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Abstract
This thesis describes synthetic and structural studies on dinuclear rhodium(II)
compounds. The emphasis is on derivatives in which only two ligands bridge the Rh-
Rh bond.
The removal of one of the axial pyridine molecules from the compound
[Rh,(0,CCH,;),(CF;COCHCOCEK,),(NC,H;),] is described in chapter two. The resulting
compound [Rh,(O,CCH,),(CF,COCHCOCEF,),(NCH;)] has been structurally
characterised using '"H NMR and F NMR spectroscopy, and X-ray crystallography.
The X-ray diffraction study reveals a coupling between two adjacent molecules via Rh-
O(acetate) interactions in the unit cell. The removal of the remaining pyridine
molecule is also described.
Chapter three describes the preparation of the novel compounds [Rh,(O,CCH,),(1,10-
phen),Cl,] and [Rh,(HNOCCF;),(1,10-phen),Cl,] and their corresponding dicationic
pyridine adducts, which have been fully characterised using 'H NMR spectroscopy.
The crystal structures of the pyridine adducts [Rh,(O,CCH,),(1,10-phen),(NC,H,),]-
[PF¢], and [Rh,(HNOCCF,;),(1,10-phen),(NC;H;),][PF,], are reported. Attempts to
remove the axial pyridine molecules using a variety of methods are described.
The reactions of 2-phenylpyridine (Hppy) and 6-phenyl-2,2’-bipyridine (Hpbipy) with
[Rh,(O,CCH,),] are described in chapter four. Cyclometallation was attempted using
the ligands as their mercury salts, [Hg(ppy)Cl] and [Hg(pbipy)Cl]. The structures of
the axial adducts [Rh,(O,CCH,),(Hppy),] and [Rh,(O,CCH,),(Hbipy),] are reported. An
interesting cyclometallated monomer [Rh(O,CCH;)(ppy),] which is formed in acetic
acid is described and its crystal structure reported.
Chapter five describes the preparation and crystal structure determination of the
compounds [Rh,(dmg),(NCH;),], and [Rh,(O,CCH,),(dmg),(EPh,),] (E = P, As, Sb).

The results of electrochemical studies on these compounds is also reported.
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Chapter One

Introduction



1.1  Historical Recognition of Multiple Metal-Metal Bonding..

It was not until 1963 that recognition was given to the chemistry of
compounds with direct metal-metal bonds. Before this transition metal compounds
were only considered in terms of one centre coordination chemistry. Although there
are examples of compounds known since 1844'? which were not one centre
coordination compounds, none of these compounds were assigned structures with
metal-metal bonds until the 1960’s. With the discovery and utilisation of X-ray
crystallography the structures of multi-centre metal-metal bonded compounds could
at last be shown in detail. The first of these structures to be disclosed, in 1946, was
that of the lower chlorides of molybdenum.” These have Mo-Mo bond distances of
~ 26 ;\, which were shorter than those of metallic Mo (2.725 A ). Four years later,
in 1950, it was shown that Ta,Cl,,.7H,0,* its bromide analogue, and the
corresponding niobium compounds, all contain octahedral groups of metal atoms.
The metal-metal distances in these compounds were ~ 2.8 A. It was not until 1963,
with the structural elucidation of Cs[ReCl,}>® (Figure 1.1), which was shown to
contain the anion [Re,Cl,,]*, that the first metal-metal double bond was identified.
This anion had three Re ions arranged in a triangle with each metal bound by two
bridging and three axial chloride ions, and double Re-Re bonds, with a length of
2.477(3) A. This discovery was followed one year later by the recognition of the
first quadruple bond,”® in the ion [Re,Cl;],> Figure 1.2. The compounds
[Re,(O,CR),X,], which were reported at around the same time, were also later
shown to contain Re-Re quadruple bonds.>'® The molecular structure of

[Mo,(O,CCH,),]'"'%, containing a Mo-Mo quadruple bond was published in 1965,



Figure 1.3, and in the same year, the first metal-metal bond of order 3.5 was
recognised . This type of bond, with an electronic configuration of o’n*8%8’, was

1, which contains the

found in the paramagnetic compound (NH,),[Tc,Clg.2H,0
anion [Tc,Clg]*, with a Tc-Tc bond length of 2.13(1) A, and a structure similar to

that of [Re,Clg)*.

Figure 1.1 The Structure of [Re,Cl,,]*

‘ The first triple bond was reported in 1966 in the compound [Re,Cl (dth),],"
Figure 1.4, which had been prepared by the reaction of [Bu,N],[Re,Cl,] and 2,5-
dithiohexane in acetonitrile. The observed Re-Re bond length was 2.293(2) A, and
the absence of &-bonding in the staggered rotational configuration was consistent
with a triple bond. A remarkably short Cr-Cr quadruple bond of length < 2.0 A,

]16.17

was observed in the compound [Cr,(C;H,), and reported in 1967.



10

Figure 1.2 The Structure of [Re,CLJ*

In each following years new advances were made in this rapidly growing field.
These included the first diruthenium structure, of [Ru,(0,CC,H,),Cl]*, in 1969, and
the first mixed metal multiple bond, in the compound [CrMo(O,CCH,),]" in 1974.
These were followed in the next ten years by the synthesis and study of a variety
of compounds with multiple metal-metal bonds between itungsten, vanadium and

‘osmium ions.



Figure 1.3 The Structure of [Mo,(0,CCH,),]1

11
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being the sigma bonding orbital and the least stable the sigma anti-

bonding orbital. When this model is considered in the context of a set of eight
ligands being introduced, the degeneracy of the ¢ and = orbitals is not affected but
the degeneracy of the & orbitals is lifted. This is due to the d,2 2 orbitals pointing
in the direction of the incoming ligands, whereas the dxy orbitals point between the
incoming ligands. Hence the d,2 2 orbitals are used in metal-ligand bonding and the
d,, orbitals are used in metal-metal bonding. Therefore there are a total of four
bonding and four anti-bonding orbitals for use in metal-metal bonding.

1.2.2 The Valence Bond Model For Metal-Metal Bonding.
The hybridisation of atomic orbitals can also be invoked to describe metal-
metal bonds. The nine valence shell orbitals on a transition metal give rise to three

types of hybrid orbitals, Figure 1.7.

Figure 1.7 The Three Types of Hybrid Orbital
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Type A, of which there is only one, points away from the other metal atom, and is
used in additional axial ligand bonding. Type B, of which there are four, point in a
direction perpendicular to the metal-metal bond and are used in metal-ligand
bonding. Type C, of which there are also four, are available for interaction with the
type C orbitals on the adjacent metal. This interaction results in the formation of
four extra, single, bent bonds. These single bent bonds can be thought of as being
along the arc of a circle. The distance between the two metal atoms can be
calculated assuming the length of the arc to be twice the radius of the single bond,
at angles that are equal to the optimum spd bond angles. These calculated bond
lengths agreed quite well with experimentally found bond lengths. However, the
use of valence bond theory in this area is limited, since it assumes that all the
hybrid orbitals are of equal energy, and does not explain the need for a quadruple

bond to have an eclipsed configuration of ligands.

1.3 Dirhodium (II) Compounds.

The first dirhodium(II) compound was reported in 1960.”° The compound of
supposed composition [HRh(O,CH),0.5H,0], which was formulated as a Rh(I)
compound initially, was shown to be [Rh,(O,CCH),(H,0),].*! Two years later,
structural data based on two dimensional electron density projections gave a Rh-Rh
bond distance of 2.45 A for this compound. An accurate crystal structure
determination, performed in 1970, showed the Rh-Rh distance to be 2.3855(5) A,?
Figure 1.8. The shortness of the observed Rh-Rh bond sparked off a controversy

about the bond order. Initially in 1962, a short single bond was proposed, however
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undisputed Rh-Rh single bonds were typically 2.7-2.8 A.

Figure 1.8 The Crystal Structure of [Rh,(O,CCH,),]

The only other structural report on a dirhodium(II) compound at that time was of
[Rh,(dmg),(PPh,),],*** which was reported to have an Rh-Rh bond length of
2.936(2) A. Hence some researchers®***#% argued that the length of 2.3855(5) A
was more consistent with a Rh-Rh triple bond. They suggested low lying non-

bonding Rh 5s and 5p, orbitals would be filled to give the electronic configuration
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o’'n*8%6,%6,78™ and a bond order of 3.0, Figure 1.9. This difference of opinion
continued until 1977 when SCF-X,-SW?* calculations demonstrated in a
sophisticated molecular orbital model that the non-bonding Rh Ss and 5p, orbitals
were of much higher energy than initially thought, and the Rh-Rh bond was indeed

single.

Figure 1.9 Energy Level Diagram For The Configuration 5’16’ % 28"
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1.3.1 A Molecular Orbital Scheme For Dirhodium Compounds.

In the compounds [Rh,(O,CR),], each Rh(II) ion has seven 4d electrons.

Hence there are a total of 14 electrons to be added to the metal-metal bonding set

of molecular orbitals, resulting in an electronic configuration of ¢’n*6°8™n™ .
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14. The Chemistry of Dirhodium(I) Compounds.

This survey of the chemistry of dirhodium(II) compounds will concentrate

substantially on synthetic and structural studies.

1.4.1 Dirhodium Tetracarboxylates.

The compound [Rh,(O,CH),(H,0),]*® was first prepared in the early 1960’s
by refluxing salts of [RhCl,*] in aqueous formic acid. The compound
[Rh,(O,CCH,),(H,0),] was prepared from a mixture of acetic acid and an alcohol
refluxed with [Rh(OH),H,0]. The standard preparative procedure for
tetra(carboxylato) dirhodium(II) compounds was designed in 1970,”% and is shown
in Equation 1.1. This procedure involves heating sodium acetate with rhodium
trichloride trihydrate in a mixture of acetic acid and ethanol. The green/blue
coloured crude product can be recrystallised from methanol to give crystals of
[Rh,(O,CCH,),(CH,OH),]. The axial methanol molecules may be subsequently
removed by heating the compound for 30 minutes, under vacuum, above 100°C.
The compound [Rh,(O,CCH,),] is used extensively in the preparation of other
tetra(carboxylato)dirhodium(II) compounds,*** by a ligand exchange procedure. An
excess of the carboxylic acid to be introduced is heated with [Rh,(O,CCH,),] at a
Equation 1.1

CH,CO,Na

RhCl,3H,0 ======-=====nsaau- — Rh,(0,CCH,),x(EtOH)
CH,CO,H, CH,CH,0H
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temperature just above its boiling or melting point, for several hours. The excess
acid is removed under vacuum, leaving the required tetra(carboxylato)dirhodium(II)
compound. A large number of tetra(carboxylato)-dirhodium(II) compounds have
been prepared, R = CH,, CF;, C,H,, nC;H,, n-C;H,, CMe,, C¢H,, C(Fs, linear chain
n-alkanoates; (C,H,,,,CO,, n = 5,7,11)*"*, CH,0CH,**, (CH,),Ph (n = 2,3)*'*2,
CPh,®, (2-Ph)C4H,*, 2,4,6-(p-tol),C¢H,*, (2-HO)C¢H,.**¢ Complexes using
optically active carboxylate ligands, (O,CCHRR’, R = OH, R’ = Ph**¥"% and R =
OMe, R’ = Ph)* are also known. Amino acid ligands such as CH,CH(NH,)CO,H
(c-alanine)’!, and NH,(CH,),CO,H (B-alanine)®*** and pyrrolidine-2-carboxylic**
acid, have also been used as bridging ligands. All of these compounds have a
similar structure to that of [Rh,(O,CCH,),(H,0),]. In each compound there are two
metal ions bridged by four carboxylate groups lying in two mutually perpendicular
planes, while a variety of donor ligands may occupy the two axial positions, Figure
1.11.

Figure 1.11 The Structure of [Rh,(OQ,CR),L,]
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This contains three bridging and one chelating acetate group, as well as a
chelating 2,2-bipyridine ligand. This results in the two Rh atoms being in different
environments, and the Rh-L distances being very different. (Rh-N (terminal)

2.120(10) A, Rh-O (terminal) 2.466(8) A).

1.4.2 The Influence of Axial Ligands on Rh-Rh Bond Lengths.

The compounds [Rh,(O,CR),] form a wide range of diaxial adducts
[Rh,(O,CR),L,] (L = py, PPh,, Me,SO®*' etc,) These are of a variety of colours
and that colour is closely related to which atom is bound to the rhodium ion. Green
or blue coloured adducts tend to be formed by oxygen donors. Pink, red or violet
coloured compounds frequently have a nitrogen atom bound to the metal ion. In
contrast compounds which are orange to deep red in colour tend to be observed for
sulphur donors. Crystallographic data on a selection of those that have been studied
by X-ray diffraction is presented in Table 1.1. The Rh-Rh bond distances vary
between 2.486(1) A for [Rh,(0,CCF,),(PPh,),] to 2.371(2) A for compounds

[Rh,(0,CCMe;),(H,0),] and [Rh,{O,C(1-adamantyl),}(MeOH),].

14.3 Nitrogen Donor Ligands

Nitrogen donor ligands give the largest range of adducts as well as the
greatest range of Rh-Rh bond lengths. The shortest Rh-Rh bond of a nitrogen
donor adduct, 2.387(1) A, is found in the compound [RhZ(OZCC2H5)4(DDA)2]44

(DDA = durenediamine), and the longest, 2.4537(4) A is found in the compound



TABLE 1.1 Crystallographic Data on Selected

[Rh,(0,CR),L,] Compounds.

Compound Rh-Rh (A) Rh-L A
Rh,(0,CCMe,),(H,0), 2.371(1) 2.295(2)
Rh,(0,CH),(H,0), 2.38 2.45
Rh,(0,CCH,),(H,0), 2.3855(5)  2.310(3)
Rh,(0,CC,H,),(DDA), 2.387(1) 2.324(6)
Rh,(O,CCH,),(caffeine),  2.395(1) 2.315(9)
Rh,(0,CCH,),(Py), 2.3963(2)  2.227(3)
Rh,(0,CCH,),(PhCH,SH), 2.4020(3)  2.551(2)
Rh,(O,CCH,),(EtNH), 2.4020(7)  2.301(5)
Rh,(0,CPh),(Py), 2.402(1) 2.247(4)

Rh,(O,CCH,),(Me,SO),  2.406(1) 2.451(2)
Rh,(0,CC,H,),(Me,SO),  2.407(1) 2.449(1)

Rh,(0,CC,H,),(PHZ) 2.409(1) 2.362(4)
Rh,(O,CCH,),(tp), 2.412(6) 2.23(3)

Rh,(O,CCH,),(THT), 2.413(1) 2.517(1)
Rh,(0,CC,H,),(ACR), 2.417(1) 2.413(3)
Rh,(0,CCH,),(CO), 2.419(3) 2.095(2)

Rh,(O,CCH,),(NO)(NO,)  2.4537(4)  1.927(4), 2.008(4)
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[Rh,(O,CCH,),(NO)(NO,)].* Ammonia, aliphatic, alicyclic and aromatic amines
including polyfunctional amines such as ethylenediamine, o-phenylene-diamine,
hydrazine, phenazine (PHZ), durene diamine (DDA), guanidine and its derivatives,
diaryltriazenes, and cyclam, as well as heterocyclic nitrogen containing ligands
such acridines, 2,2’-bipyridine, acetonitrile, nitric oxide, nitrite and derivatives of
pyrimidine all form adducts with [Rh,(O,CR),], in which N atom coordination

takes place.

1.44 Oxygen Donor Ligands

Since the first dimethyl sulphoxide adduct, [Rh,(O,CCH,),(Me,S0),],%*
( Rh-Rh = 2.406(1) A and Rh-O = 2.451(2) A) was reported, several other
adducts with dimethyl sulphoxide have been prepared and structurally characterised.
Other oxygen containing donor ligands include MeOH, EtOH, THF, and a few
organic nitroxide radicals readily form adducts. Oxygen coordination also takes
place in the urea and 1:2 DMF adducts of the acetate and trifluoroacetate

complexes.

14.5 Carbon Donor Ligands

Ligands which form axial adducts with [Rhy,(O,CR),] in which carbon co-
ordination takes place include CO, CN’, RNC, and olefins. The compound
[Rh,(0,CCH,),(CO),]*** must be prepared at -20°C. Complexes such as

[Rh,(O,CR),(CN),]* have been prepared with a variety of R groups.* Olefins form
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1:1 adducts with [Rh,(O,CR),], (R = CH,, C;H,, C,H,, CF,).

14.6 Phosphorus Donor Ligands

Since the 1960’s several tertiary phosphine, PR,, adducts®** have been
prepared. X-ray studies have been reported for [Rh,(O,CCH,),(PX,),] (X =F%®
OPh,” Ph® and OMe®* ©*) and for [Rh,(O,CCF,),(PX;),] ( X = Ph, OPh).%® The
Rh-Rh bond lengths are the longest found in [Rh,(O,CR),L,] compounds, with the
noted exception of [Rh,(O,CCH,),(NO)(NO,)], with values ranging from 2.4215(6)
A, in [Rh,(O,CCH,),(PF,),], to 2.486(1) A, in [Rh,(O,CCF,),(PPh,),]. The axial
bond lengths are also unusually long. These vary from 2.494(2) A in
[Rh,(O,CCF,),(PF,),] to 2.340(2) A in [Rh,(O,CCF,),(PPh,),]. The Rh-PPh, bonds
are found to be longer than Rh-P(OPh), bonds by about 0.07 A in otherwise
comparable compounds. This was somewhat surprising since PPh, is a better
electron donor than P(OPh),, but could be due to the fact that the phosphorus atom
has a smaller covalent radius in P(OPh), ( 1.83 A vs 1.87 A). The compound
[Rh,(O,CCH,),] reacts with phosphine and phosphite ligands in acetonitrile and
water to give the adducts [Rh,(O,CCH,),(X)(PR,)]**( X = NCCH,, PR,= PPh,,
P(CH,CH,CN),, P(OMe),, P(OPh),, Ph,P(CH,) ,PPh,( n = 1-4), and X = H,0, PR, =
[Ph,P(m-SO,Ph)]", [P(CH,CH,CO,),]*, [P2PCH2CH2NH(Me)‘2]*,
[PhP(CH,CH,CH,NH,),]**, [Ph,P(CH,CH,CO,)]) The triphenylstibene and
triphenylarsine complexes [Rh,(O,CCH,),(EPh,),],( E = As, Sb) have also been

prepared and structurally characterised.®”’°
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14.7 Other Donor Ligands.

Sulphur bound adducts are formed by the reaction of the compound
[Rh,(O,CR),] with the ligands DMSO, dibenzylsulphide, tetrathiofulvalene, and the
macrocycles 1,4,7-trithiacyclononane. The ligand (CH,),SO co-ordinates through
the sulphur atom with the compounds [Rh,(O,CCH,),],¥ [Rh,(0,CC,H;),]* and
[Rh,(0,CCH;),1"", with respective Rh-S distances of 2.451(2) A, 2.449(4) A and
2.448(6) A. However with [Rh,(O,CCF,),] where the metal atoms have a lower
charge density the preferred donor site of (CH,),SO is the oxygen atom,( Rh-O
2.236(3) A®"). The complex [Rh,(O,CCH,NMe,),Cl,].Cl,.4H,0™ contains axial
chloride ligands, and has a Rh-Rh bond length of 2.413(1) A and Rh-Cl distance
of 2.557(1) A. Other halides form corresponding dianionic adducts with

[Rhy(O,CCH,),]".

1.5 The Chemistry of [Rh,(Q,CR),] Molecules.

1.5.1 Ocxidation and Reduction.

Since the metal-metal bonding/anti-bonding orbitals are usually the frontier
molecular orbitals oxidation or reduction of a compound with a metal-metal bond
frequently involves a change in bond order. The removal of an electron from a
bonding orbital will decrease the bond order and weaken the metal-metal bond.
Conversely the removal of an electron from an antibonding orbital will increase the

bond order and thereby strengthen the metal-metal bond. Reduction involving the
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addition of an electron to a bonding orbital will increase the bond order and
strengthen the metal-metal bond. Whereas addition of an electron to an antibonding
orbital will decrease the bond order and weaken the metal-metal bond.

The compounds [Rh,(O,CCH,),] can be chemically oxidised in H,O using Cl, ,
lead dioxide, or ceric ion, to give [Rh,(O,CCH,),]* which is reduced back to the
neutral complex in air. The electrochemical oxidation of [Rh,(O,CCH,),] in 0.1 M
sulphuric acid is reversible, and occurs at a potential of 1.225(5) V (vs NHE).74'75‘
Similar oxidations occur for essentially all other [Rh,(O,CR),] compounds.
However these compounds undergo only irreversible electro-reduction to
[Rh,(O,CR),] ions, which are unstable and rapidly decompose.’

The oxidation potential of an [Rh,(O,CR),L,] compound is affected by the identity
of the axial ligand, with the tendency of the compounds to oxidise to the mono
cation increasing with increasing donor ability of that ligand.”’” For example the
compound [Rh,(0O,CC,H;),(PPh,),] is oxidised at E,,= 0.61 V (vs SCE ),
whereas the compound [Rh,(O,CC,;H,),(H,0),] undergoes oxidation af E .= 099
V.’ The relative contribution of the 6 and m bonding ability of the ligand also
affects the ease of oxidation. The Rh-L bond, which is mostly due to sigma
interaction, is strengthened by the ® acceptor ability of many ligands. The stronger
the interaction between the ligand and the Rh atom the easier the oxidation
process. Most [Rh,(O,CR),] compounds will behave as soft acids, and form
stronger axial bonds with ligands which have 7 acceptor ability. The high
electron density around the Rh ion will be stabilised by these ligands, which have
low lying 7 orbitals into which the electrons can be donated. The substituents on

the bridging group also play a role in the oxidisability of the [Rh,(O,CR),L,]
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compounds. Electron donating groups on the carboxylate contribute to the stability
of the higher oxidation state of the metal. Conversely when R is an electron
withdrawing group the stability of the higher oxidation state of the metal is
reduced. Experimental evidence for these arguments -has been obtained by cyclic
voltammetric investigations.”® When the substituent group R is CMe,, oxidation of
[Rh,(O,CR),] to [Rh,(O,CR),]" takes place at E,, = 0.92V (in DMF vs SCE ),
while if it is CHCICH,, oxidation takes place at the higher potential of

E,=127V.
1.5.2 The Use of [Rh,(O,CR),] Compounds as Catalysts.

A variety of [Rh,(O,CR),] compounds are useful catalysts in a number of

reactions. A few representative examples are mentioned below:-

a) oxidation, hydroformylation, and hydrosilylation reactions:

The oxidation of cyclohexene to 1,2-epoxycyclohexene-3-ol is catalysed by the use
of [Rh,(O,CR),]” compounds in conjunction with vanadium or molybdenum
compounds at 55° C under 1 atm. pressure of oxygen. The compound
[Rh,(O,CCH,),] can be reduced to Rh(I) complexes which are used in olefin
hydroformylations.® Additionally [Rh,(O,CCHS,),] will also catalyse the
hyrosilylation of .tcrmirvlal olefins, dienes, cyclic ketones and terminal acetylenes.
b) hydrogenation reactions:

Ethylene and other terminal olefins can be hydrogenated using [Rh,(O,CCH,),] in

DMF solution at 30-80°C under 1 atm. pressure of hydrogen.' Hydrogenation does
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not take place with internal olefins, trans olefins or ketones, whereas terminal
olefins undergo double bond isomerisation.

¢) carbene reactions:

Carbenes, R,C: , are highly reactive species and can be generated by the
decomposition of diazoester, eg CH;0,CCH=N=N — 'CH,0,CCH + N,.
[Rh,(O,CR),] complexes will catalyse diazoester decompositions giving the
appropriate carbenes in high yield. Carbenes will undergo insertion reactions into
polar bonds, catalysed by [Rh,(O,CCH,),], eg. carbomethoxycarbene CHCO,CH,
inserts into X-H bonds (X = O, S, NH) to give RXCH,CO,CH,.** Likewise ethyl
diazoacetate undergoes insertion into ROH bonds to give ROCH,CO,CH,CH,

(R = Et, Pr, Bu', H, CH,CO ).®® The compound [Rh,(O,CCH,),] is also used in the
cycloaddition of diazoesters to alkenes and alkynes giving cyclopropanes and
cyclopropenes. The cyclisation of X,C=CHCH=CMe, ( X = Cl, Br) with ethyl
diazoacetate to give cyclopropane carboxylic acid esters is catalysed by
[Rh,(O,CCHS,),].** The compound [Rh,(O,CCH,),] can also be used as a catalyst in
the production of thiophenium ylides from the addition of dimethyl diazomalonate

to thiophene.®

1.5.3 Activity as an Anticancer Agent

In 1972 it was reported that the [Rh,(O,CR),] compounds are effective
against certain tumours in mice. The effectiveness of the reagents can be increased
by the use of the polyadenylic acid adduct of [Rh,(O,CC,Hy),], and use of

[Rh,(O,CC,H,),]* instead of [Rh,(O,CC,Hj),1.%*" There are however substantial



30

drawbacks to the use of this type of compound in chemotherapy, namely:-

a) the instability of [Rh,(O,CR),] in vivo, where it decomposes within hours to
give CO,, acetate ions and Rh metal,

b) the effectiveness is limited since almost no effect was observed against
melanoma B16 or Leukaemia L1210 tumours in mice, which are the most
commonly used predictors of effectiveness against a range of human cancers,

c) the inherent toxicity of the compounds.

1.6 Dirhodium Compounds Containing Four Alternative Bridging Ligands.

As we have seen, there is a large variety of ligands that form axial adducts
with [Rh,(O,CR),] compounds. The complexes of Rh,** have the most diverse
range of axial ligand adducts in comparison to the complexes of Cr,**, Mo,*, Tc,™,
Ru,’, Re,*, and Os,*. The number of non-carboxylate ligands that form bridges
across Rh,** units, was in the past limited, but has been expanding over the last

decade.

1.6.1 Oxyanion Bridging Ligands

The first evidence for noncarboxylate bridging ligands between Rh(II) ions

came in 1966® with the preparation of the compounds M,[Rh,(SO,),(H,0),].2H,0

(M = Cs*, H,0") by the reaction of sulphuric acid with rhodium hydroxide. In 1971



31

the compound [(NH,)Rh,(SO,),4.5H,0]™ was isolated, and it was proposed that
this compound contained bridging sulphate ligands. Eight years later, the reaction
of concentrated sulphuric acid with [Rh,(O,CH),] was observed to result in the
formation of Cs,[Rhy(SO,),(H,0),].2H,0% which led to the suggestion that the
compounds synthesised in 1966, did in fact contain sulphate bridges. Since that
time several complexes with sulphate bridges have been prepared and structurally
characterised.”®'

The compound with an empirical formula [C(NH,),],Rh(CO,), was first reported
in 1967%, as was [Rh,(CO,),]* which was prepared by the reaction of
[Rh,(0,CCH,),] with concentrated aqueous solution of the alkali metal carbonate.
However it was not until 1980, that the structures of Cs,[Rh,(CQ),(H,0),].6H,0
and Cs,Na,[Rh,(CO,),C1,].8H,0, with Rh-Rh bond lengths of 2.378(1) A and
2.380(2) A respectively, were structurally characterised.”® The reaction of
orthophosphoric acid with [Rh,(O,CCH,),] gave [Rh,(H,PO,),(H,0),]**, which was
structurally analysed by X-ray diffraction, Figure 1.13.

Figure 1.13 Crystal Structure of [Rh,(H,PO,).(H,0),]
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The results of the diffraction study confirmed four bridging [H,PO,] groups around
a Rh,** unit with an Rh-Rh bond distance of 2.487(1) A*, much longer than that

observed in related [Rh,(O,CR),] compounds.
1.6.2 Hydroxypyridine and Aminopyridine Ligands.

Dirhodium compounds with hydroxypyridinate and aminopyridinate bridging
ligands have been prepared by the reaction of [Rh,(O,CCH,),] with an excess of
the molten ligand under an inert atmosphere for 60 hours.”® The excess ligand is
removed by vacuum sublimation, and the procedure repeated with a fresh batch of
ligand. A range of Rh-Rh bond lengths are observed in compounds containing
these two ligands, and are given in Table 1.2. Six crystallographic studies on
compounds with four bridging 6-methyl-2-hyroxypyridine ligands have been
reported.””*® Structures containing four bridging 6-chloro-2-hydroxypyridine ligands
and 6-fluoro-2-hydroxypyridine ligands have also been reported.”'®The
compounds [Rh,(6-CH,CsH,NO),],”” [Rh,(6-CH,C,H,NO), (H,0)]%, and [Rh,(6-
CIC,H;NO),]* all adopt a 2:2 transoid arrangement of ligands about the metal-
metal bond, all have no axial ligands, and the pendant substituents on the aromatic
rings block the axial sites. The Rh-Rh bond distances are all short, 2.359(1) A,
2.367(1) A and 2.379(1) respectively. The_cbmpounds [Rh,(6-CH,C,H,NO),(6-
CH,C,H;NOH)]*%, [Rh,(6-CH,C;H,NO),(C,H,N,)0.5CH,CN],” and [Rh,(6-
CH,CH;NO),(CH,CN)]* all adopted a 3:1 arrangement of bridging ligands, Figure
1.14. This allows axial ligation to one of the rhodium ions, specifically that which

is co-ordinated by a single pyridy! nitrogen. These were the first dirhodium(II)
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Table 1.2 Rh-Rh Bond Lengths For a Range of Dirhodium Compounds.

Compound Rh-Rh(A)
[Rh,(CH,C,H,NO),] 2.359(1)

[Rh,(CH,C,H,NO),(CH,C,H,NOH)C,H,CH,] 2.383(1)

[Rh,(CH,C,H,NO),CH,CL,] 2.369(1)
[Rh,(CH,C,H,NO),H,0] 2.367(1)
[Rh,(CH,C,H,NO),CH,CN] 2.372(1)
[Rh,(CH,C,H,NO),(C;H,N,).0.5CH,CN] 2.384(1)
[Rh,(CH,CH,NO),(0,CCH,),(C;H,N,)] 2.388(2)

[Rh,(CH,C;H,NO),(0,CCH,),(C,;H,N,)(CH,CL,),] 2.388(1)

[Rh,(CIC;H,NO),] 2.379(1)
[Rh,(CIC;H,NO),(C;H,N,)(H,0),] 2.385(1)
[Rh,(FC,H,NO),(DMSO0)] 2.410(1)
[Rh,(C4H,NNC,Hy),(C;H,CN)] 2.412(1)

[Rh,(C;H,NNCH,),Cl] 2.406(1)
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compounds to have only one axial ligand, and the first to show twisting (~20°) of
the bridging ligands about the Rh-Rh bond. The compound [Rh,(6-CH,C;H,NO),-
(6-CH,C,H,;NOH)] has an affinity for the 3:1 orientation of the ligands, so much
so that once the [6-CH,C;H;NOH] ligand has coordinated to the axial site of the

[Rh,(0,CCHs,),] molecule, exchange of the acetate ligands takes place to give only

the 3:1 orientation, instead of the 2:2 orientation.

Figure 1.14 The Structure of [Rh,(6-CH.C.H.NO),(CH,CN)]

In the absence of other coordinating ligands the [Rh,(6-CH,CsH,NO),]*® molecules

will pack in the solid such that the *’open’’ axial site is occupied by an oxygen
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atom from a bridging ligand of another molecule. Thus in the crystal adjacent units
were found to be linked together via intermolecular Rh-O bonds (2.236(3) A),
Figure 1.15.

Figure 1.15 Two Adjacent Units of [Rh,(6-CH,C.H.NO),]

Linked by Rh-O Bonds

The four 6-fluoro-2-hydroxypyridinate ligands in the compound [Rh(6-FC;H,NO),-

(DMSO)] adopt a polar arrangement, 4:0, around the metal-metal bond. Axial
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ligation takes place at the rhodium atom co-ordinated by four oxygen donors. Two
crystallographic studies on compounds with four bridging aminopyridinate ligands
have been reported. The compound [Rh,(C{H,NNC4H;),(C;H,CN)],'”" was shown to
adopt a 2:2 transoid arrangement of the bridging ligands while the other compound,
[Rh,(C,H,NNCH,),Cl],'®" which contains a [Rh,]** unit, adopts a polar arrangement

around the metal-metal bond.

1.6.3 Acetamide And Amidate Ligands

Amidate ions provide a bridging functionality which bonds through two
different substituents to a metal. In theory, the replacement of the four bridging
carboxylate ligands by the amidates can give up to twelve different species, Figure
1.18. The complete replacement of the carboxylate bridging ions by amidate
ligands can give up to four isomers. The first tetrakis-(amidato)dirhodium(II/II)
compound to be prepared was [Rh,(HNOCCF,),].'® The preparation involved
stirring  [Rh,(0,CCH,),(CH,0H),] with molten trifluoro-acetamide under an inert
atmosphere for 60 hours, the excess ligand was subsequently removed, and the
procedure repeated with a fresh sample of ligand. The products of the synthesis
were separated by high pressure liquid chromatography. All four isomers were
found to be present, although one was present in a large excess (94%). The crystal
structure determination of the pyridine adduct'® of the most abundant isomer

showed it to be the structural type IX.(Figure 1.16).
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Reaction of [Rh,(O,CCH,),(CH,0H),] with acetamide'® gave six of the twelve
possible species. A crystal structure determination of one of these,
[Rh,(HNOCCH,),(H,0),.3H,0]'® demonstrated structural type IX. The reaction of
[Rh,(0,CCH,),(CH,0H),] with benzamide'® gave only one isomer. The crystal
structures of the pyridine and triphenylstibene adducts were investigated by X-ray
diffraction,'® Figure 1.17. When N-phenylacetamide'®'® was reacted with
[Rh,(0,CCH,),(CH;0H),] seven of the possible twelve species were isolated. The
pyridine and triphenylstibene adducts of two of these were characterised by

108

crystallography ™ and shown to be of types IX and XI. All the compounds which

have been structurally characterised show pairs of cis nitrogen and cis oxygen

Figure 1.17 Crystal Structure of [Rh,(HNOCC,H.), (C:H.N),]

cn
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atoms arranged around each Rh atom, with Rh-Rh bond lengths ranging from
2.415(1)A to 2.472(3) A and Rh-L distances of 2.227(7) A to 2.681(1) A.

The triphenylstibene adducts of the compound [Rh,(O,CCH,)~

(HNOCCH,);] have been prepared and structurally characterised.'® A summary of

some relevant structural data for these compounds is presented in Table 1.3.

Table 1.3 List of Rh-Rh Bond Lengths For [Rh,(HNOCR),L,] Compounds.

Compound Rh-Rh(A) Type
[Rh,(HNOCCH;),(CsHsN),] 2.437(1) IX
[Rhy,(HNOCCEF,),(C¢H,N),] 2.472(3) IX

[Rh,(HNOCC,H;),(SbPh,),.CH,Cl,] 2.463(1) IX
[Rh,(HNOCCH,),(H,0),3H,0]  2.415(1) IX
[Rh,(C;H,;NOCCH,),(DMS0),]  2.448(1) IX

[Rh,(C,H,NOCCH,),(DMSO)] 2.397(1) XI

Electrochemical investigations were carried out on the compounds [Rh,(O,CCH,),-
(HNOCCH,), 1'% (n =0, 1, 2, 3, 4 ) in four different solvents. The results
showed the redox potentials shifted to more cathodic values when carboxylate
ligands were replaced by amidate ligands. For the compounds [Rh,(O,CCH,)-
(HNOCCH,),] and [Rh,(HNOCCH,),] a second one electron oxidation was
observed. Both of the oxidations of [Rh,(HNOCCH,),] are reversible in acetonitrile
(Ejp(0x) = 40.15 V and +1.14 V, vs SCE). These investigations also showed the

ease of oxidation of these compounds to be dependent on the substituent groups on
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the amidate ligands and on the solvents used. The electrochemically produced
cations [Rh,(O,CCH,), ,(HNOCCH,),]*, and their adducts have been analysed by
ESR, electronic absorption and Raman spectroscopy.''®''"!'* A one electron
oxidation of [Rh,(HNOCCEF,),] is also observed in a variety of non-aqueous
solvents, where E,,(ox) varies between +0.91 V, and +1.08 V. Electrolysis of the
[Rh,(HNO-CCH,),(SbPh,),] in dichloromethane in the presence of an excess of
SbPh, cleaves the Rh-Rh bond and results in the formation and isolation of

[Rh,(Ph)CL,(Sb-Ph,),(NCMe)].'"?

1.6.4 Thiocarboxylate Ligands.

The compounds [Rh,(OSCR),(P(C¢Hs),),], (R = CH,, C;H,, C(CH,),)
prepared by the reaction of the orthometallated compound [Rh,(O,CCH,),[(C(H;),P-
(C¢H1,(THF),] with monothiocarboxylic acids (HO(S)CR R = CH,, CH,,
C(CH,),) have been fully characterised.'"* The crystal structure determination of
[Rhy(OSCC(CHs,),),(P(C¢Hs)3),] showed four cisoid bridging monothiopivalate
groups with the triphenylphosphine molecules trans to the metal-metal bond, Figure
1.18. The Rh-Rh bond distance, 2.584(1) A is greater than that observed earlier in
the structure of [Rh,(OSCCH,),(HOSCCH,),], 2.550(3) A'", and both of these
bond lengths are longer than those observed in [Rh,(O,CR),L,] compounds. This
observation is probably due to the large bite of the RCSO" ligand. The compounds
[Rh,(OSCR),(CsHsN),] (R = CMe,, Ph)"'"® have also been prepared and
characterised by X-ray diffraction. The compound [Rh,(OSCPh),(C,H,N),] has a

Rh-Rh bond length of 2.521(1) A which is greater than that of 2.514(1) A for the
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1.6.5 Formamidinate Ligands.

Reaction of [Rh,(O,CCH,),] with N,N’-diphenylformamidine (Hdpf) results
in the substitution of all the bridging acetate ligands by formamidinate bridges to
produce the compound [Rhy(dpf),].'"® This compound readily reacts to form adducts
with CH,CN and CO. The Rh-Rh bond length in [Rh,(dpf),(CNCH,)]"'® of 2.459(1)
A is similar to that of 2.457(1) A in [Rh,(dpf),]. The compound [Rh,(form),]""’,
which is prepared by the reaction of [Rh,(O,CCF,),(form),(H,0),] with N,N’-di-p-
tolylformamidine, is similar in structure to [Rh,(dpf),] and exhibits a Rh-Rh bond
distance of 2.4336(4) A. The reaction of the Rh,** complex [Rh,(form),(NO,),]'*
with an excess of the ligands PPh,, py and Me,NH results in the formation of the
compounds [Rh,(form);(NO,)L]. The structural characterisation of the adducts
[Rh,(form),(NO,)L], (L = PPh, and py)'* show a structural rearrangement, with the
L ligand equatorially bound to one rhodium atom and the nitrate group chelated to
the other rhodium atom, with Rh-Rh distances of 2.498(2) A and 2.476(1) A, and

Rh-L distances of 2.199(16) A and 2.280(6) A respectively.

1.6.6 Pyrazolato Ligands

The compound [Rh,(3,5-Me,pz),(NCCHS,),] has a short Rh-Rh bond of 2.353(3) A,
and is prepared by the reaction of [Rh,(O,CCHj,),] with the sodium salt of the
ligand 3,5-dimethylpyrazole in acetonitrile, and readily forms the pyridine adduct

[Rh,(3,5-Me,pz),(py),]'2. The axial pyridine is lost at 150°C under vacuum, to
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reform the compound [Rh,(3,5-Me,pz),]. Other related compounds which have been
prepared and structurally characterised are [Rh,(pz),(NCCH,),], [Rh,(p2),](pz =
pyrazolato) and [Rh,(u-pz),{p-Ph,P(CF;)Br}(CO)(PCBr)], (PCBr = PPh,(C(F,-0-

Br))122'

1.6.7 Other Ligands

The compound [Rh,(NC,H,NPh),]'”" is prepared by the reaction of
RhCl;.xH,0 with the sodium salt of 2-anilinopyridine. This compound can exist as
four geometric isomers. One isomer, with a benzonitrile axial ligand, has been
structurally characterised, Rh-Rh = 2.412(1) A, Rh-NCH; = 2.189(10) A.

Reaction of [Rh,(0O,CCH,),] with the ligands 2-pyrrolidinone (Hpyro), &-
valerolactam(2-piperidinone, Hvall) and w-thiocaprolactamate(tcl), produces the
tetra bridged complexes. The compounds [Rh,(pyro),(Hpyro),] and
[Rh,(vall),(Hvall),] both have a cisoid arrangement of the N and O donor atoms
about each Rh ion, with Rh-Rh bond distances of 2.445(1) A and 2.392(1) A,
respectively.'” The compound [Rh,(tcl),(Htcl)] (Htcl = w-thiocaprolactam) has four
S atoms bound to one Rh and four N atoms bound to the other Rh atom. Axial co-
ordination takes place at the Rh atom with four S atoms, with a Rh-S axial bond of

2.388(1) A.1*
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1.7  Mixed Sets of Bridging Ligands

1.7.1 Hydroxypyridine Ligands.

The first mixed bridging ligand dirhodium compound to be characterised
structurally was [Rh,(0,CCH,),(6-CH,C;H,NO),(C;H,N,)]*’, Figure 1.19. The

compound was obtained in an incomplete exchange reaction using the procedure

Figure 1.19 The Crystal Structure of [Rh,(O,CCH,),(6-CH,C.H,NO),(C-H,N,)]

outlined in Section 1.6. The compound adopts the 2:2 transoid arrangement of
bridging ligands with the two [mhp] ligands pointing in the same direction, and
hence sterically hindering one axial site but leaving the other free for binding to
the imidazole ligand. The Rh-Rh bond distance ( 2.388(2) A), is slightly longer

than that of the retrakis hydroxypyridine bridged compound, [Rh,(CH,C;H,NO),-
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The compounds [Rh,{Ph,P(CH,)},CL(PR,),], (PR, = PMe,, PPh,), and

[Rh,{Ph,P(C(H,)},Cl,(dmpm)], dmpm = Me,PCH,PMe,, have been prepared by
the reaction of [Rh,(O,CCH,),{Ph,P(C{H,)},] with PMe,, or PPh, and dmpm, in the
presence of Me,SiCl. All three have a similar structure with two orthometallated
phosphine bridging ligands and two chloride bridges arranged about the dimetal
centre with Rh-Rh bond distances of 2.506(1) A, 2.499(1) A and 2.770(3) A
respectively.'?®'*” Many additional examples of orthometallated dirhodium(II)
compounds with a variety of carboxylates and tertiary phosphine ligands have now
been reported, including [Rh,(O,CCMe,),{Me,P(C(H,)},(H,0),]'**, Rh-Rh distance
2.492(1) A and [Rh,(O,CCMe,),{PhMeP(CH,)},]'*®, with a Rh-Rh bond of

2.535(5) A, Figure 1.21. Structural data for these are collected in Table 1.4.

Figure 1.21 The Structure of [Rh,(Q,CCMe,),{PhMeP(CH)},.2C.HN]
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Table 1.4 Rh-Rh Bond Lengths of Orthometallated Dirhodium(ll) Compounds

Compound Rh-Rh (A)
[Rh,(O,CCH,),{(C4H,)P(C4Hy), },(CsHsN), ] 2.556(2)
[Rh,(0,CCH,),{(C4H,)P(C4Hy),},(CH,CO,H),] 2.508(1)
[Rh,(0,CCH,),{(C¢H,)P(0-CICH,)(CHs) }- 2.558(1)

{(CsH)P(CeHs), }P(CeHy)]

[Rh,(0,CCH,),{(C;H,N)P(C¢Hs), },CL] 2.518(1)
[Rh,(O,CC(CH,),),{ (CeH)P(CH,)(C4Hy) },(CsHsN),] 2.535(5)
[Rh,{(CH,),PCH,P(CH,),},{(C{H,)P(CcH,), },Cl,] 2.770(3)
[Rh,(O,CCH,),{Ph,P(C¢H,)} (CH,CO,H),] 2.430(2)
[Rh,(0,CCMe,),{Me,P(C¢H,) },(H,0),] 2.492(1)
[Rh,(0,CCH,),{ (m-MeCH,),P(m-MeC¢H,)} ,- 2.502(3)
(CH,CO,H),].CH,CO,H

[Rh,(0,CCH,),{PhP(CH,)(C,F,Br)} { PPh,(CsF,Br)} 2.519(3)

[Rh,(O,CCH,),{PPh(CH,)(C,F,Br)},(H,0)].H,0.CH,Cl, 2.485(1)
[Rh,(O,CCH,),{PhP(CH,)(C,F,Br)},].2CH,Cl, 2.475(1)
[Rh,{Ph,P(C{H,) },CL(PMe,),].C,H,.C,H,0 2.506(1)

[Rh, {Ph,P(C,H,)},CL(PPh,),] 2.499(1)
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The phosphorus atom occupies an equatorial position on one metal, and one o-
methoxy group has demethylated to form an alkoxide linkage. The Rh-Rh bond
distance is 2.4228(3) A, and the metallated oxygen atom is bound more strongly to

the rhodium ion (2.048(2) Z\), than the axial ether group (2.351(2) A).

1.7.3 Naphthyridine Ligands.

Dirhodium(II) compounds containing a combination of acetate and 1,8-

naphthyridine ligands were prepared by Ford and co-workers,'*:'**

and the crystal
structure of one of them, [Rh,(O,CCH,);(C ¢H,,N,)][PF,] was reported, Figure 1.23.
One of the acetate groups of {Rh,(O,CCH,),] is replaced by the tetradentate ligand
2,7-bis(2-pyridyl)-1,8-naphthyridine, leaving a structure with three bridging acetate

and one naphthyridine ligand.

Figure 1.23 The Structure of [Rh,(QCCH,),(C,H,,N)T"
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The compounds [Rh,(O,CCH,),(bpnp)]-[PF,].2H,0, [Rh,(O,CCH,),(dinp)]-

[PF¢].3H,0, [Rh,(O,CCH,),(pynp)][PF], and [Rh,(O,CCH,),(pynp),1[PF], [bpnp =
(2,7-bis(2-pyridyl)-1,8-naphthyridine), dinp = (5,6-dihydrodipyrido[2,3-b:3’,2’-
Jj1[1,10]-phenanthroline), pynp =22—(2—pyridyl)-1,8-naphthyridine)] each show a
one-electron reversible oxidation plus one or two reversible reductions in
acetonitrile.””'** An anodic shift for both oxidations and reductions was observed
for these compounds in comparison to those observed for [Rh,(O,CCH,),-
(CH,CN),]. This led to the suggestion that the naphthyridine ligands are less

electron donating than the acetate ligands.

1.7.4 Trifluoroacetate Ligands.

The compound [Rh,(O,CCF;),{[(p-tolN),CH] },(H,0), reacts with Ph,Ppy to form
the compounds [Rh,(1-O,CCF;){[(p-toIN),CH] },(1-Ph,Ppy)(O,CCF;)] and [Rh,{[p-
toIN),CH] },(u-Ph,Ppy),(O,CCF,),], in which the axial sites are occupied by one or
two monoligated trifluoroacetate groups respectively.'*® The structure of the 1:2
complex has been characterised by X-ray crystallography and shows a cisoid

arrangement of the bridging ligands.

1.7.5 Other Ligands

The compound [Rh,Cl,(dppm),]'”’ is prepared by the reaction of [Rhy(O,CCH,),]
with dppm and 4 equivalents of Me,SiCl in refluxing benzene. The structure,

Fig.1.24, is ’cradle like’ with a cis arrangement of the dppm ligands. This
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1.8 Compounds With Only Two Carboxylate Bridging Ligands.

Although the most common dirhodium (IV/II) compounds are those with
four bridging carboxylate groups, there is a growing number of compounds with
less than four bridging groups, and indeed there are some dirhodium(II/II)
compounds with no bridging ligands at all. Quite clearly, there is no intrinsic need
for four bridging ligands, and we now briefly discuss some compounds in which

there are only two bridging ligands.

1.8.1 pB-Diketonate Containing Complexes.

Rhodium(II) dimers with two bridging carboxylates of the general formula
[Rh,(O,CR),(R’COCHCOR”’),L,] (R = CH,, CH;CH,, and (CH,),C; R’, R”’=CF,,
CH,; L=NC,Hy), were first prepared by Cennini et al'* in 1967. The appropriate
dirhodium tetracarboxylate compound was refluxed with an excess of the [-
diketonate ligand in aqueous or alcoholic/aqueous mixtures. The subsequent
reaction of the residue with pyridine gave the corresponding bis adducts.

Since 1967 further examples of these compounds have been prepared and
the structure of the compound [Rh,(0,CCH,),(CF,COCHCF,),(NC,H;),]'* was
determined by X-ray diffraction and is shown in Figure 1.25. The two rhodium
ions are bridged by two acetate ligands and one {CF;COCHCOCF;] ligand is
chelating on each metal. Pyridine molecules occupy the axial positions of the
dimer. The Rh-Rh bond distance was found to be 2.523(2) A. The compound

[Rh,(0,CC(CHs;),),(CF,COCHCOCF,),(NCH,),] was subsequently found to have a
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1.8.2  Phenanthroline And Bipyridine Containing Complexes.

A compound with two bridging formate ligands, and chelating 1,10-
phenanthroline ligands, [Rh,(O,CH),(phen),Cl,] was first prepared in 1976 by
Pasternak and Pruchnik."’ Since then Calligaris et al have prepared a range of
compounds of general formula [Rh,(O,CCH,),(chel),Cl,]'** (chel - 1,10
phenanthroline, 4,7-Me,-phen, 3,4,7,8-Me,phen) by refluxing [Rh,(O,CCH,),] with
the chelating ligand and HCl in stoichiometric amounts. The crystal structures of
the N-methylimidazole adducts of these compounds were determined and these will
be discussed in detail in Chapter 3. The compounds [RhCly(bpy)(SR,)], R = Me, Et
and [RhCl,(2-methylallyl)], have both been used as starting materials to prepare
[Rh,(O,CH),Cl,(bpy),.4H,01"*, Figure 1.26, which has been structurally
characterised. Subsequent reaction with K[MnQO,] results in the formation of

[Rh,(O,CH),Cl,(bpy),(H,0),](MnQ,],. 149

Figue 1.26 The Structure of [Rh,(0,CH),Cl,(bpy),.4H,0]
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1.8.3 Acetonitrile Containing Complexes.

Compounds of the general formula [Rh,(O,CCH,),L1[X], (L = CH,CN,
NCH;; X = [BF,], [PF,]” and [CF,SO,]" have been prepared by reacting
[Rh,(O,CCH,),] with alkylating reagents or strong acids such as [Me,O][BF,], in
acetonitrile. Crystal structure determinations were carried out on the compounds
[Rh,(0,CCH,),(CH,CN),(NC,H;),][BF,],"*® and [Rh,(0O,CCH,),(CH,CN)][BF,],'®
and both structures have two bridging acetate ligands, four solvent molecules in the
remaining equatorial positions, and further solvent or pyridine molecules in the
axial sites. The two compounds have similar Rh-Rh bond lengths, 2.548(2) A and

2.534(1) A, respectively, Fig.1.27

Figure 1.27 The Crystal Structure of [Rh,(0Q,CCH,),(CH,.CNYNC.H,),]*
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1.8.4 Dimethylglyoximate Containing Complexes.

The compound [Rh,(0,CCH,),(dmg),(H,0),] was prepared by the reaction
of [Rhy(0,CCH,),(H,0),] with dimethylglyoxime in methanol. A crystal structure
determination carried out in 1971, on the related tertiary phosphine adduct
[Rh,(O,CCH,),(dmg),(PPh,),]""!, shows two acetate ligands bridging in a cisoid
arrangement, with one dimethylglyoximate anion chelating to each metal atom, and
the PPh, ligands occupying the axial positions. This structure and that of related

compounds will be discussed fully in Chapter 5.

1.9 Compounds Containing Unsupported Rhodium(II)-Rhodium(II) Bonds.

The identity, type and number of bridging ligands are important factors that
influence Rh-Rh bond lengths. However they are not a requirement for keeping the
two rhodium atoms together, and this is exemplified in the growing number of
compounds with unsupported Rh(I[)-Rh(IT) bonds. A brief survey of the known

compounds containing such unsupported bonds is presented below.

1.9.1 Dimethylglyoximate Containing Compounds.

One of the earliest examples of a dirhodium(II)/(I) compound with no
bridging ligands was [Rh,(dmg),(PPh,),]"** which was prepared by the reaction of
[Rh(dmg)CI(PPh,)] with Na[BH,] in aqueous methanol. Several other compounds

have since been prepared using [Rh,(O,CCH,),]" as a starting material. Ligands
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one ligand occupying the equatorial plane of each metal atom. The Rh-Rh bond
distance, 2.625(2) A'5, is less than that of [Rh,(dmg),(PPh,),], (2.936(2) A).2**
This difference was ascribed to the minimisation of the steric repulsions between
the macrocyclic ligands in the staggered configuration, and the out-of-plane
displacements of the Rh atoms toward one another, plus the absence of axial
ligands. The porphyrin ligands, tetraphenylporphyrin dianion (TPP*) and

Figure 1.29 The Structure of [(C,,H,,N,),]

octaethylporphyrin dianion (OEP?) have both been used to produce dinuclear
rhodium(II) porphyrin compounds. The reaction of [Rh(OEP)Cl] with H, in
methanol solution gives the compound [Rh(OEP)H] which is converted thermally'*®
or photochemically’®’ to [Rh(OEP)],. This compound is diamagnetic and is
presumed to have a similar structure to [Rh,(dmg),(PPh,),]. The dimer, [Rh(OEP)]z,
reacts with NO in toluene solution to give [Rh(OEP)(NO)], and with oxygen at -
80°C to give paramagnetic [Rh(OEP)(0,)]."”” Warming to room temperature gives

the diamagnetic rhodium(II) compound [{Rh(OEP)},(0,)]. In a paper in 1972'"
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refluxing [Rh(CO),Cl], with a solution of H,TPP in acetic acid was reported to
give a mononuclear, paramagnetic compound thought to be [Rh(TPP)]. Later, it
was proposed that this compound was actually [Rh(TPP)(O,)] which on sublimation
in vacuum gave a diamagnetic compound with an analysis consistent with

[Rh(TPP)],, and which reacted with NO and O, in a similar fashion to [Rh(OEP),].

1.9.3 Isocyanide Containing Compounds.

Isocyanide complexes of Rh(I) were known as early as 1959'%%, however

Rh(II) species were only obtained in 1975'°, by the reaction of [Rh(CNR),]* with
[Rh(CNR),X,]* ( X = halogen, or SCF;) in solvents such as acetone and aceto-
nitrile. Later the reaction of I, with [Rh(CNR),]* in a 1:2 mole ratio was used to
obtain isocyanide complexes of Rhodium(II)."®'®* The two structures which have
been reported are those of [Rh,(p-CH,CH,NC),L][PF,],'*, (Rh-Rh = 2.785(2) A,
with a rotational conformation twisted 26° from eclipsed), and [Rh,(CNCH,C-
H,CH,NC),]C1,.8H,0]'® (with Rh-Rh = 2.837(1) A, in an eclipsed conformation)

Figure 1.30.

1.9.4 The Aqua Ion [Rh,(H,0),]*

The ion [Rh,(H,0),,]* was first prepared in 1968 by Maspero et al.'® It
was formed by the reduction of [Rh(H,0),Cl}** with [Cr(H,0)¢]**. No crystal
structure determination has been carried out and the formulation is based on the
observations outlined below:-

a) the 1:1 stoichiometry of the reaction, demonstrated by absorption bands at 634,
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1.9.6 pB-Diketonate Ligands

The compounds [Rh,(acac),] (acac = acetylacetate) and [Rh,(hfacac),-
(H,0),].2H,0 (hfacac = hexafluoro acetylacetate) have been prepared by the
reaction of Na,[Rh,(SO,),(H,0),].4H,0O with the B-diketonate ligand at 80-90°C
under an inert atmosphere.'® The crystal structure of the compound
[Rh,(hfacac),(py),]'" has been determined and shows the [hfacac] rings on
different atoms being rotated by 42° relative to one another. The Rh-Rh bond
length is greater than that observed in [Rh,(O,CR),(B-dik),L.,] compounds but also
is rather surprisingly less than that observed in the [Rh,(NCCH,),]** cation

discussed above.

By preparing further compounds with only two bridging ligands I hope to
promote coupling between dinuclear units of a type similar to that already seen for
[Rh,(O,CCHs,),(CF;COCHCOCH,),(NC,H;)]. Such compounds may then be of use
for modelling the incorporation of M, units into one-dimensional metallo-organic

polymers.



Chapter Two

Dirhodium(II) Compounds Containing [CF,COCH,COCEF;] Ligands
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2.1  Introduction

In the early 1960’s the cobalt(II) derivatives of B-diketones were
extensively studied by Cotton and co-workers. It was not until 1967 however that
the rhodium(II) derivatives were synthesised by Cennini et al.'** Eight rhodium(II)
dimers with two bridging ligands of the general formula [Rh,(O,C‘R),(R’COCH-
COR’’),L,] (R = CH,, CH,CH,, and C(CH,);; R’,R”’ = CF;, CH;; L = NCH;, 2
CH;-NC,H,, 2 CI-NC,H,) were prepared. The synthesis of these involved refluxing
the appropriate dirhodium tetracarboxylate compound with an excess of the B-
diketonate ligand in aqueous or alcoholic/aqueous mixtures of solvents, and
subsequent reaction of the residue with pyridine or substituted pyridine, to give the
axial adducts. Infrared, electronic and N.M.R spectra were recorded and six
possible structures for the products were suggested, Figure 2.1. Structures (a) and
(b) were ruled out since a complete rearrangement of the ’cage’ structure of
[Rh,(O,CCH,),(H,0),] would be required. Structures (c) and (d) were thought
improbable since, given the likely Rh-Rh bond length of 2.5-2.6 A, the bridging B-
diketonato group would have to be very distorted. Structure (f) was eliminated
since it did not correspond to the NMR spectral data. The only possible structure
was thought to be structure (e), which agreed very well with the N.M.R spectra.
Structure (e) contains a [Rh,]* core bridged by two cisoid carboxylato ligands,
and each metal ion having one chelating B-diketonato ligand and a donor pyridine
ligand in the site trans to the rhodium-rhodium bond. In 1978, the crystal structure
of a dimolybdenum compound [Mo,(O,CCH,),(CH,COCHCOCH,),],""" was

determined, and revealed a structure consistent with that put forward by Cennini
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Figure 2.1 The Suggested Structures for [Rh,(Q,CCH,),(B8-Diketonato),L,]
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and co-workers. The [Mo,]* centre was bound by two -acetato anions and two
bidentate diketonato ligands arranged in a cis configuration with a metal-metal
bond length of 2.129(1) A. Since that time, further examples of these type of
molecules have been prepared and a list of the known compounds with selected

structural data, is given in Table 2.1.

Table 2.1 Structural Data on [Rh,(0Q,CR),(R’COCHCOR”’),L,] Compounds.

Compound Rh-Rh (A) Rh-L (A)

[Rh,(O,CCH,),(CF,COCHCOCEF,),(NC,H,),] 2.523(2) 2.212(10)
2.271(11)
[Rh,(0,CCH,),(CF,COCHCOCF,),(NC,Hy),] 2.494(1) 2.024(9)
[Rh,(O,C(CH,),),(CF,COCHCOCF,),(NC,H,),]  2.492(1) 2.233(5)
2.232(5)
cis-[Rh,(0,CCH,),(CF,COCHCOCH,),(NC,H,)]  2.522(2) 2.134(10)

trans-[Rh,(O,CCH,),(CF,COCHCOCH,),(NC;H,)] 2.534(1)  2.133(10)

The geometry suggested for the rhodium compounds by Cennini was confirmed
with the single crystal structure determination of the compound

[Rh,(0O,CCH,),(CF,COCHCOCEF,),-(NC;sHjy),],'* reported in 1988. The molecular
structure is illustrated in Figure 2.2, and consists of a dirhodium unit bridged by

two acetate ligands, with a [CF,COCHCOCEF;] ligand chelating to each rhodium
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ion. The axial sites are occupied by pyridine molecules. The Rh-Rh bond distance
of 2.523(2) A is much greater than that of the tetracarboxylate
[Rh,(0,CCH,),(NC,H;),],'* 2.3963(2) A, and very similar to those of the
complexes [Rh,(O,CCH,),(phen),(NMid),][ClO,),'** (phen = phen, 4,7-Me,-phen,
3,4,7,8-Me,-phen; NMid = N-methy! imidazole) (2.5577(4) A, 2.565(1) A and

2.564(1) A).

Figure 2.2 The X-ray Structure of [Rh,(O,CCH,),(CF,COCHCOCEF,),(NC.H,),]
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However the distance was much less than that found in the compound
[Rh,(O,CCH,),(dmg),(PPh,),),"*" 2.618(5) A, which has a closely related structure.
Unfavourable steric interactions between the CF, groups on the chelating ligands
and the axial ligands is cited as the reason that the Rh-Rh and Rh-N bonds are not
colinear (ZRh-Rh-N(1) = 169.3(3)A, Rh-Rh-N(2) = 170.6(3) A). Unfavourable
steric interactions between the substituent groups on the two different chelating
ligands creates a dihedral angle between the planes defined by the atoms Rh-O(5)-
C(5)-C(6)-C(7)-O(6) and Rh(2)-O(7)-C(10)-C(11)-C(12)-O(8) of 23.9°, and a
rotation about the Rh-Rh bond of ~14° from the eclipsed configuration. The
compound [Rh,(0,CC(CH,),),(CF,COCHCOCF,),(NC,Hj;),] was subsequently
found to have a closely related structure.'”

The reaction of the unsymmetrical B-diketone CF,COCH,COCH, with
[Rh,(O,CCH,),] in an aqueous alcoholic solvent results in the formation of two
isomers of the compound [Rh,(0,CCH,),(CF,COCHCOCH,),(H,0),]. In the trans
isomer the CF,; group of one B-diketone is eclipsed by the CH, group on the other
B-diketonate ligand resulting in equivalent acetato ligands, Figure 2.3, whereas in
the cis isomer the CF; groups eclipse each other, Figure 2.4, resulting in inequi-
valent acetato ligands. The presence of both isomers was confirmed by 'H NMR
spectroscopy.'” Reaction of the crude product with pyridine yields the bis-pyridine
adducts, and elution down a silica column effectively separates the two isomers.
The first isomer to come off the column was identified as the trans isomer.
Surprisingly the '"H NMR spectrum indicated only one molecule of pyridine per
binuclear molecule. Results of a single crystal X-ray diffraction'*® study revealed

the unusual molecule, [Rh,(O,CCH,),(CF,COCHCOCH,),(NCH;)], Figure 2.5



Figure 2.3 The Trans-Isomer of [Rh,(0Q,CCH,),(CF,COCHCOCH,),]

Figure 2.4 The Cis-Isomer of [Rh,(O,CCH,),(CF,COCHCOCH,),]
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Figure 2.5 The Rh-C Interactions Between Dinuclear Units of

_[Rh,(0,CCH,),(CF,COCHCOCH,),(NC.H/)]
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exists in the solid state as pairs of dimers linked through weak rhodium-carbon
interactions. The [Rh,]* unit is bridged by two acetate ligands as before, and each
rhodium ion is chelated by a [CF;COCHCOCH,] ligand, with a pyridine molecule
in the axial position on Rh(1). The Rh-Rh bond length, 2.534(1) A, is greater than
that in [Rh,(O,CCH,),-(NC,H;),], 2.396(1) A, and similar to that found for
[Rh,(0,CCH,),(CF,COCHCOCF,),-(NC,H;),],' 2.523(2) A. Unfavourable steric
interactions between the CF, groups on the B-diketonate ligands and the axial
ligands were again cited as the reason that the Rh-Rh and Rh-N bonds were not
colinear. The deviation from linearity is less than that seen in the [Rh,(O,CCH,),-
{(CH,)PR’R’’},L,] molecules, which have related structures.'”'** A dihedral
angle of 29.3° is created by the least squares planes defined by atoms Rh(1)-O(3)-
C(5)-C(6)-C(7)-O(4) and Rh(2)-O(7)-C(10)-C(11)-C(12)-O(8), with a 7° rotation of
the B-diketonate ligands, about the Rh-Rh bond, from the eclipsed configuration.
The two bridging acetate ligands are also distorted about the Rh-Rh bond with
torsion angles of 6.2°and 7.4°. These distortions were all attributed to the
unfavourable steric interactions between the substituent groups on the two f3-
diketonate ligands. There is a significant interaction between one Rh** ion and the
y-carbon of the B-diketonate ligand on the adjacent molecule in the crystal lattice,
with a Rh---C distance of 3.106 A, which although too long to be considered a
bond is never the less shorter than typical Van der Waals contacts. Similar
interactions have been observed for the -diketonate compounds of iron(1)'™* and
mercury(ll)."” The Rh(2)-Rh(2a) distance of >4.8 A is too long for any metal-metal
interactions between the two dinuclear units. This indicates that the nature of the

contact is not purely of the Rh-C type, but that some m-nt overlap may be taking
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place between the f3-diketone rings on adjacent molecules. The structure of the cis

isomer was determined subsequently and exhibits similar gross structural

features.'”

2.2  Preparation and Characterisation

The question which arose next was what would happen if a similar
compound with symmetrical B-diketonato ligand, CF,COCH,COCF,, was taken and
passed down a silica column: would any of the pyridine molecules be removed? If
this proved to be the case, would any interaction be observed between two
dinuclear units? The compound [Rh,(O,CCH,),(CF,COCHCOCF,),(NCHs),] was

chosen to investigate these questions.

2.2.1 Preparation

The preparation of the compound [Rh,(O,CCH,),(CF;COCHCOCEF,),] involved
refluxing [Rh,(O,CCH,),] with the B-diketonate ligand, CF;COCH,COCEF, in an
aqueous/ ethanolic mixtured solvent. The pyridine adduct was subsequently
prepared by stirring the resulting compound in methanol with an excess of
pyridine. The compound [Rh,(0,CCH,),(CF,COCHCOCEF;),(NC;Hj;),], whose
structure had been reported previously'* was loaded on a silica column and eluted
using a mixture of dichloromethane, n-hexane, and ether. A green band was
collected and a solid recovered by slow evaporation of the organic solvents.

Subsequent thin layer chromatography gave pure [Rh,(0O,CCH,),(CF,COCHCO-
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CF,),(NCsH,)] as an emerald green solid.

2.2.2 Characterisation.

The micro-analytical data, see Experimental, indicated the composition of the initial
red product to be [Rh,(O,CCH,),(CF,COCHCOCEF,),(NC,H,),], and data obtained
for the green compound obtained by passing [Rh,(O,CCH,),(CF;COCHCOCEF;),-
(NC;Hs),] down the silica column, indicated only one pyridine molecule per
dirhodium unit. Infrared spectroscopic measurements, confirmed the presence of
acetate and f-diketonate ligands, see Experimental. Mass spectrometric data (fast
atom bombardment) indicated the pyridine molecule to be the first ligand to be
lost. Cleavage of the Rh-Rh bond, as indicated by fragmentation peaks, resulted in
the formation of fragments such as [Rh(CF,COCHCOCEF,)]*, and [Rh(O,CCH,)]".
Various decay pathways observed are illustrated in Figure 2.6.

Figure 2.6 Decay Pathways Observed in The Mass Spectrum of

[Rh,(0,CCH,),(CF,COCHCOCF,),(NC:H/)]

[Rh,(O,CCH,),(CF,COCHCOCF,),(NCH)]*

817

[Rh,(0,CCH,),(CF,COCHCOCF,),]*
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The '"H N.M.R spectrum of the 1:1 pyridine adduct, [Rh,(O,CCH,),(CF,COCH-

COCF;),~(NC;H,)] is shown in Figure 2.7, and confirms the stoichiometry deduced
from the micro-analytical data, ie. the presence of only one molecule of pyridine
per dirhodium unit. The signals due to the pyridine protons appear at & 8.05 (d),
7.78 (1), and 7.25 (t) ppm, corresponding to the ortho, para and meta positions of
the protons respectively. Comparing these signals to those in the '"H NMR spectrum
of [Rh,(0O,CCH,),(CF;COCHCOCEF,),-(NCHj),], (6 8.75, 7.96 and 7.56 ppm) it is
observed that the chemical signals  have shifted upfield in the 1:1 adduct by an
average of 0.4 ppm. This indicates that the environment of the pyridine molecule
has changed substantially, and that they are now more shielded with respect to the
applied field. Surprisingly two signals were observed due to the acetate protons,
whereas in the initial bis pyridine compound only one signal was observed, at &
2.11 ppm. The presence of two signals for the acetate protons indicates the
chemical environment of the two CH, groups is no longer equivalent. The two
[CF,COCHCOCEF,] ligands are also shown to be inequivalent by the presence of
two signals due to the y C protons, at § 6.09 and 6.04 ppm. The overall indication
from the '"H NMR spectroscopic data is that a single pyridine molecule has been
removed from the bis pyridine compound, and the recovered material,
[Rh,(O,CCH,),(CF,COCHCOCEF,),-(NC,H;)] not only has inequivalent -diketonato
groups but also inequivalent acetate groups. The '*F NMR spectrum, Figure 2.8,
waé recorded in order to probe the environment of the fluorine atoms. This resulted
in a spectrum with four singlet signals at & -75.95, -75.80, -75.12, and -74.80 ppm,
of equal integral. This result was unexpected ar'1d indicated that not only were the

two B-diketonato ligands inequivalent but that each CF; group on each ligand was
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also inequivalent. In order to explain this unusual spectrum the X-ray crystal

structure of the compound was determined.

2.3 Structural Investigation of [Rh,(Q,CCH,),(CF.COCHCOCF,),(NC.H.))]

Crystals of [Rh,(0,CCH,),(CF,COCHCOCEF,),(NCH;)] were obtained by
slow evaporation of a solution of the compound in dichloromethane. The molecular
structure determined by experiment is shown in Figure 2.9, and is markedly
different from that of [ha(OZCCH3)2(CF3COCHCOCH3)2(NC5H5)]l.731n this new
study the dirhodium unit is bridged by two acetate ligands, one B-diketonate
ligand lies in an equatorial position, as in the previous structure, but the other is in
axial/equatorial sites. As a consequence of this the pyridine ligand occupies an
equatorial, as opposed to axial, coordination site. This structural rearrangement
allows the molecules to exist in the solid state as pairs of dimers. Pairs of dinuclear
units are coupled via the rhodium atom and the oxygen atom of an acetate group
on an adjacent molecule, Figure 2.10. The Rh-N bond, 2.024(9) A, is much shorter
than the Rh-N distances, of 2.233(5) A, and 2.227(3) A, found in the compounds
[Rh,(O,CCH,),(CF,COCHCOCF,;),(NC,H;),] and [Rh,(O,CCH,),(NCsHy),]. It is
also less than those observed in the cis and trans isomers of the compound
[Rh,(0,CCHy), (CF;COCHCOCH,),(NC;Hj)], 2.134(10) A, and 2.133(10) A. The
short Rh-N distance clearly is a consequence of the absence of the structural trans
effect associated with the Rh-Rh bond. The Rh(1)-O(6) axial bond, 2.161(6) A is
significantly longer, ~0.1 A, than the Rh(2)-O(8) and Rh(2)-O(7) equatorial ones,

2.003(6) A, and 1.995(6) A. This bond lengthening is attributed to the trans effect
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Figure 2.9 Structure of [Rh,(0,CCH,),(CF,COCHCOCF,),(NCHJ)|
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Figure 2.10 Two Dinuclear Units Coupled Via Rh And O Atoms
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of the Rh-Rh bond. These Rh-O, ;i bonds are similar in length to those found in
[Rh,(0,CCH,),(CF,COCHCOCE,),(NC,H,),], 2.028(8) A and 1.999(8) A.'¥

The intermolecular Rh-O distance, 2.443(6) A, is much shorter than the
intermolecular Rh-C distance observed in [Rh,(O,CCH,),(CF;COCHCOCH,),-
(NC,Hy)], 3.106 A, due to the different nature of the interaction in this new study.
A similar type of coupling to that observed here was described in the molecule
[{Rb,(mhp),},]”(Hmhp = 6-methyl-2-hydroxypyridine). A crystallographic study of
[Rh,(mhp),] revealed four [mhp] ligands bridging across the metal-metal bond.
Three nitrogen atoms and one oxygen atom co-ordinated to one of the rhodium
atoms, while three oxygen atoms and one nitrogen atom coordinated to the other.
Only one axial site was sterically unhindered and hence able to participate in axial
ligation. Two [Rh,(mhp),] molecules were linked via a pair of Rh-O interactions.
The ’coupling’ distance, 2.045(3) A, is less than that observed for the
[Rh,(0,CCH,),(CF,COCHCOCF;),(NC,H,)]. The longer coupling distance can be
attributed, at least in part, to the steric hindrance caused by the CF; groups on the
equatorial B-diketonate group, which disfavours the two molecules from
approaching each other more closely. Comparing the Rh(1)-O(5) and Rh(1)-O(6)
bond lengths of 2.019(7) and 2.161(6) A, with those in [{Rh,(mhp),},] 2.236(3) A
and 2.020(3) A there is an average difference of 0.15 A. On comparing the Rh(2)-
O(8) and Rh(2)-O(7) equatorial bond lengths in the 1:1 adduct, 2.003(6) and
1.995(6) A, with that of 2.020(3) A in [{Rh,(mhp),},] a smaller average difference,
0.03 A, is observed. The Rh-O,..,. bond lengths in the new compound (2.032(7),
2.024(7) and 2.012(6) A) are similar to those found in [Rh,(O,CCH,),(CF,COCH-

COCF,),(NCHg),] and the cis and trans isomers of [Rh,(O,CCH,),(CF,COCH-
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COCH,),(NCHjy)], average lengths = 2.02 A. However the Rh-O,,,. bond of the

oxygen atom which is involved in intermolecular coupling is slightly longer, at
2.042(6) A. This slight lengthening is probably due to electronic effects of the Rh-
O interaction.

The Rh-Rh bond length, 2.494(1) A, in [Rh,(O,CCH,),(CF,COCHCOCEF;),(NC;H;)]
is shorter than that of either the cis isomer, 2.522(2) A or trans isomer, 2.543(1) A,
of [Rhy(0,CCH,),(CF,COCHCOCH,),(NCsH;)]. This suggests that the reorientation
of the [CF;COCHCOCF,] ligand into an axial/equatorial position greatly reduces
the steric repulsion between the CF; groups on the different 3-diketonato ligands.
This in turn allows the rhodium atoms to move closer together, resulting in a
shorter Rh-Rh bond. The Rh-Rh bond distance is greater than that found in the
tetracarboxylate compound [Rh,(O,CCH,),(NC,H;),], 2.396(1) A, and this is of
course related to the fact that there are only two bridging ligands in the new
compound described here.

The dihedral angle between the mean planes of the equatorial B-diketonate
and pyridine ligands is 17.8°. This is considerably smaller than the value of 23.9°
observed between the mean planes defined by the B-diketonate ligands of
[Rh,(0,CCH,;),(CF;COCHCOCF,),(NC,H;),], and [Rh,(O,CCH,),(CF,CO-
CHCOCH,),(NCH,)]. This smaller dihedral angle is due to smaller unfavourable
steric interactions between a B-diketonate and a rather flat pyridine molecule,
compared to that between two B-diketonates with CF, substituent groups. The
dihedral angle formed by the mean planes of the pyridine and axial B-diketonate is
89.8°. The angle formed by Rh(2)-Rh(1)-N(1) is 98.2(2)°, whereas the angles

formed by Rh-Rh-O,_., are 84.8(2)°; 85.3(2)°, 85.6°(2), and 85.1(2)°. No
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substantial differences in geometry were observed for the oxygen through which

intermolecular coupling was taking place. The Rh-Rh and Rh-O bonds are not

coupling
colinear, the angle defined by Rh(1)-Rh(2)-O(4a) being 162.8(1)°, which is
comparable to that in [{Rh,(mhp),},], 164.6(1)°. The distance between Rh(2) and

Rh(2a) is approximately 4 A and is too long for any possible metal-metal

interaction.

2.4 The Removal of Axial Pyridine Molecules by Other Means

Ore intriguing question to be asked must be whether other reagents would
specifically remove 50 % of the initially coordinated pyridine molecules? In order
to investigate this we carried out reactions of [Rh,(O,CCHs,),(CF,COCHCOCEF;),-
(NCHy),] with various reagents such as H[BF,]and BF, etherate.

The compound [Rh,(O,CCH,),(CF,COCHCOCEF,),(NC,H;),] was at first stirred
with H[BF,] in a 1:1 molar ratio, in an aqueous/alcoholic mixed  solvent under
an inert atmosphere at room temperature for 48 hours. No reaction was detected
whereupon the mixture was refluxed for 12 hours. This procedure resulted in the
complete removal of the pyridine molecules, and led to the isolation of the
compound [Rh,(0,CCH,),(CF,COCHCOCEF,),(CH,0H),], which was identified by
NMR spectroscopy.

Using a 2:1 molar ratio of [Rh,(O,CCHs,),(CF;,COCHCOCEF;),(NCsH;),] to
[HBF,], resulted in the formation of a mixture of the compounds [Rh,(O,CCH,),-
(CF,COCHCOCF,),(CH,0H),] and [Rh,(O,CCH,),(CF,COCHCOCEF;),(NC;H;),].

Notably the presence of [Rh,(O,CCH,),(CF,COCHCOCF,),(NC,H)] was not
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detected. Thinking that perhaps the silica might be an important factor in the
removal of the pyridine molecule from the axial site, a series of experiments were
performed using varying quantities of silica stirred as a slurry in a variety of
solvent mixtures. The bis pyridine adduct was stirred for between one and sixty
hours in these mixtures. However the resulting green product was shown by 'H
NMR spectroscopy and micro-analytical data to be [Rh,(O,CCH,),(CF,COCH-
COCFy),].

When BF,etherate was employed in a series of similar experiments to those
described above, either none or both the axial pyridine molecules were removed
from the compound [Rh,(O,CCH,),(CF,COCHCOCF,),(NC,H;),], and

[Rh,(O,CCH,),(CF;COCHCEF,),(NC,H,)] was never isolated.

2.5 Attempts to Remove The Remaining Pyridine Molecule in The

Compound [Rh,(0,CCH,),(CF,COCHCOCF,),(NCH,)]

The question as to how the structure of [Rh,(O,CCH,),(CF,COCHCOCEF;),-
(NCsHy)] would change if the remaining pyridine molecule were removed, was

addressed. Two experimental approaches were investigated.

a) The Silica Column

"~ Since passing the compounds [ha(OzCCH3)Z(CF3COCHCOCH3)2(NC5H5)2] and
{Rh,(0,CCH,),(CF;COCHCOCEF,),(NC,H;),] down a silica column had resulted in
the loss of one axial pyridine ligand, passing the mono adduct down the silica

column might be sufficient to remove the remaining pyridine molecule. The
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compound [Rh,(O,CCH,),-(CF,COCHCOCF,),(NC,;H;)] was loaded on a long silica

column and eluted with mixtures of dichloromethane, diethylether and n-hexane as
before. The isolated product was shown to be the starting material, with no

alteration in the pyridine content of the recovered solid.

b) The Use of H[BF,] and BF, Etherate.

The compound [Rh,(O,CCH,),(CF,COCHCOCEF,),(NC,H;)] was refluxed in a
mixture of alcohol and water containing 1 molar equivalent of H[BF,]. A green
coloured compound was formed, which the microanalysis results indicated to be
[Rh,(0,CCH,),(CF;COCHCOCF,),]. Infrared spectroscopy confirmed the presence
of both acetate and B-diketonate ligands. The '"H NMR, and '’F NMR spectra
indicated the presence of one type of acetate group and one type of B-diketonate
group. Unfortunately no high quality crystals were obtained, so a crystal structure
determination could not be performed. When this compound was stirred in
methanol containing pyridine, the compound [Rh,(O,CCH,),(CF,COCHCO-

CF,),(NC,Hy),] was obtained in good yield.

The mono pyridine adduct [Rh,(0,CCH,),(CF,COCHCOCEF,),(NC;H;)] was stirred
with BF; etherate in a 1:1 molar ratio in dry THF under an inert atmosphere, for
24 hours. A colour change was detected, from a green to a green-yellow solution.
However, due to polymerisation a jelly like substance was formed, and all attempts
to isolate the product were unsuccessful. This experiment was repeated using dry
CH,C], as a solvent, and an olive green compound was isolated. This was shown

by 'H NMR spectroscopy have no axial pyridine molecules, and one type of



85

acetato ligand and one type of [-diketonato ligand.

2.6 Related Studies With Substituted Pyridine Ligands.

The question as to whether similar behaviour would be exhibited by closely
related compounds was addressed. In particular compounds with variously

substituted pyridine ligands were considered.

a) 2, 6 - Lutidine

The ligand 2,6 lutidine, N(C;H,(CHs),), was chosen since it was similar in bonding
properties to pyridine, but the presence of the electron donating methyl groups
would make it bond more strongly to the rhodium atom making it more difficult to
remove from the axial position. Reaction of [Rh,(O,CCH,),(CF,COCHCOCEF;),-
(CH;0H),] with the ligand N(CsH,(CH,),) in a methanol solution, gave
[Rh,(O,CCH,),(CF,COCHCOCEF;),(N(CsH,(CH,),)),]. This was confirmed by
microanalysis, and infrared spectroscopy, which indicated the presence of the
acetate, 3-diketonate and lutidine ligands. Mass spectrometry (FAB) showed the
lutidine ligands to be the first fragment lost from the parent ion. The 'H NMR
spectrum was entirely consistent with the proposed formulation.

When [Rh,(O,CCH,),(CF,COCHCOCEF;),(N(CsH;(CH,),)),] was treated as
previously descr-ibcd, the brick red compound was seen to change to a green
colour. The microanalysis(C, H, N) of the green product indicated it to be
[Rh,(O,CCHs;),(CF,COCHCOCEF,;),], with no axial molecules of N(CsH;(CHy),).

This was confirmed by the results of the infrared spectroscopy, which indicated the
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presence of both the acetate and B-diketonate ligands, but no lutidine ligands were
detected, and the 'H NMR spectrum which also indicated the presence of the
acetate ligands and B-diketonate ligands in a 1:1 mole ratio, but exhibited no

signals for the lutidine protons.

b) The Ligands NC,F, and NC,F,H,,.

The ligands NC,F, and NC,F,H, were chosen because of their structural similarity
to pyridine. However, the presence of the electron withdrawing fluorine atoms
would make these ligands bond less tightly with the rhodium atom and thus make
the removal of these ligands from the axial position facile. Unfortunately when the
compound [Rh,(O,CCH,;),(CF,COCHCOCF,),] was refluxed for long periods with
either of the ligands, all spectroscopic analysis indicated that [Rh,(O,CCH,),-
(CF,COCHCOCEF;),(CH,0H),] was recovered unreacted. Hence, it seems that both
these ligands are sufficiently labile that solid materials containing them coordinated

in the desired manner cannot be obtained.

2.7 Conclusion.

A single pyridine molecule was successfully removed from the bis pyridine
adduct to give the compound [Rh,(O,CCH,),(CF,COCHCOCE,),(NC;H;)] which
was characterised spectroscopically, and its crystal structure determined.

Interestingly, interaction between two dinuclear units was observed. The crystal
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structure obtained was not analogous to that of [Rh,(O,CCH,),(CH,COCHCOCEF,),-

(NC;Hy)], but rather had dinuclear units linked pair-wise by Rh-O interactions. It is
believed that the steric properties of the bulky hexafluroacetylacetate ligands are

principally responsible for this observation.



2.8  Experimental

2.8.1 Materials and Instrumentation.

Rhodium trichloride was obtained on loan from Johnson Matthey
plc, all other chemicals were supplied from the usual commercial sources. In
general Analar solvents were used without further purification. However
dichloromethane was distilled from phosphorus pentoxide after standing over
potassium hydroxide for a minimum of 24 hours, dimethylsulphoxide was stored
over activated molecular sieve (grade IV), and tetrahyrafuran was distilled from
sodium/benzophenone..

The mass spectrometry measurements, including fast atom
bombardment, were carried out by the University of London Intercollegiate
Research Service at the London School of Pharmacy. Infrared spectra were
recorded on a Perkin-Elmer PE-983 Infrared Spectrophotometer, as KBr disks or
nujol mulls. Analytical data were provided by the analytical section of the
Chemistry Department of University College London.

'H n.m.r and "°F n.m.r spectra were recorded in CDCl, using a
Varian XL 400 MHz spectrometer. Chemical shifts are referenced to CHCl, and

CFCl, respectively.

88
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2.8.2 Preparation of [Rh,(0,CCH,),(CF,COCHCOCF,),(NC,H,),]

A mixture of [Rh,(O,CCH,),] (0.51 g, 1.2 mMol) and CF,COCH,COCF, (1 cm?) in
water (15 cm®) and ethanol (15 cm®) was refluxed under nitrogen for 6 hrs. The
olive green compound formed was collected by filtration and redissolved in
methanol (20 cm®). Pyridine (0.5 cm®) was added and the resulting solution stirred
for 1 hr. The brick red solution was pumped to dryness and the brown residue was
redissolved in dichloromethane (5 cm®), and precipitated using hexane (20 cm?).
The red/brown precipitate was collected by filtration, washed with ethanol and

dried under vacuum.

Yield 0.59 g, 59.6%
Found : C, 31.8; H, 1.7; N, 3.0

Calculated for C,;H,;N,O4F,,Rh,: C, 32.2; H, 2.0; N, 3.1

'H NMR, CDCl,
CF,COCHCOCF,, § 5.78 (s, 2H); O,CCH,, & 2.11 (s, 6H); NC;H,, & 7.56 (t, 4H),

7.96 (t, 2H), 8.75 (d, 4H). 'F NMR, CDCl,; CF,COCHCOCF,, § -75.09 (s, 12F).

Mass Spectrum (Fast Atom Bombardment)
[Rh,(O,CCH,),(CF,COCHCEF,),(NC,H,)]*, 817, [Rh,(O,CCH,),(CF,COCHCO-
CF,),l", 738, [Rh(O;,_CCH3)(CF,COCHCOCFS)(NCSHS)]“, 448, [Rh(CF,COCHCO-
CF;)(NCHy)J*, 389, [Rh(CF,COCHCOCF,)]*, 310, [Rh(O,CCH,)(NC,H/)]*, 241,

[Rh(O,CCH,),]%, 221, [Rh(NCH,)]*, 182, [Rh(O,CCH,)]*, 162.
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Infra-red Spectrum (KBr disk)
3449 b, 1600 s, 1558 s, 1512 m, 1477 m, 1443 s,
1363 w, 1300 s, 1225 m, 1210 m, 1187 s, 1137 s, 1064 w, 1030 w, 1003 w, 865

w, 754 w, 701 s, 651 w, 621 w, 440 w, 360 w, 326 w cm’".

2.8.3 Separation of [Rh,(0,CCH,),(CF;COCHCOCF,),(C;H;N)].

A column, 40 cm in length and 10 mm in diameter was packed, using silica (60-
120 mesh). The compound [Rh,(O,CCHs,),(CF;,COCHCOCF,),(NCHj;),] was
dissolved in a small amount of the eluting solution, (dichloromethane (80%),
diethyl ether (8%), and hexane (12%)) and was loaded on to the column. The
sample changed colour on passing down the column from a red brown to an olive
green colour. Samples were collected until the eluant was colourless.

A T.L.C. plate was then loaded with a sample of the compound which had been
passed down the column (final fraction) [Rh,(O,CCHs,),(CF;COCHCOCEF;),-
(NC,Hy),]. dissolved in a small amount of ether and dichloromethane. Using
dichloromethane as the eluant, three distinct bands were observed. The first band
(A) was brown, the second band (B) was a pale brown, and the last band (C) to be
eluted was a green colour. All three samples were recovered and crystals were

obtained for the green compound.

Yield (A) 0.037 g, 33.64 %
(B) 0.039 g, 35.44 %

(C) 0.015 g, 14.18 %
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Found (C): C, 28.5;H, 19; N, 1.5

Calculated (C) for C,,H;N,O4F,Rh,: C, 27.9; H, 1.6; N, 1.7

'H NMR, CDCl,
CF,COCHCOCEF,, & 6.09 (s,1H), 6.06 (s,1H); O,CCH,, & 2.25 (s, 3H), 2.17 (s,3H);
NCH,, & 8.05 (d,2H), 7.78 (t,1H), 7.25 (t,2H). "°F NMR, CDCl,;

CF,COCHCOCEF,;, & -75.95 (s,3F), -75.80 (s,3F), -75.12 (s,3F),-74.80(s,3F).

Mass Spectrum (Fast Atom Bombardment)
[Rh,(0,CCHj3),(CF;COCHCOCEF,),(NCH/)]*, 817, [Rh,(O,CCHj;),-
(CF,COCHCOCEF,),]*, 738, [Rh,(O,CCH,),(CF,COCHCOCEF,;}(NC,H/)]*, 610,
[Rh(O,CCH,)(CF,COCHCOCEF,)(NCH,)]*, 448, [Rh(CF,COCHCOCF,)-
(NC4H,)]*,389, [Rh(CF,COCHCOCF;)]*,310, [Rh(O,CCH,)(NC,H)]*, 241,

[Rh(0,CCH,)T", 221, [Rh(NC,H,)]*, 182, [Rh(O,CCH,)]*, 162.

Infra-red Spectrum (KBr disk)
3450 b, 1600 s, 1560 s, 1510 m, 1475 m, 1445 s, 1360 w, 1300 s, 1225 m, 1210
m, 1190 s, 1135 s, 1065 w, 1035 w, 1000 w, 865 w, 755 w, 700 s, 655 w, 620 w,

440 w, 360 w, 325 w cm’’.

2.84 Reaction of [Rh,(0,CCH,),(CF,COCHCOCF,),(C;H,N),] with H[BF,]

A) The compound [Rh,(O,CCH,),(CF,COCHCOCF,),(C;H,N),] (0.10 g, 0.11

mMol) was dissolved in methanol (20 cm®) and H[BF,] solution (2 cm®, 0.0002



92

M) was added. This dark mixture was allowed to stir at room temperature for 48
hrs. No change of colour was detected. Refluxing the solution for 12 hrs. produced

no significant colour change.

B) A solution of the compound [Rh,(O,CCH,),(CF;,COCHCOCEF,),(NCHy)] (0.10
g, 0.11 mMol) was stirred with an excess of H[BF,] solution (10 cm?, 0.001 M) at
room temperature for 24 hrs. A green precipitate was observed which was collected

by filtration and washed with copious amounts of water, and dried under vacuum.

B) Yield 0.058 g, 67.34 %
Found : C, 23.1; H, 2.22; N, 047

Calculated for C,sH,,NyO,F,;Rh,: C, 23.5; H, 1.7; N, 0.45
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2.9  Structure Determination by X-ray Diffraction

Crystals were obtained by the slow evaporation of a solution of [Rh,(O,CCH,),-

(CF;COCHCOCF,),(NCHy)] in dichloromethane.

2.9.1 The Crystal Structure Determination of

[Rh,(0,CCH,),(CF,COCHCOCF,),(NC.H,)]

Data Collection and Processing :- A dark red crystal of approximate size 0.14 x
0.04 x 0.30mm was mounted on a glass fibre. All geometric and intensity data
were taken from this crystal using an automated four-circle diffractometer (Nicolet
R3m/V) equipped with graphite monochromated Mo-Ka radiation. Important
crystallographic parameters are given in Table 2.2. The lattice vectors were
identified by use of the automatic indexing routine of the diffractometer to the
positions of 25 reflections taken from a rotation photograph and centered by the
diffractometer. Axial photogaphs were used to verify the cell dimensions and Laue
class, and precise cell dimensions were obtained by the least-squares fit to the
goniometer positions of 25 accurately located reflections in the range of 9°< 20 <
27°.The ®-20 technique was used to measure 4628 unique data in the range of 5°<
26 < 50°. Three standard reflections were remeasured every 97 scans, these showed
no significant loss in intensity during the data collection. The data was corrected
for Lorentz and polarisation effects, and an empirical absorption correction applied.
There were 3162 unique reflections with F* > 36(F*). The space group was unigely

defined as P2,/n from the systematically absent data.
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Structure Analysis :- The positions of the metal atoms were determined using a
Patterson map and the remaining non-hyrogen atoms were found by iterative
application of least-squares refinement and difference-Fourier synthesis. No attempt
was made to locate the hyrogen atoms and all non-hydrogen atoms were refined
anisotropically. The final cycle of refinement included 379 parameters for 3162
variables. This final cycle gave R = 0.0596 and R'= 0.0568, and did not shift any
parameter by more than 0.119 times its standard deviation. The final difference-

Fourier map was featureless with the highest peak being 0.734 ¢/A>.
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Table 2.2. Crystallographic data for [Rh,(0,CCH,),(CF;COCHCOCF,),(NC,Hy)].

Formula

FW

Space group

a, A

b, A

c, A

a, deg

B, deg

Y, deg

v, A}

Z

F(000)

dyer glem’

Cryst. size, mm

uw(Mo-K,), cm™

Data collection instrument

Radiation

Orientation reflections: no.;
range (20)

Temp., K

Data measured

Unique data

No. of unique with F?>3.06(F?)

No. of parameters

R®

R, ®

Weighting scheme

Largest shift/esd, final cycle

Largest peak, e/A’

*R=2(IF|-|F|yzlF,|

bR, = W[ |F, |- |F. [ vzw” | E, |

C,sH;F,N,O¢Rh,
817.15

P2,/n

8.932(1)
16.231(3)
18.995(5)

90.0

100.11(2)

90.0

2710(1)

4

1584

2.00

0.14 x 0.04 x 0.30
13.21

Nicolet R3mV
Mo(A=0.71073 A)
25

9° <20 <27°
292

4628

4543

3162

379

0.0568

0.0596

w'=0%(F) + 0.000386F
0.119

0.734
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Table 2.3 Atomic Coordinates (x10°) and Equivalent Isotropic Displacement
Parameters (Ax10°) for [Rh,(0,CCH,),(CF,COCHCOCEF,),(py)].
X v A U{eq)
Rn(1) 384 (1) 9549(1) 7002{1) 40(1;
Rh(2) -737(1) 9555(1) 5703(1) 35i1)
O(1i) -220(8) 10757(4) 6971(4) 52{3)
0(2) -1743(7) 10614 (4) 5912(3) 47(2)
0(3) 2371(7) 98G9{4a) 66765(3) 50{2)
0(4) 1219(7) 10i45(4) 5577(3) 41(2)
0(5) ~1599(7) 9347(4) 1346(3) 45{2}
(o) 1593(8) 9727(4) 8080(3) 53(3)
0(7) 245(17) 8525(4) 5435(3) 46(2)
0(8) -2704{7) 8998(4) 5777(3) 45(2)
N(L1) 926(9) 5338(5) T100(4) 52(3})
Ciiy ~1293(12) 10994 (%) 6450(6) 52{4)
Ce2y:.. ~2066({16) 11781(8) 6598(7) 90{6)
C(3) 2387(11) 10090(6) 6065(5) 39i(3)
C(4) 3837(11) 10412(7) 5805(5) 61{4)
C({5) ~3397(14) 9394 (8) s068({7) 64(5)
C(b) -1734(11) 9470(6) 7982 (5) 46(3)
C(7) -5651(13) 9628(8) 8567(5) 65(5)
C(s) 897(13) 9732{(7) 8580(5) 52{4)
C(9) 1838(15) 9879(9) 9327(6) 69(5)
C(iv) 44i(22) Ti73(9) 5061(12) 107(9)
C(i11) -471(13) 7865(7) 5323(6) 58(4}
c{12) -1988(13) 77G2(7} 5388(7) 63(5)
C(i3) -2943(12) 8255(7) 5618(6) 5a4(4)
C(14) ~4506(16) 7972(10) 5677(11) 85(6)
C{15) ~131(13) 7761 (7) 7098(6) 57{(4)
C(iv) 223(17) 6938(8) 7202(8) 56{6)
C{17) 1693({18) 6686(9]) 7290(9) 103(71)
C(is) 2744(17) 7262(9) 7271(8) 96(7)
C(19) 2371(12) 8088(7) 7196(7) 68(5)
F(1) -4217(9) 9940(6) 7695({5}) 120(4)
F(z) ~35864(9) 9451 (10) 8719(5) isa(n)
F(3) -3973(9) 8709(6) 7844(6] 130(5)
F(4) 3321(9) 9910(6) 928i(4} LO5(4)
F(5) 1678(i1) 9318(6) 9779(4) ii1a{4)
F(6) 1510(11) 10587(5) 9592(4) 1i5(4)
F(7) -43(18) 7069(9) 4376(8) 206(9)
F(8) 89(11) 6463(5) 5301(7) i50(6)
F(9) 1812(11) 1275(6) 5165({9) 208(9)
F{10) -4938(12) 7333(9) 5386(11) 241011)
F{i11) -55i5(i1) 8469(17) 5561(i2) 243(12)
F(12) -4540(17) 7179(17) 6298(9) 290(14)
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Table 2.5 Bond Angles (°) for [Rh,(0,CCH,),(CF 3COCHCOCF,),(py)].

Rn(2)-KRh{i)-0(1}
G(1)-Rn(1)-0(3)
O(1l)-Rn{i)-0(5)
Rh(2)-Rh{i)-0(6)
O(3)-Rn(1)-0(6)
Kh(2)-Rn(1)-N(1)
O(3)-Rh{i)-N{1i)
O(6)-Rh(1)-N(1)
Rh(1)-Rh{2)-0(4)
Rn{i)-Rh{2)-0{7)
0(4)-Kn(2)-0(7)
0(2)-Rn(2)-0(8&)
O(7)-Rh(2)-0(8)
U(2)-Rn{2)-0(44)
O(7)-Rh{2)-0(4A)
Eh(l)-0(i)-C{i)
Rn{1)-0(3)-C(3)
Kn{2)-0{(4)~-Rh{2A4)
Rh{1)-0(5)-C(6)
Rh(2)-0(7)-C(ii)
Rn(1)-N(1)-C(i5)
C(15)-N{1)-C(19)
O(i1)-C({1)-[bC(2)
0{3)-C(3)-0(4)
U{4)-C{3)-C(4)
Ci(6)-C(5)-F(2)
C{6)~-C(5)-F(3)
F(2)-C{5)-F(3)
0(5)-C(6)-C({7)
C(6)-C{7)-C(8)
U(6)-C(8)-C(9)
C(8)-C(9)-F(4)
F(4)-C(9)-F(5)
F(4)-C{9)-F(6)
F(7)-C{10)~F(9)
O(7)-C{11)-C(10)
C(10)-C(ii)-C(12)
0(8)-C{13)-C(12)
C(12)-C(13)-C(14)
C(13)-C(14)-F(11)
C(i3)-C{i4)-F(12)
F(11)-C(14)-F(12)
C{15)-C(16)-C{i7)
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Rh(2)-Rh(1}-0(3)
Rh(2)-Rh{1)-0(5)
O(3)-Rh(i)-0(5)
O(1)-Rh(1)-0{(6})
0(5)-Rh(1)-0(6)
O(1)-Rb{1)-N(1)
O(5)-Rh{1)-N{1)
Rn(1)-Rn{(2)-0(2)
O(2)-KRh(2)-0(4)
0(2)-Rnh(2)-0(17)
Rn{l1)-Rn(2)-0(8)
0(4)-Rn(2)-0(8)
Rh(l)-Rh{(2)~-U({44)
0(4)-Rn(2)-0(4A)
O(8)-Rh(2)-0(44)
Rh(2)-0(2)-C(1)
Rh(2)-0(4)-C(3)
C(3)-0(4)-Rn(24)
Rh{1})-0(6)-C(8)
Rh(2)-0(8)-C(13)
Rn(1)-N{1)-C{i9)
0(1)-C(1)-0(2)
0{2)-C(1)-{bC{2])
0(3)-C(3)-C(4)
C(e)-C{(5)-F(1)
F(1)-C(5)-F(2)
F(1)-C{5)-F(3)
0(5)-C(6)-C(5)
C(5)-C(6)-C(7)
O(B)-C(B)-C(T)
C{7}-C(8)-C(9)
C(8)-C(9)-F(5)
C(8)-C(9)-F(6)
F(5)~-C(9}-F(b6)
C(l1i)-C{10)-F(8)
F(8)-C({(10)~-F(9)
0(7)-C(1l1)-C(i2)
C(l1)-C(i2)-C(13)
0(8)-C{(13)-C(14)
C{(13)-C(i4)-F(10)
F(10)-C(i4)-F(11)
F(10)-C(14)-F(12)
N{1)-C(15)-C(16)
G(16)-C(17)-C(18)
N{1)-C{(i9)-C(isB}

85.
95.
L.1(3)
89.
-0(3)
175.

177

92

91

i21
124

iii

11

111

122
117
i21

3(2)
7(2)

1(3)

8(3)

.3(3)
85 .
92.

176.
Q7.
177.

162.
78.
99.

120.
119.
i35.

120.

i22.

65(2)
S$(3)
6(3)
7(2)
{23
8(I}
2{2)
0{2)
40(6)
5(6)
9(6]
0(6)
1{7)

.2(7)
.9(10)
117.
ils.

9(9)
1(8)

L0(i1)
109.
105.
110.
119.
128.
116.
1ii.
109.
106.

0(12)
2(10}
5(8)

6{10)
T(9)

4{10)
T(ii)
4(10)
2{(1i)

.3(1i7)
115,

1(14)

.2(15)
128.
124,
113.
117.
109.

99.

3(1i)
8(10)
6(10)
3(i5%)
0(14)
3(20)

.5(ii)
.2(13)
.3(11)
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3.1  Introduction

3.1.1 Dirhodium Carboxylate Complexes With 2,2°-Bipyridyl

And 1,10-Phenanthroline Ligands.

Within the past decade whole new classes of molecular materials have been
reported with macroscopic properties that are similar to those of metals."*'** Some
examples of those include molecular solids which become superconducting at low
temperatures, and flexible polymers with electrical conductivities near to that of
copper metal.'®*'*> However these new synthetic organo-metallic solids which have
the optical, magnetic and electrical characteristics of metals, have a diverse
structure unlike metals, which allows them to be more versatile. The possibility of
new technologies offered by these organo-metallic materials is immense. One class
of compounds in which interest has been growing is metal complexes with
oligomeric ligands especially oligopyridines. Amongst those of substantial interest
at the moment are the metal complexes of 2,2’-bipyridine, including the recently
reported compound [Rh,(O,CCH,),(2,2’-bpy)]*’, which contains three bridging
acetato ligands, one chelating acetate group and a chelating 2,2’-bipyridine ligand,
Figure 3.1. The two rhodium atoms, separated by a Rh-Rh bond distance of
2.475(2) A, are axially bound to different ligands. One Rh atom is bound to the
2,2’-bipyridine and the other to the acetate group, with a Rh-N distance of
2.120(10) A and Rh-O bond distance of 2.466(8) A. Other related 2,2’-bipyridine
compounds which have been reported include cis-[Rh,(O,CH),Cl,(bpy),.4H,01'¥

and [Rh,{(p-toIN),N}(CO)(bpy)(i-I),][PF],.2.5CH,CL,.'"
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Figure 3.1 Structure of [Rh,(0Q,CCH,),(2,2’-b

The 2,2’-bipyridine ligand can be prepared by the oxidative coupling of 2-
pyridylcarboxylic acids, or by the oxidation and decarboxylation of 1,10-
phenanthroline. The 1,10-phenanthroline ligand is similar to 2,2’-bipyridine ligand,
since it is planar and has a delocalised nt system, and hence ought to have
analogous potential for producing compounds which could be considered as

molecular building blocks, which may interact to form polymeric chains.
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is to that of 2.38 A in [Rh,(O,CH),.-H,0]." It was not until 1986 that the

preparation of the related compounds, of general formula [Rh,(O,CCH,),(chel),Cl,]
(chel = 1,10-phen, 4,7-(CH,),-phen, 3,4,7,8-(CH,),-phen, )'*® was reported. The
method of synthesis involves refluxing [Rh,(O,CCH,),] with the chelating ligand
and HCl in stoichiometric quantities. The paper described the crystal structures of
the N-methylimidazole adducts of these compounds and the structures of the
cations are shown in Figure 3.3. In all three crystal structures the dirhodium unit is
bridged by two acetate groups. The 1,10-phenanthroline ligands are chelated to
each rhodium atom so that one chelating ligand lies parallel with the other. The
axial sites are occupied by the N-methylimidazole ligands which are orientated
differently in each of the compounds, but are consistently bent away from the
chelating ligands. On comparing the compound [Rh,(O,CCH,),(3,4,7,8-(CH,),-
phen),(NMid),]** with [Rh,(O,CCH,),(4,7-(CH,),phen),(NMid),]** and [Rh,(O,CC-
H,),-(phen),(NMid),}** it is observed that the angle by which the phenanthroline
ligands are rotated about the Rh-Rh bond decreases from ~ 20° to 17.8° and 16°
respectively as the repulsive interactions between the two ligands on each metal
decrease. The Rh-Rh bond distance of 2.5557(4) A in [Rh,(O,CCH,),(phen),-
(NMid),]** is similar to that of 2.561 A in [Rh,(O,CCH,),(phen),CL,]' indicating
that the Rh-Rh bond is only slightly affected by the replacement of chloride ions
by the neutral N-methyl-imidazole ligands. In the analogous 4,7-(CH,),phenan-
throline cation, [Rh,(O,CCHS,),(4,7-phen),(NMid),]** the Rh-Rh bond distance is
2.565(1) A. Thisg greater distance in comparison to 2.5557(4) A, is thought to be
due to the increased bulkiness of the methyl substituted phenanthroline ligand and

perhaps the increased charge density on the rhodium atoms. Notably with the 3,4,7,
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8-(CH,),-phenanthroline ligand no further lengthening of the Rh-Rh bond distance,

2.564(1) A, is observed. This observation is thought to be due to the 'bite’ of the

bridging acetate ligands which prevent the Rh-Rh bond from further lengthening.

3.1.2 The Complex [Rh,(HNOCCF,),1

The first amidato bridged compound prepared, [Rh,(HNOCCF;),], was reported in
1982 by Kadish and co-workers.'” The synthesis of that compound involved
reacting [Rh,(O,CCH,),] with an excess of molten trifluoroacetamide at 160-165°C
for 24 hours. The product was found to be a mixture of four geometric isomers,

Figure 3.4, which were separated by liquid chromatography.

Figure 3.4 The Four Geometric Isomers of [Rh,(HNOCCF,),1

(only atoms in the metal coordination sphere included)

N 0
N 0
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Rh
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N 0
N o N o
0 N 0 N
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The crystal structure of the bis pyridine adduct of the most abundant isomer was
determined'®, Figure 3.5. Four trifluoroacetamidato ligands bridge the dirhodium
unit and each Rh ion is attached to two oxygen and two nitrogen atoms in a cis
arrangement. The Rh-Rh bond distance, 2.472(3) A is similar to that found in other
compounds of [Rh,(O,CCF,),] which have N donor axial ligands, ca 2.43 A.
However it is less than those found in [Rh,(OSCCH,),(HOSCCH,),],'"
[Rh,(OSCCMe,),(NC,H;),]'"® and [Rh,(OSCC,H;),(NC,H;),]"'¢, 2.550(3) A,
2.514(1) A, and 2.521(1) A respectively, ip which there is a O,S,N, donor set.
Interaction between the basic nitrogen atom and the rhodium ion should result in
donation and an increase in electron density on the rhodium ion, producing a
decrease in the Rh-Rh bond distance. A lengthening of the Rh-Rh bond usually
results in a shortening of the axial bond length. However the average Rh-N,, bond
distance found in this compound, 2.29 A, is longer than that found in the tetra-
acetato bridged compound, 2.23 A." The presence of an unidentified molecule in
the axial positions 15% of the time and pyridine molecules occupying the axial
positions 85% of the time resulted in a disorder in the crystal which reduced the
precision of the geometric parameters, and hence the axial bond lengths are poorly
defined. Since the original report many related compounds of the type
[Rh,(RNOCR’),]'0*71%.1121% haye been prepared. However the studies which have
been reported, with one exception,'' concentrate mainly on electrochemical and
X-ray crystallographic characterisation. Since the chemistry of many dirhodium(II)
compounds, outside of those containing four bridging carboxylato ligands, has been
somewhat neglected, it was thought that the chemistry of [Rh,(HNOCCEF,),]

merited closer attention, and hence the reaction of this compound with 1,10-
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3.2  Preparation And Characterisation

3.2.1 Preparation of [Rh,(HNOCCF;,),(phen),Cl,]
The reaction of the compound [Rh,(HNOCCEF,),] with 1,10-phenanthroline and HCI
in methanol, at room temperature resulted in the formation of a red/brown product

which was collected by filtration, washed with methanol and dried in vacuo.

3.2.2 Characterisation of [Rh,(HNOCCF,),(phen),Cl,]

The microanalytical data (see Experimental) indicated the empirical formula
[Rh(HNOCCEF,)(phen)Cl] and infrared spectroscopic measurements confirmed the
presence of both the trifluoroacetamide and the phenanthroline ligands( v(C-F),
1144 and 1176cm™, v(C-H)phenanthroline, 3043 cm™). The 'H NMR spectrum,
Figure 3.6, revealed 16 signals due to the phenanthroline ligands indicating the
presence of two isomers in a ratio of ca. 60:40. The two possible isomers are
shown in Figure 3.7 together with the resulting 3 chemically different
phenanthroline groups, (1) trans to both oxygen atoms, (2) trans to both nitrogen
atoms, (3) trans to oxygen and nitrogen atoms. The latter ligand (3) has 8
chemically inequivalent protons whereas (1) and (2) each have 4 pairs of
chemically inequivalent protons. In order to correctly assign these signals, a series
of homonuclear proton decoupling experiments were carried out. The protons
nearest the nitrogen atoms are most deshielded and should occur at the highest

chemical shift. Those on (1) and (2) should each give one doublet resonance due to
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Figure 3.7 The Two Possible Isomers of [Rh,(HNOCCF,),(phen),Cl,]

3
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protons Ha. The '"H NMR of (3) should contain two doublets due to protons Ha
and Hh. The next four sets of doublets are due to the Hc and Hf protons, two
doublets from (3), and a single doublet from (1) and a single doublet on (2). The
two signals at 6 7.65 and 7.55 ppm were assigned to Hd and He on (3) since
irradiating at the frequency of one signal causes the other to collapse to a singlet,
indicating the two signals to be due to protons on adjacent carbon atoms. It can be
seen from the integral trace that there are two different sets of proton integrals,
corresponding to the presence of two isomers in different amounts. The integrals
indicate that the outer two signals of each set of four signals is due to one isomer
and the inner two signals due to the other isomer.

Attempts to separate the two isomers by column or thin layer chromatography
proved unsuccessful. It was thought that the acidic media in which the compound
was prepared might act to labilise the bridging ligands and therefore cause
rearrangement reactions, and hence the observed isomeric mixture of products.
Hence it was decided to repeat the reaction using a non-protic source of chloride

ions.

3.2.3 Preparation of [Rh,(HNOCCF,),(phen),Cl,] Using

Tetra n-butylammonium Chloride.

The tetra-acetamidate [Rh,(HNOCCF,),] was dissolved in methanol and stirred with
1,10-phenanthroline and tetra-n-butylammonium chloride for 60 hours at room
temperature. A red/brown solid was produced which was collected by filtration

washed and dried in vacuo.
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3.2.4 Characterisation of Isomerically Pure [Rh,(HNOCCEF,),(phen),Cl,]

The micro analytical data indicated a composition of [Rhn(HNOCCEF,)(phen)Cl], and
infrared data confirmed the presence of both the acetamidate and phenanthroline
ligands. The 'H NMR spectrum, Figure 3.8, contains eight resonances for the
phenanthroline ligands indicating the presence of predominantly one isomer. An
AB quartet is observed and assigned to protons Hd and He. This is consistent with
the monomeric form (A,3), see Figure 3.7, with each phenanthroline ligand trans to

both an oxygen atom and a nitrogen atom.

3.2.5 Preparation of The Pyridine Adduct of [Rh,(HNOCCF,),(phen),Cl,]

The chloride ions are readily replaced by pyridine. Reaction of [Rh,(HNOCCF;),-
(phen),Cl,] with an excess of pyridine in methanolic solution produces a yellow
coloured solution instantaneously, which upon the addition K[PF] yields the

compound [Rh,(HNOCCEF,),(phen),(NC,H;),][PF],.

3.2.6 Characterisation of [Rh,(HNOCCF;),(phen),(NC,H,),][PF],

The 'H NMR spectrum of this compound, Figure 3.9, confirms the presence of
coordinated pyridine; homonuclear decoupling of the signals in the region of & 9
ppm to & 7 ppm, Figure 3.10, allowed the correct assignment of the pyridine
signals. The phenanthroline signals are largely unchanged in appearence from those

for the chloride axial adduct, except for small chemical shift differences, which are































































































































































































































































