(OR)5}]. The analogous dppm derivative [Rup(u-CO)(CO)gq-
(u—dppm)2]126 has also been prepared by the above photochemical
procedure. Significantly, in contrast to that found for the reactions
involving diphosphorus ligands, there was no evidence for the presence
of [Ru(CO)4(n1—dppm)] and/or [Ru(CO)3(dppm)] in solution, indicating
that the mononuclear species, formed as a result of the fragmentation of
(Ruz(CO)q1g(u-dppm)], must rapidly associate to higher nuclearity
species. The tetraphenyldiphosphazane ligand PhyPN(Et)PPhy was found to
afford the trinuclear substitution product [Ru3(CO)qq{pu-PhyPN(Et)PPhy}]
on reaction with an equimolar amount of [Ru3(COJq2] under photochemical
conditions. [f a twice molar or greater amount of ligand is used
however, photofragmentation occurs to give the mononuclear derivative
[Ru(CO)3{PhyPN(Et)PPhy}] as the sole product. It therefore became
apparent that the reactivity and stability of these dinuclear

derivatives was directly related to the steric and electronic properties

of the bridging diphosphorus ligand.

The tetrasubstituted derivatives [Rup (u~CO) (CO) 4{p-(RO)2PN(EL)P(OR)5 )5 ]

are electron-rich because of the c-donating property of the phosphorus

atoms. As a result, these complexes have been found to be very reactive

towards electrophiles and radical sources., Electrophilic attack may

occur at the metal-metal bond or at the oxygen of the bridging carbonyl
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ligand whereas nucleophilic attack may occur at a carbon of a
terminally-bonded carbonyl ligand or at a carboxylic carbon of the
diphosphorus ligand. Figure 1.12 summarizes the sites for potential
attack on the diruthenium compound, using [Ruz(p—CO](CO]4{p—(MeOZPN(Et)-

P(OMe)}7] as an example.

Nu

E : Electrophilic attack
Nu: Nucleophilic attack

R : Radical and Diradical attack

Figure 1.12

Electrophilic attack on [Rup(u-CO)(CO)gq{u-(RO),PN(Et)P(OR)p}2] by the
halogens chlorine, bromine and 1iodine has been shown to afford
[RupX(CO)s{p-(RO),PN(EL)P(OR)2}21X (X = Cl, Br, I, R = Me, Prl, Ph)
which decarbonylates in solution to give the halo-bridged complex
[Rup (u~X) (CO)g{u-(RO)PN(Et)P(OR)»}51X, the rate of which is dependent
upon the nature of the group R, and of the halogen employed. rurther
decarbonylation is achieved by heating or irradiation of solutions of

[Ruz(u—X)(CO)4{H—(RO)2PN(Et)P(OR)Z}Z]X in THF with UV light, affording
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tricarbonyl-dihalo complexes of the type [Ruz(p-X)X(CO)3{p—(RO)2PN(Et)-

P(OR)5},] with the structure of the complex for X =

been established X-ray crystallographically.

summarized in Scheme 1.11.
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Protonation of the ditertiary phosphine derivative [Rup(u-CO)(CO)g4-

{u-PhyPCH;PPhy)»] was found to lead to a product in which the proton has

effectively added across the two ruthenium atoms.

the diphosphazane-bridged compounds

On the other hand,

[Rup (1-CO) (CO) g{p~ (RO) 2PN (Et)P-

(CR)2}2]1 (R = Me, Pri) gave, on protonation by HBF4 or HPFg, the complex

[RupH(CO)5{u-(RO),PN(Et)P(OR)2}21X (X =

BFy or PFg),128 which from

infrared and nmr spectral data was judged to contain a terminally co-

ordinated hydride ligand in both solution and solid state.

Variable

temperature 3'P{!H} nmr spectroscopic studies indicated two isomers to

be present in solution in dynamic equilibrium.
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These protonated species are excellent precursors and have facilitated a
wide range of metal hydride insertion reactions. 129 In particular,
[RupH(CO)5{pu-(RO),PN(Et)P(OR)2}21* has been shown to be susceptible to
attack by the unsaturated species PhC=N, PhC=CH and A=C=S (A = PhN or S)
affording the three- four- and five-membered dimetalloheterocyclic
compounds  [Rup{p-nl-N(CHPh)}(CO)4{u-(RO)PN(Et)P(OR)p}51*,  [Rup{u-n-
OC (CHCHPh) } (CO) 4{u-(RO)>PN(Et)P(OR)2}71*  and [Ruz{u-nZ-AC(H)S}(CO)4—
{u-(RO),PN(Et)P(OR)2}2]1" respectively, the structure of the former two

being shown below.

(a)

Figure 1.13: Structures of [Ruz{u-nl—N(CHPh)}(CO)4{u—(RO)2PN(Et)P—

(OR)2}>1* (a) and [Ruz{u—nZ—OC(CHCHPh)}(CO)4{u—(RO)2PN(Et)P(OR)2}2]+ (b)
(R = prl)

The behaviour of [RuZH(CO)S{u-(RO)ZPN(Et)P(OR)Z}Z]+ towards acids having

a potentially co-ordinating conjugate base has also been

investigated. 130,131 In particular, it was found that reaction of

[RuZH(CO)S{u-(RO)ZPN(Et)P(OR)Z}Z]+ with the acids HCl, HBr, HNOj3,
HpBO,F, CF3COOH, PhSH/HPF¢ and HyC03/HPFg produces complexes of the type

(Ru2A(CO)5{u-(RO)2PN(Et)P(OR)»}51* and/or [Rup (u~A) (CO) g {u-(RO)PN(Et)P-

(OR)p}21* (A = Cl, Br, ON(0)O, OB(F)OH, OC(CF3)0, SPh and OC(OH)). The

formation of these complexes is proposed to occur via a diprotonated
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species, viz. [RupHp(CO)g{u-(RO)JpPN(Et)P(OR)}512%, as intermediate.
The protonation step is presumed to be followed by the nucleophilic sub-
stitution of dihydrogen, presumably co-ordinated in the nz— mode by HA
or its conjugate base A~ while the final step in the reaction is the
decarbonylation of [RupA(CO)g{p-(RO)JPN(Et)P(OR)2}21" to afford the
bridged tetracarbonyl [Rup(u-A)(CO)4{u-(RO),PN(Et)P(OR)2}o1Y. Thus
reaction of [Rup(u-CO)(CO)4{u~(RO)pPN(Et)P(OR)2}>] with excess tri-
fluorcacetic acid produces the pentacarbonyl trifluoroacetate species
[Ruy (CO)5(00CCFR) {u-(RO)2PN(Et)P(OR)2}217. This species 1is readily
decarbonylated photochemically to afford the trifluorocacetate-bridged
species [Rup(CO)4{p-0C(CF3)0}{u~(RO)2PN(Et)P(OR)2}>]1*.  Significantly,
weaker carboxylic acids R’COOH (R’ = H, Me, or Ph) were able to only
partially protonate [Rup(u-CO)(CO)g{u-(RO)oPN(Et)P(OR)2}»] without co-
ordination of the carboxylate anion, according to the equilibrium
[Rup (u-CO) (CO) 4{u-(RO)pPN(Et)P(OR)2}2] + R‘COOH —= (RupH(CO) g{p-
(RO)5PN(Et)P(OR)5}2]* + R‘COO™
Deprotonation of the species (RupH(CO)5{p-(RO),PN(Et)P(OR)5}51* may also

be achieved, but a strong base such as NaBHy is required.

The complexes [Rup(p-C0)(CO)4{u-(RO),PN(Et)P(OR)5}5] (R = Me, Pri) have
also been shown to react readily with a range of metal-containing
electrophiles!32 such as [AuCl(PPhy)], [Cu(MeCN)4]* and HgCl, to give
cationic products in which the metal substrate is either co-ordinated
terminally as in [Rup(HgCl)(CO)5{u-(RO),PN(Et)P(OR)2}51* or in the
bridging mode as in [Rup{p-M(L)} (u-CO) (CO) 4{p-(RO)2PN(Et)P(OR)5}51* (M =
Au, L = PPh3; M = Cu, L = MeCN). Reaction has also been found to occur
with silver(I) salts, but the nature of the final product was found to
be dependent on the nature of the ligand co-ordinated to the silver(I)

ion. This will be discussed in more detail in the following chapter.
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The carbonyls [Rup(u-CO)(C0O)4{pu-(RO)oPN(Et)P(OR)2}2] (R = Me, Prl) have
also been found to react with the nitrosonium ion NOT. Not
surprisingly, in view of this ion being isoelectronic with CO, a complex
which 1is isostructural with [Rup(u-CO)(CO)4{u-(RO)PN(Et)P(OR)o}>] 1is

produced.133 The structure of the tetramethoxydiphosphazane derivative

[Rup (u-NO) (CO) 4{u-(MeO) PN (Et)P(OMe)>}2 1% is shown in Figure 1.14(b).

Figure 1.14: Structures of [Ruz[u—NOz)[NOZJ(CO)3{u—(MeO)2PN(Et)P(OMe)Z}Z] (a)

and [Ruz(u—NO)(CO)4{u—(MeO)2PN(Et)P(OMe)Z}ZJ+ (b)

Reaction of a further molar equivalent of NO* results in the displace-
ment of a carbonyl ligand by the nitrosonium ion to give the dicationic
complexes [Ruz(u—CO)(CO)Z(NO)Z(M—(RO)ZPN(Et]P(OR)2}2]2+ in two isomeric
forms. No reaction was observed on treatment of (Rup (u~CO) (CO) 4~
{n=(ROJPN(Et)P(OR)»}»] with pure nitrogen oxide but, in the presence of
trace amounts of air, the dinitro compound (Rup (u=~NO3) (NO») (CO) 3~
{n-(ROJPN(Et)P(OR)»}>] was produced: the structure for R = Mg,

determined X-ray crystallographically, is shown in Figure 1.14(a).
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The reaction of [Rup(u-CO)(CO)g{u-(RO)PN(Et)P(OR)2}2] with nitrogen
dioxide or with the nitronium ion N02+, was found to afford a penta-
carbonyl nitro derivative [Rup(CO)g(NOp){u-(RO)2PN(Et)P(OR)p}21". This
complex may be decarbonylated to give the tetracarbonyl nitro-bridged

species [Rup(CO)4{u-ON(0)}{p-(RO)pPN(Et)P(OR)2}p1".

The complexes [Rup(p-CO)(CO)a{u-(RO)PN(EL)P(OR)2}2] (R = Me, Prl) have
also been shown to be susceptible to radical and diradical attack. 134
In particular, dissolution of the above complexes in CCly was found to
lead to the formation of the neutral dichloride [RupCly(CO)g{u-
(RO),PN(Et)P(OR)5}p] (Figure 1.15(a)) via a radical pathway. These
dichloro-derivatives isomerise in polar solvents to give [Rup(u-Cl)-
(CO)g{u-(RO)PN(Et)P(OR)2}21Cl. Reaction of [Rup(u-CO)(CO)gq{u-(RO),PN-
(Et)P(OR)o}2]1 with PhpSy under photochemical conditions yielded a
complex characterized as  [Rup(u-SPh)(CO)4{u-(RO),PN(Et)P(OR)5}>1SPh
(Figure 1.15(b)) which was presumed to have formed via [Rup(CO)4(SPh)p-

{u-(RO)PN(Et)P(OR)2}»] based on the evidence found for analogous

chloro-derivatives.

Et
N Et
(ROP—"  P(OR) N +
2‘ <0 CZO (RO)oP— \P(OR)Q—]
Ci /Ru/ /Ru/ Cl OCF;‘ RI/CO <p
u———Ru h™
()(: | C)C: ‘ ()C:"”’ \\\Ea;/' l -\\\<:c)
(ROYoP—_ P(OR)>
N—
N (RO)ZP\N/P(OR)Z
Et
(a) (b)

Figure 1.15: [RuzCl5(CO) 4{p-(RO)PN(Et)P(OR)}»] (a) and

[Rup (u-SPh) (CO) 4 {u-(RO)PN(Et)P(OR)»}2]1SPh (b)

Triplet state stannous chloride and sulphur dioxide are potentially
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radical reagents. Reaction of [Rup(u-CO)(CO)4{u-(RO)PN(ELIP(OR)2},]
with SnClp, and SOp wunder photochemical conditions resulted in the
addition of the substrate across the two ruthenium atoms with an
accompanying loss of CO, to form [Rup(u-SnCly)(CO)g{u-(RO)PN(EL)P-

(OR)5}5] and [Rup(u-S02) (CO)4{u-(RO)PN(EL)P(OR)2}2] respectively. 133

It was anticipated that reaction of [Rup(u-CO)(CO)gq{u-(RO),PN(Et)P-
(OR)»}p] with the diradical tetrachloro-o-benzoquinone would lead to a
product in which the quinone ligand chelates to one of the ruthenium
atoms. Reaction takes place at room temperature but the 3'P{lH} nmr
spectrum of the product shows a very complex pattern of peaks. An X-ray
crystal structure determination!3® on the tetramethoxydiphosphazane
derivative revealed that a most unusual rearrangement had taken place
resulting from the fission of a phosphorus-nitrogen bond of one of the
diphosphazane ligands. Coupling of the (RO),PN(Et) moiety with a co-

ordinated carbon monoxide and of the (RO)o,P moiety with the quinone

C(21)

Figure 1.16: Structure of [Rup{u-(Me0),PN(Et)C(0)}(CO)4-

{P(OMe )20CC1 40} {u-(MeO) PN (EL)P(OMe) 5} ]
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ligand, was found to have occurred producing, respectively,
(RO)oPN(Et)C(0) and (RO)pPOCC140 moieties, as 1illustrated in the

structure shown in Figure 1.16.

Complexes of the type [Rup(u-CO)(CO)gq{u-(RO)PN(Et)P(OR)}p] are
relatively electron rich and as such, may function as donors to electron
acceptor ligands. Thus, reaction of the above complexes with TCNQ and
TCNE afford charge-transfer salts of the formula [Ruy(CO)g(TCNX)-
{u-(RO)PN(Et)P(OR)2},]TCNX (X = Q or E); R = Me, Pri).136 on the
basis of the spectroscopic and cyclic voltammetric data, it has been
established that these salts contain TCNX groups in both the 1inner
(bonded through the nitrogen of a cyano group), and in the outer co-

ordination sphere (as the TCNX* anion).

A preliminary investigation of the addition of small molecule compounds
to [Rup(u-C0)(CO)4{u-(RO),PN(Et)P(OR)}>] and their transformation on
the metal centres has been undertaken.}37 It was found that reaction of
(Rup (u-CO) (CO) 4{u-(RO)PN(Et)P(OR)21}»] with phenyl acetylene PhC=CH in a
heated n-hexane solution, yielded a product characterized as the

vinylidene~bridged species [Ruz(CO)4[u—n1—C=CHPh)(u—[RO)zPN(Et)P—

(OR)5}o1.

1.3.2. Tetraalkyldiphosphorus Ligand-Bridged Derivatives

Recent reports in the literature have provided new synthetic routes to
previously inaccessible diphosphorus ligand-bridged ruthenium(0)
complexes. Takats and Kiell38 have demonstrated that photolysis of
[Ruz(CO)1g(dppm)] in the presence of CO affords [Rup (CO)7(dppm)] in good

vield, although only small quantities of material may be prepared from

each synthesis, owing to the poor solubility of [Ru3(COJ)1p]. The high
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reactivity of this complex 1is demonstrated by its reaction with
acetylene and diazomethane at 1low temperatures, affording the products
[(Rup (CO)5(u-CpHpCO) (dppm) ] and [Rup (CO)g (u-CHp) (dppm)]  respectively

(Scheme 1.12).

Ruo(CO 7(k-dppm)

+CHaN,y +HCCH
_ Et0 -co
co -78 °C
PN P NP O
%. femt <2 .0 .C
*Ru—~Ru’ 0C—Ru—RI—CO
/
ol | ¢ I\>cH
" ¢ ¢ O PAVA-
0O O o” ¢, 0

Ru,(CO)g(k- CH)(B-dppm)  Rua(CO)s(#=-CH,CONH-dppm)

Scheme 1.12

Johnson and Gladfelter®9 have recently reported a high-yield synthesis
for the dmpm-bridged diruthenium species [Rup(u-CO)(CO)gq(u-dmpm)p] by
reaction of [Ru3(CO)12] with dmpm under CO pressure at 120°C; the
structure of this highly electron-rich air-sensitive product was deter-
mined X-ray crystallographically (Figure 1.17(a)). Protonation of this
dmpm-bridged species 1is readily effected by HBF4.0Et; in CHpClp to
afford a product analogous to that found for the protonation of
(Rup (u=CO) (CO) 4 (u-dppm)»1.128  The reaction of [Rup(u-CO)(CO)4(u-dmpm)o]
with the acetylenes PhC=CPh and Me0yC-C=C-COyMe has also been
investigated and found to afford the alkendiyl-bridged products
[Rup (CO) 4 (u~PhCCPh) (u-dmpm) 5 ] and [Rup (€CO) g{u-(Me02C)2Co } (u—dmpm) 7]

(Figure 1.17(b)) respectively.
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Figure 1.17: Structures of [Rup(u-CO)(CO)q(p-dmpm),] (a) and

(Rup{pu-C» (COpMe )} (CO) 4 (p-dmpm)p] (b)

The methylation of [Rup(u-CO)(CO)g4(p-dmpm)o] can be readily achieved
using methyltriflate (CF3S03CH3), resulting in the formation of two
products, namely [Rup(CO)g(CH3) (pu-dmpm),](CF3S03) and [Rup(CO)4(p~CO-

CH3) (u-dmpm), ] (CF3S05) . 139
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CHAPTER 2

REACTION OF [Ruz(u—CO)(CO)4{u—(RO)2PN(Et)P(OR)2}2]

WITH SILVER(I) SALTS IN NON-PROTIC SOLVENTS

2.1 INTRODUCTION

The known chemistry of dinuclear ruthenium(0) complexes of formula
{Rup (u-CO) (CO) 4 (u-RpPYPRp )21 (R = alkyl, aryl, alkoxy group, etc.; Y =
0, CHp, NR’, etc.; R’ = alkyl group) has been discussed in the previous
chapter. A major part of the work described in this thesis involves the
study of the redox chemistry of complexes of this type, with the aim of
producing suitable precursors for the synthesis of new diruthenium

species.

2.1.1  Synthesis of [Rus(u-C0)(CO)4{u-(RO)PN(Et)P(OR)2}0]

(R = Me, Et, Prl)

The procedure originally developed for the synthesis of the
tetraalkoxydiphosphazane  derivatives [Rup (p-CO) (CO) g4{p-(RO)PN(Et)P-
(OR)2}51124 was modified slightly in order to achieve a more efficient
preparation. The original synthesis involved, in the first instance,
irradiation of [Rugz(CO)1p] and a three mole equivalent of the
diphosphazane ligand in cyclohexane for one hour. The solvent was
subsequently removed under reduced pressure and the residue redissolved
in diethyl ether and allowed to stand at -10°C for 48 hours. This
resulted in the separation of the dinuclear species from solution.
Limitations of this procedure are the poor solubility of {Rujz(C0)q2] in

cyclohexane, and the length of time taken to obtain the material in
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crystalline form.

[t was found that addition of benzophenone ketyl catalyst to [Ru3z(C0)q5]
in the presence of the diphosphazane ligand reduces the reaction time
considerably and allows for greater quantities of material to be used
for each synthesis. It was also found that the dinuclear species are
only partially soluble in polar solvents such as methanol or ethanol.
Methanol was therefore used to effect the rapid separation of these

parent complexes from solution.

The method was modified further for the synthesis of a new mixed-
ligand compound [Ruz(u—CO)(CO)4{u—(MeO)2PN(Et)P(OMe)2}{u—(PriO)2PN(Etj—
P(OPri)Z}] (1). In particular, the triruthenium species [Ru3(C0)jg{uo-
(PriO)ZPN(Et)P(OPri)Z}] was irradiated in the presence of a twice molar
amount of the tetramethoxydiphosphazane ligand (MeO),PN(Et)P(OMe),. The

mixed-ligand species is formed, in ca. 50% yield, according to the

equations:
[Ruz(CO)1p] + (Prio),PN(Et)P(OPri), -V,
[Ru3(CO)1g{p-(Prio),PN(Et)P(OPri)o}] + 2C0
[Ru3(CO) 10{u-(Pri0)PN(Et)P(OPri) }]  + 2(MeO),PN(EL)P(OMe), w,
(Rup (u-CO) (CO) 4 {1~ (MeO)PN(Et)P(OMe )} {u-(Prio),PN(Et)P(OPri),}]

+ [Ru(CO)3{n2-(MeD),PN(Et)P(OMe)5}] + 2CO

During the course of the investigation described in this thesis,
specific trends became evident with regard to the band patterns as well

as the frequencies of the carbonyl stretching vibrations in the infrared

spectra of a range of compounds. These trends, as well as those evident

for the chemical shifts in their respective SIP{!H} nmr spectra, warrant
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particular comment. In general, the C-0 stretching vibrations of
tetramethoxydiphosphazane-bridged complexes were found to be approxi-
mately 10 cm” ! higher in frequency than their tetralsopropoxydi-
phosphazane-bridged analogues, as a consequence of the isopropoxydiphos-
phazane ligand being a slightly stronger donor than the methoxydiphos-
phazane ligand. Dicationic pentacarbonyl compounds of the type
[Rup (CO)g (L) {u-(RO)PN(Et)P(OR)2}7]2% (L = neutral ligand) were found to
exhibit a band pattern in the C-O stretching region of their infrared
spectra as shown in Figure 2.1(a); monocationic pentacarbonyl
derivatives of the type [Rup(CO)5(A){u-(RO),PN(EL)P(OR)o}p1% (A =
anionic ligand) exhibit the same band pattern in their infrared spectra,

although the peaks are 10-15 cm™l lower in frequency. Tetracarbonyl

R h |

(b) (c) (d)

Figure 2.1: Infrared spectra for complexes of the type [Rup (CO)5 (L) {u-

(RO)2PN(Et)P(OR)5}5 1% (a), [Rup (u-A) (CO) g {u~-(RO),PN(EL)P(OR) 5}, 0% (b)

[Rup (u-A)A(CO) 3{u-(RO)PN(Et)P(OR)5}5] (c) and [Rup (L)2(C0O) 4{u-(RO),PN-
(Et)P(OR)2}510% (d)
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complexes of the type [Ruz(u-A)(C0)4{u-(R0)2PN(Et)P(OR)2)21n+ were found
to exhibit a typical four-line band pattern in the C-O stretching region
of their infrared spectra (Figure 2.1(b)), the frequencies of these
bands being in the range 1880-2000 cm™! for neutral compounds and 1950-
2040 cm~! for monocationic derivatives. Tricarbonyl complexes of
general formula [Ruz(u—A)(A)(CO)3{u—(RO)2PN(Et)P(OR)z)Z] exhibit a band
pattern in the C-0O stretching region of their infrared spectra as shown
in figure 2.1(c). Neutral tetracarbonyl complexes of the type [Rup(A)p-
(CO)4{u-(RO),PN(Et)P(OR)}»] generally exhibit two bands in the C-O
stretching region of their infrared spectra (Figure 2.1(d)); dicationic
tetracarbonyl complexes of the type [Rup(L)5(CO)g{u-(RO),PN(Et)P-

(OR)2)2]2+ exhibit the same band pattern although at higher frequencies

(1985-2040 cm~1).

The chemical shift of the peaks in the 3!P{!H} nmr spectra were also
found to be dependent on the nature of the diphosphazane ligand as well
as the charge on the metal atoms. The chemical shifts of the resonances
of tetraisopropoxydiphosphazane-bridged species were found to be 8-10
ppm upfield of their corresponding tetramethoxydiphosphazane-bridged
analogues. In addition, neutral tetraisopropoxydiphosphazane-bridged
complexes were found to have chemical shifts in the range 142-170 ppm,
monocationic derivatives in the range 133-139 ppm whereas dicationic
compounds exhibit resonances in the range 120-131 ppn. These trends
have enabled accurate prediction of the arrangement of the carbonyl

ligands as well as of the charge on the metal atoms based on the

infrared and 3'P{!H} nmr spectroscopic data.

2.1.2 Electrochemistry of [Rup(u-C0)(CO)g{u-(RO)>PN(Et)P(OR)7}>]

The redox chemistry of (Rup (u-C0O) (CO) 4{u-(RO)PN(Et)P(OR)5}»] (R = Me or
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Prl) has been investigated electrochemically by means of cyclic voltam-
metry.l‘lov141 These studies were carried out both prior to and during
the course of the investigation described in this chapter. Being
electron-rich these diruthenium complexes were found to be readily
oxidized but could not be reduced within the solvent 1limit of the

solvents used, viz. acetone, dichloromethane and benzonitrile.

Figure 2.2 shows the CV of [Ruz(u—CO)(CO)4{u—(PriO)2PN(Et)P(OPri)Z}Z]

| 1 ] | |

+0.5 0 -0.5 -1.0 -15
V vs Agl/AqCl

Figure 2.2: CV of 1.0mM [Ruz(u—CO)(CO)4{u-(PriO)2PN(Et)P(OPri)Z}Z] in

benzonitrile (0.1M TBAP) at Pt (298 K, 200 mV s~ 1)

measured in benzonitrile: similar CV's are obtained in acetone and di-
chloromethane. The initial anodic wave is reversible (ipc/ipa 1.0) and

provided that the scan is not carried beyond this peak (Epa -0.08 V) no

additional cathodic wave is observed in the reverse scan. When the

positive scan is extended, a second broad and irreversible oxidation

wave 1s observed and, moreover, a new cathodic wave (X, Fig. 2.2) is
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observed in the reverse scan. It has been possible to establish that
the species formed following the removal of a second electron and which
is subsequently reduced at X in the reverse scan (Fig. 2.2) 1is the
dicationic solvento species [Ruy (CO)5(solvent){u-(Pri0),PN(Et)P-
(OPri1)5},12* (solvent = PhCN, acetone, CHpCly). This was achieved
through the synthesis of [RuZ(CO)S(PhCN){u—(PriO)gPN(Et)P(OPri)2}2]-
(SbFg)o, described in section 2.2, and the measurement of its CV in
benzonitrile. The primary reduction peak of this complex coincides with
peak X in the CV of the parent neutral pentacarbonyl derivative and,
furthermore, on reversal of the scan, two anodic waves are obtained
which correspond to the oxidation of the parent complex [Rup(u-CO)-

(CO)gq{u-(Prio),PN(Et)P(OPri)s}s1.

Figure 2.3 shows the CV of [Rup(u-C0)(CO)4{u-(MeO)>PN(EL)P(OMe)s}s]

C-——=) | 1uA
X
(—2uAa [N\
/ \\‘:jp
! ! | ! ]
+ 0.5 0) - 0.5 -1.0 -20

Vvs Ag/AgCl

Figure 2.3: CV of 1.0mM [Ruz(u—CO)(CO)4{u—(MeO)2PN(Et)P(OMe)2}2]
(

) and (Rup (C0O)s(NCPh) {u-(MeO) PN(Et)P(OMe ) )5 ] (SbFg )y (~——o- ) (5)

In benzonitrile (0.1M TBAP) at Pt (298 K, 200 mV s-1)



44

measured in benzonitrile. In contrast to that found for [Rup(u-CO)-
(CO)4{u-(PriO]2PN(Et)P(OPri)2}2], only one broad and irreversible wave
is observed on scanning anodically, together with a broad cathodic wave
(X, Figure 2.3) in the reverse scan. The peak current for the oxidation
wave in the CV of [Rup(p-C0)(CO)g{pu-(MeO)pPN(Et)P(OMe)p}p] is twice that
of the primary oxidation wave for [Rup(u-CO)(CO)4{u-(Pri0),PN(Et)P-
(0Pri)5},] under the same conditions. This indicates an ECE mechanism
where E} > E5 (1 and 2 denoting the removal of the first and second
electrons) giving rise to an overall two-electron transfer reaction.
The implication is that the chemical step which follows the removal of
the first electron allows the second electron to be removed more easily.
The chemical step involves solvent co-ordination toc a ruthenium atom in
the radical cation, followed by the loss of a second electron to form
the dicationic solvento species [Rup (CO)5(PhCN) {u-(MeO)>PN(Et)P-
(OMe)2)2]2+. This was confirmed by synthesis of [Rup(CO)g(PhCN){u-(Me-
0)oPN(Et)P(OMe)>}2]1(SbFg)p and the measurement of its CV in benzo-
nitrile. The reduction of this complex corresponds with peak X in the
CV of the neutral parent compound and again an anodic wave is obtained
on reversal of the scan, which corresponds to the oxidation of the
parent complex [Rup(u-CO)(CO)gq{u-(MeO)>PN(Et)P(OMe)p}s]. The CV of
[Rup (u-CO) (CO) g{u-(MeO)PN(Et)P(OMe)o}p], recorded in acetone, exhibits
the same pattern as the CV recorded in benzonitrile and an ECE mechanism
therefore appears to operate in this solvent as well. On the other
hand, the CV recorded in dichloromethane exhibits a reversible primary
oxidation wave followed by an irreversible one with the appearance of a

peak X in the reverse scan. Dichloromethane is a very weakly co-

ordinating solvent which probably accounts for the stability of the
radical cation [RuZ(CO)s{u-(MeO)ZPN(Et)P(OMe)Z)Z]T in dichloromethane,

and accounting for an EEC mechanism.
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Interestingly, the electrochemical oxidation of the more electron-rich
bis(dimethylphosphino)methane derivative [Rup (u-CO) (CO) 4 (u~dmpm) ] in
benzonitrile also proceeds via an ECE mechanism, with the radical cation
[Ruz(u-CO)(CO)4(u—dmpm)2]J-r being rapidly attacked by the benzonitrile
solvent in the chemical step, as found for the radical cation of

[Ruy (u-C0O) (CO) 4{u-(MeO)PN(Et)P(OMe) 2 }21.

Consistent with the potentials for the primary oxidations, [Rup (u-CO) -
(CO)4(u—dmpm)2] is considerably more electron-rich than [Rup(u-C0O)(CO)gq-
{u-(Pri0),PN(Et)P(OPrl)5},] which in turn is more electron-rich than
[Rup (u-C0O) (CO) 4{p-(MeO)PN(Et)P(OMe)p},], whereas the mechanisms for the
electrochemical oxidation of these complexes are ECE, EEC and ECE
respectively. A common feature of [Rup(u-CO)(CO)q{un-(MeO)>PN(Et)P(O-
Me)o}2] and [Rup(u-CO)(CO)4q{u-MepPCHyPMey},] 1is that the bridging biden-
tate ligands are relatively small in size in comparison to those in
[Rup (1-CO) (CO) 4{u-(Pri0),PN(Et),P(OPri)s}sl. In order to test the
hypothesis that the size of the bridging diphosphorus ligand plays a
crucial role in determining the mechanism of the electrochemical
oxidation of the compounds of the type [Rup(u-CO)(CO)4(u-RoPYPR)5], the
mixed-ligand complex [Rup(p-CO)(CO)4{p-(MeO)PN(Et)P(OMe);}{u-(Prio),PN-
(Et)P(OPri)Z}], which contains both the more bulky tetraisopropoxydi-
phosphazane and the less bulky tetramethoxydiphosphazane ligands was
prepared by the author (see section 2.1.1) and its CV recorded in a

range of solvents. Figure 2.4 shows the CV of this compound in benzo-

nitrile.

Significantly, the primary oxidation wave has an ipc/ipa value of 0.8
and is therefore not fully reversible, the implication being that the

radical cation [Rup (CO)5{u-(MeQ)PN(Et)P(OMe )y } {p-(Prio),PN(Et)P-

: +
(OPr!);}]+ is not entirely stable to solvent attack on the time scale of
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Figure 2.4: CV of 1.0mM [Rup(u-CO)(CO)4{pu-(MeO)pPN(Et)P(OMe)p}~-
{u-(Prio),PN(Et)P(OPri)5}] (1) in benzonitrile (0.1M TBAP) at Pt (298 K,

200 mV s~ 1)

the experiment. Consistent with this interpretation it was observed
that when the scan is carried just past the primary oxidation peak and
reversed, the familiar peak X (Figure 2.4), due to the reduction of a
dicationic solvento species is observed as a weak wave. It would thus
appear that the radical cation is attacked by the benzonitrile ligand
but relatively slowly. On scanning beyond the primary oxidation wave a
second, broad and irreversible wave, as well as a significant enhance-
ment in the height of peak X in the reverse scan is observed. Thus the
CV  of [Ruz(u—CO)(CO)4(M—(MeO)ZPN(Et)P(OMe)Z}(u—(PriO)ZPN(Et)P(OPri)2}]
displays features of both the EEC mechanism observed for (Rup (u-CO)-
(C0)4{p—(PriO)2PN(Et)P(OPri)Z}Z] and the ECE mechanism observed for
(Rup (u-CO) (CO) g{pu-(MeO)oPN(Et)P(OMe)2}2]. The CV's of the mixed-ligand
complex in acetone and dichloromethane follow this trend. These results

are interpreted in terms of the stereochemistry of these complexes
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playing a major role in determining the mechanism of their electro-
chemical oxidation. Ideally, the electrochemical behaviour of the
mixed-ligand complex [Ruz(u—CO)(CO)4(u—dmpm){u-(PriO)zPN(Et)P(OPri)2)]
should have been undertaken to further substantiate these proposals, but

the synthesis of this complex has not been achieved.

In summary, following the primary oxidation of [Rup(u-CO)(CO)4(u-RyPYP-
Ry)p] there are two possible pathways to the end-product of the
oxidation process viz. a dicationic solvento species of general formula
[Rup (CO)g(solvent) (u-RpPYPRy)512*%,  with the pathway taken by a

particular complex being determined by the extent to which the metal

atom centre in the radical cation is open to attack by a

molecule. This is illustrated in the scheme below.
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2.1.3 The use of silver(I) salts as one-electron oxidants

Silver(I) salts are used extensively in inorganic and organometallic
chemistry as one-electron oxidants,142 while many examples are known of
compounds which are formed by the addition of silver(I) complexes across

a metal-metal bond in dinuclear and metal cluster derivatives.143-146

The use of silver(I) salts, in particular in the synthesis of solvento
species, has been widely reported. For instance, Werner et al 146
showed that reaction of the mononuclear complex [ArRuXp(L)] (X = Cl; Ar
= CgMeg, CgHg and p-cymene; L = CO and tertiary phosphines) with AgPFg
in acetone vyields [ArRuCl(L)(acetone)]PFg. Many examples of tﬁe
utilization of solvento species, which have been synthesized by this
procedure, as precursors for the synthesis of a vast spectrum of
products are known. 142,147,148 Manning et al.14% have demonstrated that
silver(Il) salts may be used to cleave the metal-metal bond in di-iron.
cyclopentadienyl systems. The oxidative cleavage of [Fey(n-CsHg)o-
(CO)gq-n(CNMe),] (n = 0-2) by 2AgX was shown to be a two-electron process
in most solvents but a one-electron process in acetonitrile, affording
[Fe (n-CsHg)2(CO) (L) (CNMe)1* (L = CO or CNMe) and [Fe(n-CgHg)(CO)(L)]-.

The co-ordinated solvent in the former compound is not labile, however,

and could not be displaced by tertiary phosphines. The oxidative
cleavage of the ruthenium analogue [Rup(n-CgHg)>(CO)gq] was found to

afford the corresponding mononuclear ruthenium solvento species.150

Silver(I) salts have been used to effect transformations of complexes

containing alkenes and related ligands. For example, treatment of the

radical cation [Ru3(u—CO)3(u3—CMe)(n—CsMe5)3]T with Ag* gave the di-
cationic  species [Ruz(u-C0)3(u3-CMe) (n-CsMeg)3]12*  which  slowly

deprotonated to form the corresponding H3-vinylidene complex
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[Ru3(u—C0)3(u3—C=CH2)(n—CsMe5]3]+.151 The ethene complex [Rup(CO)(Cp-
Hg) (u-CO)p (n-CsHg)pl reacts with Ag"™ to afford the p-vinyl cation

[Ruy (CO) 5 (1=CO) (u-CH=CHp) (n-CsHs)p1*. 152

The diruthenium diphosphazane-bridged complexes [Rup (u—C0O) (CO) g {pu-(RO) -
PN(Et)P(OR)5}2] (R = Me or Prl) have been observed previously to react
readily with silver(I) salts,132 but the identity of the final product
was found to be dependent on the nature of the ligand co-ordinated to
the silver(I) ion. For example, treatment of [Rup(u-CO)(CO)g4{p-(MeO)p-
PN(Et)P(OMe)p}p] with an equimolar amount of AgSbFg in a weakly co-
ordinating non-protic oxygen-donor solvent such as acetone was found to
lead to the precipitation of elemental silver and the formation of a
half molar amount of [Ruz[CO)s(solvent){u—(MeO)ZPN(Et)P(OMe)2}2]2+. On
the other hand, reaction of [Rup(u-CO)(CO)gq{u-(MeO)yPN(Et)P(OMe)s};]
with an equimolar amount of AgSbFg in MeCN or with an equimolar amount
of [Ag(pyridine)4]SbF6 in THF was found to give a product spectro-
scopically characterized as [Rup(u-AgL)(u-CO)(CO)g{u-(MeO)PN(EL)P(O-
Me)>}>]SbFg (L = MeCN or pyridine). This complex was found to degrade
to elemental silver and an intense purple, oxygen-sensitive species,
présumed to be the one-electron oxidation product, [Rup(u-CO)(CO)g-

{u-(MeO),PN(Et)P(OMe)p},]SbFg, on warming in the solid state under
vacuum. The latter was found to spontaneously disproportionate to the
dicationic solvento  species (Rup (CO)s(solvent){u-(MeO),PN(Et)P(O-
Me)2}712* and the parent compound [Rup(p-CO)(CO)4{u-(MeO)>PN(Et)P(0O-
Me)o}>] on dissolution in weakly co-ordinating polar solvents such as
acetone or benzonitrile. These results were interpreted in terms of the
one-electron oxidation of [Rup(p-C0)(CO)4q{u-(RO)oPN(Et)P(OR)2}2] by
silver(l) salts occurring via an inner sphere mechanism with the
formation of the solvento species occurring via (Rup (u-CO) (u-AgL) (C-

0)4{p-(ROJPN(Et)P(OR)2}21* as intermediate. This 1is schematically



illustrated below.
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This investigation was the first to provide evidence that the one-

electron oxidation of polynuclear derivatives by silver(I) salts occurs

via inner sphere intermediates and that the nature of the final product

is dependent on the ligand co-ordinated to the silver.
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Preliminary investigations in these laboratories have revealed that the
solvent molecule in [Ruz(CO)S(solvent){u-(RO)ZPN(Et)P(OR)2}2]2+ may be
partially replaced by neutral ligands such as carbon monoxide and iso-
nitriles, or totally replaced by anionic ligands such as cyanides. The
solvento species was therefore envisaged to be an excellent precursor
for the synthesis of a wide range of dinuclear derivatives of ruthenium
in low formal oxidation states. Many anomalous reactions of the
solvento species were observed in the preliminary studies and thus an
objective of the study reported in this thesis has been to gain a
greater understanding of the redox chemistry of the parent complexes
[Rup (u-CO) (CO) 4{u-(RO)PN(Et)P(OR)2}2], as well as to study the co-
ordination behaviour of a range of ligands towards the solvento species

[Ruy (CO)5(solvent){u-(RO)PN(Et)P(OR)p}5]2%.

2.2 REACTION OF [Rup(u-CO)(CO)4{u-(RO)oPN(Et)P(OR)5}»] (R = Me or Pri)

WITH SILVER(I) SALTS IN ORGANONITRILE SOLVENTS

Addition of a twice molar amount of AgSbFg to (Rup (u-CO) (CO) g{u~-(RO)PN-
(Et)P(OR)2}2] (R = Me or Prl) in either benzonitrile or acetonitrile,
resulted in the immediate separation of metallic silver from the pale
yellow solution. A white crystalline product could be isolated from
this solution in almost quantitative yield and this was characterized as

the dicationic solvento species [Rup (CO)5(solvent){u-(RO),PN(Et)P(0-

R)2}21(SbFg), (solvent = PhCN, MeCN; R = Me or Prl) by means of

infrared and NMR spectroscopy as well as by means of microanalysis.

The infrared spectrum of the tetraisopropoxydiphosphazane—bridged

derivative [Ru2 (CO)5 (PhCN) {u=(Pri0),PN(Et)P(OPri),},] (SbFg ) (2)

exhibits a pattern of peaks in the C-0 stretching region typical of

monosubstituted pentacarbonyl species of the type [RUZ(CO)SL{u—(PriO)zP—
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N(Et)P(OPri),},12*. In addition, a peak at 2245 cm™! could be assigned
as the C-N stretching mode of a co-ordinated benzonitrile. The
frequency of this peak is considerably less than that for the corres-
ponding mode for free benzonitrile (v(C-N) ca. 2270 cm~1). This is
attributed to the reduction in the C-N bond order on co-ordination of
benzonitrile to a dicationic centre. The 'H nmr spectrum of this
species 1is similar to that of the parent complex [Rup{(u-CO)(CO)g-
{u-(Pri0),PN(Et)P(OPri),},]1 but contains, in addition, a multiplet in
the aromatic region corresponding to the five protons of the co-
ordinated benzonitrile. The S3!'P{!H} nmr spectrum of this compound,
measured in acetone-dg at -77°C, exhibits an AA’BB’ pattern of peaks,
consistent with an asymmetric structure with non-equivalent ruthenium
atoms (vide infra). A sharp singlet is observed in the corresponding
room temperature spectrum of this species indicating that the complex is
involved in some fluxional process in solution. It is proposed that
this process involves the intramolecular migration of the benzonitrile
ligand from one ruthenium atom to the other as illustrated in Figure
2.5. A sharp singlet 1is also observed in the 3!P{!H} nmr spectrum of
this complex at room temperature in acetonitrile as well as in benzo-

nitrile and dichloromethane, which contrasts with the AA’BB’ pattern of
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peaks observed for the acetonitrile solvento species [Rup(CO)g(NCMe)-
{u-(Prio),PN(Et)P(OPrl)},1(SbFg)y  in  acetonitrile (vide infra).
Furthermore, addition of an excess of benzonitrile to the above aceto-
nitrile solvento species in acetonitrile does not alter the 3'P{lH} nmr
spectrum of this compound. These observations are consistent with these
complexes not exchanging their co-ordinated nitriles with free nitrile
ligands, and with the fluxional process occurring via an intra- and not
intermolecular mechanism. A single crystal X-ray structure
determination was carried out for the tetraisopropoxydiphosphazane-
bridged benzonitrile solvento species [Rup(CO)g(PhCN){p-(Prio),PN(Et)P-
(OPrl),},1(SbFg)p.  The stereochemistry of the dication is illustrated

in Figure 2.6.

The two ruthenium atoms, each of which is approximately octahedral, are
not only linked through two bridging tetraisopropoxydiphosphazane
ligands trans disposed with respect to each other, but also by a formal -
ruthenium-ruthenium bond {Ru(1)-Ru(2) 2.890(3)A}. Two of the carbonyl
ligands are collinear with the Ru-Ru vector while the other three are
orthogonal to it. The cation adopts an essentially staggered confor-
mation, as reflected