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ABSTRACT

Rhodium Ruthenium Heterobimetallic Complexes

P. S. Bearman B.Sc. M.Sc. C.Chem. M.R.S.C.

The aim of this investigation was to synthesise and characterise derivatives of the
metal-metal bonded rhodium-ruthenium heterobimetallic complex [(C,H,)Ru(u-CO).-
(u-dppee)RhCL] 1 [dppee = 1,1-bis(diphenylphosphino)ethene], to investigate their
chemistry and evaluate their potential for heterobimetallic homogeneous catalysis.

A synthetic strategy was developed and the three major classes of ligand in the
general heterobimetallic complex [(Cp)Ru(u-CO),(u-PP)RhX,] ie. m-bound
cyclopentadienyl type (Cp), bis(diphenylphosphino) type (PP) and halogeno (X) type,
bound to the rhodium-ruthenium unit, were systematically varied. The range of ligands
used to modify 1 were cyclopentadienyl, pentamethylcyclopentadienyl, indenyl, chloro,
bromo, iodo, cyanato, thiocyanato, 1,1-bis(diphenylphosphino)ethene, and
bis(diphenylphosphino)methane. Derivatisation with other ligands was unsuccessful.
The heterobimetallic analogues were fully characterised via spectroscopic techniques,
and in addition, the molecular structures of complexes [(C;Me )Ru(u-CO),-
(u-dppee)RhClL] 2, [(C;Me)Ru(u-CO),(u-dppee)RhL] 3, [(C;H)Ru(u-CO),-
(u-dppee)RhCL] 4, [(CH,)Ru-(u-CO),(u-dppee)Rh(NCO),] 5 and [(C,H,)Ru-
(u-CO),(u-dppm)RhL,] 6, were determined via X-ray crystallography.

To investigate their potential for catalytic reactivity, solutions of compounds 1,
2,3, 4,5, 6 and [(C,H,)Ru(u-CO),(1-dppee)Rh(SCN),] 7, were subjected to elevated
pressures of carbon monoxide, and the resulting chemical changes studied using the
technique of High Pressure Infrared spectroscopy (HPIR). In general, the
heterobimetallic complexes [(Cp)Ru(u-CO),(u-PP)RhYX,] underwent reversible
heterolytic metal-metal bond cleavage in the presence of dissolved CO, forming the
two monometallic species [Ru(CO),(n'-PP)(Cp)]" and [RhX,(CO),].

Low temperature *'P-{'H} NMR and FTIR experiments suggested that 3 also
undergoes a reversible metal-metal bond cleavage at ~ -78 °C with 1 atm CO, although
the precise nature of the low temperature process is not clear. Under identical
conditions, 6, although undergoing a reversible heterolytic metal-metal bond cleavage,
retains its dinuclear integrity through the bridging diphosphine. The probable structure
of this low temperature species was deduced from the results of low temperature FTIR
experiments and low temperature, P NMR spectroscopy with selective “C
decoupling . This species is believed to be an isomer of the intermediate in the high
pressure, CO induced heterobimetallic fragmentation reaction, stabilised under low
temperature conditions.

The ionic rhodium fragment formed from 3 and 6 under elevated partial
pressures of CO i.e. [RhI,(CO),], is the same species identified as the active catalyst in
the Monsanto process for the rhodium catalysed carbonylation of methanol to acetic
acid. It was reasoned that 3 and 6, should be active for acetic acid synthesis via
methanol carbonylation catalysis. 3, for which the fragmentation process was
extremely facile, was indeed found to be active for methanol carbonylation under
conditions approximating those used in the industrial process.
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ABBREVIATIONS

Cp = Cyclopentadienyl, C;H.
Cp* = Pentamethylcyclopentadienyl, C.Me,
In = Indenyl, CH,
dppee = 1,1-bis(diphenylphosphino)ethene, (Ph,P),C=CH,
dppm = bis(diphenylphosphino)methane, (Ph,P),CH,

Tripod = fris(diphenylphosphino)methane, (Ph,P),CH

PRESSURE CONVERSIONS

psi — atmos: multiply by 0.068046
psi — bar: multiply by 0.06894757

psi — Pa: multiply by 6894.757
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Those of us who were familiar with the state of inorganic
chemistry in universities twenty to thirty years ago will recall
that at that time it was widely regarded as a dull and
uninteresting part of the undergraduate course .... This state is
now past and for the purposes of our discussion we shall define
inorganic chemistry today as the integrated study of the
formation, composition, structure and reactions of the chemical
elements and their compounds, excepting most of those of
carbon.
R. NYHOLM, The Renaissance of
Inorganic Chemistry, 1956
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The alchemists of past centuries tried hard to make the elixir of
life ... These efforts were in vain; it is not in our power to
obtain the experiences and views of the future by prolonging
our lives forward in this direction. However, it is possible and
in a certain way to prolong our lives backwards, by acquiring
the experiences of those who existed before us and by learning
to know their views as if we were their contemporaries. The

means for doing this is also an elixir of life.

Hermann Kopp, 1873
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1.0 INTRODUCTION

1.1 BACKGROUND

Over the past twenty five years, there has been an ever-increasing interest in the
chemistry of complexes containing two or more transition metal centres.

An extremely wide range of transition metal cluster compounds has been
studied primarily because of the so called 'cluster-surface' analogy, that is presumed to
exist '. Metal cluster compounds can be considered intermediate between
co-ordination complexes and the surfaces of bulk metal particles. The chemistry of
cluster-ligand interactions should therefore provide a reasonable model for the
chemistry of surface-substrate interactions occurring during heterogeneous catalysis on
metal surfaces. In this respect, dinuclear metal complexes have been viewed as 'cluster
prototypes.' Although they themselves are not strictly defined as clusters, they are
relevant to the cluster-surface analogy because in some chemisorption and catalytic
processes, two metal atoms suffice to characterise the system. They also facilitate the
study of one and two metal-ligand interactions only. In other words, the dinuclear
metal complex represents the limiting condition for a ligand-'multi-metal' system, and
allows ligand interaction with more than one metal atom to be studied at a fundamental
level. The possibility of new reactivity patterns led to an interest in the synthesis and
chemistry of related heteronuclear clusters.

In the late 1970's, there was a great flurry of interest in homonuclear bimetallic
(homobimetallic) transition metal complexes. This arose because firstly, like mixed

metal clusters, they should prove valuable as precursors for the preparation of

bimetallic and multimetallic heterogeneous catalysts, and secondly, from their potential
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for applications in homogeneous catalysis. Specifically, that two (bonded) metal
centres could act in a co-operative manner to activate bound organic substrates, a
possibility not open to monometallic complexes.

In the early 1980's, interest focused on the synthesis and chemistry of bimetallic

complexes containing very different transition metal centres > %,

One of the reasons
for this was that there existed the possibility of observing new reactivity patterns,
substantially different from those arising from homobimetallic complexes. In the
extreme cases, where the transition metals concerned are taken from the left and right
hand sides of the period, you have the so called 'early-late heterobimetallic complexes.'
These bimetallic species offer the possibility of co-operative activation of small
molecular substrates such as carbon monoxide. One can envision a situation where, in
an early-late bimetallic molecule, the oxophilic early metal interacts with the oxygen
terminus of a substrate molecule bound to a proximate late metal centre. The
consequent enhanced activation, coupled with the ability of late metal centres to bind

and activate hydrogen provides a plausible system for potential homogeneous catalytic

applications.

% %

Because of the relatively weak nature of metal-metal bonds, particularly under

typical catalytic conditions of elevated temperatures and pressures, where the
bimetallic association is unstable with respect to mononuclear species, a method of

reinforcing the metal-metal bonded system was sought. As far as modern
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co-ordination chemistry is concerned, tertiary phosphines have played a dominant role.
These ligands are easily synthesised and their electronic and steric properties can be
altered systematically by varying the substituents on the phosphorus atom °. These
ligands bond strongly to many low oxidation state transition metals and are frequently
used to stabilise organometallic and hydride derivatives either in isolated complexes or
as homogeneous catalytic intermediates. It therefore seemed not unreasonable to
assume that four electron donating diphosphines would be good candidates for
bridging two low oxidation state transition metal complexes, thereby reinforcing the
metal-metal bond and stabilising the system.

The optimum ring size for a metal, when forming chelate complexes, is five, the
classical example being bis(diphenylphosphino)ethane, dppe, which is an excellent

chelating ligand

Ph\ > AT W X
P P
N\ e N\ ph
Bis(diphenylphosphino)methane, dppm, will chelate, but the resultant four membered

ring is under considerable strain and the ligand has a greater tendency to bond in a

monodentate fashion, or in a bridging bidentate (n°—1,) mode

Ph\P/\ P/Ph
P \M_M/ b

The chelating tendency decreases with increasing chain length; i.e. for the ligands

Ph,P(CH,),PPh, the propensity to chelate is greatest when n =2 e.g. for the complexes
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[RhCI(CO){Ph,P(CH,) PPh,}] which are dimers when n = 1,3 or 4, but a monomer
whenn=2°

It is the ability of dppm to form bridged binuclear complexes that sparked off
the great interest in this and related ligands. Because metal-phosphorus bonds are
usually strong, the bridging diphosphine is able to lock two metal atoms together in
close proximity and should therefore promote organometallic reactions involving two
metal centres that have potential for two-site homogeneous catalysis, as discussed
previously. The role of the phosphine then, is to prevent bimetallic dissociation, to
promote bridging by other groups and to promote binuclear reactions which may

involve formation and cleavage of metal-metal bonds ’.

1.1.1 LIGANDS RELATED TO dppm

There are many other ligands in existence having similar properties to dppm, that are
also capable of locking two metal atoms together "*, and we will briefly describe some
of these here.

One simple change is to replace the phosphorous atoms with other group V
elements. The ligands Ph,AsCH,AsPh, and Ph,SbCH,SbPh, have been studied in some
detail > '°. In these ligands, the longer metal-ligand bonds give rise to increased ring
strain in chelate complexes and promote their behaviour as monodentate bridging
ligands. As an example, compare the behaviour of dppm and bis(diphenyl
stibino)methane with [Mo(CO),nnrb] (nrb = norbornadiene) in which the products

obtained are the monomer and the dimer respectively:
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/\ S A
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A further modification involves changing the organic substituent R in

OO — § —0A0

R,PCH,PR, for either Me, Pr' or Bu'. As well as modifying the electronic properties,

the steric effects may also be significant in influencing the behaviour of these ligands;

for example
/\ M
Me, ____Ehz Me,_ = ___.Mc
he “p
V. / \ / \
Me P Me

0
< 3
o

s

The 'bulkiness' of the various substituents also affects the reactivity of the complexes
to which they are bound.

Other related ligands contain the P-O-P, P-S-P or P-N(R)-P groups. Of the
P-O-P ligands, (EtO),POP(OEt), (CF,),POP(CF,), and (HO),POP(OH),'""" are
probably the most significant and do not behave as chelating ligands. Apparently, this
is due to the free P-O-P angle of between 120° and 150° which is not conducive to
ligand chelation.

The ligands F,PN(R)PF, (R = Me or Ph) have been studied in depth, and can
behave as chelate, monodentate or bridging ligands '*.

Finally, a bidentate chelating and bridging ligand that was of considerable

importance to us in our work, is 1,1-bis(diphenylphosphino)ethene '°. This molecule is



Chapter One

related to dppm by virtue of the replacement of the methylene group by an ethylene

group, introducing unsaturation into the bridging ligand

CH,

|
7

Ph,P, «PPh;

1.2 UTILISATION OF HETEROBIMETALLIC
MOLECULES IN HOMOGENEOUS
CATALYSIS

Although there are many reports in the literature of studies conducted on mixed metal
systems to evaluate their catalytic activity, closer inspection reveals that very few
studies have actually been carried out on dinuclear heterobimetallic molecules. Over
the years the vogue appears to have been to study the catalytic activity of tri- and
tetranuclear mixed metal cluster compounds and to a lesser extent clusters of greater
nuclearity. This is perhaps surprising when one considers the complications inherent in
the studies of these species; difficulty of synthesis of some cluster species, the
possibility of different 'two site' interactions within the cluster framework complicating
subsequent mechanistic studies and lastly, the possibility of complicated and varied
fragmentation processes. Table 1 lists all the bimetallic associations that have been

studied and reported in the literature to date *.



Table 1

REACTION

Hydrogenation / isomerization of
carbon-carbon multiple bonds

H,-D, equilibration

CO hydrogenation

Water gas shift reaction

Hydroformylation reactions

Carbonylation reactions

Methanol homologation

Norbornadiene dimerization

Chapter One

HETEROMETALLIC ASSOCIATION

Ta-Ir

Cr-Fe, Cr-Pd

Mo-Fe, Mo-Rh, Mo-Pd, Mo-Pt
W-Fe, W-Pd, W-Pt

Mn-Fe, Mn-Ru

Fe-Ru, Fe-Co, Fe-Rh, Fe-Pd, Fe-Pt
Ru-Co, Ru-Rh, Ru-Ir, Ru-Ni,
Ru-Pt, Ru-Cu, Ru-Au

Os-Ni

Co-Rh, Co-Pt

Rh-Au

Ir-Pt

Mo-Fe-Co, Mo-Ru-Co, Mo-Co-Ni
W-Fe-Co

Fe-Ru-Co, Mo-Ru-Co, W-Ru-Co

Pt-Au

Mn-Rh

Re-Rh

Fe-Co

Ru-Co, Ru-Rh. Ru-Cu, Ru-Ag, Ru-Au
Co-Rh

Rh-Ir. Rh-Pt, Rh-Cu, Rh-Ag, Rh-Au, Rh-Zn

Fe-Ru, Fe-Os, Fe-Co, Fe-Ir
Ru-Co, Ru-Rh
Co-Rh, Co-Ir

Zr-Rh

Mo-Ru, Mo-Cu, Mo-Pd, Mo-Pt
Fe-Co. Fe-Rh

Ru-Co, Ru-Rh

Co-Rh, Co-Ni, Co-Pt

Rh-Zn

Mo-Co-Ni

Zr-Rh
Mo-Fe
Mn-Pd
Fe-Rh, Fe-Ni, Fe-Pd, Fe-Cu, Fe-Hg
Ru-Rh
Os-Rh
Co-Rh

Mn-Pd

Fe-Co

Ru-Co, Ru-Rh
0s-Co

Co-Rh, Co-Pd, Co-Pt
Ru-Co-Au

Mo-Pt



Chapter One

W-Pt
Fe-Co, Fe-Pt
Co-Pt, Co-Zn, Co-Cd, Co-Hg

Oligomerization reactions Mo-Ru, Mo-Pd
W-Pd
Co-Pt

Hydrosilation reactions Ta-Ir
Mo-Co, Mo-Pd, Mo-Pt
W-Co, W-Pd
Fe-Co, Fe-Rh
Co-Rh, Co-Ni, Co-Pt
Mo-Fe-Co, Mo-Co-Ni

Silylformylation Co-Rh
Silylcarbocyclization Co-Rh
Oxidation reactions Cr-Os

Hydrodesulphurization Mo-Co
Dehydration of alcohols Mo-Pd

1.2.1 EXAMPLES OF HETEROBIMETALLIC
MOLECULES SUCCESSFULLY
USED IN HOMOGENEOUS CATALYSIS

In this section we will attempt to summarise the majority of reports in the literature,
relating to the successful application of heterobimetallic complexes to homogeneous
catalysis.

In 1973, Vahrenkamp prepared a series of arsenic bridged, metal-metal bonded

heterobimetallic complexes **, 1, 2 and 3

Me Me Me Me Me Me

A s N A

(CO),Fe Mn(CO), (CO),Fe Co(CO); (CO),Fe Mo(CO),Cp

1 2 3

and subsequently used 2 to catalyse the dimerisation of norbornadiene *.

10
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Following this work, Casey and Bullock *, reported the activity of these
complexes for the hydrogenation/isomerisation of 1-octene. They reasoned that these
Fe containing Mn, Co and Mo complexes might react with H, cleaving the metal-metal

bond to form a heterobimetallic dihydride of the form

(CO),Fe M(CO), M = Mn or Co

H H

Bimetallic dihydrides of this type, possessing both hydridic and acidic M-H bonds, had
been proposed as good candidates for CO reduction catalysts . The dihydride
formation process was subsequently investigated. When 1, 2 and 3 were heated under
1000 psi H,, samples taken ex situ revealed no new species. There existed the
possibility however, that heterobinuclear hydrides were present under the conditions of
elevated temperature and pressure, but decomposed during sampling. The use of a
high pressure infrared cell was suggested for future investigation. The possibility that
1, 2 and 3 were in equilibrium with an undetectable quantity of bimetallic hydride was
investigated by carrying out CO hydrogenation experiments. However, when these
complexes were heated under 1400 psi 1:1 H,:CO, no CO reduction was observed,
noted by the absence of methanol or methane. In the presence of either H,-CO or CO,
1 and 3 react producing (CO)[Fe-As(CH,),-Mn(CO), and (CO);Fe-As(CH,),-
Mo(CO),Cp respectively, in which cleavage of the metal-metal bond has occurred on
addition of CO.

In a final attempt to determine whether or not the bimetallics were in

equilibrium with undetectable amounts of dihydride, they investigated their use as

11
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alkene hydrogenation catalysts. All three compounds were observed to be sluggish
catalysts in the conversion of l-octene to trans- and cis-2-octene. Further
experiments demonstrated that H, was required for the metal catalysed isomerisation
reactions and supported the belief that a metal hydride species was the catalyst for
these alkene isomerisations. The observed hydrogenation/isomerisation activity was
consistent with the formation of a catalytically active metal hydride. Although
decomposed solutions of 1, 2 and 3 showed little catalytic activity it could not be
discounted that the observed activity was due to decomposition products of some
description.

In 1981, Doyle reported some work on bimetallic Co-Fe methanol
homologation catalysts *, and was prompted to extend his investigation to bimetallic
Co-Ru catalysts *’. The heterobimetallic complex used for these studies was
[(n*-CHy)Ru(PPh,),Co(CO),], synthesised from [(n’-C,H,Ru(PPh,),CI] and
[TICo(CO),], producing the bimetallic which, based on ligand exchange arguments,
was formulated as [(n’-C,H,)RuPPh,(CO)Co(CO),PPh,].

Doyle reasoned that this complex would be a good candidate for methanol
homologation catalysis, since it contained both Ru and a phosphine, in addition to the
Co in a single molecule.

A number of homologation reactions were carried out to determine whether
there were any variations between the activities and selectivities of monometallic Co
and Ru complexes, a mixture of Co and Ru complexes and the bimetallic complex. He
was interested in establishing whether or not there was any advantage to combining the
two metals in a single molecule and if any activity/selectivity enhancement, if observed,

was simply additive or synergistic in nature.

12



Chapter One

Results indicated that the bimetallic complex was a better catalyst (or catalyst
precursor) than the individual Co or Ru complexes ie. [Co,(CO),] and
[(M’-C,H,)Ru(PPh,),Cl]. Methanol conversion and ethanol selectivity were almost
identical when the bimetallic complex was compared with [(n’-C.H.)
Ru(PPh,),Cl/Co,(CO),]. It was emphasised that under these conditions (220 °C) the
Co,(CO), species alone, would not be stable.

The methanol conversions for the bimetallic and mixed metal systems were
higher than would have been expected from a purely additive effect, although the
difference is not as great when the Co,(CO),-PPh, system is considered. The
advantage then of the mixed metal systems is that relatively high selectivities to ethanol
can be achieved at the higher methanol conversions.

An interesting effect was observed on selectivity when mixed metal catalysts
derived from [Ru(acac),] were compared with those derived from
[(m’-C;H,)Ru(PPh,),CI] at the lower temperature of 175 °C. The [Ru(acac),]
containing systems gave higher yields of ethanol than the organometallic counterpart.
This was explained in terms of the ease with which [Ru(acac),] was converted to the
catalytically active species compared to [(n’-C,H,)Ru(PPh,),Cl]. Disruption of
metal-ligand interactions would be necessary and more forcing conditions would be
required for complexes possessing strongly bound ligands such as Cp.

From the experimental results presented, no evidence could be found for
bimetallic catalytic functionality.

In 1983, Chaudret, Delavaux and Poilblanc, began their extensive

investigations into the chemistry of Rh-Ru heterobimetallic complexes, with the
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Chapter One

publication of a paper reporting the first ever synthesis of a molecule containing Rh

bonded to Ru *, [RuRh(CO),Cl(dppm),] 4

The bimetallic was synthesised via a complex reaction between [Ru(COD)(dppm),],
[{RhCI(CO),},] and excess carbon monoxide. This chemistry is described in more
detail later.

Preliminary studies on the catalytic activity of 4 indicated that it was an
effective hydroformylation catalyst under mild conditions: 580 psi 1:1 CO/H,, 75 °C,
24 h. Pentene was converted to hexanal/2-methylpentanal (90 %), with an n:iso ratio
of 2.3:1. No other products were detected and no bimetallic decomposition was
observed.

Lindsell and McCullough et al, reported the synthesis of some Rh containing
heterobimetallic complexes of Mn, Mo and W, and also some Cu-Mo and Cu-W
complexes ***. The complex [MoRh(u-CO),(PPh,),(n*-C,H,)] 5

O
€

s S

Cp—Mo=—— Rh
eI “\PPh,
O
5
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Chapter One

was synthesised from Wilkinson's complex and Na[Mo(CO),(n’-C,H,)], producing the
above heterobimetallic molecule with metal-metal double bond character. 5 was found
to catalyse the hydrogenation of cyclohexane at ambient temperature and pressure of
H,, although the rate was significantly slower than that observed for [RhCI(PPh,).].
The authors did not identify the actual catalytic species and submit that it may not be
the bimetallic, but possibly a decomposition product.

Working on the premise that the chemistry of discrete heterobimetallic
complexes may model the behaviour of mixed metal catalysts, Tooley, Arndt and
Darensbourg reported the use of mixed metal carbonyl hydrides, [HFeM(CO),]” (M =
Cr, Mo, W) as mild condition olefin isomerisation catalysts *. Their activity surpassed
that of either parent homobimetallic hydride, [HFe,(CO),J or [HM,(CO),,], or
fragment components [HFe(CO),] or [M(CO),].

The crystal structure of [HFeW(CO),] was determined and indicated that the
H, although having considerable Fe-H terminal character, also possessed some
bridging character. This structure is quite different from that of the homobimetallic

parent molecules

(())((::\\Fe OC\ /
| / N

C

which have symmetrically bridging hydrogen ligands. Following "*CO induced ligand
exchange/dimer disruption experiments, they were prompted to probe the catalytic

activation properties of this bimetallic via olefin isomerisation reactions.
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Chapter One

The activity of a possible catalytically active fragment compound [HFe(CO),]
was reviewed and considerable influences of additives was established. [HFe(CO),] is
itself inactive towards olefin isomerisation, and the previously noted activity was found
to depend on the presence of hydride abstracting agents, or the presence of alkali
cations. The role of the latter appears to be to promote CO loss, thereby creating a
co-ordination site for the olefin. [M(CO),] is proposed to play a similar role as the
alkali cations i.e. an associated Lewis acid co-catalyst in the activation of
[HFeM(CO),]-

In 1986, Choukroun ef al reported the use of [Cp,Zr(CH,PPh,),RhHPPh.] as a
catalyst for the hydroformylation of 1-hexene under mild conditions **.

Treatment of [Cp,Zr(CH,PPh,),] with [RhH(PPh,),] produced the bimetallic 6

[ZI‘]\

The molecule is square planar and the 'Cp,Zr(CH,PPh,),' group behaves as a trans
chelating ligand on Rh.

To determine whether the presence of the Zr group enhanced the catalytic
activity of the Rh fragment, a series of hydroformylation experiments were carried out
on 1-hexene. The catalytic activity of [RhH(PPh,),] was very low but was improved
by the addition of two moles of PPh,, The Zr-Rh complex was an active

hydroformylation catalyst giving rise to a high rate of conversion, although the
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