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Abstract:

The work described in this thesis is mainly focused on the synthesis,
characterization and chemical reactivity of dinuclear and trinuclear phosphine
substituted carbonyl complexes of Ru, Co and Ni. The thesis can be broadly classified
into three sections. The first section comprising chapters 2 and 3, deals with the
chemistry of dinuclear and trinuclear ruthenium complexes with dppm,
bis(diphenylphosphino)methane, bridging ligands. The reaction mixture RuCl;/dppm/
NaBH,/CO yielded mainly trans-[RuCl,(dppm),]}. However, when silver acctate was
added to the reaction mixture prior to the reduction with NaBHy,, a high yield
synthesis of [Ru,(u-CO)(CO),4(k-dppm),] was achieved. In addition,
[RuH(CO)(dppm),]™* and the electron rich cluster [Ru3(CO),(k-dppm);] were also
isolated. Reactions of [Ru,(u-CO)(CO)4(u-dppm),] with alkynes produced sceveral
new products. Structural details of [Ru3(CO)g(k-dppm);} and its protonated adduct
[Ru3(u—H)(CO)6(u-dppm)3]+ are discussed and the mechanism of fluxionality,
involving hydride ligand migration in the latter cluster is postulated.

The second section (chapter 4) deals with the synthesis and characterization of
di and tetranuclear cobalt complexes with dmpm, bis(dimethylphosphino)methune.
ligands. The dinuclear complex {Co,(CO)4(dmpm),] was found to exist in two
isomeric forms, one with two bridging carbonyl ligands, and the other with only
terminal carbonyl ligands. The isomers readily interconvert at room temperature. The
dynamics of the fluxional processes and thermodynamics of the equilibrium between
isomeric forms were investigated using variable temperature IT-IR, 3'P, 'H and *C

NMR techniques. The chemistry of [Coy(CO)4(u-dmpm),] was also explored. Thus,
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reaction with [Cu(MeCN),]* gave a novel heptanuclear mixed metal cluster complex,
[CodCuj,(CO)g(;z-dmpm)‘,]+ for which X-ray crystal structure analysis has shown the
presence of a central copper atom with unprecedented square planar geometry. The
cluster [Co4(CO)g(-dmpm),] was also prepared and its structure was established by
X-ray crystallography.

Chapters 5-7 discuss the synthesis and characterization of mononuclear,
dinuclear and trinuclear nickel complexes formed from the Ni(II)/dppm,
Ni(ll)/dppm/NaBH,4/CO, :nd Ni(1l)/dmpm/NaBH3CN/CO reaction systems. The
structure of five coordinate [NiClz(n'-dppm)(nz—dppm)] was established by X-ray
crystallography and represents the first structurally characterized example of a
chelating dppm complex of nickel. The reaction of [Ni,(z-CO)(CO),(1-dppm),] with
[NiCly(dp .),] gave a remarkable dinuclear complex [Ni,y(u-CO)Cly(u-dppm),] in
which, as shown by X-ray diffraction studies, the two phosphorus donors have trans
stereochemistry at one nickel atom and cis stereochemistry at the other. The
fluxionality, chemical bonding and magnetic properties of this unusual complex are
discussed. When [Ni,(4-CO)Cly(u-dppm),] was pyrolysed under vacuum, or when
[Nis(u-COYCO),(u-dppm),] was heated in refluxing chlorinated solvents, there was
produced a remarkable trinuclear cluster complex [Ni3(u3—CO)(u3-Cl)(u—dpprn)3]+,
containing triply bridging carbonyl and chloride ligands on either side of the Nij
triangle.

From the reaction mixture of Ni(1I)/dmpm/CO/NaBH;CN, two complexes
were isolated and their structures were fully established by X-ray crystal structure

analysis. The dinuclear [Niy(CN)4(1-dmpm),], whose formation involves the cleavage
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of the B-C bond of BH3CN", is analogous to known Pd and Pt complexes of the type
trans, trans-[M,(CN)4(s-dppm),]. The second product was a novel trinuclear
complex cation [Ni3(u-CO)(u-dmpm)4]2+. This was the major product and represenis
the first example of a nickel cluster stabiiized by a diphosphine ligand. This new
coordinatively unsaturated 46e” cluster exhibits remarkable fluxionality in which the
fourth dmpm ligand migrates rapidly around the Ni; triangle. The single crystal X-ray

diffraction study shows that it contains a triply Fridging carbonyl group.
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Chapter 1

Introduction

1.1 General Comments:

The chemistry of carbonyl complexes of the transition metals has been, and
still remains, one of the most active and productive areas of chemical research. Early
work was mainly devoted to the synthesis and the study of binary metal carbonyl
compounds, and it is interesting to note that the first metal carbonyl, Ni(CO),, was
made by Mond and coworkers as long ago as 1890.1-3 Since then, numerous other
binary metal carbonyls have been discovered. These compounds possess many
interesting properties such as high volatility, high chemical react.vity and the ability
to form many derivatives. In addition, carbon monokide has the very important
property of being able to stabilize metals in low positive, zero or even negative
oxidation states. This property is generally attributed to synergy in the metal carbonyl
bonds. Thus, o-donation of electron density from the carbonyl to an empty metal d
orbital of appropriate symmetry is accompanied by back donation of excess electron
density from a filled metal d orbital to a #° orbital of the CO group.1-3 This
backbonding effect is considered to be crucial in removing negative charge from the
metal atom.

A major consequence of the back donation of electron density from metal d
orbitals 10 the a* orbitals of the CO is the reduction of the CO bond order. Infrared
spectroscopy is particularly convenient for detecting this phenomenon. Most transition

metal carbonyls obey the effective atomic number rule (EAN) by forming eighteen



electron complexes. Metal-metal bonding is common, particularly with di and

polynuclear complexes formed by metals with odd atomic number.

As a ligand, CO is very versatile and can coordinate in several different ways
as shown in Fig.1.1. The terminal carbonyl is shown in (a). while (b).(c) and (d)
represent CO groups bridging two or three metals respectively. The bridging can be
unsymmetrical, as in (b), or symmetrical as in (c) or (d). Structures (e)-(k) show CO
groups in which the oxygen of the CQ ligand is also involved in bonding to one or
two metal centres.*® This mainly occurs in substituted carbonyl derivatives or
carbonyl anions. The last three examples, (i),(j) and (k) show essentially end-on
arrays and these generally occur when strong oxygen acceptors such as AlEt; are

available. 3%

1.2. Fluxionality in Metal Carbonyls:

An important aspect in many polynuclear metal carbonyl complexes is the
scrambling of carbon monoxide ligands. This fluxionality has been considered to be
similar to the movement of adsorbed CO on rnetal surfaces. The migration of
carbonyl groups in clusters can now be investigated with the help of dynamic B¢
NMR spectroscopy. There are four distinct fluxional processes which have now been

well documented.”-8

1.2.1. Localized Exchange Process:
The fluxional process which involves exchange of carbonyl groups on a single

metal atom may be of two types, namely the turnstile rotation and the pairwise
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Figure 1 10 Coordination modes of carbon monotide in metal carbonyls.




exchange. In the complexes [M;(u-X)(u-Y)(CO),o) (M=0s,X=H,Y=H,CR or NO;

M=Ru, X=halide, Y=H), turnstile rotation has been observed at M(CO); sites and
at the two different M(CO); sets within the M(CO), group. The overall result is
exchange of axial/equatorial carbonyl sites. In the pairwise exchange process two
carbonyl groups exchange their sites and the configuration is retained. The distinction
between pairwise exchange and turnstile rotation is retention of the configuration at

the metal in the former process.

1.2.2. Delocalized Exchange:

In contrast to localized exchange involving only one metal atom, a delocalized
process occurs between two or more metal atoms. Two mechanisms have been
proposed. Johnson has proposed a polytopal rearrangement mechanism for
[Fe3(CO),,).1° The proposal is based on the consideration that the twelve carbonyl
groups of [Fe3(CO);,] can occupy vertices of a distorted icosahedron. The rotation of
the Fe; triangle inside the polyhedron would lead to equivalence of all carbonyl
ligands. The more commonly proposed mechanism involves easy migration of
carbonyls between terminal and bridging positions, thus allowing movement across

metal-metal bonds.

1.2.3. Oscillation of the Carbonyl.
The unsymmetrically bound carbonyl group of type (e) in Figure 1.1 has been
shown to oscillate readily between two metal atoms when this is a degenerate process.

The oscillation of an asymmetric bridging ligand therefore, represents a third type of




fluxional process. Thus, in [Mnz(p-CO)(C0)4(y-dppm)2]", which contain a u-n?-CO

four electron donating ligand, the carbonyl group oscillates between the two metals.

1.2.4. The Rotation of M(CO),, Unit.

The fourth mechanism involves the rotation of an entire M(CO), moiety.
Thus, for example, it was observed that the Pt(CO)(PCy;) moiety rotates above the
Os, triangle in the complex cation [OsyPt(1-H)3(CO),o(PCy;)1* .12 One of four
fluxional processes in [Re5(CO),oH;]% involves the rotation of the ReH(CO), unit
about the axis perpendicular to and bisecting the [(CO)3Re(u-H)2Re(CO)3]2' unit. The
dimer anion is isolobal with an acetylene and the proposed motion is reminiscent of

acctylene rotation in a side-on nz-RCECR complex.

1.3. Substitution Reactions of Metal Carbonyls:

Substitution reactions of the type shown in equation 1.1 are an important part
of metal carbonyl chemistry and may occur (i) simply by mixing together the carbonyl
and the appropriate ligand,” (ii) by the input of thermal or photochemical energy“‘“;

or (iii) by electrochemical activation and related methods.!”
M(CO)x + YL- M(CO), Ly + (x-z) CO (1.1).
Examples of each method are listed in Table 1.1, which, for the sake of clarity,

ihustrates mostly phosphines as displacing ligands even though a much wider range of

ligands has been used.



Table 1.1 Examples of Substitution Reactions in Metal Carbonyls by

Phosphine Ligands.

Reactants

Ni(CO); + P(OEt),
Coy(CO)g + 2PPh,
Ru3(CO),, +dppm
Cr(CO)g +dppe
Cr(CO)g + dmpe
Ru3(CO),, + P(OMe),

Rey(CO),o +dppe

Mo(CO)¢ + PMe,

Mo(CO)¢ + dmpe

A -
A -
A /hy -

hv =~
hv -
Al anode
Al anode

Products
Ni(CO)3(P(OEt)5)
Co,(CO)4(PPhs;),
Ru;3(CO),o(dppm)
Cr(CO)4(dppe)
Cr(CO),(dmpe),
Ru3(CO), {P(OMe),}

Re,(CO)g(dppe)

Mo(CO)5(PMe;)

Mo(CO)4(dmpe)

16
16
15

15

17

17




The characteristics of phosphines as ligands are related to those of CO (and the
isocyanides). The phosphorus atom has a pair of electrons which forms a strong o-
bond to the metal. In addition, it has empty 3d orbitals which can accept electron
density from the metal!8, Potentially, therefore, phosphines combine the properties of
strong o donors (as in amines) with those of good x-acceptors (such as CO), although
the extent to which the synergic effect and w-bond formation occurs in metal
phosphine complexes is a controversial matter.13-2! The 3d orbitals on phosphorus are
much too diffuse and high in energy to interact effectively with the more compact
metal nd orbitals. Furthermore, if the metal is in a positive oxidation state then this x-
interaction would be further diminished; the higher effective nuclear charge further
contracts the metal nd orbitals. Electronegative substituents such as F or OPh on
phosphorus increase the effective nuclear charge on phosphorus and contract the 3d
orbitals. Such an effect at the same time reduces the basicity of the lone pair on
phosphorus. On the other hand, a substituent such as CH; on phosphorus would have
the opposite effect. It has been shown!? that the w-acceptor ability of phosphorus
donor ligands increases in the following order, P(Bu); < PRy ~ PPh; < P(OR); <
PH; < P(OPh); < PF; while the o donor ability is in the approximately reverse
order.

For the preparation of binuclear complexes a variety of phosphorus containing
ligands have been utilized. Among the most versatile are the diphosphines of the type
R,P(CH,),PR,. These are readily available and are easily handled; several of them

are air stable solids.22-23 In addition, their steric and electronic features can be

systematically varied by changing the substituents on the phosphorus atom(s) or by




varying the backbone length between the phosphorus atoms.2* Details of the steric
and electronic effects on transition metal complexes resulting from changing
substituents on the phosphorus atom in phosphine ligands have been described
elsewhere.?

In binuclear complexes these bridging ligands generally adopt {rans
arrangements at each metal ion. In most cases, this probably occurs for steric reasons,
since it places the phosphorus atoms and their bulky substituents as far apart as
possible. However, there are now cases known where the phosphine ligand bridges
are both cis on each metal and where the phosphine bridges are cis on one metal and
trans on another.262-b

The interest in binuclear complexes arises not only due to their novel
structures and reactivities but also because of anticipation that they should allow for
increased versatility in catalyst design. Complexes with two (or even more) metal
atoms can have several advantages over a catalyst containing only a single metal.
Small molecules, particularly those like dinitrogen and nitriles which are notoriously
difficult to reduce, may be more readily activated by attachment to several metal
centres. In catalysts containing two metal centres, one may act to bind the substrate,
while the second acts to feed or remove electrons from the first site. Therefore, the
presence of two metal atoms may facilitate multi electron redox reactions which could
not be handled by only a single metal atom, 26
An interesting property of dinuclear complexes bridged by diphosphines is that

breaking of metal-metal bonds or the formation or loss of other bridging groups may

occur while the actual phosphorus bonds remain intact. Such reactions generally




require that the two metal ions involved are relatively close to one another. As a
consequence, bridging phosphine ligands which allow a large distance between metal
atoms do not induce particularly interesting chemistry. Conversely, those ligands
which force the metals into close association often induce the more interesting new

chemistry.26

1.4. Metal Cluster Complexes:

Along with the interest in binuclear complexes, there has been considerable
development of the chemistry of metal carbonyl clusters. The analogy between metal
clusters and metal surfaces as catalytic centres has been drawn.25-27 A number of
clusters have been shown to act as efficient catalysts or catalyst precursors.28 The
precise aim of this activity is to understand, at the molecular level, how catalytic
processes occur on metal surfaces by using clusters as models and, possibly, to
prepare selective catalysts based on cluster compounds. It has been thought that
clusters in which each metal atom is coordinatively unsaturated should be able to
mimic the reactions that occur on metal surfaces.?? Thus, Muetterties had originally
observed that many correlations exist between metal surfaces and clusters.3 Metal
core structures of clusters can be viewed as fragments of hexagonal close-packed, or
body centred cubic metal bulk structures. The geometries of ligands bound to clusters
and to metal surfaces are similar in many instances and the average bond energies for
ligand-metal and metal-metal bonds are comparable for specific metals in both the
cluster and the transition metal surface. In addition, ligand mobility has been observed

for both ligands bound to transition metal clusters and molecules bound to surfaces.



Thus, in the light of the above analogy, the preparation and study of polynuclear
complexes can be seen as complementary to the study of surface catalysts. A large
variety of metal clusters have therefore been synthesized and their properties
investigated. The majority of these cluster complexes are metal carbonyls. An
important aspect in cluster catalysis is the integrity of the cluster itself during catalytic
processes. Diphosphine substituted metal carbonyl clusters have an added advantage
over the binary metal carbonyl clusters since metal carbony! clusters are held together
primarily by metal-metal bonds, whereas phosphine bridged polynuclear complexes
have the phosphine bridges, as well as the metal-metal bonds, to maintain the integrity
of the polynuclear unit. Thus we find that selective metal-metal bond breaking (as
opposed to cluster degradation) is relatively rare for carbonyl clusters.3! However,
metal-metal bond breaking and formation is a fairly common reaction for phosphine-
bridged polynuclear complexes. Additionally, with phosphorus ligand-bridged
complexes there is an added dimension of synthetic flexibility that occurs because the
bridging ligand can now be tailor-made to meet certain requirements. For example,
bridging ligands have been constructed with different sites capable of binding different

metal ions.

1.5. The Role of NaBH 4 and NaBHCN in the Synthesis of Metal Carbonyl
Complexes:

The extensive use of NaBH, in synthetic organic chemistry is now well
known. However, its use in synthetic inorganic chemistry is fairly limited, although

the reduction of metal salts with NaBH, to produce metal borides of unknown

00




composition was reported earlier. 32 Several of these borides were found to be
catalytically active in the hydrogenation of alkenes.33 In order to investigate the
composition of the catalytically active borides, attempts were made to isolate
intermediates by adding tertiary phosphines to the reaction mixtures and hence to
obtain a picture of the mechanism of the fast reduction proccss.34 This resulted in the
isolation of a variety of interesting phosphine complexes of various metals. In
addition, several metal-phosphine-borohydride complexes were isolated.

Further insights were obtained when a borohydride in which one of the
hydrides in NaBH,4 was replaced with an electron withdrawing group was used as
reducing agent. This change diminishes the reducing power of the borohydride, and
resulted in further slowing down the reduction process. NaBH3;CN was used for
reduction of metal halides in the presence of phosphine ligands with interesting
results3®>, The CN substituent makes the reagent a versatile ligand as well as a
reducing agent, and numerous coordination modes of BH;CN™ have been identified in
products resulting from such reactions.

The introduction of carbon monoxide as an additional stabilizing ligand into
the metal halide/phosphine/NaBH;Y (Y =H,CN) reaction system has provided a
rational approach to the synthesis of novel metal-phosphine-carbonyl complexes.
Thus, for example, when reaction of NaBH, or NaBH;CN with NiX,.6H,0 and
bidentate phosphines were carried out, with a slow stream of CO passed through the
solution, a series of Ni(0) complexes were produc:ed.3‘5'37 It was observed that the
complex(es) formed in a particular reaction depends mainly on the nature of the

bidentate phosphine and the reducing agent and on the rate of addition of the reducing
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agent. Thus, with dppm, [Ni(CO),(n'-dppm),], [Niy(s-CO)}CO)(u-dppm),] and
[Ni,(CO)4(s-dppm),] were identified. However, with the larger bite phosphines,
complexes of the type [Ni(CO)y(n?-PP)], [Ni,(CO),(s-PP)(n%PP),] and [Ni(CO)n'-
PP)(nz-PP)] have been isolated. Similarly, reduction of PtCl/R,P(CH,),PR, (n = 2,
R = Et, Ph, CHMe,; n = 1,3,4, R = Ph) mixtures with NaBH, under a CO

atmosphere provides complexes of the type [Pt“(PP)3(CO)3].38

1.6. Aim of the Thesis:

The aim of the research described in this thesis was to synthesize and
characterize new diphosphine bridged binuclear and cluster carbonyls of ruthenium,
cobalt and rickel. The general synthetic approach was to reduce metal halides with
NaBH,4 or NaBH;CN in the presence of the diphosphine and CO in one step. It was
anticipated that electron rich carbonyl (diphosphine) metal clusters might be obtained
and that these would exhibit high reactivity towards many organometallic reagents.

The thesis is divided into three sections. The first section is concerned with the
synthesis and characterization of mononuclear, dinuclear and trinuclear ruthenium
complexes with diphosphine ligands. The diphosphine ligands used are dppm and
dmpm. The chemistry of the electron rich dinuclear and trinuclear ruthenium
complexes has been explored using unsaturated organic and electrophilic inorganic
reagents.

The second section deals with the chemistry of cobalt carbonyl complexes with
bridging dmpm ligands. The catalytic activity of cobalt carbonyls, particularly in

reactions such as hydroformylation, is well known. Moreover, dinuclear and



polynuclear cobalt carbonyls are known to be fluxional and the carbonyl migrations
are very fast. It was hoped that diphosphine substituted cobalt carbonyl complexes
would give slower carbonyl fluxionality, so that the mechanism could be studied.

The third and the final section is devoted to the chemistry of nickel carbonyl
complexes with diphosphine ligands. While palladium and platinum form many useful
trinuclear cluster complexes with diphophine ligands, no analogous trinuclear nickel
cluster was known prior to this study. It was therefore of interest to prepare new
nickel cluster complexes and to compare their chemistry with that of the analogous
palladium and platinum clusters. The structural properties of dinuclear nickel

complexes were also of interest.
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Chapter 2
The Reactions of Ru(1I) Salts with NaBH, and NaBH3CN in the Presence of

Diphosphines and CO. The Synthesis, Crystal Structure and Chemistry of

[Ruz(CO) 4(u-CO)(p-dppm),].

2.1, Introduction

Although dppm chemistry of other group VIII transition metals has been
studicd quite extensively, the related chemistry of ruthenium has been rarely studied,’
perhaps due to the lack of an easily available starting material. Ru-dppm chemistry is
mainly limited to mononuclear derivatives, although some binuciear and trinuclear
complexes have also been studied in recent years.2# Unlike {Fey(CO)o] which is
stable and commercially available, [Ruy(CO)o] is extremely unstable and is observed,
for example in the formation of [Ru3(CO),,], as a short lived iniermediate.> The lack
of a simple binuclear carbonyl precursor has made investigations of low valent
dinuclear ruthenium complexes difficult. However, some diphosphine derivatives of
the unstable binuclear ruthenium carbonyl, [Ru,(CO)g], have been prepared and
shown to have fascinating properties. Thus for example, the complex [Ru,(u-
CO)(CO)4(u-dmpm),], dmpm = Me,PCH- Me,, has recently been prepared from
{Ru3(CO),,] and dmpm and has been shown to exhibit a very interesting chemistry
with unsaturated reagents.7 The other related complexes [Ruy(CO)4(1-CO){u-
R,PN(Et)PR,},], R = OMe or o-i-Pr, are known and displayed unusual chemistry
with electrophiles and in redox reactions, forming new carbon dioxide, Ru,(u-CO5),

complexes for example.® However, [Ruy(CO)4(u-CO)(u-dppm),], 2.1, can only be

I g




prepared by photolysis of [Ru3(CO),,] with dppm, and the recent synthesis of
[Ru,(CO)4(u-CO)(u-dppm)] also involves a photochemical step.®:? The thermal
reaction of [Ru3(CO);,] with dppm may give [Ru3(CO);,_5,(u-dppm),], x=1-3, or
products arisi..,, from metallation of the dppm ligands, but fragmentation to Ru,
complexes does not occur.® This chapter describes the simple one pot, non-
photochemical high yield synthesis of 2.1 directly from easily available Ru(lll) salts
and dppm under carbon monoxide atmosphere using NaBH, as reducing agent, which
makes this complex readily available for studies of its reactivity. In addition, some
mononuclear and trinuclear ruthenium complexes were also isolated under these
reaction conditions, The chemistry of [Ru,(u-CO)CO)4(u-dppm),] 2.1 with

unsaturated organic ligands is also explored. Details arc discussed in the proceeding

pages.

2.2. Ru(IID / dppm / CO / NaBH4 Reaction System:

The reduction of metal halides by sodium borohydride in the presence of
carbon monoxide and dppm, has proved to be a useful method for the synthesis of
binuclear dppm-bridged metal carbonyl derivatives. 1913 This method was tested as a
possible route to [Ru,(CO),(u-CO)(u-dppm),], 2.1. Reduction of RuCl;.3H,0 under

these conditions always gave trans-[RuCl,(dppm),]'4

as a major product (scheme 2.1)
although, in some syntheses, the desired complex 2.1 was also formed in low yields.
It seemed likely that the strong Ru-Cl bonds in [RuCl,(dppm),] were responsible for

the difficulty of reduction to the Ru(0) level, 2nd so experiments were carried out in

which three equivalents of silver acetate were added to the ruthenium(Iil) chloride
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solution to generate in-situ a solution of ruthenium(Ill) acetate, which was then
reduced in the usual way by borohydride in the presence of CO and dppm. This
synthesis routinely gave the desired product 2.1 in >60% yield in a single step from
ruthenium(III) chloride and so gives a cheaper and more convenient synthesis than the
previous methods.® This synthesis also gives some trans-[RuH(CO)(dppm),]* ion
(scheme 2.2), conveniently isolated as the BPh,™ salt, which is easily separated from
2.1.13 In addition, the cluster complex [Ru3(CO)g(1-dppm);], which is more
conveniently prepared by reaction of dppm with [Ru3(CO),2].9“ can be isolated in low

yield from this reaction (scheme 2.2).

2.2.1. The Synthesis of [Ru,(CO) 4(u-CO)(u-dppm),] 2.1.

The complex 2.1 was synthesized in high yield when Ru(lll) acetaie, prepared
in-situ, was treated with NaBH, in the presence of dppm under an atmosphere of
carbon monoxide. The complex may have been formed according to the following

equation.

2Ru(IID + 2dppm + 6BH, + 5CO ~ [Ru,(CO)5(p-dppm),] + 3B,H,

+3H, @)

The structure of 2.1 was deduced from the spectroscopic data and has also been
confirmed by X-ray structure analysis of its solvate [Ruy(u-CO)(CO),(1-

dppm),].C,H,Cl,, details of which are given below.



Ru(CH3CO3)3+ dppm + NaBH, + CO
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Scheme 2.2: Reduction of Ru(IIl) with NaBH, after the addition of Ag(MeCO,).
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2.2.1.1. The X-ray Crystal Structure of [Ru,(CO)4(u-CO)(u-dppm),).C,H,Cl,

A single crystal obtained by slow diffusion of n-pentane to a C,H,Cl, solution
of 2.1 was found to be suitable for X-ray diffraction analysis which was carried out
by Dr. N.J. Taylor at the University of Waterloo. The structure of [Ruy(CO)4(u-
CO)(u-dppm),].C,H,Cl, consists of well separated units of complex 2.1 and solvent
molecules. The ORTEP diagram of the molecular structure is illustrated in Figure 2.1
while bond distances and angles data are listed in Table 2.1. This shows that two
ruthenium atoms, which are separated by a distance of 2.903(2)A, corresponding {0 a
formal ruthenium-ruthenium bond, are bridged by two dppm ligands and a carbonyl
group. Each ruthenir n metal is furth~r coordinated oy two terminal carbonyl groups
to achieve 18 electron counts. In addition each Ru,P-” ring adopts an envelope
conformation with the "flap" directed away from the u-CO ligand. This leads to axial
phenyl substituents surrounding the u-CO ligand, while the phenyl substituents on the
other side of the 5-membered ring are equatorial, thus making room for the carbonyls
C(2)-0(2) and C(4)-O(4) (Figure 2.1). The geometric ligand arrangement surrounding
each metal can best be described as either approximately trigonal bipyramidal or
distorted octahedral with the metal-metal bond occupying the sixth site. For a TBP
complex these positions are assigned to two phosphorus atoms of dppm ligands
occupying axial sites on each metal and two terminal and a bridging carbonyl group
form the equatorial positions. It is apparent from the Table 2.1 that two of the
terminal carbonyl groups are essentially orthogonal to the ruthenium-ruthenium vector
[Ru(1)-Ru(2)-C(4) 100.0(5)°; Ru(2)-Ru(1)-C(2) 86.9(6)°] while the other two are

roughly collinear with it [Ru(1)-Ru(2)-C(3) 148.6(6)°; Ru(2)-Ru(1)-C(1) 155.3(6)°].




4

A4

iV
.. ]
= 7N g
2) ¥ Ru2 N7 C1 01
D Cs ("
\§IlV c3
03

o ) A oC32
C44(Z> 3
C31 A)C38

Figure 2.1: The ORTEP diagram of [Ru,(CO),(x-CO) (4~dppm),],
2.1,




Table 2.1: Bond Lengths (A) and Bond Angles (°) for [Ru,(s-CO)CO),(u-

dppm),]

Ru(1)-Ru(2) 2.903 (2) Ru(1)-P(1)  2.333 (4)
Ru(1)-P(3) 2.343 (4) Ru(1)-C(1) 1.869 (18)
Ru(1)-C(2) 1.962 (20) Ru(1)-C(5) 2.130 (13)
Ru(2)-P(2) 2.340 (4) Ru(2)-P(4) 2.335 (4)
Ru(2)-C(3) 1.878 (19) Ru(2)-C@4) 1.917 (17)
Ru(2)-C(5) 2.124 (14) P(1)-C(6)  1.859 (16)
P(1)-C(7) 1.854 (17) P(1)-C(13)  1.830 (19)
P(2) -C(6) 1.851 (16) P(2)-C(19) 1.830 (17)
P(2) -C(25) 1.826 (14) P(3)-C(31)  1.880 (14)
P(3) -C(32) 1.838 (14) P(3)-C(38) 1.830 (16)
P(4) -C(31) 1.840 (15) P(4)-C(44) 1.818 (16)
P(4) -C(50) 1.825 (17) o(1)-C(1)  1.134 (22)
0(2) -C(2)  1.155 (25) 0(3)-C(3)  1.126 (23)
O(4) -C(4)  1.142 (23) O(5)-C(5)  1.155 (17)

Bond angles (°)
Ru(2)-Ru(1)-P(3) 91.0(1)
Ru(2)-Ru(1)-C(1) 155.3(6)
P(3)-Ru(1)-C(1) 88.0(6)
P(1)-Ru(1)-C(2) 89.3(5)
C(1)-Ru(1)-C(2) 117.8(8)
P(1)-Ru(1)-C(5) 90.5(4)
C(1)-Ru(1)-C(5) 108.4(7)
Ru(1)-Ru(2)-P(2) 91.5(1)
P(2)-Ru(2)-P(4) 175.1(1)
P(2)-Ru(2)-C(3) 91.9(6)
Ru(1)-Ru(2)-C(4) 100.0(5)
P(4)-Ru(2)-C(4) 87.7(5)

Ru(2)-Ru(1)-P(1)  91.8(1)
P(1)-Ru(1)-P(3) 175.3(1)
P(1)-Ru(1)-C(1) 87.8(6)
Ru(2)-Ru(1)-C(2)  86.9(6)
P(3)-Ru(1)-C(2) 94.7(5)
Ru(2)-Ru(1)-C(5)  46.9(4)
P(3)-Ru(1)-C(5) 88.6(3)
C@2)-Ru(1)-C(S)  133.8(7)
Ru(1)-Ru()-P(4)  91.9(1)
Ru(1)-Ru(2)-C(3)  148.6(6)
P(4)-Ru(2)-C(3) 87.0(6)
P(2)-Ru(2)-C(4) 88.3(5)




C(3)-Ru(2)-C(4)
P(2)-Ru(2)-C(5)
C(3)-Ru(2)-C(5)
Ru(1)-P(1)-C(6)
C(6)-P(1)-C(7)
C(6)-P(1)-C(13)
Ru(2)-P(2)-C(6)
C(6)-P(2)-C(19)
C(6)-P(2)-C(25)
Ru(1)-P(3)-C(31)
C(31)-P(3)-C(32)
C(31)-P(3)-C(38)
Ru(2)-P(4)-C(31)
C(31)-P(4)-C(44)
C(31)-P(4)-C(50)
Ru(1)-C(1)-0O(1)
Ru(2)-C(3)-0(3)
Ru(1)-C(5)-Ru(2)
Ru(2)-C(5)-0(5)
P(1-C(7)-C(8)
P(1)-C(7)-C(12)
P(1)-C(13)-C(14)
P(2)-C(19)-C(20)
P(2)-C(25)-C(26)
P(3)-C(31)-P(4)
P(3)-C(32)-C(37)
P(3)-C(38)-C(43)
P(4)-C(44)-C(49)
P(4)-C(50)-C(55)

111.3(8)
91.4(4)
101.7(7)
113.0(5)
100.7(8)
103.6(8)
113.8(5)
101.1(7)
106.8(7)
111.3(5)
100.0(7)
105.6(7)
113.8(5)
102.4(7)
103.6(7)
173.9(17)
178.3(20)
86.0(5)
138.7(11)
118.5(18)
117.5(22)
121.5(17)
117.8(14)
120.4(11)
109.1(7)
124.2(13)
118.4(12)
117.9(13)
122.7(13)

Ru(1)-Ru(2)-C(5)
P(4)-Ru(2)-C(5)
C(4)-Ru(2)-C(5)
Ru(1)-P(1)-C(7)
Ru(1)-P-(1)-C(13)
C(7)-P(1)-C(13)
Ru(2)-P(2)-C(19)
Ru(2)-P(2)-C(25)
C(19)-P(2)-C(25)
Ru(1)-P(3)-C(32)
Ru(1)-P(3)-C(38)
C(32)-P(3)-C(38)
Ru(2)-P(4)-C(44)
Ru(2)-P(4)-C(50)
C(44)-P(4)-C(50)
Ru(1)-C(2)-0(2)
Ru(2)-C(4)-0(4)
Ru(1)-C(5)-O(5)
P(1)-C(6)-P(2)
P(1)-C(7)-C(8A)
P(1)-C(7)-C(12A)
P(1)-C(13)-C(18)
P(2)-C(19)-C(24)
P(2)-C(25)-C(30)
P(3)-C(32)-C(33)
P(3)-C(38)-C(39)
P(4)-C(44)-C(45)
P(4)-C(50)-C(51)

47.1(8)
93.4(4)
147.0(6)
114.2(5)
121.2(6)
101.3(9)
114.5(6)
118.7(5)
99.9(7)
117.0(5)
118.8(5)
101.9(7)
112.3(5)
120.7(6)
101.8(8)
177.5(16)
175.1(15)
135.1(11)
109.8(7)
117.7(25)
117.2(29)
115.7(16)
121.7(14)
118.7(11)
118.2(12)
122.4(12)
123.1(13)
117.0(13)



The data from Table 2.1 also indicate that all five carbonyl gro:.ps, as well as the
ruthenium atoms, are approximately coplanar, and that the ruthenium-phosphorus
bonds are essentially orthogonal to this plane. Similar structural features were earlier
observed in the analogous complexes [Ruy(CO)4(u-CO)(u-dmpm),] and [Ruy(CO)4(u-
CO){u-(MeO)ZPN(Et)P(OMe)z}2].7"8‘ Nevertheless the molecule 2.1 is considerably
more sterically hindered than the corresponding complexes with dmpm or dmopn
ligands. The two dppm ligands are coordinated with ruthenium atoms in
approximately trans geometry with an average P-Ru-P of 175.2°. To illustrate
similarities and differences between the structures of complex 2.1 with analogous
dmpm and dmopn complexes, a comparison of selected molecular dimensions is also
given in Table 2.2. The most distinct feature to be noted in Table 2.2 is the
ruthenium-ligand bond distances, which follows the series LL. = dmopn < dmpm <
dppm. The shorter distances for dmopn are probably due to the x-acceptor property

of the phosphite ligand which leads to contraction of the orbitals on ruthenium.

2.2.1.2. Spectroscopic Properties of [Ruy(CO)4(u-CO)(u-dppm)j

The infrared spectrum of complex 2.1 is shown in Figure 2.2 and exhibits
carbonyl frequencies for both terminal and bridging carbonyl groups at v(CO) =
1966(s), 1923(vs), 1898(vs), 1883(s) and 1701(s). The lowest energy band is
attributed to the carbonyl group coordinated in a bridging fashion, while the
remaining bands are assigned to the terminal carbonyl groups. The trend in carbonyl
stretching frequencies for 2.1 and analogous dmpm and dmopn complexes is dmopn

> dppm> dmpm, indicating that the m-acceptor property of diphosphine ligands




av

Table 2.2. A Comparison of Molecular Dimensions in [Ruz(u-CO)(CO)4(u-LL)2]“

dppm

Ru-Ru 2.903(2)

Ru-P  2.333(4)-2.343(4)
Ru-pCO 2.124(15),2.130(15)
Ru-C1 1.87(2),1.88(2)
Ru-C2 1.92(2),1.96(2)

Ru-Ru-P
P-Ru-P
Ru-uC-0O
Cl-Ru-uC
C2-Ru-uC
C1-Ru-C2
Ru-Ru-pC
Ru-Ru-Cl
Ru-Ru-C2

91.0(1)-91.9(1)
175.1(1),175.3(2)
135(1),139(1)
101.7(8),108.4(7)
133.8(7),147.0(6)
111.3(8),117.8(8)
46.9(4),47.14)
148.6(6),155.3(6)
86.9(6),100.0(5)

Distances (A)
dmpm
2.8928(8)
2.319(1)-2.335(1)
2.090(4),2.114(3)
1.859(4),1.865(5)
1.936(3),1.939(3)

Angles(°)

90.76(3)-92.53(3)

dmopn

2.801(2)
2.290(4)-2.302(4)
2.06(2),2.08(2)
1.83(2),1.85(2)
1.89(2),1.89(2)

91.2(1)-91.5(1)

173.1(1),175.9(1)
136.1(3),136.5(3)
101.0(2),103.1(2)
139.4(2),143.1(2)
115.4(2),117.4(2)
46.2(1),46.9(1)

147.2(1),149.9(1)
92.6(1),97.4(1)

177.1(2),177.2(2)
136(1),138(1)
106.3(6),106.6(7)
141.2(5),141.5(6)
112.2(7),112.3(8)
47.2(4),47.7(4)
153.9(6),153.8(6)
93.8(5),94.0(5)

*dmpm =Me,PCH,PMe,, ref 7a; dmopn= (MeO),PN(Et)P(OMe),, ref 8a
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follows the same series as that of metal-ligand distances discussed earlier. Thus the
ranges for terminal carbonyls are 1913-1999, 1883-1966 and 1874-1954 cm™! and for
bridging carbonyls the frequencies are 1703, 1701 and 1694 cm'! for LL = dmopn,
dppm and dmpm respectively.”*8 The longer ruthenium ligand bonds for LL = dppm
over dmpm as discussed above are therefore not expected in terms of w-bonding and
are attributable to the greater steric hindrance when LL = dppm. The greater steric
hindrance is probably also responsible for the greater ranges of apparently equivalent
bond distances and angles around the ruthenium centres for LL = dppm, a trend
which can be clearly seen from the data in Table 2.2.

The 3!P NMR spectrum in CD,Cl, shows, as expected, a single resonance for
the two dppm ligands at § = 34.3 ppm. This suggests that all phosphorus atoms are
equivalent and that the dppm is coordinated in a bridging mode to the ruthenium
atoms. The 'H NMR spectrum contains only a single resonance for the CH, protons
of the dppm ligands at § = 3.62 ppm which splits into a quintet due to coupling with
the four phosphorus atoms of the bridging dppm ligands with J(PH) .= 4.7 Hz.
Since there is no plane of symmetry containing the Ru,P,C rings, due to the presence
of the u-CO ligand on one side only, the CH‘H"PZ protons of each dppm ligand are
expected to be non-equivalent. The apparent equivalence is thus attributed to
fluxionality of the carbonyl ligands.” Thus, all of the above data is consistent with the

structure determined by X-ray crystallographic methods and shown in Figure 2.1,

2.2.2. Characterization of Other Products:

As mentioned earlier and shcwn in the reaction schemes 2.1 and 2.2, at least



three other products besides 2.1 were also isolated from these reactions. Thus, when
reactions were carried out without abstracting chlorides, a yellow crystalline complex
could be isolated from the reaction solutions as the major product. The }'P NMR
spectrum of this complex in CD,Cl, solution exhibits a single resonance at § = -12.5
ppm, suggesting that all the phosphorus atoms are equivalent and that the dppm ligand
is coordinated in the chelating mode. The 'H NMR spectrum shows a multiplet
resonance for the CH,P, protons of the dppm ligand at § = 5.0 ppm. The IR
spectrum does not exhibit any carbonyl band and the elemental analysis suggests a
formulation of [RuCl,(dppm),]}. This was further supported by the FAB-mass
spectrum which shows mass ion peak at m/e 940 for RuCl,(dppm),*, in addition it
shows peaks at 905 and 869 amu assigned to the RuCl(dppm)2+ and Ru(dppm),*
respectively. Thus, on the basis of all the above information, the compound is
characterized as the known octahedral complex trans-[RuCl,(dppm),] 2.2,'# with both
dppm ligands coordinated in a chelating mode.

In contrast, when reduction of RuCl; with NaBH, was carried out after
abstracting the chlorides with silver acetate, which gives in-situ ruthenium(lI) acetate,
in addition to the major product 2.1, two additional products, a pale yellow complex
2.3 and a red crystalline complex 3.1 were also isolated from the reaction mixture.
The complex 3.1 which was characterized by X-ray diffraction studies will be
discussed in chapter 3. The pale yellow complex 2.3 which could be isolated from the
mother liquor in about 10% yield by adding NaBPh, was fully characterized by using
the spectroscopic and analytical techniques discussed below.

The 3P NMR spectrum of 2.3 in CD,CI, solution shows a single resonance at




§ = -6.2 ppm suggesting that the dppm ligand is acting as a chelating ligand and that
all the phosphorus atoms are equivalent. The TH NMR spectrum of 2.3 is depicted in
Figure 2.3 and il shows a high field resonance at § = -3.6 ppm attributed to a
hydride ligand bound to ruthenium, which is split into a quintet with 2J(PH) = 20.5
Hz. due to coupling with four equivalent phosphorus atoms of the two chelating dppm
ligand and each line is further split into a triplet with J(HH) = 3.2 Hz., due to
coupling with two equivalent methylene protons of the dppm ligands. The methylene
protons of the dppm ligand appear as two multiplet resonances centred at § = 4.97
and 5.30 ppm.

The infrared spectrum shows a strong band at 1983 cm™! with a shoulder at
1999 cm™! arising due to the terminal carbonyl group. Thus, all the above data
suggests that the six coordinate complex is monomeric with ruthenium atom chelated
by two dppm ligands, and that the CO group and hydride ligand occupy axial
positions trans to each other. The crystal structure of the cation has recently been
reported by Poilblanc and coworkers'> who have independently prepared this complex
as [RuH(CO)(dppm);)[Mn(CO)sT, IR, v(CO) = 1990, 1880, 1865, 1830 cm™!; 3p ¢

= 0 ppm; 'H, § = -3.64 J(PH) = 19Hz., [RuH]; 4.9 and 4.7 [CH,P,).

2.3. The Ru(1ll) / dmpm / CO / NaBH, or NaBH;CN Reaction System:

While the above reactions, which are abbreviated as the Ru(Ill) / dppm
system, yielded several isolable products, the substitution of the highly basic dmpm
ligand for dppm was less successful and produced only one isolable product. This

product was characterized by analytical and spectroscopic data. The chemical analysis

1
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suggests a formulation [Ru(BH;CN),(dmpm),], 2.4. The infrared spectrum shows
bands at 2323 and 2275 cm™! for v(BH) and two bands at 2218 and 2170 cm™! for
v(C=N). These bands were assigned to BH;CN moieties coordinated to ruthenium,
Similar bands have been observed for other complexes in which BH3CN™ acts as a
ligand. ' The 3'P NMR spectrum in CD,Cl, solutions shows a sharp singlet
resonance at § = -39.0 ppm consistent with a chelate dmpm ligand and with all the
phosphorus atoms equivalent. The 'H NMR spectrum exhibits a quintet resonance at
é§ = 3.9 ppm with J(PH),, = 2.5 Hz., for the CH,P, protons of the dmpm ligand,
and a broad multiplet resonance centred at § = 1.7 ppm which can be attributed to
the BH protons of the coordinated BH;CN" ligand. Moreover, it shows a doublet
resonance at § = 1.9 ppm assigned to the MeP protons of the dmpm ligand. These
protons couple with phosphorus and appear as a doublet with J(PH) = 14 Hz. Thus,
on the basis of all the above data, the complex is characterized as octahedral trans-

[Ru(BH4CN),(dmpm),] where both dmpm ligands are in the chelating mode.

2.4. The Reaction Chemistry of {Ru,(CO)4(p-CO)(u-dppm)j 2.1.

The organic chemistry of mononuclear metal complexes is fairly well
established now, and more attention is being paid to dinuclear metal centres. In
seeking to understand the catalysis of organic reactions by metal surfaces or by metal
clusters, it is clearly important to consider the simpler dinuclear metal centres as
models, particularly with respect to the nature of bonding and reactivity of organic
species coordinated at the centre. The premise that the study of polynuclear metal

compounds may shed light on metal surface phenomena has been discussed by
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Muetterties earlier.”’ The interactions of transition metal complexes with alkynes
have been studied in depth. Much of the chemistry remains obscure mechanistically,
but there has been speculation that metallacycles are involved with monometal
complexes and dimetallacycles with dimetal complexes as reaction intermediates.
Moreover, it has also been shown that, in certain metal carbonyl complexes, insertion
of an alkyne into a metal-carbon bond can also take place.'322 When we started our
investigation, diphosphine stabilized dinuclear complexes of ruthenium had not been
investigated for their reactivity in this regard. However, Gladfelter and his coworkers
have recently reported some reactions of alkynes with the complex [Ruy(u-
CO)(CO)4(u-dmpm),] (scheme 2.3).7 1t was considered of interest to investigate the

chemistry of electron rich [Ru,(s-CO)(CO)4(4-dppm),] 2.1 with alkynes. The details

of these investigations are described in the following pages.

2.4.1, Reaction of 2.1 with PhC=CPh.

When equimolar amounts of PhC=CPh and 2.1 were stirred in solution at
room temperature no reaction was observed. However, when a solution in C,H,Cl,
was heated under reflux for six hours a reddish-yellow solution was formed which, on
adding n-pentane, yielded a deep yellow microcrystalline product. This was
characterized on the basis of analytical and spectroscopic data. The elemental analysis
of this complex suggests a chemical formulation [Ru,(CO)s(PhC=CPh)(dppm) ,]. The
IR spectrum of this complex is shown in Figure 2.4 and it exhibits v(CO) bands at
1972(vs), 1908(vs) and 1690(vs). The energy of the lowest energy band is typical for

a ketonic carbonyl but is 10 cm’! lower in energy than the u-CO ligand in the parent
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complex 2.1. The insertion of acetylenes into metal-carbon bonds is well known for
both mononuclear and dinuclear metal complexes.‘s'” Thus, for example
M,(CO)4(n-CsHs), (M = Fe, Ru) react with RC=CR to produce complexes in
which acetylenes are inserted into metal-carbonyl bond, forming either metallacyclic
or dimetallacyclic complexes.!® Thus, it is possible that PhC=CPh might have been
inserted into a metal carbonyl bond in the above reaction.

The 3!P NMR spectrum of the product in CD,Cl, solution is depicted in
Figure 2.5. This exhibits an AA’BB’ pattern with two apparent triplet resonances
centred at § = 24.0 and 16.8 ppm and with J(P*P?) . = 31.0 Hz. This clearly
indicates that the dppm ligands are coordinated in a bridging mode but the two
phosphorus atoms of each dppm ligand are inequivalent. The 'H NMR spectrum of
this complex is shown in Figure 2.6. Two multiplet resonances at § = 3.25 and 4.0
ppm were exhibited in the 'H NMR, which were attributed to the CH,P, protons of
the dppm ligand. Hence there is no plane of symmetry containing the Ru,dppm,
skeleton. The presence of the methylene proton signals as doublet of quintets, which
appears as an eight line spectrum due to overlap of two lines, confirms that the two
dppm ligands were also inequivalent, the quintets being derived from proton-proton
coupling along with two different phosphorus-proton couplings. In addition, the IH
NMR spectrum shows multiplet resonances spanning the region of § = 6.9-7.6 ppm,
which were assignable to phenyl protons of the dppm and alkyne ligands. The
evidence suggests that the alkyne is unsymmetrically bound to the ruthenium atoms
and this lack of symmetry may arise by insertion of the alkyne into a metal-carbonyl

bond as shown in Figure 2.7, structure @. The analogous dmpm complex, prepared
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Figure 2.7: The chemistry of [Ru,(CO),(u-CO) (u-dppm),],
2.1,
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by Giadfelter and coworkers, reacts with PhC=CPh at 90°C to produce [Ru,(u-
PhC =CPh)(CO)4(i-dmpm),] where the alkyne is symmetrically bridged across the

Ru-Ru bond.”®

2.4.2. Reactions of 2.1 with PhC=CH.

In contrast to reaction of 2.1 with PhC=CPh which requires heating for the
reaction to proceed, the reaction with the less bulky alkyne PhC=CH goes to
completion within two hours at room temperature. The completion of the reaction is
marked by a change in the colour of the solution from yellow to clear reddish-orange.
On adding a layer of EtOH to the reaction solution, a transparent reddish-orange
crystalline product was formed. These crystals rapidly turned opaque when solvent
was removed, probably due to the loss of solvent from the crystal lattice. The
complex is readily soluble in most organic solvents and it is characterized on the basis
of analytical and spectroscopic data.

The IR spectrum of the complex is shown in Figure 2.8. This exhibits v(CO)
bands at 1970(s), 1946(vs), 1919(sh), 1887(vs) and 1842(sh) cm!, indicating that all
the carbonyl groups are terminally bound to the ruthenium atoms. In addition it shows
a strong band at 1539 cm™! and a weak band at 1590 cm™! which may be assigned to
v(C=C).

The 3!P NMR spectrum in CD,Cl, solution at room temperature shows two
multiplet resonances centred &t § = 19.3 and 15.3, typical of an AA’BB’ system, as
shown in Figure 2.9. There is also some indication of the presence of a second isomer

in solution. This was apparent when the spectrum was recorded at -90°C, when four
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20.6 16.6 12.6ppm

Figure 2.9: The 3!P NMR spectra of {Ru, (CO) , (u~




resonances were observed, Two stronger intensity resonances were at § = 16.1 and
19.6 ppm and two weaker resonances were at 6 = 12.3 and 19.0 ppm. This suggests
that two isomeric forms, with an intensity ratio of 3.5:1, are present in the solution
and that they interconve:. rapidly at room temperature.

The !H NMR spectrum of the complex (Figure 2.10) shows two partially
resolved multiplet resonances centred at § = 3.45 and 3.70 ppm with J(PH), . = 5.2
Hz for the CH,P, protons of the dppm ligand. In addition it shows a doublet
resonance at § = 5.34 ppm with J(HH),,, = 3 Hz., and a broad resonance at § =
5.9 ppm. Moreover, it shows multiplet resonances spanning the region § = 6.5-7.6
ppm attributable to phenyl protons of both dppm and alkyne ligands. At -90°C the
entire spectrum was broadened. The elemental analysis of the complex suggests a
chemical formula of [Ruy(CO),(PhC=CH) 5(dppm),]. This is also supported by the
mass spectral analysis of the crystalline sample which shows mass ion peak for
Ru,(CO),(PhC=CH);(dppm),* at m/e 1334. in addition it shows peaks at 1204 and
999 which can be assigned to the fragment ions Ru,(CO)(PhC=CH} ,(dppm),* and
Ru,(CO)(dppm),* respectively. It is suggested that two units of alkynes are chelated
on each metal atom, while the third alkyne unit is coordinated in a bridging fashion to
the dimeric complex, a possible structure of which is shown in Figure 2.7 as b, but it

is also possible that alkyne coupling has occurred.

2.4.3. Reaction of 2.1 with HCECH
This is one of the most interesting but complex reactions of an alkyne with

[Ruy(CO)4(-CO)(u-dppm),], 2.1. The spectroscopic evidence indicates that HC=CH
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reacts with 2.1 ir three different stages, thus forming three different products.
However, only one product has been isolated and characterized on the basis of
spectroscopic and analytical data. This complex is formed when HC=CH is briefly
bubbled through a solution of complex 2.1 in benzene over a period of 4-5 minutes
and the solvent is then removed from the mother liquor via vacuum within 0.5 hour
after bubbling HC=CH.

The infrared spectrum of this complex as shown in Figure 2.11 exhibits four
v(CO) bands at 1995(s), 1943(vs), 1925(vs) and 1879(s), consistent with the carbonyl
groups being coordinated terminally to the ruthenium atoms.

The 3P NMR spectrum of this complex in CD,Cl, solution shows only a
sharp singlet resonance at § = 24.1 ppm which remains unchanged at lower
temperatures. This suggests that all the phosphorus atoms are occupying equivalent
positions and that the dppm is coordinated in the bridging mode. The 'H NMR
spectium shows two multiplet resonances at § = 3.5 and 4.7 ppm with J(PH) ;. =
9Hz., assigned to the CH,P, protons of the dppm ligand. In addition, it shows a w=ll
resolved quintet resonance at 7.8 ppm with J(PH) ;. = 1 Hz., which is attributed to
the HC=CH protons. The F# B-m. ss spectrum of this complex shows a mass iun
peak for the Ru,(CO),(HC=CH)(dppm), * at 1110 amu. In addition, it shows peaks
at 1082, 1054, 1026 and 998 amu attributed to Ru,{CO)3(HC=CH)(dppm), *,
Ruy(CO)o(HC=CH)(dppm), *, Ru,(CO)(HC=CH)(dppm),* and
Ruz(HCsCH)(dppm)2+, due to the loss of one, two, three and four CO groups.
Therefore, based on the above information, a reasonable structure is shown in [igure

2.7 as structure c.
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However, when the reaction of 2.1 with acetylene is allowed to occur over a
period of 8-10 hours, in the presence of excess of HC=CH, the NMR evidence
indicates that further reaction occurs. The product is an unsymmetrical species which
exhibits a second order pattern, typical of AA’BB' spin system, in the 3!P NMR
spectrum (Figure 2.12). The 'H NMR of this species gives resonances due to CH,P,
groups at § = 4.20 and 4.75 ppm and multiplets at 8.0 ppm which are attributed to
the HC=CH groups. This species reacts further with HC=CH and forms yet another
complex which is also unsymmetrical in nature. The 3'P NMR spectrum as shown in
Figure 2.13 exhibits three sets of multiplet resonances, indicating the formation of at
least three different species in solution, all of them unsymmetrical, with an intensity
ratio of 13:2:1. In the 'H NMR spectrum resonances typical for vinyl groups were
observed. However, all attempts to isolatc these complexes in pure form were
unsuccessful, as were attempts to grow suitable single crystals. The precise structures

of these unusual species therefore remains to be determined.

2.4.4. Reaction of 2.1 with HX, X" = F, BF4 and PFy".

In attempts to protonate the Ru-Ru bond in the electron rich [Ru,(u-
CO)(CO)4(u-dppm),], 2.1, several reactions were carried out with aqueous acids. In
most of the reactions, addition of excess acid produced several species in solution,
none of which could be isolated in pure form. However, when reactions of HPFg and
HBF, were attempted at low temperatures and the reaction solutions were monitored
by 31P NMR spectroscopy, the formation of two products, typically with an intensity

ratio of 5:1, was demonstrated. The minor product shows a single resonance in the
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31p NMR spectrum at § = 20.3 ppm, showing that all the phosphorus atoms of the
dppm ligands are equivalent. The IH NMR spectrum of this species shows, in
addition to the CH,P, resonances of the dppm ligand at § = 3.44 and 3.60 ppm, an
unresolved upfield quintet resonance at § = -9.35 ppm, which could be attributed to
the hydride ligand symmetrically bridging the Ru-Ru bond. Very recently Haines and
coworkers have also prepared this comple:x.8b Thus, on the basis of the above
information, trgether with comparison with the data reported by Haines et.al.,% the
complex cation is characterized as [Ruz(u-H)(u-CO)(CO)4(u-dppm)z]+ and shown in
Figure 2.7, structure d.

The major product in the above reaction was isolated in pure form when, after
protonation of 2.1 with HPF;, HC=CH was bubbled through the solution. The
reaction mixture yielded a pale-yellow powder. The IR spectrum of this complex
shows three v(CO) bands at 2087(vs), 2037(vs) and 1995(m) cm™! which are assigned
to carbonyl groups coordinated terminally to the ruthenium atoms.

The 3'P NMR spectrum in CD,Cl, solution shows only a single resonance at
5§ = 10.9 ppm, consistent with dppm being coordinated in bridging fashion. The g
NMR spectrum of this complex in CD,Cl, solution shows, in addition to two
multiplet resonances centred at § = 4.05 and 4.35 ppm for the CH,P, protons of the
dppm ligands, a high field resonance centred at § = -12.63 ppm (Figure 2.14), which
appears as a quintet of triplets. The coupling of the hydride with four equivalent
phosphorus atoms gives a quintet, each line further split into a triplet due to coupling
with two equivalent methylene protons of the dppm ligands. In the mass spectral

analysis two envelopes of peaks at 1062 and 1007 amu were observed which could be
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assigned to the fragment ions Ru,(C0O),Cl(dppm),* and Ru,Cl(dppm), * respectively.
This arises due to the loss of two CO’s and four CO’s and a hydride respectively
from the Ru,H(CO),Cl(dppm),* mass ion. EDX analysis confirmed the presence of
chloride in the solid sample. The chloride ion in the complex may have come from
the solvent CH,Cl,, which was used to dissolve the parent complex. Thus on the
basis of the limited information on hand, the complex is characterized as double A-

frame [Ru,(u-H)(u-Cl)(CO)4(u-dppm),] structure e in Figure 2.7.

2.5. Conclusions:

The mechanism of reduction of metal halides by sodium borohydride is
difficult to determine, and the success or failure of the method in any particular case
is difficult to predict.!? This work shows that easy reduction of ruthenium(II) to
ruthenium(0) can occur, in the presence of CO and dppm, if good leaving groups are
present on ruthenium(lII) but not if chloride ligands are present. The easier reduction
of metal carboxylates than metal halides should be a general effect for soft metal ions,
but its success is still difficult to predict. For example, the attempted reduction of
ruthenium(l11) in the presence of CO and bis(dimethylphosphino)methane, dmpm,
gave [Ru(dmpm),(BH3CN),] but failed to give any ruthenium(0) carbonyl even
though both [Ruy{CO)s(u-dmpm),] and [Ru3(CO);4.54(s-dmpm), ] (n = 1, 2) are
stable complexes,”® and attempted reduction of osmium(l1I) chloride in the presence
of silver acetate, dppm and CO failed to give any osmium(0) carbonyls. This
unpredictability is certainly a major problem in further extension of the synthetic

method. Nevertheless, the one step synthesis of electron-rich binuclear carbonyls from




S4¢

metal halides is very attractive and the synthesis of 2.1 by this method is reproducible
and convenient.

The electron nich [Ruy(u-CO)(CO)4(u-dppm),] 2.1 shows remarkable
reactivity towards sterically less demanding unsaturated organic reagents and forms
several interesting new products. Although work described in the last section is only
preliminary, the evidence indicates that simple alkynes react with 2.1 in steps to form
several new species. Further work is needed to isolate all these products in pure form

and to complete the structural characterization.



Table 2.3: Spectroscopic data of ruthenium complexes.

COMPLEX

[Ruy(CO)s(dppm),]
2.1

[RuCly(dppm),]

2.2
[RuH(CO)(dppm),]*
2.3

[Ru(BH;CN),(dmpm),]
2.4
[Ruy(CO)4{i-(CO)PRC
CPh}(dppm,] 2.5

[Ruy(CO),(PhC,H),
(4-PhC,H)(dppm),
2.6
{Ru,(CO)4(HC=CH)
(dppm),]

2.7
[Ruy(HXC)(CO),
(dppm);]

2.8

IR 3p
1966(s), 1923(vs) 34.3(s)
1898(vs), 1883(s), 1701

-12.5
1983(vs), 1999(sh) -6.2(s)
2323,2275,2218,2170 -39(s)
1972(vs), 1908(vs) AA’BB’
1690(vs). 24,16.8
1970(s), 1946(vs), 1919(sh) 19.3(m)
1887(vs), 1842(sh). 15.3(m)
1995(s), 1943(vs) 24.1(s)
1925(vs), 1879(s)
2087(vs,2037(vs), 10.9(s)
1995(m)

1IH

3.62(q)

5.0(m)

-3.6(q,1);
4.97(m);
5.30(m)
3.9(q)1.9(d)
1.7(m)

3.25(m),
4.0(m)

3.45(m)
3.70(m)
5.34(d)

4.85(m),
5.05(m)

-12.63(q,t)
4.05(m)
4.35(m)




2.6. Experimental
2.6.1. [Ruy(CO)4(u-CO)(u-dppm),].

Silver acetate (2.2 g; 13.18 mmol) was added to a stirred solution of
RuCl;.3H,0 (1.0 g; 3.83 mmol) in EtOH (30 mL). The mixture was stirred for 10
min., allowed to stand overnight and then filtered to remove AgCl. To the filtrate was
added dppm (1.6 g; 4.16 mmol) in toluene (30 mL) and the solution was saturated
with CO. To this solution was added dropwise a suspension of NaBH, (1.0 g; 26.43
mmol) in EtOH (25 mL), with rapid bubbling of CO through the solution. The
mixture was stirred for a further 4h., and then the orange precipitate of the product
[Ruy(CO)4(u-CO)(u-dppm),] was separated by filtration.

Yield 62%. M.P. 238-240°C.
IR (Nujol): v(CO) = 1966 (s), 1923 (vs), 1898 (vs), 1883 (s), 1701 (s). NMR in

CD,Cl,: 'H; & = 3.62 [quintet, J,(PH) = 4.7 Hz]; 3'P; 6 = 34.4 [s].

2.6.2. trans-[RuH(CO)(dppm),]BPh,

The solvent was evaporated from the mother liquor from the above synthesis. The
residue was dissolved in EtOH (60 mL) and NaBPh, (0.3 g; 0.88mmol) was added to
precipitate the product, which was recrystallized from CH,Cl, / ether.

Yield 9%. M.P. 247-250°C.

Anal. Calc. for C;5HgsBORu.0.5CH,Cl,: C, 72.8%; H, 5.3% Found: C, 72.7%; H,
5.6%.

IR (Nujol): v(CO) = 1999 (sh) , 1983 (s) cm™\.

NMR in CD,Cl,: I4; § = -3.6 [triplet of quintets, 25(PH) = 20.5, J(HH) =3.2 HzJ;



4.97 [m,A(PH) + Y(PH) = 9,2J(H*H®) = 16 Hz, CH* ]; 5.30 [m, 2I(PH) +
4(PH) = 9, ZI(H*H®) = 16, J(H*Ru) = 3.2, H®]; 3!P; § = -6.2 [s].

Lit.! for [RuH(CO)(dppm),][Mn(CO)s]: IR, v(CO) 1990, 1880, 1865, 1830 cm’!;
NMR: 'H, § -3.64[RuH, J(PH) = 19 Hz.]; 4.7[m, CH,P,); 4.9[m, CH,P,}; 3!P, 5 -

0.6 (s).

2.6.3. [RuCly(dppm),].

A solution of RuCl;.3H,0 (0.5 g; 1.91 mmol) and dppm (1.6 g; 4.16 mmol)
in toluene/ethanol (1:1, 60 mL) was saturated with CO. To this solution was added
dropwisc NaBH, (0.8 g; 21.14 mmol) in EtOH (15 mL) and the mixture was stirred
for 2.5 h. The yellow precipitate of the product was separated by filtration and
recrystallized from CH,Cl,/EtOH.

Yield 15%.
NMR in CD,Cly: 'H; § = 5.0 [m,CH,]; 3!P; § = -12.5 [s). FAB-MS: m/e 940,

RRuCly(dppm), *; 905, RuCl(dppm), *; 869, Ru(dppm),*.

2.6.4. [Ru(BH3CN),(dmpm),]

To a solution of RuCl3.3H,0 (0.3 g; 1.15 mmol) in ethanol (30 mL) was
added dmpm (1.0 mL; 8.69 mmol) and the mixture was stirred for 5 min., then
NaBH;CN (0.45 g; 7.14 mmol) in ethanol (10 mL) was added dropwise. The mixture
was stirred for 16 b, then filtered and the filtrate was allowed to stand for 2 weeks.
The pale yellow crystalline product precipitated and was isolated by filtration, then

washed with ethanol.

t X 4




Yield 0.15 g. MP 266-269°C.

Anal. Calc. for C,H3,B,N,P,Ru: C, 31.8; H, 7.5; N, 6.2.

Found: C, 30.2; H, 7.2; N, 5.1%

IR (Nujol): 2323, 2275 [v(BH)], 2218, 2170 [v(C=N)] cm!.

NMR in CD,Cly; ('H), § = 3.9 [quin., 4H, J(PH)y,, = 2.5, CH,P,); 1.7 [m,BH];

1.9 [d, 24H, J(PH) = 14, MeP); C'P), 6 = -39.0 [s, dmpm].

2.6.5. Reaction of 2.1 with PhC=CPh

To a stirring solution of Ruy(CO),4(s-CO)(u-dppm), (0.25g; 0.23 mmol) in
C,H4Cl, (10 mL) was added PhC=CPh (0.05g; 0.25 mmol). The yellow solution was
then heated to reflux. The colour of the solution changed from yellow to reddish-
orange within 15 minutes. The solution was refluxed for a further 4-6 hours. No
further change in the colour was observed. The solution was then brought to room
temperature and a layer of n-pentane (25 mL) was carefully added to it. This was then
allowed to stand over a period of two weeks during which time a dark yellowish-
orange microcrystalline solid formed. This product was filtered off and washed with
EtOH (5 mL), n-heptane (10 mL) and dried under rec - . pressure.
Yield: 55%
Anal, Calc. for CgoH,405P4Ru,: C, 64.2%; H, 4.2%; Found: C, 64.3%; H. 3.8%.
IR(Nujol): v(CO) 1972(vs) 1908(vs) and 1690(vs) cm™!
NMR(CD,Cl,): 'H, § = 3.25[m, CH*HPP,, CH"], 4.0{m, CH*H"P,, CH"], 6.9-

7.6{m, Ph}; 3!P: § = 24.0 (m), 16.8 (m).




2.6.6. Reaction of 2.1 with PhC=CH.

Ru,(CO)4(u-CO)(u-dppm), (0.1g, 0.09 mmol) was dissolved in C¢Hg (10 mL)
and stirred under N, gas. To this was then added excess PhC=CH (0.04 mL; 0.36
mmol). The colour of the solution immediately changed to dark yellow. The mixture
was stirred for a further 5h during whic,. 'me a clear reddish-orange solution was
fermerd. Solvent “vas then removed under vacuum to approximately 50%. To the
solution was then added carefully a layer of EtOH (15 mL) and this was than allowed
to stand over a period of six weeks. The red crystalline product so formed was
filtered off, washed witk two portions of EtOH (5 mL each) and the crystals were
dried under reduced pressure.
Yield: 15%
Anal. Calc. for CogHg,04P4Ru,: C, 68.4%; H, 4.7%; Found: C, 68.1%, H, 5.0%
IR(Nujol): v(CO) = 1970(s), 1946(vs), 1919(sh), 1887(vs) and 1842(sh) em L,
NMR (CD,Cly): 'H, § = 3.45 [m, CH*HPP, CH?], 3.70[m, CH*H®P, CH"), 5 52
(d, C=CHJ; 3'P, § = 19.3 (m), 15.3 (m) ppm

FAB-MS: m/e 1334, 1204, 999 amu.

2.6.7. Reartion of 2.1 with HC=CH.

Ru~(CO)4(-CO)(1e-dppm), (0.07g; 0.06 mmol) was dissoived in CgHg (20
mL). A slow stream of HC=CH was then passed through this solution for about 4-5
minutes. The greenish-yellow solution immediately turned bright yellow. The flask
w1s sea'ed and the solution was stirred for about 0.5h in an atmosphere of HC=CH.

Soivent was then removed to dryness under vacuum. The yellow solid so formed was
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washed with EtOH (5 mL) and dried under reduced pressure.

Yield: 85%

Anal. Calc. for C5gH404P4RU5.4CH,Cly: C, 49.7; H, 3.7%; Found: C, 49.4; H,
4.5%.

IR(Nuyjol): v(CO} = 1995(s), 1943(vs), 1925(vs) and 1879(s)

eml; NMR(CD,Cl,): ; 'H, § = 4.85[m, J(PH) ¢ = 8Hz, CH,P,,1H], 5.05[m,br,
CH,P,, 1H], 6.8-7.7[m, Ph, 40H]; 31p, 5 = 24.1(s) ppm. FAB-MS: m/e 1110,

1082, 1054, 1026 and 998 amu.

2.6.8. Reaction of 2.1 with HPF¢ and HC=CH.

Ruy(CO)4(1-CO)(u-dppm), (0.20g; 0.18 mmol) was dissolved in CH,Cl, (10
mL). The solution was cooled on a dry ice bath. To this was than added HPFy (0.04
mL) and the mixture was stirred for about S min. A slow stream of HC=CH gas was
then passed through this solution over a period of 0.5 h. The solution was than
brought to room temperature and HC=CH gas was bubbled for another 0.5 h. The
flask was than left aside over two days under N,. Excess of n-pentane (20 mL) was
added, forming a pale yellow precipitate. This was filtered off, washed with n-pentane
(10 mL) and dried under reduced pressure.
Yield: 30% M.P. 213°C (dec).
NMR (CD,C1,):'H, & = -12.6[q,t, U(PH) = 9.3 Hz.,*I(HH) = 2.9 Hz., RuH];
4.17[m, CH*H®P,, H%]; 4.7[m,CH*HP,, H"}; 7-8[m, Ph, 40H]. 3P, § = 10.9(s)
ppm. FAB-MS: m/e = 1062, 1007 for Ru,(CO),Cl(dppm),* and Ru,Cl(dppm), *

respectively.
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Chapter 3
The Synthesis, Structural Characterization and Reactivity of a 48 Electron

Cluster, [Ru3(CO)¢(p-dppm);].

3.1, Introduction

The current interest in transition metal clusters arises in part from their
possible utility in homogeneous catalysis. An attractive feature of metal clusters is
their ability to transform various organic substrates through pathways that are not
accessible to mononuclear species, as a result of cooperative interactions among
adjacent metal centres.! However, the application of transition metal clusters in
catalysis is somewhat restricted by the lack of stability of the metal atom framework
under the conditions required for many catalytic reactions to take place. Many clusters
fragment to mononuclear species, for example under high carbon monoxide pressure,?
and although there is a large and increasing number of reports of reactions catalysed
by clusters,3 there is in most cases no evidence that the nuclearity of the cluster is
maintained throughout the reaction cycle.2? Catalytic as well as stoichiometric
reactivity of clusters requires coordinative unsaturation, which can be produced by
loss of a ligand or by metal-metal bond scission.? For an effective catalytic process, a
compromise between the stability of the cluster framework and reactivity of the
complex must be reached. One such approach is to use bridging ligands to maintain
the integ.ity of the polymetallic core and to ensure that possibie metal-metal bond

cleavage be reversible.’ Some of the most important and widely used ligands in this

regard are the bidentate tertiary phosphines R,P(CH,), PR,. These ligands often form
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very strong metal-phosphorus bonds, and are also used to stabilize metal complexes in
low oxidation states.® With the exception of the ligand with n=2, which prefers to
form a strain free five membered chelating ring, all other ligands in the series have
some tendency to form metal complexes in which the ligand is coordinated in a
bridging mode.”*8 Ligands with n=1 are particularly known to form bi and
polynuclear complexes by bridging two or more metal atoms.% %10 The first
organometallic compound containing ruthenium was reported in 1910 by Mond, who
isolated an unidentified volatile rose-orange solid from the reaction between ruthenium
black and carbon monoxide at 300°C and 400 atmospheres. 1 This compound, on
thermal or photochemical decomposition, yielded orange [Ru3(CO),,]. The precise
nature of this orange solid remained unknown until X-ray studies several decades
later. 2 The subsequent development of the organometallic chemistry of ruthenium has
centered on two major areas. The first is that of the Ru-H bond in a variety of
hydridoruthenium complexes containing tertiary phosphine ligands. 2 In addition their
reactions have spawned a great variety of novel complexes of interest in their own
right. The study of the chemistry of the cluster carbonyl [Ru3(CO),,], - 2ne of the
first readily accessible polynuclear carbony! derivative, helped spark off the current
interest in these complexes, and this compound is the source of a wide range of
unusual compounds containing three or more metal atoms,!2:13

The more robust nature of the Ruj clster in [Ru3(CO)45], when compared
with Fej cluster in [Fe3(CO)y,], is amply demonstrated by its reactions. Even in
simple substitution reactions, for example with tertiary phosphines, the Fe; cluster

fragments to give mononuclear complexes.!413 In contrast, substitution of CO groups



generally occurs in the reactions of {Ru3(CO),,] with tertiary phosphines. !¢

Spectroscopic studies have shown that the reaction of dppm with [Ru3(CO),,]
proceeds via the complexes [Ru3(CO);y(x-dppm)] and [Ru3(C0)9(u—dppm)(n'-dppm)]
to form the very stable [Ru;(CO)g(1-dppm),].'® Recent kinetic studies on the
formation of [Ru3(CO),q(-dppm)] and [Ru3(CO)g(u-dppm),] indicate that the
substitution of the first carbonyl group is mainly ligand dependent (i.e. [dppm]) and
the coordination of dppm occurs via stepwise loss of CO.!7 For the formation of
[Ru3(CO)g(1-dppm),] from [Ru3(CO),o(u-dppm)], it was clearly shown that the
major part of the reaction occurs via reversible dissociation of a CO from the
Ru(CO), moiety. The coordinatively unsaturated Ru(CO); moiety is then
competitively attacked either by CO or by dppm to form [Ru;(CO)g(u-dppm)(n'-
dppm)]. The dissociation of an equatorial CO from a Ru atom that is already bridged
by a dppm ligand then creates a vacant coordination site where the free end of the
monodentate dppm enters to form the thermodynamically favoured product. Further

substitution of carbonyl groups with dppm is expected to proceed similarly.

3.2. Synthesis of [Ru3(CO)q(u-dppm),] (3.1) by the Reduction of Ruthenium (IH)
Salts.

As mentioned in chapter 2, crystals of the cluster complex [Ru;(CO)g(k-
dppm);], form in low yield in the reaction of Ru(Ill) with NaBH, in the presence of
dppm under CO atmosphere. The reaction may have procceded according to the

following equation.



&7

+ 4.5"2 3.1

The red crystalline complex precipitated out from the mother liquor over a period of
2-3 weeks. However, the cluster complex can more conveniently be prepared by the
reaction of dppm with [Ru3(CO),,] in refluxing benzene.'# The crude product

obtained can then be recrystallized from CH,Cl, and n-heptane.

3.2.1. The Crystal Structure of [Ruy(CO)¢(u-dppm),] (3.1).

A crystal obtained from the mother liquor of the above mentioned reduction
reaction was tound to be suitable for X-ray analysis which was carried out by Dr.
Vittal at the X-ray diffraction facilities of the University of Western Ontario. The
molecular structure of the cluster 3.1 is shown by the ORTEP diagram depicted in
Figure 3.1 and bond distances, angles and deviations from the Ru; plane are listed in
Table 3.1. The structure contains a triangle of ruthenium atoms with equatorial u-
dppm ligands bridging each edge of the triargle. There are six axial carbonyl ligands,
all of which are terminally bonded to ruthenium atoms. All Ru-Ru distances are
within the expected range for a single Ru-Ru bond and with an average bond length of
2.8551 A.120.18.19 yowever, the Ru(1)-Ru(2) distance at 2.8625(13) A is slightly
longer (0.011 f\) than the other two metal-metal distances. The data from Table 3.1
also reveals that the carbonyl groups are not linearly disposed around the metal
atoms. Thus, the average of the Ru-C-O bond angles at 172.5° shows a deviation of

8° from the ideal i80°, indicating that the carbonyl groups are bent away from each



Figure 3.1: The ORTEP diagram of [Ru,(CO),(u-dppm);], 3.1.




Table 3.1: Selected Bond Distances (A) and Angles (°) for [Ru3(CO)4(u-dppm)s).

Ru(1)-Ru(2) 2.8625(13) Ru(1)-Ru(3) 2.8515(13)

Ru(2)-Ru(3) 2.8513(14) Ru(1)-P(1)  2.329(3)
Ru(1)-P(6)  2.300(3) Ru(1)-C(1)  1.906(14)
Ru(1)-C(6) 1.930(13) Ru(2)-P(4) 2.302(3)
Ru(2)-P(5) 2.307(3) Ru(2)-C(2) 1.898(13)
Ru(2)-C(5) 1.910(14) Ru(3)-P(2) 2.286(3)
Ru(3)-P(3) 2.317(3) Ru(3)-C(3) 1.898(13)
Ru(3)-C(4) 1.900(14) P(1)-C(10)  1.854(10)
P(1)-C(111) 1.835(8) P(1)-C(121) 1.841(7)
P(2)-C(10)  1.867(10) P(2)-C(211) 1.861(8)

P(2)-C(221) 1.828(8)
P(3)-C(311) 1.856(8)
P(4)-C(20)  1.852(11)
P(4)-C(421) 1.832(8)
P(5)-C(511) 1.851(7)

P(3)-C(20)  1.882(11)
P(3)-C(321) 1.838(9)
P(4)-C(411) 1.846(7)
P(5)-C(30)  1.845(10)
P(5)-C(521) 1.855(8)

P(6)-C(30)  1.872(10) P(6)-C(611) 1.848(7)
P(6)-C(621) 1.835(7) o()-C(1)  1.159(16)
0Q2)-C2)  1.165(15) 0(3)-C(3)  1.157(16)
04)-C(4)  1.162(16) 0(5)-C(5)  1.169(17)
O(6)-C(6)  1.144(16)

Bond Angles (°)
Ru(2)-Ru(1)-P(1) 152.89(8)
Ru(2)-Ru(1)-C(1) 81.7(4)
Ru(3)-Ru(1)-P(1) 93.41(8)

Ru(2)-Ru(1)-Ru(3)  59.87(3)
Ru(2)-Ru(1)-P(6)  91.62(8)
Ru(2)-Ru(1)-C(6)  95.4(3)

Ru(3)-Ru(1)-P(6) 151.13(8) Ru(3)-Ru(1)-C(1) 79.5(4)
Ru(3)-Ru(1)-C(6) 100.2(4) Ru(1)-Ru(2)-Ru(3) 59.87(3)
Ru(1)-Ru(2)-P(4) 153.64(9) Ru(1)-Ru(2)-P(5) 95.50(8)

Ru(D)-Ru(?)-C(2) 94.2(3) Ru(1)-Ru(2)-C(5) 80.5(4)



Ru(3)-Ru(2)-P(4)
Ru(3)-Ru(2)-C(2)
Ru(1)-Ru(3)-Ru(2)
Ru(1)-Ru(3)-P(3)
Ru(1)-Ru(3)-C(4)
Ru(2)-Ru(3)-P(3)
Ru(2)-Ru(3)-C(4)
P(1)-Ru(1)-C(1)
P(6)-Ru(1)-C(1)
C(1)-Ru(1)-C(6)
P(4)-Ru(2)-C(2)
P(5)-Ru(2)-C(2)
C(2)-Ru(2)-C(5)
P(2)-Ru(3)-C(3)
P(3)-Ru(3)-C(3)
(3)-Ru(3)-C(4)
Ru(1)-P(1)-C(111)
C(10)-P(1)-C(111)
C(111)-P(1)-C(121)
Ru(3)-P(2)-C(211)
C(10)-P(2)-C(211)
C(211)-P(2)-C(221)
Ru(3)-P(3)-C(311)
C(20)-P(3)-C(311)
C(311)-P(3)-C(321)
Ru(2)-P(4)-C(411)
C(20)-P(4)-C(411)
C(411)-P(4)-C(421)
Ru(2)-P(5)-C(511)
C(30)-P(5)-C(511)
C(511)-P(5)-C(521)

93.93(8)
92.9(4)
60.26(3)
152.81(8)
79.2(4)
92.69(8)
96.0(4)
89.3(4)
92.8(4)
176.9(5)
89.8(4)
94.2(4)
127.5(5)
89.8(4)
83.4(4)
173.2(5)
119.2(3)
97.2(4)
100.3(3)
121.1(3)
97.1(4)
101.3(4)
116.8(3)
99.0(4)
101.3(4)
119.9(3)
98.1(4)
99.6(3)
115.8(3)
101.2(4)
98.4(3)

Ru(3)-Ru(2)-P(5)
Ru(3)-Ru(2)-C(5)
Ru(1)-Ru(3)-P(2)
Ru(1)-Ru(3)-C(3)
Ru(2)-Ru{3)-P(2)
Ru(2)-Ru(3)-C(3)
P(1)-Ru(1)-P(6)
P(1)-Ru(1)-C(6)
P(6)-Ru(1)-C(6)
P(4)-Ru(2)-P(5)
P(4)-Ru(2) C(5)
P(5)-Ru(2)-C(5)
P(2)-Ru(3)-P(3)
P(2)-Ru(3)-C(4)
P(3)-Ru(3)-C(4)
Ru(1)-P(1)-C(10)

Ru(1)-P(1)-C(121)
C(10)-P(1)-C(121)

Ru(3)-P(2)-C(10)

Ru(3)-P(2)-C(221)
C(10)-P(2)-C(221)

Ru(3)-P(3)-C(20)

Ru(3)-P(3)-C(321)
C(20)-P(3)-C(321)

Ru(2)-P(4)-C(20)

Ru(2)-P(4)-C(421)
C(20)-P(4)-C(421)

Ru(2)-P(5)-C(30)

Ru(2)-P(5)-C(521)
C(30)-P(5)-C(521)

Ru(1)-P(6)-C(30)

154.82(9)
79.9(4)
95.41(8)
96.5(4)
154.64(9)
86.4(4)
114.5(1)
93.7(3)
86.1(4)
110.2(1)
92.7(4)
91.6(4)
111.8(1)
85.3(4)
102.9(4)
112.7(3)
120.0(3)
104.0(4)
111.6(3)
117.3(3)
105.5(4)
110.3(4)
123.6(3)
102.2(4)
110.1(3)
121.403)
104.4(4)
111.93)
123.9(3)
102.5(4)
112.3(3)



Ru(1)-P(6)-C(611)
C(30)-P(6)-C(611)
C(611)-P(6)-C(621)
Ru(2)-C(2)-0(2)
Ru(3)-C(4)-O(4)
Ru(1)-C(6)-O(6)
P(3)-C(20)-P(4)
P(1)-C(111)-C(112)
P(1)-C(121)-C(122)
P(2)-C(211)-C(212)
P(2)-C(221)-C(226)
P(3)-C(311)-C(316)
P(3)-C(321)-C(326)
P(4)-C(411)-C(416)
P(4)-C(421)-C(426)
P(5)-C(511)-C(516)
P(5)-C(521)-C(526)
P(6)-C(611)-C(616)
P(6)-C(621)-C(626)

121.6(3)
98.3(4)
100.4(4)
173.7(10)
171.9(10)
173.1(10)
113.2(6)
118.7(5)
118.3(5)
120.7(5)
120.3(6)
121.8(5)
118.9(6)
119.5(5)
120.7(6)
121.2(5)
120.1(6)
118.9(5)
119.3(6

Ru(1)-P(6)-C(621)
C(30)-P(6)-C(621)
Ru(1)-C(1)-O(1)
Ru(3)-C(3)-0(3)
Ru(2)-C(5)-O(5)
P(1)-C(10)-P(2)
P(5)-C(30)-P(6)
P(1)-C(111)-C(1'"*
P(1)-C(121)-C(126)
P(2)-C(221)-C(222)
P(3)-C(311)-C(312)
P(3)-C(321)-C(322)
P(4)-C(411)-C(412)
P(4)-C(421)-C(422)
P(5)-C(511)-C(512)
P(5)-C(521)-C(522)
P(6)-C(611)-C(612)
P(6)-C(621)-C(622)
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116.3(3)
105.5(5)
172.0(10)
171.2(10)
172.9(11)
119.1(5)
117.4(6)
121.2(5)
121.6(5)
119.7(6)
118.0(6)
121.0(6)
120.4(5)
119.3(6)
118.6(5)
119.8(6)
121.1(5)
119.9(6)



other owing to repulsion between adjacent oxygen atoms. Similar bonding effects

were earlier observed in the parent [Ru3(CO),,] and other related clusters, <-120.20

3.2.2. Spectroscopic Characterization.

The infrared spectrum of the complex 3.1, depicted in Figure 3.2, shows
carbonyl stretches at 1937(vs), 1925(vs), 1914(vs) and 1875(w) cm! for terminally
bound carbonyl groups. These frequencies are shifted significantly to low energy
compared to the parent [Ru3(CO),,] cluster, which exhibits carbonyl! stretches at
2066, 2026 and 2004 cm™!,160:2! Thig Jow energy shift may be attributed to increase
in back donation of electronic charge from metal to CO n* orbitals as a result of
substitution of carbonyl groups with phosphine ligands. Substitution of electron
withdrawing CO groups with electron donating phosphine ligands causes high
electronic charge on the metal atoms. Similar effects have been observed in other
binary carbonyl complexes when substituted with donor ligands such as
phosphines.’»22

The red crystalline complex is readily soluble in most chlorinated solvents.
Thus, characterization by NMR spectroscopic methods was possible. The 3'P NMR
spectrum of 3.1 exhibited, as expected, a single resonance at § = 17.7 ppm,
consistent with all phosphorus atoms being in equivalent sites and dppm being
coordinated in bridging fashion.

It is apparent from the solid state structure that all the methylene protons of
the dppm ligands are equivalent. Therefore, a single resonance for these protons is

expected. The 'H NMR in CD,Cl, solution indeed shows a single resonance at & =

g
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3.9 ppm for the CH,P, protons of the dppm, which occurs as a triplet due to the
coupling to two adjacent phosphorus atoms with 2J(PH)= 8.9 Hz. In addition it
shows a set of multiplet resonances in the region § = 7-7.3 ppm for the phenyl
protons of the dppm ligand. All these data are, therefore, consistent with the X-ray

crystallographic structure shown in Figure 3.1.

3.2.3. Protonation of [Ruy(CO)¢(u-dppm),] with Acids

One of the objectives of metal cluster chemistry is to investigate the reactivity
of clusters and thus their utility in catalytic reactions. Ruthenium clusters are known
to possess unusual properties and are considered as potential candidates for various
catalytic transformations. Thus, for example [Ru3(CO);,H]" is well known for its
reactivity towards hydrogenation of ethylene and propylene.2? This cluster is also
reported to catalyze hydroformylation of ethylene and propylene at higher temperature
in the presence of CO.24 Similarly [Ru;(CO),,] has been shown to catalyze ti.e
hydrogenation of C0,% and [Ru;(s-NCO)(CO), 0l has been shown to catalyze olefin
hydrogenation. 26

The highly electron rich cluster [Ru3(CO)4(u-dppm);], formed during this
study, was therefore subjected to varicus reactions to determine its reactivity pattern.
Although in most cases the cluster 3.1 exhibited unusual stability, a facile reaction
was observed with acids. Thus, when 3.1 was treated with HBF, a proton adduct
was formed. This was characterized using analytical and spectroscopic techniques and

the structure of this protonated cluster derivative was established by X-ray diffraction

studies. Details of these are given below.
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3.3. Reaction of 3.1 with HX, the Formation of [Ruy(CO)¢(u-H)(u-dppm),1X
(3.2), [X=BF4 and PFgl.

The NMR spectra in chlorinated solvents of the product [Ruy(CO)¢(1s-dppm),),
3.1, often contained a second set of resonances which were finally attributed to the
protonated derivative [Ru;(H)(CO)(,(n—dppm),]*, 3.2. This hydridotriruthenium
cation is easily formed by protonation of 3.1 and impurities of HCI in chlorinated
solvents are sufficient for the purpose. However, complex 3.2 was prepared in high

yield when CH,Cl, solutions of 3.1 were treated with either HBF, or HPFg,.

3.3.1. The X-ray Structure of [Ruy(u-H)(CO)¢(u-dppm);]BF(3.2)

The structure of the cluster cation 3.2 is shown in Figure 3.3 and selected
distances, angles and deviations from the Ruj plane are in Table 3.2. The structure
contains a triangle of ruthenium atoms with equatorial u-dppm ligands bridging each
edge and with six axial carbonyl ligands, all of which are terminally bonded. The
hydride ligand in 3.2 was successfully located and refined and bridges the Ru(1)-
Ru(3) bond as shown in Figure 3.3. The hydride is not in the Ruj plane but lies
above the plane and the associated u-dppm ligand is displaced below, presumably
because steric effects are unfavourable with the hydride and u-dppm ligands co-
planar. The Ru-H distances found, while not accurately determined, are similar to
those for other Ru,(u-H) complexes. 1¢,14,20,27,28 gop example, [Ruz(u-H)(CO)g(ks-
n3-Me,PCHPMe;,)] has Ru-H distances of 1.66(S5) and 1.75A.2 Further evidence that
the hydride location is correct was obtained from a comparison of differences in bond

distances and angles between the structures of 3.1 and 3.2. The essential details of

™™
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\IX

Pigure 3.3: The X-ray structure of the cation [Ru,(u-
E) (CO) ¢ (u-appm) 31*, 3.2.




L

Table 3.2: A Comparison of Selected Bond Distances (A) and Angles (°) for 3.1

and 3.2.

Distances (4) Complexes 3.1 Complex 3.2
Ru(l) - Ru(2) 2.8625(13) 2.8516(18)
Ru(l) - Ru(3) 2.8515(13) 2.9402(18)
Ru(2) - Ru(3) 2.8513(14) 2.8764(18)
Ru(l) - P(1) 2.329(3) 2.349(4)
Ru(l) - P(6) 2.300(3) 2.325(5)
Ru(2) - P(4) 2.302(3) 2.339(5)
Ru(2) - P(5) 2.307(3) 2.306(5)
Ru(3) - P(2) 2.286(3) 2.343(4)
Ru(3) - P(3) 2.317(3) 2.329(4)
Ru(1) - C(1) 1.906(14) 1.930(17)
Ru(1) - C(6) 1.930(13) 1.942(18)
Ru(2) - C(2) 1.898(13) 1.917(17)
Ru(2) - C(5) 1.910(14) 1.875(17)
Ru(3) - C(3) 1.898(13) 1.918(17)
Ru(3) - C(4) 1.900(14) 1.907(20)
Ru(l) - H 1.69(18)
Ru(3) - H 1.95(17)

P - CF, 1.85(1)-1.88(1) 1.82(2)-1.91(2)
P - C(Ph) 1.828(8)-1.861(8)  1.82(2)-1.86(1)

c-0 1.14(2)-1.17(2) 1.12(2)-1.18(2)




Ru(3) - Ru(l) - Ru(2)
Ru(3) - Ru(l) - Ru(1)

Ru(2) - Ru(3) - Ru(l)

C(6) - Ru(l) - C(1)
C(5) - Ru(3) - C(2)
C(4) - Ru(3) - CQ3)
C(1) - Ru(l) - P(1)
C(6) - Ru(1) - P(1)
C(3) - Ru3) - P(2)
C(4) - Ru(3) - P(2)
C(1) - Ru(1) - P(6)
C(6) - Ru(l) - P(6)
C(@3) - Ru(3) - P(3)
C(4) - Ru(3) - P(3)
C(2) - Ru(2) - P4)
C(2) - Ru(2) - P(5)
C(5) - Ru(2) - P(4)
C(5) - Ru(2) - P(5)
P-Ru-P
Ru-C-0
Ru-Ru-C

Ru-Ru-C

Bond angles(°)

59.87(3)
59.87(3)
60.26(3)
176.9(5)
172.5(5)
173.2(5

89.3(4)

93.7(3)

89.8(4)

85.3(4)

92.8(4)

86.1(4)

83.4(4)

102.9(4)

89.8(4)

94.2(4)

92.7(4)

91.6(4)
110.2(1)-114.5(1)
171(1)-174(1)
91.62(8)-95.50(8)
79.2(4)-100.2(4)

59.53(4)
61.77(4)
58.70(4)
174.5(7)
173.3(7)
174.5(8)
99.7(5)

83.8(5)

94.5(5)

89.1(6)

87.8(5)

86.9(5)

88.8(5)

93.6(6)

83.9(5)

88.0(5)
101.3(5)
86.1(5)
112.3(2)-114.7(2)
171.3(2)-178(2)
91.1(1)-94.7(1)
82.4(5)-96.7(5)



Ru(l) - H - Ru(3)
C(1) - Ru(l) - H
C(6) - Ru(l) - H
C(3) - Ru(3) - H
C@4) - Ru@3) - H
P(1) - Ru(l) - H

P(2) - Ru(3) - H

107.7(9)
79.8(6)
105.7(6)
71.9(5)
105.8(5)
58.6(6)
68.5(5)

Deviations (A) of Selected Atoms from the Ruy Plane

Complex
P(1)
P(2)
P(3)
P(4)
P(5)
P(6)

3.1
0.196(4)
0.299(4)
0.115(4)
-0.127(4)
0.223(4)

0.192(4)

3.2
0.067(4)
-0.174(8)
0.069(5)
-0.033(5)
0.234(5)

-0.272(5)

0.6(2)

(2



analogies and differences between the structures of 3.1 and 3.2 is therefore, discussed
in this section.

The complexes containing the M3(u-dppm); core do not have regular planar
structures as a result of two different effects.> Firstly, the M,(u-dppm) units adopt
cnvelope conformations with the CH, group at the "flap™. If the flap is up (i.e. CH,
above the M3P¢ plane), the phenyl groups above the plane are equatorial and so cause
less steric congestion than those below the plane which are axial. This effect alone
leads to six possible orientations of the Ruj(u-dppm), unit. Since this is the major
effect in determining overall steric hindrance, the numbering system for the structure
of 3.2 has been chosen to be the same as that for the structure of 3.1 so that the
conformations of the dppm ligands within the Ruj(u-dppm); units are the same in
each case. Thus, each structure has the flap atoms C(10) and C(30) below and C(20)
above the Ruj plane. The second type of distortion which occurs to minimize steric
effects is a twisting of the dppm ligands such that the phosphorus atoms are displaced
from ine Ru, plane. Thus, in [Ru3(CO),,] the equatorial carbonyls are displaced from
the Ruy plane by a maximum of only 0.041 A12b byt in 3.1 and 3.2 the analogous
maximum displacements of phosphorus atoms are 0.299 and 0.272 A respectively.
While the direction of the dppm twist in the structures of 3.1 and 3.2 is the same for
P(3)C(20)P(4), it is opposite for P(1)C(10)P(2) and P(S)C(30)P(6). The greatest
difference is for the dppm ligand P(5)C(30)P(6); thus in complex 3.1, P(5) is 0.223 A
below and P(6) is 0.192 A above the Rug plane whereas, in 3.2, P(5) is 0.234 A
above and P(6) is 0.272 A below the Ru, plane. These distortions define the

octahedral coordination axes for #ach ruthenium centre!® and so the orientations of
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the carbonyl ligands are also different in the structures of 3.1 and 3.2. In [Ru3(CO);5)
the range of Ru-Ru-C(axial) angles is only 87.7- 90.5°,12® but in 3.1 and 3.2 the
ranges are much greater at 79.2-100.2 and 82.4-96.7° respectively and the pattern of
distortions from 90° is different in each case. Because the dppm ligands are the major
source of steric effects, the differences in orientations of these ligands in 3.1 and 3.2
will cause significant differences in other bond parameters thereby complicating the
interpretation of structural differences due to the hydride in 3.2. This should be borne
in mind in the following discussion.

Considering trends in bond distances, both the average Ru-P and Ru-C
distances are slightly greater in 3.2 than in 3.1, and this could be due either to greater
steric effects or to reduced backbonding in the hydrido cation. The greatest difference
is in the Ru(1)-Ru(3) distance which is 0.089(2)A longer in 3.2 than in 3.1,
consistent with this bond being the site of protonation.

As discussed above, differences in angles must be interpreted with caution.
Thus, it is noted that the angles C(1)-Ru(1)-P(1) and C(3)-Ru(3)-P(2) increase by 10.4
and 4.7° respectively from 3.1 to 3.2 as expected if the hydride is present above the
Ru(1)-Ru(3) edge, but there are marked differences between many other C-Ru-P
angles (Table 3.2). More convincing evidence that the hydride is correctly located
comes from a consideration of the displacements of phosphorus atoms from the Ru,
plane. If we define thi, displacement for P(n) as §[P(n)], then the values of £§[P(n)}
for 3.1 and 3.2 are 0.222 and -0.109A respectively. That is, the net displacement of

all P atoms is 0.222A above the plane in 3.1 but 0.109 A below the plane in 3.2.

This is consistent with an overall repulsion by the hydride in 3.2 which lies above the




plane. The difference in net P displacement between the two structures is 0.331 A
which can be factored as 0.602 [P(1) + P(2)] + 0.280 [P(3) + P(6)) - 0.551 [P(4) +
P(5)] A. Thus, the hydride repels the closest phosphorus atoms P(1) and P(2) most,
while P(3) and P(6) are more weakly repelled. Since these displacements affect steric
effects below the plane, therefore, P(4) and P(5), which are not directly affected by
the hydride, are displaced above the plane in response. The overall differences in
geometry of the dppm ligands between 3.1 and 3.2 thus follow naturally from the
position of the hydride ligand and, in turn, provide strong evidence that the hydride

ligand is located correctly by the X-ray structure determination.

3.3.2. Spectroscopic Characterization

The IR spectrum of 3.2 is depicted in Figure 3.4 and shows carbonyl stretches
at 1995(w), 1966(vs), 1952(vs), 1930(sh), 1907(sh) and 1885(w) cm™1. The high
energy shift of these bands compared to the parent [Ruy(CO)g(1-dppm)s] (3.1) are
consistent with the expected decrease in Ru-CO backbonding in the cation 3.2.

In the 'H NMR spectrum, cation 3.2 gives a broad singlet attributed to a
ruthenium hydride proton at § = -18.68 ppm, and a single resonance due to the
CH,P, protons of the dppm ligands at 6 = 3.87 ppm, while the 3!P NMR spectrum
contains a sharp singlet due to the phosphorus atoms of dppm. The spectra were
unchanged at -80°C. These data show that the cation has effective D4, symmetry on
the NMR time scale. Thus, three fold symmetry is necessary for equivalence of the

six phosphorus atoms and a plane of symmetry containing the Ru;(u-dppm), unit is

necessary for equivalence of the CH*HPP, protons of each dppm ligand. For a non-




*z ¢ ‘Yaal®(wddp
-1)?(00) (H-7) *ng] Jo wnijoeds ¥Y eyl :v°c exnbra

ti— W) AIGWNNIAVA
0°000Z 0°o0L
A 1

FONVLIITUSNYELS




fluxional structure, this would indicate that an unprecedented planar Ru,(u3-H) group
is present. The alternative is a fluxional cluster containing either a non-planar Ruj(u4-
H) group or a Ruy(u-H) group, the latter requiring a greater degree of fluxionality.
The precedents are all for addition of electrophiles to an edge of Ru, clusters. For
example, H* adds to an unbridged edge in both [Ruy(CO),5] and in [Ru3(CO)g(n-
dppm)2].29 Since complex 3.1 has all edges bridged by u-dppm ligands, edge
protonation must lead to increased steric hindrance between the hydride and u-dppm.
It thus seemed possible that face bridging of the hydride might be preferred, although

this is unprecedented in [Ru3(CO),,] or its phosphine-substituted derivatives 13-28

3.3.4. Fluxional Process in [Ru;y(u-H)(CO)g(s-dppm)3J* (3.2).

The new hydride cluster cation 3.2 has interesting structural and fluxional
properties. The X-ray structure determination, as discussed earlier, shows
convincingly that the cation in the solid state should be formulated as [Ru4(u-
H)(CO)4(1s-dppm);} *. However, the NMR spectra, even at -80°C, indicate three fold
symmetry and so, assuming the preferred structures are the same in the solid and
solution states, the compound is fluxional. The migration of hydride from edge to
edge of the cluster must be particularly easy in 3.2 and this is likely to occur by way
of a Ruy(u4-H) intermediate as shown in Scheme 3.1.

In addition the hydride must be able to migrate easily from one side of the Ru,
triangle to the other. This could occur either on the outside of the triangle, through a

transition state in which the u-H and u-dppm ligands are coplanar, or by tunnelling

through the centre of the Ru, triangle (scheme 3.2) as has been suggested to occur for
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[Pt3)(#3-H)(u-dppm)3]+.3° However, the above data cannot distinguish between the
two mechanisms.

The protonation of [Ru3(CO)g(u-dppm);] occurs much more easily than for
either [Ru3(CO);,] or [Ru3(CO)g(n-dppm),].2° This is of course expected in terms of
electronic effects since substitution of dppm for carbonyls increases the electron
density at ruthenium, but is opposed by steric effects. For the proton, electronic
effects are dominant but attempts to add bulkier electrophiles such as Ag* or
Ph;PAu* to 3.1 have been unsuccessful, presumably due to unfavourable steric
effects. The increase in electron density at the Ru; triangle is also indicated by the
decrease in values of v(CO) as more dppm ligands are introduced. The strong
v(CO)/cm™! bands are as follows: [Ru3(CO),,], 2066, 2026, 2004; [Ru5(CO),q (k-
dppm)], 2013, 2003, 1966; [Ru3(CO)g(u-dppm),], 2023, 1981, 1970; [Ru;(CO)s(u-

dppm);], 1937, 1925, 1914,160

3.4 Conclusions:

This chapter describes the synthesis of a highly substituted ruthenium carbonyl
cluster [Ru3(CO)g(u-dppm)4], 3.1, from the in-situ reduction of Ru(III) salts with
NaBH, in the presence of dppm under an atmosphere of CO. The structure of
electronically saturated cluster 3.1, is established by single crystal X-ray diffraction
studies. It is also shown that this electron rich cluster complex is very reactive
towards small molecules. Thus, protonation with, for example, HBF, yields the
adduct [Ru3(u-H)(CO)6(u-dppm)3]+, 3.2, whose structure is also established from X-

ray crystallography. The presence of hydride is confirmed by spectroscopic means



and is also correctly located from the difference Fourier map in the X-ray structure

determination. Spectroscopic data also indicate that the hydride is fluxional and the

mechanism of the fluxional process is proposed.




3.5. Experimental:
3.5.1. Synthesis of [Ru3(CO)¢4(u-dppm);] (3.1).

Silver acetate (2.2 g) was added to a stirred solution of RuCl;.3H,0 (1.0 g) in
EtOH (30 mL). The mixture was stirred for 10 min., allowed to stand overnight and
then filtered to remove AgCl. To the filtrate was added dppm (1.6 g) in toluene (30
mL) and the solution was saturated with CO. To this solution was added dropwise a
suspension of NaBH, (1.2 g) in EtOH (25 mL), with rapid bubbling of CO through
the solution. The mixture was stirred for a further 4h., and then the orange precipitate
of the product [Ruy(CO),4(u-CO)(u-dppm),] was separated by filtration. The mother
liquor was allowed to stand for 3 weeks at room temperature, whereupon red crystals
of the product slowly formed.
Yield 5%.
IR (Nujol); v(CO): 1937 (vs), 1925 (vs), 1914 (vs), 1875 (w).

NMR CD,Cl, 'H: § =3.9 [t, 2(PH) = 8.9, CH,P,]; 3'P: § = 17.7 [s].

3.5.2. [Ru3(u-H)(CO)¢(s-dppm);1[PFl (3.2).

To a solution of Ru3(CO)s(s-dppm);] (0.1 g) in CH,Cl, (10 mL) was added
aqueous HPFg (1 mL). Monitoring by 3'P NMR showed that conversion to the
product was essentially quantitative. The solvent was evaporated to dryness and the
product was washed with ether. The crude product was then recrystallized with
C,H,Cl, and n-heptane (1:2, 15 mL).

Yield: 95%

NMR in CD,Cl,: §(‘H) = 3.87 [t, 6H, J(PH)y, = 10, CH,P,J; -18.68 [s,1H,
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RuH]; §@'P) = 15.3 [s, dppm]. IR: v(CO) =1995(w), 1966(vs), 1952(vs), 1930(sh),
1907(sh), 1885(w). The BFsalt was prepared similarly and the cation had identical

spectroscopic properties.
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Chapter 4
Synthesis of Di and Tetranuclear Cobalt Complexes Stabilized with
Bis(dimethylphosphino)methane. Solution Dynamics and Chemistry of

[Co,(CO) 4(u-dmpm),] Isomers.

4.1. Introduction

One of the historically important organometallic species is [Co,(CO)g] since it
was among the first binary metal carbonyl complexes to be discovered in the early
1900's.! Dicobalt octacarbony! is of considerable interest because it is an important
catalyst precursor. Thus, the catalyst [HCo(CO),] can be readily formed by the

reaction of H, as illustrated by equation 4.12

[Co,(COXl + H, = 2[HCo(CO),] @.1)

Dicobalt octacarbonyl [Co,(CO)g] is also of interest because it exhibits unusually
complex structural characteristics. Thus, in the solid state, the structure is of C,,
symmetry involving a pair of bridging CO groups.> However, in solution, IR studies
have suggested that in addition to the C,, structure, there exist two non bridged forms
with D4 and D, symmetry.4 Stereochemical nonrigidity and the interconversions of
these isomers, as shown in equation 4.2, have been the subject of detailed
investigations. However, the interconversions are too rapid even at -150°C to allow a
study of the dynamics by 13C NMR spectroscopy. A similar situation is wbserved in

those phosphine substituted derivatives that have been studied so far, including



[Co,(CO)u-CO),(u-dppm)).
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In solution [Co,(CO)g] reacts rapidly with nucleophiles, such as phosphines to
give a variety of products. In general, disproportionation occurs in polar solvents with
monodentate phosphines to give ionic complexes of the type
[Co(CO)3L,]* [Co(CO),]” while, in nonpolar solvents, neutral complexes of the type
[Co,(CO)4L,] have been isolated.5 The monosubstituted compounds such as
[Co,(CO),L] can also be prepared by direct reaction in Nujol solutions.” Direct
substitution of more than two CO molecules does not occur readily. More highly
substituted products, however, can be prepared by other indirect methods. Substitution
with potentially bridging phosphine ligands has led to complexes of the type
[Coy(CO)4(P2-PP),(u-PP)2* , [CH(CO);(PP)]*[CO(CO)g]™ or [Cox(CO)g 24 (PP),)
depending on the reaction conditions. Of the latter complexes, species with n=1 are
known for dmpm and related phosphines.® The ligand is found in a bridging mode in
a doubly CO bridged structure resembling the solid state structure of [Coy(CO)g], that
is as [Co,(CO)(u-CO),(u-dmpm)]. A second substitution to provide [Cop(u-
PP),(CO)4] complexes is generally observed only for ligands containing strong
electron withdrawing substituents on the phosphorus donor such as

(RO),PN(R")P(OR), (R=CH,,Me or Pr' ?, R=R’=Me!?). Substitution in [Coy(u-
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CO),(CO)y(norbornadiene),] by the tetradentate ligand
(Et,PCH,CH,)(Ph)PCH,P(Ph)(CH,CH,PEt,)'! provides the complex meso-[Cop(s-
CO0),(CO),(eLTTP)]. With the bidentate ligand CH3N(PF,), substitution of six or
even eight carbonyls can be achieved to provide [Co,(u-PP);(CO),] and carbonyl free
[Co,(1-PP)4(n!-PP),] complexes respectively.!? [Coy(CO)4(PP),] type complexes are
also known in which the phosphine adopts a chelating mode of coordination. !

In the absence of a nucleophile, [Co,(CO)g] decomposes on heating in solution
to form the tetranuclear species [Co4(CO),,).'* Crystal disorder has rendered
difficulty in accurate structure determination, but it has been shown that it contains a
tetrahedron of cobalt atoms with both terminal and bridging carbonyl groups and
having approximate C;, symmetry shown in Figure 4. 1a.13 The structure of
[Co4(CO),,] in solution has been the subject of much controversy. The presence of a
D,4 structure (Figure 4.1b) in solution was suggested earlier on the basis of IR
evidence. 16 However, later work using concentrated solutions and !3C labelling
favours the solid state Cy, structure. In solution the molecule is fluxional, and it has
been proposed that rapid carbonyl exchange occurs via an unbridged intermediate of
Td symmetry.!”

Unlike the case with [Co,(CO)g] the substitution reactions of {Coy(CO);,l
have not been studied in detail. It has been shown that up to four CO groups in
[Co4(CO);,] can be substituted with monodentate phosphines to prepare complexes of
the type [Co4(CO);2.oL,] Without the break-up of the cluster.”-!8 However, with
bidentate phosphine ligands, complexes of the type [Co4(CO)5.2,(PP),] have been

isolated for n=1 and 2.57 The highly substituted complexes with n=1-S have only
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been prepared with PP= MeN(PF,),, where the ligand bridges up to five of the six
tetrahedral edges without degradation of the cluster. !9

This chapter describes the syntheses of di and tetranuclear cobalt complexes
from cobalt(II) halide salts. This one pot synthetic route is very convenient since a
variety of electron rich products can be obtained simply by tuning the reaction
conditions. The dynamics, thermodynamics and chemical reactivity of

[Coy(CO)4(dmpm),] are also investigated, and results of these studies are discussed.

4.2, Synthesis of [Co,(CO)4(u-dmpm),] (4.1)

The dppm chemistry of cobalt has been extensively studied.” In contrast there
has only been very limited work done with dmpm.> It was therefore of interest to
prepare new Co-dmpm complexes and to examine their reactivity pattern when
compared to those of dppm and other related phosphines. Thus, when an ethanolic
suspension of NaBH, was slowly added to a 1:2.5-3 Co(II)/dmpm mixture under an
atmosphere of CO, a yellowish-orange product 4.1 with a chemical composition of

[Coy(CO)4(dmpm),] was formed according to the following equation.

ZCO(II) + depm + 4BH4- + 4CO ~ Coz(CO)4(dmpm)2 + 232"6 +

2H, @.3)

4.2.1. Spectroscopic Characterization of 4.1
The solid state IR spectrum of this yellowish-orange complex, as shown in

Figure 4.2 suggests that it has both terminal and bridging carbonyl groups. In
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solution, the IR spectrum shows bands due only to the terminal carbonyl groups. This
clearly indicates that the molecule has two forms, one with terminal CO groups and
one with both terminal and bridging CO groups. This was further supported by the
solution IR spectrum at -90°C which shows both bridging and terminal CO groups as
observed in the solid state IR spectrum.

The 3P NMR spectrum of 4.1 at -90°C shows a singlet resonance centred at
33.2 ppm, suggesting that all phosphorus atoms are equivalent and that the dmpm is
coordinated in a bridging mode. At room temperature this resonance was
significantly broadened and shifted to § =14.4 ppm. The room temperature 'H NMR
spectrum shows a broad resonance at §=2.35 ppm for the CH,P, protons of the

dmpm ligand and another resonance at § =1.5 ppm for the PMe protons. At -90°C

resonances due to CH'HbPz protons were still broad but appeared as an AB pattern at
6= 3.01 and 6= 3.36 ppm. In addition it shows a broad, partially resolved
resonance due to the PMe protons of the ligand centred at § = 1.4 ppm. In addition,
the FAB mass spectrum of 4.1 shows a parent ion peak for [Coz(C0)4(dmpm)z]+ at
m/e= 502 amu and peaks arising from the loss of one, two, three and four CO
groups at 474, 446, 418 and 390 amu respectively. On the basis of these pieces of
evidence it was deduced that there are two isomers of this complex, one dominating
in solution at room temperature while the other is predominant at lower temperatures
and in the solid state. Both isomers have the chemical composition
[Co4(CO)4(dmpm),].

Analogous complexes with dppm have recently been prepared.?? They exhibit

very similar solution properties as those of the dmpm complexes. It was, however,
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possible with dppm to isolate both species in the solid state and to study their
structures by X-ray diffraction analysis, which shows that there are indeed two
isomers of formula [Co,(CO)4(u-dppm),). The red isomer contains two bridging and
two terminal CO groups while the black isomer contains four terminal CO groups.
Thus, on the basis of the above data and by comparing with the known dppm
analogues, it is suggested that the dmpm species formed at room temperature in
solution is the isomer with all CO groups terminally bound to cobalt, [Coy(CO),4(u-
dmpm),] 4.1b, while, in the solid state and at low temperature in solution, the
predominant species is the bridging carbonyl complex, [Co,(1-CO)5(CO),(u-
dmpm),], 4.1a (Figure 4.3). In solution both forms readily interconvert, A detailed
investigation was therefore carried out to investigate the mechanism of fluxionality
and the thermodynamics of the equilibrium between the bridged and non-bridged

forms, and this study is discussed below.

4.2.2. Dynamics and Thermodynamics of Equilibrium between Bridged and Non-
bridged Isomers of {Co,(CO)4(s-dmpm),]

The complex [Co,(s-CO),(u-dmpm),(CO),], 4.1a, is readily soluble in most
organic solvents and gives an equilibrium mixture of 4.1a and‘4.1b and thus
characterization by NMR and solution FTIR techniques was possible. These
techniques were employed to study the dynamics and thermodynamics of the
equilibrium between the carbonyl bridged isomer 4.1a and the nonbridged isomer

4.1b (Equation 4.4) and the analogous dppm complexes.?2!
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4.2.3. Variable Temperature 'H,13C and 3'P NMR Investigation

The 3P NMR spectrum of 4.1a and 4.1b exhibits only a single resonance
indicating an equilibrium between the two limiting structures which is rapid on the
NMR time scale. Similarly, the 'TH NMR of mixtures reveal only a singlet in the
CH,P, regions of the spectrum. Thus a variable temperature multinuclear NMR study
was pursued in order to establish the mechanism of fluxionality.

The '3C NMR spectrum on 13CO enriched samples at -92°C shows two
resonances at 6= 203.5 ppm, assigned to the terminal CO groups, and at 6= 265.5
ppm due to the bridging carbonyl groups. This assignment is based on the tendency of
bridging carbonyls to be shifted downfield relative to terminal carbonyls and the
similarity to shifts observed for 4-CO groups in related molecules such as
[Co,(CO)s(u-PP)Y’ (PP=dmpm, dppm), [Co4(CO);,],'7® and [Coy(CO)g(u-PP),).% In
addition, the 13C NMR spectrum also shows two peaks at 3= 19.0 and 19.5 ppm due
to the MeP carbon atoms. However, at room temperature the 13C NMR could not be
resolved. No 13C resonances for 4.1b were resolved even at temperatures when it is
known to be present and when resonances for 4.1a were resolved.

Similarly the '"H NMR spectrum at room temperature gave a single broad



resonance due to the CH,P, protons, but gave two broad resonances due to the non-
equivalent protons CH®HP at low temperatures. Two resonances were also observed
due to the non-equivalent Me*P and MePP groups at low temperature, but a single
resonance was seen at room temperature. The decoalescence of 3!P NMR spectra in
acetone-dg is shown in Figure 4.4. At room temperature it shows a single broad
resonance at § = 14.4 ppm with width at half height ca. ~ 80 Hz. This resonance was
assigned to the fluxional mixture of isomers but, at room temperature, solutions
contain mostly the non bridged isomer. At -65°C this resonance was sharpened and
shifted to § = 33.2 ppm, that is ~ 19 ppm downfield compared to room temperature,
and this resonance is attributed to the carbonyl bridged isomer. The solid state
structure of the unbridged form of analogous dppm complex, [Co,(CO)4(u-dppm),],
clearly indicates chemical inequivalence of the carbony! groups occupying axial and
equatorial sites on the TBP coordinated cobalt atoms and, therefore, more than one
resonance is expected for the CH’H"Pz protons and the carbonyl carbon atoms but
this non-equivalence was not observed. Moreover, the reaction shown in equation 4.4
for the equilibrium between 4.1a and 4.1b which most likely involves the windshield
wiper type motion exchanging terminal carbonyls on one cobalt atom to the other
cobalt atom via a CO bridged intermediate like that in 4.1a, does not of itself lead to
equivalence of carbonyl groups or the CH*HP protons of the bridged form. This
confirms that a second form of fluxionality with a much lower activation energy must
occur within the non-bridged form 4.1b. A reasonable mechanism for this fluxional
process making all carbonyls and CH,P, protons equivalent is illustrated by equation

4.5. The structures are shown as Newman projections along the Co-Co bond.
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The reversible reaction b=c is most reasonable as structure ¢ is analogous to the
structure of the D,4 isomer of [Co,(CO)g] (isomer c in eqn 4.2). The formation of a
third isomer b’ through ¢ is possible but not necessary to explain the NMR data. A
variable temperature, multinuclear NMR investigation of [Co,(CO)4(u-dppm),]

isomers?! has produced results consistent with those found for 4.1.

4.2.4. Variable Temperature IR Study of 4.1

The thermodynamics of the equilibrium 4.1a=4.1b were determined by variable
temperature solution FTIR spectroscopy (Figure 4.5). The room temperature spectrum
exhibits strong terminal v(CO) stretches with increasing amounts of v(u-CO) signals
at lower temperatures, demonstrating that the unbridged form is favoured at higher
temperatures. Equilibrium cc;nstams, K, were determined from these spectra over the
temperature range 190-301 K and a plot of 7K vs 1/T resulted in a good linear fit
giving an estimate of AH and AS according to the equation 4.6.

InK = -aH/RT + AS/R 4.6)
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The thermodynamic data for 4.1, analogous dppm isomers, and [Co,(CO)g] are
presented in Table 4.1. The enthalpy term strongly favours the bridged form while the
entropy term strongly favours the unbridged form in each case. However the effect is
much lower for the parent [Co(CO)g].

In Table 4.1 AG* values were estimated from the coalescence temperatures of
NMR chemical shifts by using the Eyring equation and were unchanged over the
temperature range 233-275°K. This suggests that AS* is small and hence AG* ~
AH*. The entropy term favors unbridged form because of the greater mobility
compared to bridged form, but libration about Co-Co bond is not expected to be
possible until the 4-CO bonds in the bridged isomer are completely broken, and so
the entropy of activation term is not expected to be an important contributor to AG*.
If it were otherwise, the observed correlation of AH® and AG* would not be
expected. The entropy term is probably also responsible for the relative instability of
isomer b’ in equation 4.5. Molecular models indicate that b’ is strain free but the

conformation is rigid, whereas in b libration about the Co-Co bond is possible.

4.2.5. Solution Magnetic Properties of 4.1

Organometallic complexes possess not only unusual structural properties and
chemical reactivities but also interesting spectroscopic and magnetic properties as
well. The magnetic properties of metal complexes are usually investigated in the solid
state using the traditional Gouy balance method. One disadvantage of using this
method is in cases where the solid state structures of the metal complexes are not

retained in solution, since magnetic moments for the solution species can not be




Table 4.1. Thermodynamic and Kinetic Data for the Carbonyl-Bridged =

Nonbridged Isomers.

complex aH/k]J aS/) ratio b:nb aG*/k]

mol’! Klmol? 298K 190K mol!
[Cox(CO)g] +5.6 +21 44:56 74:26 27
[Co,(CO),4 +26.3(2.1) +107(13) 9:91 98:2 47(1)
(dmpm),]

[Coy(CO)4 +22.1(1.5) +102(8) 3:97 85:15 41.5(1)

1190
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estimated accurately. In order to overcome this problem Evans developed a technique
which involves 'H NMR to determine the magnetic properties of metal complexes in
solution.22 There are two major advantages with this technique. Firstly, using variable
temperature NMR methods, magnetic moments at several different temperatures can
be estimated fairly accurately. Secondly, the traditional solid state methods require
large quantities of metal salts, whereas Evans’s method requires only a few
milligrams of sample to study the magnetic properties accurately.

The unusually large temperature dependence of the cliemical shifts exhibited in
the 31P NMR by the two isomers of [Co,(CO),(s-dmpm),], 4.1a and 4.1b, were
suspected to be partly due to different magnetic properties of these isomers rather
than simply due to the presence of two isomeric forms. This was further supported by
the fact that the crystal structure of the nonbridged form of the dppm analogue reveals
an unusually large Co-Co distance at 2.809(6) A, suggesting a very weak Co-Co bond
and possible paramagnetism. Therefore, solution magnetic properties of complexes
4.1a and 4.1b were investigated using variable temperature 'H NMR. The results of
these studies are shown in Figure 4.6. This clearly shows that the species predominant
at room temperature in solution is paramagnetic in nature while the carbonyl bridged
complex at low temperatures is diamagnetic. It is therefore, suggested that the
transformation of 4.1a into 4.1b involves in addition to migration of CO groups from

bridging to terminal positions, a reversible rupture of the Co-Co bond.

4.3. Synthesis of [Co(CO)g(u-dmpm),] (4.2).
When the stoichiometry of the reaction which produces [Co,(CO)4(dmpm),]
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complexes is changed from Co:dmpm = 1:2.5-3 to 1:1, the reduction with NaBH, in
the presence of CO yields a black crystalline complex with chemical composition
Co4(CO)g(dmpm),. The complex may have been formed according to the following

equation 4.7.

4Co** + 2dmpm + 8BH, + 8CO + Coy(CO)g(dmpm), + 4B,H¢ + 4dH, (4.7

The black crystals can be precipitated from benzene solution by adding n-heptane.
The complex is stable in the solid state, but it decomposes slowly in solution at room

temperature.

4.3.1. The Molecular Structure of [Co,(CO)g(s-dmpm),] (4.2).

The solid state molecular structure of 4.2 is determined by single crystal X-ray
diffraction analysis carried out by Dr. Muir at the University of Glasgow. The
ORTEP diagram is shown in Fig.4.7 and the bond distances and angles produced in
this analysis are listed in Table 4.2. This reveals that the molecule contains four
cobalt atoms bonded to each other forming a distorted tetrahedron, with two edges
spanned by two dmpm ligands and one face edge-bridged by three carbonyl groups.
The remaining five carbonyl groups are essentially linear [Co-C-O 171.2(10) -
179.3(9)°] and terminally bound to cobalt atoms. Thus, the molecular geometry of
4.2 can be derived from the Cs, structure of the parent [Co4(CO);,)'5-1%-23 by
substituting one apical and one equatorial carbonyl group with one dmpm ligand, and

two axial carbonyl groups with another dmpm ligand.
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Figurs 4.7: Ths ORTEP diagram of [Co,(CO)g(u-dmpm),), 4.2.
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Table 4.2. Selected Interatomic Distances () and Angles (°) in [Coy(CO)y(p-
dmpm),].

Co(1) - Co(2) 2.426(1) Co(1) - Co(3) 2.452(2)
Co(1) - Co(4) 2.503(2) Co(1) - P(1) 2.:80{2)
Co(1) - C(1) 1.910(6) Co(l) - C(2) 1.868(7)
Co(1) - Co(4) 1.730(7) Co(2) - Co(3) 2.451(2)
Co(2) - Co(4) 2.510(2) Co(2) - P(2) 2.187(2)
Co(2) - C(1) 1.880(7) Co(2) - C(3) 1.978(8)
Co(2) - C(5) 1.741(7) Co(3) - Co(4) 2.541(2)
Co(3) - P(3) 2.177(2) Co(3) - C(2) 1.890(7)
Co(3) - C(3) 1.888(7) Co(3) - C(6) 1.734(8)
Co(4) - P(4) 2.202(3) Co(4) - C(7) 1.753(8)
Co(4) - C(8) 1.75109) P(1) - C(9) 1.841(7)
P2) - C©O) 1.842(8) P(3) - C(10) 1.842(7)
P@4) - C(10) 1.867(8)
Bond angle (°):

Co(2)-Co(1)-Co(3) 60.3(1) Co(2)-Co(1)-Co(4)  61.2(1)

Co(2)-Co(1)-P(1) 98.1(1) Co(2)-Co(1)-C (1)  49.7(2)

Co(2)-Co(1)-C(2) 109.9(2) Co(2)-Co(1)-C (4) 146.1(3)
Co(3X(Co(1)-Co(4)  61.7(1) Co(3)-Co(1)-P(1)  102.0(1)
Co(3)-Co(1)-Co(1) 109.6(2) Co(3)-Co(1)-C(2) 49.7(2)

Co(3)-Co(1)-C(4)  143.9(3) Co(4)-Co(1)-P(1)  157.7(1)
Co(4)-Co(1)-C(1) 78.7(3) Co(4)-Co(1)-C(2) 82.7(2)

Co(4)-Co(1)-C(4)  104.9(3) P(1)-Co(1)-C(1) 94.4(2)

P(1)-Co(1)-C(2) 98.2(3) P(1)-Co(1)-C(4) 97.1(3)

C(1)-Co(1)-C(2) 157.6(3) C(1)-Co(1)-C(4) 99.1(3)

C(2)-Co(1)-C(4) 97.6(3) Co(1)-Co(2)-Co(3) 60.4(1)




Co(1)-Co(2)-Co(4)
Co(1)-Co(2)-C(1)
Co(1)-Co(2)-C(5)
Co(3)-Co(2)-C(2)

60.9(1)
50.7(2)
147.1(3)
101.6(1)

1160

Co(1)-Co(2)-P(2) 97.8(1)

Co(1)-Co(2)-C(3)  109.3(2)
Co(3)-Co(2)-Co(4) 61.1(1)
Co(3)-Co(2)-C(1) 110.7(2)
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It is apparent from Table 4.2 that the tetrahedron formed by the four cobalt
atoms is not symmetrical and the apical Co(4) atom is displaced more towards Co(1),
Co(2) and away from Co(3). Thus, the Co(3)-Co(4) bond distance at 2.541(2) A is
significantly longer than the distances of Co(1)-Co(4) and Co(2)-Co(4) at 2.503(2) and
2.510(2) A respectively. This is further supported by the bond angle data which
reveals smaller bond angles for Co(1)-Co(3)-Co(4) at 60.2(1)° and Co(2)-Co(3)-Co(4)
at 60.3(1)° compared to Co(3)-Co(1)-Co(4) and Co(3)-Co(2)-Co(4) at 61.7(1) and
61.6(1)° respectively.

The disposition of the dmpm ligands along the edges of the Co, tetrahedron is
such as to yield the isomeric form 4.2. The five-membered Co,P,C ring containing
the axial dmpm ligand adopts an envelope conformation, with the CH, group at the
flap, the conformation of the ring incorporating the C(3) and C(4) atoms is puckered,
as is evident form the torsion angles shown in Table 4.2. The molecular structure of
4.2 is therefore asymmetrical and closely similar to that of the rhodium cluster
[Rhy(CO)g(k-dppm),], dppm = Ph,PCH,PPh,.!5

The Co-Co bond lengths in 4.2 vary from 2.426(1) to 2.541(2)A and can be
compared with those of 2.438(3) - 2.717(1)A observed in other crystallographically
characterised cobalt complexes. 13:18:23-27 They follow the trend displayed by
tetrahedral cluster complexes of the type [Co4(CO);5.,L,), n=1-5, in which the
metal-metal bonds in the basal plane are shorter, and presumably stronger, than the
bonds involving the apical cobalt atom.!8:24-27 [n 4.2 the basal-basal and basal-apical
Co-Co distances average at 2.443 and 2.518 A respectively. Of the three basal-apical

bonds the one spanned by the dmpm ligand [Co(3)-Co(4) 2.541(2)A] is slightly longer
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than the two unsupported bonds [Co(1)-Co(4) 2.503(2), Co(2)-Co(4) 2.510(2)A]. In
the basal plane, however, the bond bridged by the dmpm ligand [Co(1)-Co(2)
2.426(1)A] is shorter than the other two [Co(2)-Co(3) 2.451(2), Co(1)-Co(3)
2.452(2)A). This indicates that the dmpm ligand can span disparate distances. Thus,
the bite distance for the dmpm ligand bridging the apical-basal cobalt atoms Co(3)-
Co(4) is 0.115 A larger than the dmpm ligand bridging basal-basal cobalt atoms
Co(1)-Co(2).

All the terminal Co-C distances (axial, equatorial and apical) are
approximately equal [1.730(7)-1.753(8)A] and they are substantially shorter than the
bridging Co-C distances [1.868(7)-1.978 (8) A]. Only one carbony! bridge is slightly
asymmetrical [Co(3)-C(3) 1.888(7), Co(2)-C(3) 1.978(8)A).

The Co-P bond lengths are within the range of those observed in phosphine
and phosphite derivatives of the [Co,(CO),,) cluster [2.156(2)-2.266(6)A].18:25 In the

axial dmpm ligand the Co-P Londs are equal [2.180(2) and 2.187(2)A}, while in the

other one the apical bond [Co(4)-P(4) 2.202(3)A] is substantially longer than the
equatorial bond [Co(3)-P(3) 2. 177(2)A]. The lengthening of the Co(4)-P(4) bond may
be attributed to the trans-influence of the axial phosphine transmitted through the

metal-metal bond [P(2)-Co(2)-Co(4) 157.0(1), Co(2)-Co(4)-P(4) 154.0(1)°].

4.3.2. Spectroscopic Characterization of 4.2

The solid state IR spectrum of 4.2 as shown in Figure 4.8 exhibits carbonyl

stretching frequencies at 1989, 1963, 1946, 1930 and 1893 cm™! consistent with

terminal CO groups, and stretching frequencies at 1810, 1773 and 1743 cm™! for
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bridging carbonyl groups. This complex is derived from the parent [Co4(CO);,]
cluster which shows IR stretches at 2065, 2060, 2040, 2030 and 1879 cm™! in
hexane. 16:17¢ The decrease in the stretching frequencies in 4.2 compared to the parent

complex [Co,(CO),,] is consistent with the enhanced back donation of electronic

charge from metal atom to the x* orbitals of CO groups. The substitution of very
basic dmpm ligands for CO groups makes the metal atoms more electron rich, and
thus better x-donors.

At room temperature the 3!P NMR shows a broad resonance centred at -0.9
ppm. On cooling solutions to -90°C this splits into three resonances with an intensity
ratio of 2:1:1. The latter pattern is consistent with the solid state structure of complex
4.2. The lowest field doublet at 6§ = 6.8 ppm, J(PP)= 50.4 Hz could be assigned to
the equivalent phosphorus atoms P*P? bound to the basal cobalt atoms Co(1) and
Co(2). The phosphorus atom P4 bound with the apical cobalt atom Co(4) appears as a
featureless broad resonance at § = -11 ppm. This signal should be coupled to the
basal phosphorus atom P€, which appears as a doublet, but the apical position is
severely broadened by the cobalt quadrupole even at low temperature. The remaining
phosphorus atom P° appears as a partially resolved doublet at § = -4.8 ppm, J(PP)=
33.6 Hz. Similar spectral patterns have been observed in other related complexes.’

The '"H NMR spectrum of 4.2 is also temperature dependent. Thus, at room
temperature, it shows a broad resonance for the PMe protons centred at § =1.47 ppm.
However, at -90°C a spectrum consistent with the static structure was obtained. For
this type of molecule, three resonances for the CH,P, protons with an intensity ratio

of 2:1:1, each split into a triplet due to coupling with two equivalent phosphorus
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atoms of the dmpm ligand are expected. However, the lH NMR shows only two
partially resolved resonances in the CH,P, region of the spectrum. The partially
resolved triplet resonance at §=3.17 ppm, 2J(PH)= 9.5 Hz was assigned due to the
CH°H"P2 protons of one dmpm ligand and the resonance at § =2.05 ppm was
assigned to HP of CH®HPP, protons, while the other half of the resonance due to H*
of CH‘HbPz of the other dmpm ligand is not apparent. This resonance may have been
buried under the methyl resonances of the dmpm ligand. The expected intensity ratio
is however, observed in those methylene resonances which appeared in the 'H NMR
spectrum. From the solid state structure, four methyl resonances are expected each
splitting into a doublet by coupling with a phosphorus atom of a dmpm ligand. The
spectrum indeed shows four resonances for CH, protons with partially resolved
doublet patterns at § =1.64 ppm, J(obs) =7.0 Hz; 1.49 ppm (unres.); 1.34 ppm
(unres.) and 1.23 ppm, J(obs) =7.5 Hz. Thus, all this evidence clearly shows that the
spectroscopic data obtained is consistent with the solid state structure obtained by

diffraction methods and shown in Fig.4.7.

4.3.3. Mechanism of Fluxionality in 4.2:

The above NMR studies shows that, like the parent [Co4(CO),,], the dmpm
substituted derivative 4.2 exhibits stereochemical non-rigidity in solution. The 'H and
31p NMR spectral data clearly show that at room temperature the molecule is
fluxional on the NMR time scale, while at -90°C fluxionality can be frozen out. The
mechanism of this fluxionality is investigated. It has been suggested, for the parent

[Co4(CO)¢,) complex, that in solution the CO groups migrate around the Co,
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tetrahedron, and this bridging-terminal merry-go-round type of motion causes each
cobalt atom to become equivalent at higher temperature. However, at lower
temperature, !3C NMR and 37Co NMR results show that there are indeed three
different CO groups and two distinct Co atoms present.!? The fluxionality has also
been explained in terms of a structure containing an icosahedron of twelve CO groups
with a tetrahedron of four cobalt atoms inside. It has been suggested that the inner
Co, tetrahedron can rotate around each neighbouring face of the icosahedron, thus,
making all cobalt atoms equivalent at higher temperatures. 17

Variable temperature 3!P NMR spectra of complex 4.2 are illustrated in
Figure 4.9. This clcarly shows that at room temperature al! the phosphorus atoms
appear to be equivalent. However, on cooling the sample to -10°C, decoalescence of
31p NMR resonance is observed. This on further cooling to -90°C splits into three
resonances, indicating three different sites for phosphorus atoms. Similarly, the 'H
NMR also exhibits temperature dependence as shown in Figure 4.10. Thus, at room
temperature only one resonance each for the CH,P, and PMe, protons was observed.
This splits into three resonances for CH,P, and four for PMe, at -92°C. On the basis
of this information, a possible mechanism is shown in Figure 4.11 which involves the
migration of carbonyl groups from terminal-bridging-terminal on each face of the
triangle which will make all the phosphorus atoms, CH,P, and PMe, protons
equivalent at higher temperature. At lower temperatures this exchange process is

much slower and the spectra are then consistent with the solid state structure.



Figure 4.9: Variable temperature P MR spectra of
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Pigure 4.10: vVariable temperature 1§ NMR spectra of




4.11: Mechanism of fluxional process in [Co(CO)g(1-dmpm),], 4.2.
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4.4. Reaction Chemistry of Complex 4.1 [Co,(CO) 4(dmpm),].

Complexes with M-M bonds are often reactive. Dinuclear complexes have
been extensively studied in this regard. Although dinuclear cobalt complexes with
bridging dppm and other related phosphines have been investigated in detail,>»7-28
dmpm bridged complexes have not been explored much.’ Metal complexes bridged by
the highly basic and sterically less demanding dmpm ligand are particularly
interesting, since they are envisaged to provide accessibility to the electron-rich metal
centres and so promote reactivity towards substrates, particularly in oxidative addition
reactions.2? Earlier work with metal complexes of the dmpm ligand indicated that the
smaller steric effect of methyl substituents can lead to different, and in so: e ways
enhanced, reactivity compared to similar dppm complexes 3 On the basis of a
systematic study on platinum complexes with diphospnine ligands R,PCH,PR,
(R=Me,Et,OEt,Ph), it was suggested that the structures and reactivities of these
platinum diphosphine complexes are chiefly governed by steric effects.3!

A literature survey reveals that metal complexes of dmpm appear to be more
air sensitive than analogous metal carbonyl complexes of most other tertiary
phosphines.5-32-34 The increased air sensitivity of metal carbonyl complexes of dmpm
is attributed to the presence of sterically unencumbered and relatively electron-rich
metal atoms in these metal carbonyl complexes compared with analogous metal
carbonyl complexes of other phosphorus ligands (e.g. dppm). This enhanced reactivity
is observed despite the tendency of these metal carbonyls to favour an 18 electron
rare gas electronic configuration and despite the presence of several »- accepting

carbonyl ligands to remove excess metal electron density.
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Several reactions were attempted with these dinuclear species. Reactions in

which products were successfully isolated will be discussed here.

4.4.1. Reactions with Group 11 Metal Complexes.

In an attempt to prepare heterometallic complexes several reactions were
carried out with copper(l), silver(I) and gold(l) reagents. Analytically pure products
were only obtained from the reaction with copper(l). Details of this together with

characterization work are discussed below.

4.4.1.1. Reaction of 4.1 with [Cu(MeCN)4]BF4 with the Formation of
[Co4Cu;3(CO)g(dmpm)J{BF ] (4.3).

When a solution of [Co,(CO)4(dmpm),] in CH,Cl, was treated with
[Cu(MeCN),JBF,, a deep green solution was obtained from which black crystals of
[Co4Cu3(CO)g(dmpm),JBF4 4.3 were isolated in low yield. In the solid state, these
crystals are air stable. It dissolves only in highly polar solvents such as DMF,
solutions of which decomposes rapidly on exposure to air.

The complex may have been formed according to the following equation.

2[C0,(CO) 4(dmpm),] + 3[Cu(MeCN)]* +2e- ~ [Co,Cu,(CO)g(dmpm)J* +
12MeCN (4.8)

4.4.1.2. Molecular Structure of 4.3.

A crystal obtained by slow diffusion of n-pentane to a CH,Cl, solution of




complex 4.3 was found to be suitable for an X-ray diffraction analysis, which was
carried out by Dr. Vittal at UWO. The molecular structure of this complex is
illustrated by the ORTEP diagram in Figure 4.12 and bond distances and angles are
given in Table 4.3. This reveals that the cluster cation contains two triangles of metal
atoms Co(1)Co(2)Cu(2) and Co(3) Co(4) Cu(3) bridged by a central copper atom
Cu(1). Each Co,Cu triangle has three edge-bridging carbonyl ligands of which one
[e.g. C(3)0(3)] bridges a Co-Co bond and two [e.g. C(5)O(5) and C(7)O(7)] are
semibridging between cobalt and copper.33:36 The two Co,Cu triangles are bridged by
two dmpm ligands, of which one bridges between equivalent copper atoms
Cu(2)P(1)P(2)Cu(3) and one bridges between cobalt atoms Co(1)P(3)P(4)Co(3), while
the remaining dmpm and carbonyl ligands are terminally bound to cobalt. The two
Co,Cu triangles lean towards one another such that the non-bonded distance
Cu(2)Cu(3) 3.211(4)A is much shorter than the corresponding distances Co(1)Co(3)
4.248(4)A and Co(2)Co(4) 4.24(4)A. In order to span the long Co(1)-Co(3) distance
the u-dmpm ligand has bond angles which are significantly distorted from the normal
tetrahedral values: Co(1)P(3)C(20), 112.2(1.2)°; P(3)C(20)P(4), 121.8(2.1)°;
Co(3)P(4)C(20) = 121.5(1.4)°, indicating considerable strain. Indeed the cluster is
remarkable in having the versatile u-dmpm ligands spanning pairs of metal atoms
separated by the disparate distances of 2.51, 2.52, 3.21 and 4.25A.

The most remarkable feature of the structure of 4.3 is the geometry of the
bridging copper atom Cu(1). It does not bridge symmetrically between the faces of
the Co,Cu triangles but is displaced towards the cobalt atoms such that the Cu(1)Co

distances 2.458(4)-2.474(4)A are significantly shorter than the Cu(1)Cu distances



Pigure 4.12a: The ORTEP diagram of the cation
[CO4Cu,y (CO) 4 (u-dmpm) (]* 4.3.
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Table 4.3: Bond Distances (A) and Angles (°) of [Co4Cu3(CO)3(u-dmpm)‘]BF‘.

Cu(2)---Cu(l)
Co(1)---Cu(l)
Co(3)---Cu(1)
Cu(3)...Cu(2)
Co(2)---Cu(2)
Co(4)---Cu(3)
Co(4)---Co(3)
P(2)---Cu(3)
C(N---Cu(2)
C(6)---Cu(3)
P(5)---Co(1)
C(5)--—-Co(1)
C(1)---Co(2)
C(7)---Co(2)
P(7)---Co(3)
C(8)---Co(3)
C(2)---Co(4)
C(8)---Co(4)
C(11)---P(1)
C(10 ---P(2)
C(22)---P(2)
C(31)---P(3)
C(20)---P(4)
C(42)---P(4)
C(51)---P(5)
C(30)---P(6)
C(62)---P(6)
C(1)---P(7)
C(40)---P(8)

2.683(4)
2.466(4)
2.458(4)
3.221(4)
2.422(4)
2.442(4)
2.509(4)
2.229(6)
2.146(24)
2.116(23)
2.219(6)
1.734(21)
1.735(24)
1.735(26)
2.228(6)
1.867(20)
1.748(24)
1.923(20)
1.738(25)
1.793(22)
1.779(21)
1.773(23)
1.710(34)
1.714(37)
1.862(20)
1.829(20)
1.798(21)
1.826(20)
1.858(20)

Cu(3)---Cu(1)
Co(2)---Cu(l)
Co(4)---Cu(1)
Co(1)---Cu(2)
Co(3)---Cu(3)
Co(2)---Co(1)
P(1) ---Cu(2)
C(5) ---Cu(2)
C(4)---Cu(3)
P(3)---Co(1)
C(3)---Co(1)
P(6)-—-Co(2)
C(3)---Co(2)
P(4)---Co(3)
C(4)-—-Co(3)
P(8)---Co(4)
C(6)---Co(4)
C(10)---P(1)
C(12)---P(1)
C(21)---P(2)
C(20)---P(3)
C(32)---P(3)
C(41)---P(4)
C(30)---P(5)
C(52)---P(5)
C(61)---P(6)
C(40)---P(7)
C(72)---P(7)
C(81)---P(8)

2.624(3)
2.463(4)
2.474(4)
2.450(4)
2.443(3)
2.523(4)
2.223(6)
2.187(20)
2.203(20)
2.196(6)
1.839(20)
2.196(6)
1.934(19)
2.209(6)
1.729(22)
2.202(6)
1.733(23)
1.871(22)
1.791(23)
1.790(25)
1.938(36)
1.653(30)
1.708(29)
1.846(19)
1.786(23)
1.79021)
1.824(19)
1.833(19)
1.817(19)




C(82)---P(8)
C(2)--0(2)
C(4)-0(4)
C(6)---0(6)
C(8)---O(®8)

Cu(3)-Cu(1)-Cu(2)
Co(1)-Cu(1)-Cu(3)
Co(2)-Cu(1)-Cu(3)
Co(3)-Cu(1)-Cu(2)
Co(3)-Cu(1)-Co(1)
Co(4)-Cu(1)-Cu(2)
Co(4)-Cu(1)-Co(1)
Co(4)-Cu(1)-Co(3)
Co(2)-Cu(2)-Cu(l)
P(1)-Cu(2)- Cu(1)
P(1)-Cu(2)-Co(2)
C(5)-Cu(2)-Co(1)
C(5)-Cu(2)-P(1)
C(7)-Cu(2)-Co(1)
C(7)-Cu(2)-P(1)
Co(3)-Cu(3)-Cu(l)
Co(4)-Cu(3)-Co(3)
P(2) -Cu(3)-Co(3)
C(4) -Cu(3)-Cu(l)
C(4) -Cu(3)-Co(4)
C(6) -Cu(3)-Cu(1)
(6) -Cu(3)-Co(4)
C(6) Cu(3)-C4)
Co(2)-Co(1)Cu(1)

1.838(20)
1.134(24)
1.191(21)
1.220(23)
1.206(20)

74.5(1)
112.1(1)
124.3(1)
126.1(1)
119.3(1)
112.6(1)
168.1(1)
61.2(1)
57.4(1)
140.0(2)
150.1(2)
43.5(5)
102.5(6)
106.4(7)
107.1(7)

57.90(9)

61.8(1)
146.8(2)

80.4(5)
105.1(6)

81.0(6)

44.0(6)
149.1(9)

59.2(1)

C(1)---0(1)
C(3)---0(3)
C(5)---0(5)
C(M---0(7)

Angles (°):

Co(1)-Cu(1)-Cu(2)
Co(2)-Cu(1)-Cu(2)
Co(2)-Cu(1)-Co(1)
Co(3)-Cu(1)-Cu(3)
Co(3)-Cu(1)-Co(2)
Co(4).Cu(1)-Cu(3)
Co(4)-Cu(1)-Co(2)
Co(1)-Cu(2)-Cu(l)
Co(2)-Cu(2)-Co(1)
P(1)-Cu(2)-Co(1)
C(5)-Cu(2)-Cu(1)
C(5)-Cu(2)-Co(2)
C(7)-Cu(2)-Cu(1)
C(7)-Cu(2)-Co(2)
C(7)-Cu(2)-C(S)
Co(4)-Cu(3)-Cu(l)
P(2) -Cu(3)-Cu(1)
P(2) -Cu(3)-Co(4)
C(4) -Cu(3)-Co(3)
C(4) -Cu(3)-P(2
C(6) -Cu(3)-Co(3)
C(6) -C1(3)-P(2)
Cu(2)-Co(1)-Cu(1)
Co(2)-Co(1)-Cu(2)

1.168(23)
1.196(20)
1.202¢21)
1.88(25)

56.6(1)
55.96(9)
61.6(1)
57.359)
178.0(1)
57.2(1)
118.4(1)
57.2(1)
62.4(1)
144.2(2)
78.4(5)
105.8(6)
82.8(7)
44.1(7)
149.9(9)
58.3(1)
141.0(2)
146.72)
43.3(6)
105.3(6)
105.8(6)
104.7(7)
66.2(1)
58.3(1)



P(3) -Co(1)-Cu(1)
P(3) -Co(1)-Co(2)
P(5) -Co(1)-Cu(2)
P(5) -Co(1)-P(3)
C@3) -Co(1)-Cu(2)
C(3) -Co(1)-P(3)
C(S) -Co(1)-Cu(1)
C(5) -Co(1)-Co(2)
C(5) -Co(1)-P(5)
CU(2)-Co(2)-Cu(1)
Co(1)-Co(2)-Cu(2)
P(6) -Co(2)-Cu(2)
C(1) -Co(2)-Cu(l)
C(1) -Co(2)-Co(1)
C(3) -Co(2)-Cu(1)
C(3) -Co(2)-Co(1)
C(3) -Co(2)-C(1)
C(7) -Co(2)-Cu(2)
C(7) -Co(2)-P(6)
C(7) -Co(2)-C(3)
Co(4)-Co(3)-Cu(1)
P(4) -Co(3)-Cu(l)
P(4) -Co(3)-Co(4)
P(7) -Co(3)-Cu(3)
P(7) -Co(3)-P(4)
C(4) -Co(3)-Cu(3)
C(4) -Co(3)-P(4)
C(8) -Co(3)-Cu(1)
C(8) -Co(3)-Co(4)
C(8) -Co(3)-P(7)
Cu(3)-Co(4)-Cu(1)

100.2(2)
140.4(2)
99.1(2)
101.5(2)
107.1(6)
92.8(6)
93.6(7)
118.4(7)
94.9(7)
66.6(1)
59.4(1)
106.0(2)
97.2(7)
138.8(7)
68.5(6)
46.4(6)
95.2(9)
59.5(8)
97.5(8)
163.7(1)
59.8(1)
95.8(2)
139.0(2)
101.3(2)
105.7(2)
61.0(7)
92.5(7)
72.2(6)
49.5(6)
96.0(6)
64.5(1)

P(3) -Co(1)-Cu(2)
P(5) -Co(1)-Cu(i)
P(5) -Co(1)-Co(2)
C(3) -Co(1)-Cu(1)
C(3) -Co(1)-Co(2)
C(3) -Co(1)-P(5)

C(5) -Co(1)-Cu(2)
C(5) -Co(1)-P(3)

C(5) -Co(1)-C(3)

Co(1)-Co(2-Cu(1)
P(6) -Co(2)-Cu(l)
P(6) -Co(2)-Co(1)
C(1) -Co(2)-Cu(2)
C(1) -Co(2)-P(6)

C(3) -Co(2)-Cu(2)
C(3) -Co(2)-P(6)

C(7) -Co(2)-Cu(l)
C(7) -Co(2)-Co(1)
C(7) -Co(2)-C(1)

Cu(3)-Co(3)-Cu(l)
Co(4)-Co(3)-Cu(3)
P(4) -Co(3)-Cu(3)
P(7) -Co(3)-Cu(l)
P(7) -Co(3)-Co(4)
C(4) -Co(3)-Cu(l)
C(4) -Co(3)-Co(4)
C(4) -Co(3)-P(7)

C(8) -Co(3)-Cu(3)
C(8) -Co(3)-P(4)

C(8) -Co(3)-C(4)

Co(3)-Co(4)-Cu(1)

148.7(2)
156.0(2)
97.2(2)
69.7(6)
49.7(6)
98.9(6)
60.2(T)
94.6(7)
162.8(9)
59.3(1)
154.6(2)
95.7(2)
146.2(7)
100.2(7)
105.0(6)
91.6(6)
98.7(8)
118.7(8)
96.5(1.1)
64.7(1)
59.1(1)
143.3(2)
156.2(2)
96.8(2)
95.2(7)
120.0(7)
93.9(7)
107.9(6)
93.7(6)
166.5(9)
59.1(1)




Co(3)-Co(4)-Cu(3)
P(8) -Co(4)-Cu(3)
C(2) -Co(4)-Cu(1)
C(2) -Co(4)-Co(3)
C(6) -Co(4)-Cu(1)
C(6) -Co(4)-Co(3)
C(6) -Co(4)-C(2)

C(8) -Co(4)-Cu(3)
C(8) -Co(4)-P(8)

C(8) -Co(4)-C(6)

C(11)-P(1) -Cu(2)
C(12)-P(1) -Cu(2)
C(12)-P(1) -C(11)
C(21)-P(2) -Cu(3)
C(22)-P(2) -Cu(3)
C(22)-P(2) -C(21)
C(31)-P(3) -Co(1)
C(32)-P(3) -Co(1)
C(32)-P(3) -C(31)
C(41)-P(4) -Co(3)
C(42)-P(4) -Co(3)
C(42)-P(4) -C(41)
C(51)-P(5) -Co(1)
C(52)-P(5) -Co(1)
C(52)-P(5) -C(51)
C(61)-P(6) -Co(2)
C(62)-P(6) -Co(2)
C(62)-P(6) -C(61)
C(71)-P(7) -Co(3)
C(72)-P(7) -Co(3)
C(72)-P(7) -C(71)

59.1(1)
105.0(2)
99.1(7)
138.0(8)
93.3(7)
117.1(8)
98.2(1)
106.0(6)
93.4(6)
162.009)
119.3(9)
116.5(8)
101.7(1.2)
114.6(1)
115.0(9)
101.8(1.2)
118.909)
118.8(1.2)
99.9(1.4)
119.6(1.1)
116.6(1.3)
88.9(1.7)
122.7(8)
118.3(8)
100.2(1.1)
120.1(8)
115.2(8)
102.8(1.1)
126.5(7)
113.2(7)
99.9(1)

P(8) -Co(4)-Cu(1)
P(8) -Co(4)-Co(3)
C(2) -Co(4)-Cu(3)
C(2) -Co(4)-P(8)

C(6) -Co(d)-Cu(3)
C(6) -Co(4)-P(8)

C(8) -Co(4)-Cu(l)
C(8) -Co(4)-Co(3)
C(8) -Co(4)-C(2)

C(10)-P(1) -Cu(2)
C(11)-P(1) -C(10)
C(12)-P(1) -C(10)
C(10)-P(2) -Cu(3)
C(21)-P(2) -C(10)
C(22)-P(2) -C(10)
C(20)-P(3) -Co(1)
C(31)-P(3) -C(20)
C(32)P(3) -C(20)

C(20)-P(4) -Co(3)
C(41)-P(4) -C(20)
C(42)-P(4) -C(20)
C(30)-P(S) -CO(1)
C(51)-P(5) -C(30)
C(52)-P(5) -C(30)
C(30)-P(6) -Co(2)
C(61)-P(6) -C(30)
C(62)-P(6) -C(30)
C(40)-P(7) -Co(3)
C(71)-P(7) -C(40)
C(72)-P(7) -C(40)
C(40)-P(8) -Co(4)

156.3(2)
97.2(2)
147.8(8)
99.4(7)
58.0(7)
98.6(7)
71.0(6)
47.6(6)
93.1(1)
112.8(8)
105.1(1.1)
98.8(1.1)
118.4(8)
98.0(1.2)
106.6(1.1)
112.2(1.2)
88.5(1.3)
114.4(1.7)
121.5(1.4)
110.4(1.7)
91.7(1.7)
110.6(7)
101.5(1)
100.2(1)
110.2(7)
100.2(1)
106.6(1)
110.8(7)
98.9(9)
104.9(9)
111.9(7)
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C(81)-P(8) -Co(4)
C(82)-P(8) -Co(4)
C(82)-P(8) -C(81)
P(4) -C(20)-P(3)

P(8) -C(40)-P(7)

O(2) -C(2) -Co(4)
0(3) -C(3) -Co(1)
Co(3)-C(4) -Cu(3)
0(4) -C4) -Co(3)
O(5) -C(5) -Cu(2}
Co(4)-C(6) -Cu(3)
O(6) -C(6) -Co(4)
o7 -C(7) -Cu2)
Co(4)-C(8) -Co(3)
O(8) -C(8) -Co(4)

119.0(7)
117.4(7)
102.3(9)
121.8(2.1)
111.9(1.1)
177.32.2)
142.7(1.6)
75.7(8)
164.2(1.8)
119.9(1.5)
78.1(9)
157.7(2)
123.9(1.9)
82.9(8)
134.9(1.6)

C(81)-P(8) -C(40)
C(82)-P(8) -C(40)
P(2) -C(10)-P(1)

P(6) -C(30)P(S)

O(1) -C(1) -Co(2)
Co(2)-C(3) -Co(1)
0(3) -C(3) -Co(2)
0(4) -C(4) -Cu(3)
Co(1)-C(5) -Cu(2)
O(5) -C(5) -Co(1)
0O(6) -C(6) -Cu(3)
Co(2)-C(7) -Cu(2)
O(7) -C(7) -Co(2)
0O(8) -C(8) -Co(3)

99.2(9)
104.7(1)
115.4(1.2)
111.5(1.2)
174.1(2)
83.9(8)
133.4(1.6)
120.1(1.6)
76.4(8)
163.8(1.8)
124.0(1.7)
76.4(1)
159.7(2.2)
141.9(1.7)
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2.683(4) and 2.624(3)A. The latter distances are in the range found for weak lateral
forces between copper(I) atoms,37+38 but the Cu-Cu bonding is still presumably partly
responsible for the tilting of the CoyCu triangles described above. The four cobalt
atoms and Cu(1) are approximately coplanar [dihedral angle between planes
Cu(1)Co(1)Co(2) and Cu(1)Co(3)Co(4) 14.8(3)°; £Co(2)Cu(1)Co(3) 178.0(1)°;
ZCo(1)Cu(1)Co(4) 168.1(1)°]. Although at least one group 11 cluster complex is
known to contain an approximately square-planar metal centre in oxidation state (T),?
this stereochemistry is much more typical of these metals in oxidation state (III).
Furthermore, formal removal of the central copper atom Cu(l) as Cu* leaves each
Co,Cu triangle with an odd electron count, whereas its removal as Cu3* and other
copper atoms as LCu* leaves two [Co,Lg(k-CO)J%" units (where L= terminal CO or
phosphine donor atoms) in which each cobalt has an 18 electron configuration and
thus, each Co,Cu triangle has its favoured electron count.38 Although the use of
oxidation states in clusters is fraught with problems, it is used here to indicate that the
atom Cu(1) probably uses dsp? hybrid orbitals in bonding and has the stereochemistry
expected for this bonding state. Together these factors suggest that the cluster contains
a formally d® copper(1II) atom Cu(1). This is an unprecedented electron configuration
in copper clusters.3® Since this is a unique electron configuration, the possible
presence of hydride ligands has been considered. It should be noted that a formulation
as [CoCu;H,(CO)g(u-dmpm),]* would require Cu(l) to have oxidation state (I).
However, no evidence for hydride was observed in the 'H NMR spectrum (no signals
from § 0 to -50 ppm) nor from final difference Fourier maps in the X-ray structure

determinauon. Dissolution of the cluster in a [2H,] dimethylformamide-CCl, mixture
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failed to give any trace of CHCI;. This reduction of CCl, to CHCl, is a sensitive test
for transition metal hydrides. The mass spectrum gave a peak at m/z= 1195 as

expected for the cluster cation without hydride ligands.

4.4.1.3. Spectroscopic Characterization of 4.3.
The infrared spectrum (Nujol) of complex 4.3 is shown in Figure 4.13. This
reveals three different sets of bands, the highest energy bands at 1981, 1946 and 1917

cm’!

are assigned to the terminally bound CO groups while the lowest energy band at
1713 cm™! is typical of bridging carbonyl groups. The remaining bands at 1879, 1860,
1838, 1833 and 1803 cm™! are assigned to the semi-bridging carbony! groups. Similar
stretching frequencies for terminal and bridging carbonyl groups have been observed
in [Coy(CO)4(dmpm),] and [Co,(CO)g(dmpm),], as discussed earlier, and other
phosphine substituted cobalt carbony] complexes.>-28-40 Similar stretching frequencies
for semibridging carbonyls were earlier reported in other mixed metal cobalt
complexes such as [(tmed)CuCo(CO),] (tmed= N,N,N°’,N’-
tetramethylethylenediamine),*! [Cu(dmpe),){Cu(Co(CO),),)*’ and
[CoRh(CO);(dppm),]. 42

From the X-ray structure it is apparent that there are three distinct sites for
phosphorus atoms. In agreement, the 3!P NMR in DMF solution shows three
resonances with an intensity ratio of 1:2:1 at § = 3.66, 3.28 and -31.19 ppm
respectively. The lowest field resonance may be assigned to the dmpm ligand bridging

cobalt atoms between the two Co,Cu triangles, while the highest field resonance is

attributed to the phosphorus atoms of the dmpm ligand bridging the two copper
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atoms. The remaining resonance at § = 3.28 ppm, which is twice as intense as the
other two resonances, is attributed to the dmpm ligands bridging the Co-Co bonds in
each Co,Cu triangle. Similarly, the 'H NMR exhibits six ..sonances for PMe protons
with an intensity ratio of 1:1:1:2:1:2 at §= 1.04, 1.18, 1.24, 1.42, 1.64 and 1.68
ppm respectively, consistent with the solid state structure. Only one broad resonance
at §= 2.7 ppm for CH,P, protons was observed.

The FAB mass spectrum gave a parent ion peak for Co4Cu,(CO)g(dmpm),* at
m/e 1195, with an excellent agreement between observed and calculated isotope
patterns. In addition EDX analysis reveals cobalt to copper ratio of 4:3 atom percent.
Thus, all of this evidence is fully consistent with the solid state structure established

by the single crystal X-ray diffraction studies and shown in Figure 4.12,

4.4.2. Reactions of 4.1 with Ag(l) and Au(l).

In addition to reaction of 4.1 with Cu* several reactions with Ag(CH;CO,)
and AuCl(SMe,) were attempted to prepare analogous Co-Ag and Co-Au clusters.
Although in some of the reactions involving Au*, spectroscopic evidence indicated
the formation of similar species to the Co-Cu cluster discussed above, these
complexes could not be isolated in pure form from the reaction solutions. There was
no evidence for the formation of analogous Co-Ag cluster species, from the Co-Ag

reaction solutions.

When a solution of {Co,(CO)4(dmpm),] in C,H,4Cl, was treated with Nal in a
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1:2 molar ratio a red solution was formed which, on precipitation with NaBPh,
yielded the bright red crystalline complex [Co,(u-I)(CO)3(u-dmpm),1{BPh,], 4.4.
This product could also be prepared by treating [Co,(CO)4(dmpm),] with I,, followed
by precipitation with NaBPh,.

The IR spectrum of this complex shows carbony! stretching frequencies due to
terminal CO groups at 2018, 1939 and 1901 cm™! while a strong band at 1804 cm*! is
due to bridging CO. These frequencies are significantly shifted towards higher energy
compared to the parent complex [Co,(CO)4(dmpm),) indicative of diminishing
M-CO back bonding. This is consistent with the oxidation of cobalt atoms by iodine,
thus leading to a reduction of electron density on cobalt.

The 3!P NMR spectrum shows a sharp singlet resonance at § =29 ppm and no
change was observed in this resonance at -90°C. This suggests that there is a mirror
plane bisecting the dmpm ligands through the methylene carbons, thus, making all the
phosphorus atoms chemically equivalent. The large downfield shift observed in 31p
NMR is consistent with the deshielding of the 3!P nucleus concurrent with the
increase in the oxidation state of the metal which results in reduced electron density
on the phosphorus atom, either through reduced M -+ Px back bonding or increased
polarization of the phcsphorus lone pair by the more electronegative metal centre.
However, the influence of ring size on the chemical shift can not be ruled out.

The !'H NMR spectrum of 4.4 is shown in Figure 4.14. The resonance for the
methylene protons CH*HPP, of dmpm was clearly resolved into an AB pattern. The
asymmetry observed is consistent with the formation of a Co,(u-I)(-CO) double

bridged structure, which would make the methylene protons inequivalent. Similarly,
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two resonances in a 1:1 intensity ratio were expected and observed at §= 1.56 and
1.71 ppm for the PMe, protons of the dmpm ligands. In addition, the IH NMR shows
resonances due to the BPh," protons in the region 7.0-7.6 ppm. The integration of the
phenyl protons of BPh,™ ion compared with that of the CH,P, or PMe, protons of the
dmpm ligand shows that only cne BPh,™ is prasent. The structure of 4.4 is thus

proved to be [Co,(u-Hu-CO)CO),(k-dmpm),]BPh,.

4.4.4. Reaction of 4.1 with HBF,

When a solution of [Co,(CO)4(dmpm),] in CH,Cl, was reacted with excess
HBF,, it immediately formed a bright red solution from which the bright red solid
4.5 was isolated. The Infrared spectrum of solid 4.5, shown in Figure 4.15, reveals
carbonyl stretches for both terminal and bridging carbonyl groups. Th ..>quencies
for these bands are shifted significantly towards higher energy relative to
[Coy(CO)4(dmpm),]. This clearly indicates that the electronic population on the cobalt
atoms has been reduced due to oxidatior. Similar behaviour was observed when
[Co,(CO),4(dmpm),] was treated with 1, and Nal as discussed in section 4.4.2.

The variable temperature 3!P NMR spectra are illustrated in Figure 4.16. At
room temperature there is a single resonance at § = 30.9 ppm, but this decoalesces
and splits at -90°C into two apparert triplets, centred at § = 34.7 and 30.6 ppm with
2)(PP)= 38 Hz. This clearly indicates that the molecule is fluxional at room
temperature. However at lower temperatures fluxionality is slower and the limiting
spectrum is obtained.

The 'H NMR also 2xhibits temperature dependent behaviour. Thus at rvom
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Figure 4.16: Variable temperature 3!P NMR spectra of 4.5
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temperature it shows a partially resolved quintet resonance at § = 2.9 ppm for the
CH,P, protons with 2J(PH)= 5.5 Hz., which slightly broadened at -90°C. In addition
an unresolved broad resonance at § = 1.8 ppm was observed for the PMe protons.
This resonance is further broadened on cooling the sample to -90°C. No hydride
resonance was observed in the region § = 0-30 ppm. In addition the chemical analysis

suggest a formulation of [Co,(CO);Cl(dmpm),])BF,.

4.4.5. Reaction of 4.1 with CO.

When CD,Cl, solutions of 4.1 were treated with CO gas, red coloured
solutions were produced with identical IR, 3!'P and '"H NMR spectroscopic properties
as exhibited by the complex produced in the reactions of 4.1 with HBF, discussed
earlier in section 4.4.3. Clearly the same complex is formed in both reactions but it

has not yet been fully characterzied.

4.5. Conclusions:

From the reactions of cobalt halide salts with NaBH, in the presence of
dmpm, two products were isolated. This route to obtain phosphine substituted metal
carbonyl complexes is novel, and by adjusting reaction conditions, it gave two
remarkably different products. Thus when the metal to dmpm ratio was 1:2.5 or
higher it produced the binuclear complex [Co,(CO)4(s-dmpm),] (4.1). This dinuclear
complex exhibits unusual solution properties. In solution, it exists as a mixture of
isomers [Co,(u-CO),(CO)y(k-dmpm),] 4.1a, and [Cop(CO)4(k-dmpm),] 4.1b. It is

shown that these species are fluxional in solution, with the carbonyl groups migrating
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easily from terminal to bridging positions. There is evidence that complex 4.1b is
paramagnetic. The details of the mechanisms were investigated using variable
temperature multinuclear NMR and FT-IR techniques. The results obtained show that
there is very small activation energy involved for the interconversion of these
isomers.

When the cobalt : dmpm ratio was approximately 1:1, the reduction with
NaBHj in the presence of CO resulted in the formation of a tetranuclear cluster,
[Co4(1-CO)3(CO)5(u-dmpm),]. The formation of an analogous tetranuclear cluster
with dppm, using the same route has not been observed. This indicates that the steric
bulk of the ligand plays an important role in determining the products formed by this
synthetic route. This observation is further supported from the fact that with dmpm
only one dimeric isomer can be isolated, while with dppm both isomeric species were
isolated. Steric bulk of the ligand also influences the reactivity of the products
formed. Thus, while the dppm bridged dinuclear complex is easily protonated to
produce a symmetrical addition product, [Coz(u-H)(CO)3(u~dppm)2]+,2° this was not
observed with the dmpm analogue. Thus, reaction of [Coy(CO)4(s-dmpm),] with

HBF, produced 4 species without any metal hydride and which exhibits an NMR

pattern consistent with an unsymmetrical product. Similarly, the dppm dimer
[Coy(CO) 4(u-dppm),] did not react with group 11 metal complexes, whereas
[Coy(CO) 4(u-dmpm),] reacted with [Cu(MeCN),]BF, to produce a remarkable mixed
metal cluster [Co,Cu;(CO)g(dmpm),]BF,. This cluster is unique since it contains a

copper atom, which has an unprecedented square planar stereochemistry in cluster

complexes. This study also indicates that the dimeric products formed with dppm and
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dmpm are paramagnetic in solution at room temperature and diamagnetic in the solid
state and at lower temperature in solutions. Thus the metal-metal bond in the isomer
of [Co,(CO)4(u-dppm),] and [Co,(CO)4(u-dmpm),] with no carbonyl bridges may

not exist or is perhaps very weak.
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4.6. Experimental
4.6.1. Synthesis of [Co,(CO)4(dmpm),] (4.1)

CoCl,.6H,0 (0.5 g, 2.1 mmol) was dissolved in EtOH (60 mL). To this was
added dmpm (0.8 mL, 6.95 mmol). The resulting yellowish-brown mixture was
stirred under a slow stream of CO gas for 1 h. An ethanolic suspension (20 mL) of
NaBH, (0.35 g, 9.25 mmol) was than added dropwise over a period of 15 min. The
deep brown mixture so formed was stirred for a further 2.5 h under a slow stream of
CO gas. The yellowish-orange suspension so formed was than filtered off. This was
redissolved in CH,Cl, (10 mL) and a layer of n-pentane (20 mL) was carefully added
to it. The yellowish-orange microcrystalline product, which formed over a one week
period, was filtered off, washed with EtOH (7 mL) and dried under reduced pressure.
A second batch of product could be obtained by evaporating the solvent from the
mother liquor and recrystallizing the residue from CH,Cl, and n-pentane.

Yield: 20 % M.P. 135-137°C

Anal. Calc. for C4H,40,P,Co,: C, 33.53; H, 5.59%; Found: C, 32.85; H, 5.71%.
IR (CH,Cl,): 4.1a, 1945, 1916, 1735; 4.1b, 1953, 1920, 1893,

NMR at -92°C in CD,Cly: 4.1a: 'H, § 1.93[CH*H"P,, H*], 2.75[CH*HP,, HY},
1.50[MeP); '3C, -82°C, § 203.5[terminal CO], 265.5[u-CO], 19.5, 19.0[MeP]; 3P,
-62°C, & 29.85(s).

4.1b: 'H, -90°C, § 2.19[CH,P,], 1.34{MeP]; 13C, not resolved; 3!P, -62°C, &
19.3(s).

FAB-MS: m/z 502; Calc. for Co,(CO)(dmpm),* = 502
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4.6.2. Synthesis of [Coy(CO)g(dmpm),] (4.2)

To a stirring solution of CoCl,.6H,0 (0.90 g, 2.75 mM) in EtOH (60 mL)
was added dmpm (0.40 mL, 3.47 mmol). This solution was than saturated with CO
gas for about 0.5 h, and a suspension of NaBH,4 (0.40 g, 10.57 mmol) in EtOH (20
mL) was then added over a period of 15 min. The mixture turned blackish in colour.
This was stirred under a slow stream of CO gas for a further 2.5 h. Solvent was than
removed to dryness under vacuum. The black solid was dissolved in CgHg (30 aL),
the solution was filtered, some of the solvent (~30-40%) was evaporated by vacuum
and a layer of n-heptane (30 mL) was added to the remaining solution, which was
then set aside for a period of two weeks. The black crystalline complex so formed
was filtered off, washed with n-heptane (10 mL) and dried under reduced pressure.
Yield: 15%

Anal. Calk. for C,gH,303P4C0,4.0.5C;H 4: C, 33.0; H, 4.6%

Found: C, 33.7; H, 3.3%

IR: v(CO), terminal CO’s, 1989, 1963, 1946, 1930, 1893 cm™! and bridging CO’s,
1810, 1773, 1743 cm’.

NMR in CD,Cl,; 'H, 25°C § 2.45[br, CH,P,); 1.47[d, J(PH),, = 8 Hz., PMey);
-90°C & 3.17[br,t, CH°HIP,, 2J(PH)=9.5 Hz.]; 2.05[br, CH*HP,, H]; The
resonance due to H? is buried under PMe, peaks; 1.64[br,d PMe,, J(PH),, = 7
Hz.); 1.49[br, PMe,]; 1.34[br, PMe;]; 1.23{br,d, PMe,, J(PH)p, = 7.5 Hz.); 3'P,
25°C 6 -0.9 (br); -90°C & 6.8(d, J(PP) = 50.4 Hz., P*P®]; -4.8[br,d, J(PP) = 33.6

Hz., F¥]; -11[br, P4].
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4.6.3. Synthesis of [Co,Cu3(CO)g(dmpm)4IBF, (4.3)

To a stirring solution of [Co,(CO),(dmpm),] (0.70 g, 0.14 mmol) in CH,Cl,
(10 mL) was added a suspension of [Cu(MeCN)4]BF, (0.05 g, 0.14 mM) in CH,Cl,
(5 mL). The original dark brown solution immediately turned deep green. The
mixture was stirred for a further 4 h under N, atmosphere. The intensely green
solution so formed was decanted off and a layer of n-pentane was carefully added to
it. This was then allowed to stand over a period of 3 weeks. The mother liquor was
than decanted off and the intensely green crystalline product (large crystals appear
black) was washed with n-pentane and dried under reduced pressure.
Yield: 5% M.P. 174-175°C (decomp.)
IR (Nujol): v(CO)/em! 1981 (vs), 1946 (m), 1917 (sh), 1879 (vs), 1860 (vs), 1838
(m), 1833 (m), 1803 (sh), 1713(vs).
NMR at 25°C in DMF-d,: 'H, § 1.04 (1 Me), 1.18 (1 Me), 1.24 (1 Me), 1.42 (2
Me), 1.64 (1 Me), 1.68 (2 Me), 2.7 (CH,P,); 3'P, 6 3.66 (1 P), 3.28 (2 P), -31.19
(1P).
FAB-MS: m/z 1195; calc. for Co4Cu;(CO)g(dmpm),* 1195, with excellent
agreement between observed and calculated isotope patterns. Accurate mass: found,

1194.708; calc. 1194.715.

4.6.4. Synthesis of [Co,(u-)(CO)3(dmpm),]BPh, (4.4)
Co,(CO)4(dmpm), (0.16 g, 0.32 mmol) was dissolved in C,H,4Cl, (~7 mL)
and stirred under N, gas. An ethanolic solution (~3mL) of Nal (0.1 g, 0.67 mm»l)

was than added to it, forming some suspension. The mixture was stirred overnight,




181
forming a red solution and some white precipitate. The solution was filtered and
excess NaBPh, in ethanol (~2 mL) was added to the filtrate. A layer of ethanol
(~ 15 mL) was then carefully added and this was then left aside over a period of 4
days. The red crystalline complex so formed was filtered off, washed with n-pentane
(~ 10 mL) and dried under reduced pressure.

Yield; 20 % M.P  133-135°C (dec)

Anal: Calc. for C3,H43BI03P4Co0,.1.25CH,Cl,: C, 44.73; H, 4.92. Found: C,
44.74; H, 5.37.

IR: v(CO): 2018 (vw), 1937 (vs), 1901 (sh), 1804 (vs)

NMR at 25°C in CD,Cly: 'H, & 1.7 [d, PMe]; 2.4 [m, CH*HPP,, 2J(PH)= 5.5

Hz.]; 2.68 [m, CH*H®P,, 2J(PH)= 5.5 Hz.]; 7.4 [m, BPh]; 3P, § 29.3 ()

4.6.5. Synthesis of [Co,(CO);Cl(dmpm),)BF (4.5).

To a stirring solution of Coy(CO)4(dmpm), (0.25 g; 0.50 mmol) in CH,Cl,
(10 mL) was added aqueous HBF, in excess. The solution immediately turned from
dark brownish black to red. The mixture was then stirred for a further 5-7 min. under
N,. The aqueous layer was than removed and extracted twice with CH,Cl, (~ 10
mL). The organic layers were combined and a layer of n-pentane (~20 mL) was
added to it carefully. This was left aside over a period of two weeks. The red rod like
crystals so formed were filtered off, washed with n-pentane (~ 10 mL) and dried
under reduced pressure.
Yield: 60 % Anal. Calc. for C3H,4CIBF4O5P4Co,: C, 26.16; H, 4.70;

Found: C, 26.84; H, 4.97%
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IR= 2026 (m), 1973 (vs), 1936 (vs), 1806 (w), 1767 (vs).
NMR in CD,Cl,: 'H, 25°C & 2.9[q,br, CH,P,, ZI(PH) = 5.5 Hz.); 1.8[ br, PMe,);

31p, 25°C 6 30.9(s); -90°C & 34.7 [t, 2J,5=38 Hz] , 30.6 [t, 2] ,5=38 Hz].

4.6.6. Solution Magnetic Moment Studies of 4.1

A sample of [Coy(CO)4(s-dmpm),} (6.1 mg; 0.01 mmol) was dissolved in
CD,Cl, (0.5 mL) containing % CH,Cl, and 5% TMS. This solution was then
transferred into a 5 mm NMR tube. A 3 mm sealed capillary containing % CH,Cl,
and 5% TMS in CD,Cl, was than inserted into it as inner reference and the cap was
closed. 'TH NMR measurements were than recorded from 298°K to 183°K. At the end

of the experiment the inner capillary was removed and another spectrum was recorded

at 298°K.
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Chapter §
Syntheses and Structural Characterization of Monomeric Nickel(Il) Complexes

Stabilized with the Ligand Bis(diphenylphosphino)methane.

5.1 Introduction

Nickel, palladium and platinum all form square planar complexes with
Ph,PCH,PPh, (dppm) of stoichiometry [MCl,(dppm)}, 5.1a, and [M(dppm),}2*.1+4
However, while the palladium and platinum complexes of formula MCl;(dppm), are
formulated as ionic complexes with chelate dppm ligands [M(dppm),]Cl,, 5.1b, the
nickel complex has been formulated as the non-ionic ccmplex with monodentate
ligands cis-[NiCl,(dppm-P),], 5.1c.57 The cationic [Ni(dppm),}** and
[NiCl(dppm),]*, 5.1d, which is thought to have a square pyramidal stereochemistry
at nickel, are only formed to a significant extent with non-coordinating anions such as
perchlorate and tetraphenylborate.s'6 Earlier, it had been thought that dppm would not
chelate to nickel because of the ring strain in the resultant 4-membered ring.5*% The
structures of the complexes 5.1a-d were proposed on the basis of analytical data,
magnetic properties, and IR and UV-visible spectroscopy.

More recently, [NiCl,(dppm),] has been found very useful as a reagent for
synthesis of homonuclear and heteronuclear dpypm-bridged complexes containing
nickel, and also as a catalyst precursor for the stereospecific cross-coupling of alkenyl
halides and alkenyl Grignard reagents to give dienes or of alkyl halides with Grignard
reagent in the presence of CO to give ketones, and also as a catalyst for the coupling

of ethylene and butadiene to give 1,4,9- decatriene.® 13

187%
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Figure 5.1: The geometries of dppm complexes of M(II), (M = Ni, Pd, Pt).




We have used [NiCl,(dppm),] as a precursor to dinickel complexes and noted
that recrystallization led to partial dissociation of dppm with formation of a mixture of
large crystals of [NiCl,(dppm)], which are red-brown in colour, and of
[NiCl,(dppm),], which are black. Since both complexes had been formulated with
square planar cis-NiCl,P, chromophores, the great difference in appearance was
surprising. The structure was, therefore, reinvestigated and the spectroscopic and
crystallographic details of the structure are discussed in the following pages.

This chapter describes the first example of a crystallographically characterized
nickel complex of a chelating dppm ligand. Nickel complexes with chelating dppm
ligands were proposed earlier but the structure was never established with single

crystal X-ray diffraction studies.

5.2 Crystal Structure of [NiCl,(dppm),]

The solid state structure of [NiCly(dppm),] was determined to be [NiCly(n'-
dppm)(nz-dppm)], 5.1e, by an X-ray crystallographic study of its solvate
J.le.C¢HsMe. This was carried out by Dr. Muir at the University of Glasgow. In the
crystal structure, molecules of the nickel complex are separated from those of solvent
by normal van der Waals distances.

The molecular structure of 5.1e is shown in Figure 5.2 and is characterized by
bond lengths and angles in Table 5.1. It is apparent from the Table 5.1 that the Ni-
CI(2) bond distance at 2.527(2).7\ is significantly longer than the Ni-CI(1) bond at
2.228(2)A, however, these distances are within the expected range for Ni-Cl bonds.

Similarly it could also be noted that the bond length Ni-P(1) at 2.192(2)A is
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Table 5.1: Selected Bond distances (A) and Bond Angles (°) for [NiCIz(n'-dppm)
(n*-dppm)]

Ni-Ci(1) 2.228(2) Ni-Cl2) 2.527(2)
Ni - P(1) 2.192(2) Ni - P(2) 2.210(2)
Ni - P(3) 2.218(2) P(1) - C(1) 1.834(6)
P(1) - C(3) 1.803(6) P(1) - C(9) 1.813(6)
P(2) - C(1) 1.834(6) P(2) - C(15) 1.820(6)
P(3) - C(21) 1.818(6) P(3) - C(2) 1.824(6)
P(3) - C(27) 1.815(6) P(3) - C(33) 1.821(6)
P@) - C(2) 1.854(6) P(4) - C(39) 1.843(6)

P(4) - C(45) 1.831(6)

Bond Angles (deg.)

CI(1)-Ni-C1(2) 107.2(1) CI(1)-Ni-P(2) 94.8(1)

CI(2)-Ni-P(1) 93.5(1) CI(2)-Ni-P(3) 93.2(1)

P(1)-Ni-P(3) 97.9(1) Ni-P(1)-C(1) 93.1(2)

Ni-P(1)-C(9) 114.22) C(1)-P(1)-C(9) 106.3(3)
Ni-P(2)-C(1) 92.5(2) Ni-P(2)-C(21) 122.4(2)
C(1)-P(2-C21)  110.2(3) Ni-P(3)-C(2) 112.92)
Ni-P(3)-C(33) 117.2(2) CQ)-PG)-C(33)  102.2(3)
C(2)-P(4)-7739)  104.4(3) C(39)-P(4)-C(45)  102.4(3)
P(1)-Ni-P(2) 73.3(1) P(1)-C(1)-P(2) 91.5(3)
P(3)-C(2)-P(4) 117.1(3) P(1)-C(3)-C(8) 122.2(5)

P(1)-C(9)-C(14)  120.3(5) P2)-C(15)-C(20)  122.3(5)
P(2)-C1)-C26)  121.0(5) P(3)-C27)-C(32) 123.9(5)
P(3)-C(33)-C(38)  119.9(5) P(4)-C(39)-C(44)  125.2(5)
P(4)-C45)-C(50)  125.7(5)
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significantly shorter than the distances Ni-P(2) and Ni-P(3) at 2.210(2) and 2.218(2)A
respectively. This may be attributed to the higher trans influence of the phosphine
ligand compared to the chloride, thus causing lengthening in the distances Ni-Cl(2),
Ni-P(2) and Ni-P(3). It is also apparent from Table 5.1 that the bond angle P(2)-Ni-
P(3) at 171.1° deviates slightly from the ideal 180°, while significant deviation from
the ideal geometry was observed for Ci(1)-Ni-P(1)at 156.1(1)°. The bond angles
CI(2)-Ni- P(1), C1(2)-Ni-P(2) and CI(2)-Ni-P(3) at 93.5(1), 88.9(1) and 93.2(1)°
respectively are close to the ideal 90°. However, the bond angle Cl1(2)-Ni-CI(1) at
107.2(1)° deviates by approximately 17° from the ideal geometry of 90°. The
coordination geometry around nickel is thus best described as intermediate between
trigonal bipyramidal [with P(2) and P(3) atoms at the axial sites] and square
pyramidal [with the CI(2) atom at the axial site. In the low spin, square pyramidal
nickel(l1) complex [NiCl(CHz{P(Ph)CHZCHzNHZ}Zl"’ an even longer Ni-Cl bond
[2.699(7)A] has been observed and its elongation has been ascribed to electronic
effects.!4 A detailed inspection of the non-bonding intramolecular distances in S.1e
however, suggests that steric effects may also be a factor in lengthening the Ni-Cl(2)
bond.

In the four-membered NiP,C(1) chelate ring the methylene carbon atom is
displaced from the NiP, plane by 0.672(5) A, to afford the C(1)...Ni separation of
2.934(6) A. All internal ring angles (Table 5.1) are about 16° less than the ideal
values for unconstrained P-Ni-P (90°), Ni-P-C and P-C-P (ca.109°) angles. Similar
severe angular distortions have also been observed in other dppm chelates such as

tetrahedral [Ni(dchp),] dchp = bis(dicyclohexylphosphino)methane, !® square planar



[PACl,(dppm)], '® [PtPh,(dppm)]'® and [Au(C4Fs),(dppm)]**!7 five-coordinate
[Fe(CO)3(dppm)]'® and octahedral [Mo(CO),(dppm)]!® and [RhHCI(dppm),]*
<:omplc3xes.20

The molecular structure of 5. le reflects the stereochemical flexibility of the
dppm ligands arising, in particular, from their ability to distort substantially the bond
angles subtended at phosphorus and the methylene carbon atoms, and to adopt
different conformatior. ; about the P-CH, bonds. This flexibility, demonstrated in the
present structure by the very different bond angles and conformations associated with
the n!-and n2-dppm ligands, makes dppm a highly versatile ligand, capable of
coordinating the metal atoms in n'-terminal, n2-chelate and n2-bridging modes and

thus efficiently stabilizing mononuclear, binuclear and cluster complexes. 2!

5.3 Spectroscopic Characterization

The diffuse reflectance spectra of [NiCly(dppm)] and [NiCl,(dppm),], as
shown in Figure 5.3, gave a single band at 19,800 cm™! and two band at 20,100 cm™!
and 13,500 cm! respectively. Clearly the extra ligand field band for [NiCl,(dppm),]
at low energy (13,500 cm"!) is responsible for its darker colour in the solid state.
Both [NiCl,(dppm)] and [NiCl,(dppm),] gave orange-red solutions in dichloromethane
and the UV-visible spectra as 1-2x10*M solutions were essentially identical, both
contaii.ng a ligand field band at 21,200 em (e = 2.3x103L mo1”! cm!), and two
other bands at 29,600 cm™! (shoulder) and 33,300 cm”! . Addition of ercess dppm to
either soiution caused a shift of the band to 21,100 cm™!, but no new band appeared.

This suggests that [NiCl,(dppm),] in dilute solution is essentially completely
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dissociated to [NiCl,(dppm)] and free dppm and clearly shows that the solid state
structure of [NiCl,(dppm),] is not retained in dilute solution. "

The 3P NMR spectrum of [NiCly(dppm)] in CD,Cl, solution at room
temperature contained a broad singlet at § = -51.0 ppm, (width at half height 30 Hz)
and at -90°C this sharpened but the chemical shift was not significantly changed (§ =
-50.4 ppm, width at half height 2 Hz). At room temperature [NiCl,(dppm),] failed to
give a 3!P NMR resonance but, at -90°C, a sharp singlet at -39.7 ppm was observed.
When both complexes were present, two sharp resonances at § = -50.4 and -39.7
ppm were observed at -90°C showing that no exchange between the complexes was
occurring at this temperature. The 'H NMR spectrum of [NiCl,(dppm)] contained a
broad resonance at § = 3.62 ppm due to the CH, protons of dppm at both room
temperature and at -90°C. The CH, protons of dppm in [NiCly(dppm),] gave two
broad resonances at § = 4.20 and 4.45 ppm, with partially resolved coupling J(HH)
= ca. 15 Hz, at -90°C but only an extremely broad peak at § = ca. 4 ppm at room
temperature. The phenyl 1H resonances are also temperature dependent. At room
temperature there are three resolved resonances at § = 7.26 (para), 7.50 and 7.58
ppm (ortho and meta), but at -90°C there are at least four resonances between 6.78-
7.40 ppm. The average chemical shift changes from 7.5 ppm at room temperature to
7.2 ppm at -90°C. The NMR data, for solutions of [NiCl,(dppm),] are not consistent
with a static structure 5.1le, as determined in the solid state. Thus, in 5.1e all
phosphorus atoms are non-equivalent but only one resonance, with a chemical shift
consistent with chelating dppm, is observed in the 3P NMR spectrum of

[NiCl,(dppm),] at -90°C. It is, of course, possible that the molecule is fluxional even
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at -90°C such that all phosphorus atoms become effectively equivalent, but we note
that the 'H NMR spectrum at -90°C contains two resonances for the CH,P, protons.
Any form of fluxionality which leads to equivalence of all phosphorus atoms is
expected to lead to equivalence of the CH,P, protons also. Rapid reversible
dissociation of dppm to give [NiCl,(dppm)] at -90°C is also shown not to occur, since
separate resonances are observed when mixtures of the two complexes are present.
Dissociation of dppm from [NiCl,(dppm),] is negligibie at low temperature at the
concentrations used for NMR, since no signal due to [NiCly(dppm)] is observed in
solutions of [NiCl,(dppm),] under these conditions. The static structure 5.1d is
consistent with the NMR data at -90°C, since in this structure all 3!P atoms are
equivalent but the CH,P, protons are not. The cause of the loss of the 3!P signal in
the 3'P NMR and the extreme broadening of the CH,P, signal in the 'H NMR at

room temperature is not clear.

5.4 Conclusions:

The work described in this chapter has given a definitive solution to the
structur2 of [NiCl,(dppm),] in the solid state. The X-ray diffraction studies have
shown that the structure is 5.le, where nickel has the unexpected coordination number
of five and contains both monodentate and bidentate dppm ligands. The .arlier
formulation as structure 5.1c,3*6 which has not been questioned in later papers , !¢ is
therefore incorrect. This work thus shows that dppm can chelate to nickel by forming
a tour membered strained ring and is the first example of a structurally characterized

nickel complex with a chelating dppm ligand. Although the complex is fully
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characterized in the solid state, the structure in solution is still to be settled. In the
concentrated solutions required for NMR, the structure is clearly neither 5.1c nor
S.1e, but is perhaps 5.1d*C1", In dilute solution, as required for studies of the UV-
visible spectra, it is likely that dissociation of dppm to give [NiCl,(dppm)] occurs to a

major extent. The chemistry is much more complex than was previously thought.



109

5.5 Experimental Section

The complex [NiCl,(dppm),] was prepared by the literature method, by
mixing solutions of NiCl,.6H,0 (2.0g; 8.42 mmol) in ethanol (30 mL) with dppm
(6.40g; 16.65 mmol) in toluene (40 mL). The volume of solvent was reduced,
CH,Cl, (20 mL) was added to redissolve some precipitate and the mixture was
layered with pentane (40 mL). A mixture of red-brown crystals of [NiCl,(dppm)] and
black crystals of NiCl,(dppm),.toluene were formed over a period of one week.
Solvent was than decanted off and the crystalline product was washed with n-pentane
(30 mL) and dried under reduced pressure. The compl. ..s were separated by hand
picking large crystals and the pure compounds were used for characterization
purposes. Both complexes were diamagnetic in the solid state (Gouy method) at room

tcmperature.

5.5.1 [NiCly(n*-dppm)), 5.1a

Anal. Calcd. for Co5H5CLHNiP,: C, 59.4; H, 4.0. Found: C, 58.35; H, 4.3%; mp
284-285°C; UV-Vis (CH,Cly): a band at 21,200 cm™! (e = 2.3x10° L mol™! cm™),
and two other bands at 29,600 cm™! (shoulder) and 33,300 cm™!; UV-VIS (solid state,
diffuse reflectance) a band at 19,800 cm™!. NMR at 25°C in CD,Cl,: ’H, § 3.62
[br, 2H]; 7.50 [br, 12H]; 7.98 [s, 8H]; at -90°C the spectrum obtained was
essentially the same except that the resonances for the phenyl protons were broader
with an additional shoulder peak at &§ 7.26. 3!P (25°C) 6§ = -51.0 ppm (width at

half height = 30 Hz.); at -90°C § = -50.4 ppm (width at half height = 2 Hz.);
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5.5.2 [NiCly(n"-dppm) (n>-dppm)}, 5.1e
Anal.Calc. for CgoH,44ClyNiP,.toluene: C, 69.05; H, 5.25. Found: C, 68.1; H,
5.25%; mp 170-173°C  UV-VIS in CH,Cl, is identical to the solution UV-VIS of
NiClz(nz-dppm).; UV-VIS (solid state, diffuse reflectance): two bands at 20,100 cm™!
and 13,500 cm™!. NMR at 25°C in CD,Cl,, 'H & = 4 [br, 4H]; 7.26(s, 8H]; 7.50[s,
16H]; 7.58(s, 16H]; at -90°C & = 4.20[br, 2H]; 4.45[br, 2H); J(HH) = ca. 15 Hz.;
6.78-7.40[br, 40H]; 3!P at -90°C = -39.7 ppm
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Chapter 6

Synthesis, Characterization and Reactivity Studies of Di and Trinuclear Nickel

Complexes Bridged by Bis(diphenylphosphino)methane.

6.1, Introduction

Many catalytic transformations using mononuclear transition metal complexes
have been established now. There is, however, growing interest in binuclear transition
metal complexes due to the anticipation that they will allow for increased versatility in
catalyst design.! There has also been a considerable amount of research effort
directed towards the synthesis and characterization of transition metal cluster
compounds. It is believed that they may also play a role as homogeneous catalysts or
as precursors for catalytically active species.?-3 Diphosphine ligands of the type dppm
and dmpm are often used to stabilize these binuclear and polynuclear metal
complexes. These ligands are very versatile and not only stabilize metals in negative
and zero oxidation states but also in low positive oxidation states. In addition they
yield products with unusual structural properties.58

Over the last several years a considerable amount of work has been done on
the binuclear and cluster chemistry of the group 10 metals palladium and platinum. In
contrast, nickel has received relatively little attention. There are only a few reports on
binuclear nickel complexes stabilized with diphosphine ligands and their structural
properties are even less studied. Thus, it has been shown for group 10 metals that
certain d°-d° dimers may exist in two structural forms depicted in Figure 6.1 as 6.1,

6.3 and 6.2, 6.4 respectively, in which LL is the binucleating ligand dppm

178




173

T L/\L

L o L 8
/C\ / : N
M——M l/M M
cr” /\ C Cl
Cl
6.1, M=M’=Ni 6.2a,M=M’=Pd
6.1, M=Pt, M’ =Ni 6.2b,bM=M’=Pt
6.2c, M=Pd, M’ =Pt
2%
L gR / L gR L
Rl W N

RN C/h I \ RN C/M M '\ ONR
I\R.NC/L L\/L

6.3a, M=M’=Ni 6.4a, M=M’ =Pd
6.3b, M=Pd, M’ =Ni 6.4bM=M’=Pt
6.3c,M=Pt, M’ =Ni 6.4c,M=Pd, M’ =Pt

Figure 6.1: Structures of certain d®-d® dimers of nickel group metals.
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(Ph,PCH,PPh,) or dpam (Ph,AsCH,AsPh,). In the complexes 6.2, 6.4 and several
related "A-frame” complexes, there is no metal-metal bonding and each metal atom
has square planer stereochemistry.? However, in 6.1, 6.3 and related complexes the
metal centres are not equivalent, and the metal-metal distance is in the range expected
if there is a metal-metal bond.!® These have been formulated as mixed oxidation state
complexes with a coordinate metal-metal bond, formed by donation of an electron pair
from a tetrahedral M(0) centre to a T-shaped M(II)centre.© In the nickel group,
structure 6.1 or 6.3 has only been observed if one of the metal centres is nickel and,
in heteronuclear complexes, the nickel is present as the tetrahedral Ni(0) donor M’ in
6.1 or 6.3. The A-frame structure analogous to 6.2 or 6.4 has been found for nickel
in [NiyCl,(-SO)(s-dppm),],!! and it is not obvious why the different structures are

adopted. Another aspect of the chemistry of this type of dinuclear complex is the

reactivity towards the addition of another metal atom across metal-metal bond, thus
forming trinuclear metal complexe:s.n'13 In recent years there has been considerable
research impetus towards the synthesis, structural characterization and reactivity
studies of trinuclear metal clusters, since they provide an opportunity to study the
insight of reactions occurring on the metal surfaces in heterogeneous catalysis. A
large number of such cluster complexes has already been made and their properties
have been investigated.z'3'5 From group 10, the metals Pd and Pt have been
extensively studied and several coordinatively unsaturated trinuclear metal clusters of
palladium and platinum have been characterized.!4-'7 The reactivity of several of

these clusters has also been explored. Thus for example, the coordinatively

unsaturated cluster cations [M;(u-CO)(a-dppm),]“, M=Pd, Pt, have been shown to
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add small ligands in a way which often mimics chemisorption on a metal surface. 18

The scheme 6.1 shows one such example where the addition of halide ions X" gives
the corresponding clusters [M3(p4-X)(143-CO)(is-dppm),] *.18:19
The analogous nickel complexes have not been reported, although there is a

similar cluster [Ni3(ss3-)(43-CNMe)(s-dppm);] *, and there appears to be no
complete triad of nickel group clusters of any kind.20 It was therefore of interest to
synthesize trinuclear nickel clusters stabilized by diphosphine ligands and thus
compare their properties with those of the known palladium and platinum complexes.

This chapter gives details of the synthesis and structural characterization of di-
and trinuclear nickel complexes bridged by the diphosphine ligand dppm. To
understand the unusual structure of the dinuclear nickel complex [Ni,Cl,(u-CO)(u-
dppm),], Extended Huckel Molecular Orbital (EHMO) calculations were carried out

by W. Davis. A summary of these calculations is also given in this chapter.

6.2. Synthesis of [Ni,Cl,(u-CO)(x-dppm),] 6.1
The complex [Ni,Cl,(4-CO)(u-dppm),], 6.1, was prepared by reaction of the
nickel(0) and nickel(II) complexes [Ni,(CO),(u-CO)(u-dppm),}?! and

[NiCl,(dppm),]?? according to equation (6.1).

[Niy(CO),(s-CO)(s-dppm);] + 2[NiCly(dppm),] = 2[Ni,Cl,(u-
CO)(p-dppm),] + CO + 2dppm (6.1)

Complex 6.1 was also obtained by reaction of [Ni(CO),(dppm-P),] with nickel(II)
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chloride. Both synthetic methods are variations of comproportionation of Ni(0) with
Ni(ll) to give Ni(l),. The complex 6.1 was obtained as deep green-black crystals.
Solutions or powdered samples of 6.1 are green while large crystals appear black. In
solution the complex was very sensitive to oxygen, but the solid complex was

oxidized only slowly by air.

6.2.1. The Structure of [Ni,Cl,(u-CO)(s-dppm)3 6.1

The structure of the product was determined by an X-ray crystal structure
analysis of its solvate [Ni,Cl,(4-CO)(u-dppm),].(. 4,Cl, which was carried out by
Dr. Lj. Manojtovic-Muir at the University of Glasgow. The molecular structure of
6.1 is shown in Figure 6.2 and is characterized by bond lengths and angles listed in
Table 6.1. It comprises two NiCl fragments held together by an unsymmetri-.aily
bridging carbonyl [Ni(2)-C(3) 1.790(4), Ni(1)-C(3) 1.926(4) A, Ni(1)-C(3)-Ni(2)
89.5(2)°] and by two bridging dppm ligands providing a trans, cis-configuration
around the metal centres. The NiCl fragments also appear to be linked directly by a
Ni-Ni bond [2.617(1)A] comparable in length with the metal-metal single bonds
observed in other dppm bridged dinickel complexes [Ni-Ni 2.439(1)-2.694(1)A).
10.21.23 1t is apparent from Table 6.1 that the bond angle Ni(1)-Ni(2)-C(3) at 47.4° is
approximately 4° larger than the angle Ni(2)-Ni(1)-C(3) at 43.1°, confirming that CO
is more strongly bonded to Ni(2). This is further supported by the fact that the bond
distance of Ni(2)-C(3) at 1.790(4)A is significantly shorter than the distance of Ni(1)-

C(3) at 1.926(4)A, although both distances are within the expected range for Ni-C

single bonds. Table 6.1 also shows that the CO bond is bent towards the Ni(1) center
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Table 6.1: Selected Bond Lengths (A) and Angles (deg) for [Ni,Cl,(4-CO)(u-

dppm),]

Ni(1) - Ni(2) 2.617(1)
Ni(1) - P(1) 2.231(1)
Ni(1) - C(3) 1.926(4)
Ni(2) - P(2) 2.221(1)
Ni(2) - C(3) 1.790(4)
P(1) - C(Al) 1.826(4)
P(2) - C() 1.844(4)
P(2) - C(D1) 1.824(4)
P(3) - C(E1) 1.833(4)
P@4) - C(2) 1.844(4)
P(4) - C(HI) 1.820(4)

Ni(2) - Ni(1) - C1(1) 162.0(1)
Ni(2) - Ni(1) - P(3)  86.0(1)
CI(1) - Ni(1) - P(1)  92.2(1)
CI(l) - Ni(1) - C(3) 156.8(2)
P(1) - Ni(1)- C(3) 87.5(2)
Ni(1) - Ni(2) - C1(2) 103.7(1)
Ni(1) - Ni(2) - P(4) 103.6(1)
C(1) - Ni(2) - PQ2) 105.3(1)
C1(2) - Ni(2) - C(3) 150.0(2)
P2) - Ni(2) - C(3) 91.0(2)
Ni(1) - P(1) - C(1) 115.4(2)
Ni(1) - P(1) - C(B1) 113.8(2)
C(1) - P(1) - C(B1) 102.7(2)
Ni(2) - PQ2) - C(1) 107.4(2)
Ni(2) - P(2) - C(D1) 115.1(2)

Ni(1) - C1(1) 2.225(2)
Ni(1) - P(3) 2.242(1)
Ni(2) - C1(2) 2.262(2)
Ni(2) - P(4) 2.214(1)
P(1) - C(1) 1.848(4)
P(1) - C(b1) 1.825(4)
P(2) - C(cl) 1.822(4)
P3) - C(2) 1.861(4)
P(3) - C(F1) 1.826(4)
P@4) - C(G1) 1.827(4)
o(1) - C(3) 1.177(5)

Bond Angies (°)

Ni(2) - Ni(1) - P(1) 88.3(1)
Ni(2) - Ni(1) - C(3) 43.1(2)
CI(1) - Ni(1) - P(3) 91.3(1)
P(1) - Ni(1) - P(3) 171.6(1)
P(3) - Ni(1) - C(3) 92.5Q2)
Ni(1) - Ni(2) - P(2) 102.2(1)
Ni(1) - Ni(2) - C(3) 47.4(2)
C1(2) - Ni(2) - P@) 92.6(1)
P(2) - Ni(2) - P(4) 144.0(1)
P@4) - Ni(2) - C(3) 88.2(2)
Ni(1) - P(1) - C(A1) 115.4(2)
C(l) - P(1) - C(A1) 102.9(2)
C(A1) - P(1) - C(BI) 105.1(2)
Ni(2) - P(2) - C(C]) 122.7(2)
C(1) - PQ) - C(C1) 106.7(2)
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C(1) - P(2) - C(D1) 102.0(2) C(C1) - P(2) - C(D1) 100.8(2)
Ni(1) - P3) - C(2) 119.8(2) Ni(1) - P(3) - C(E1) 110.92)
Ni(1) - P(3) - C(F1) 113.6Q2) C@) - P3) - C(El) 102.2(2)
C@) -P@3) - C(F1) 102.5(2) C(El) - P(3) - C(F1) 106.4(2)
Ni(2) - P@) - C(2) 101.4Q2) NiQ2) - P4) - C(Ol) 124.5(2)
Ni(2) - P4) - C(H1) 118.9(2) C@) - P@) - C(Ol) 102.6(2)
C(2) - P(4) - C(H1) 108.0(2) C(Ol) - P(4) - C(H1) 99.6(2)
P(1) - C(1) - P(2) 110.6(2) P3) - CQ2) - P(4) 144.2(2)

Ni(1) - C(3) - Ni(2) 89.5(2) Ni(1) - C3) - (1) 122.4(3)

Ni(2) - C(3) - O(1) 148.2(3)
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as indicated by the bond angles Ni(1)-C(3)-O = 122.4° and Ni(2)-C(3)-O = 148.2°.
The two 5-membered Ni,P,C rings adopt distorted envelope conformations as shown
in Figure 6.3. The metal atoms display significantly different coordination geometries.
Around the Ni(1) atom the geometry is approximately square planar with bond angles
from 87.5-92.5° with maximum deviation of 2.5° from the ideal 90° and with one
coordination site being spanned by the Ni(2)-C(3) bond. In contrast, the geometry
around the Ni(2) atom can be described as highly distorted trigonal bipyramidal, with
the Ni(1),P(2) and P(4) atoms at equatorial and the CI(2) and C(3) atoms at axial
sites. The complex 6.1 is therefore isostructural with 6.1b and 6.3a1%, in which the
bridging CO [Pt-C 2.03(1), Ni-C = 1.77(2)A, Ni-C-O = 145(1)°]in 6.1 or
bridging MeNC [Ni-uC 2.19(1) and 1.824(9)A] in 6.3a respectively is considered
semi-bridging. 19810 The structure is also similar to those of the complexes
[RhM(CO),(u-dppm),], M = Rh, Ir or Co,?* into which it would transform by a
Berry pseudorotation interchanging the position of the equatorial Ni-Ni and axial Ni-
uC bonds around Ni(2).

Complex 6.1 can be considered to be formed from [Ni,(CO),(u-CO)(x-
dppm),], 6.6, by a 2-electron oxidation with substitution of the terminal carbonyl
groups in 6.6 by chloride ligands but with retention of the 4-CO group. Opening of
the P-Ni-P angles from 106° in 6.6 to 172 and 142° in 6.12! leads to conversion of
the cis,cis W-frame2> or cradle type structure!©:21:23 of 6.6 into the trans,cis-structure
of 6.1. The major difference between the structures of 6.1 and its palladium and
platinum congeners,? which have symmetrical A-frame structures, is thus the cis and

trans- geometry of the nickel atoms in the former.
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Pigure 6.3: Molecular structure of 6.1 viewed
approximately along the Ni~Ni bond. Phenyl
carbon atoms are omitted except those bonded
to phosphorus.
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6.2.2. Spectroscopic Properties of [NiyCly(u-CO)(u-dppm)J

The carbonyl stretching frequency in the IR ~nectrum of 6.1 was at 1763 cm’!
in the solid state and at 1765 cm™! in CH,Cl, solution. The close similarity indicates
that the solid state structure with a semi-bridging carbonyl ligand is retained in
solution. For comparison the v(CO) values for 6.2a and 6.2b are 1705 and 1638 cm’!
respectively.® In the nickel group backbonding is usually weakest for palladium so the
higher value of v(CO) for the nickel complex can be attributed to the different
structures, with the ketonic carbonyl in 6.2 giving lower v(CO) values than the semi-
bridging carbonyl in 6.1 [v(CO)=1763 cm™}] or 6.1b [v(CO) 1756 cm™!]. The FAB
mass spectrum of 6.1 gave an envelope at m/e=925 corresponding to (M+H)*,
(figures given for 35C1,58Ni isotopes), and the most intense envelope was at m’ .=889
corresponding to (M-CI)*. There was no peak cc-esponding to loss of O from 6.1,
indicating that the carbonyl group is strongly bound. This is consistent with our
observation that CO is not easily lost from 6.1 by thermolysis, whereas similar
heating of 6.2a or 6.2b easily gives CO and [M,Cl,(u-dppm),].°

The 3P NMR spectrum of 6.1 gives a singlet at §=17.1 at 20°C and this
shifts only slightly to § =17.8 ppm at -90°C in CH,Cl, solution. Since the ground
state structure as shown in Figure 6.1 has two very different phosphorus
environments, it is clear that the complex must be fluxional even at low temperature.
Some further information is obtained from the 'H NMR spectra. At 20°C the CH,P,
protons of the dppm ligands gave an "AB" pattern [§(HF) 2.96, §(HD) 3.33, 2J(H*HD)
= 14Hz], with further unresolved splitting due to 3!P'H coupling, and the spectrum

was essentially the same at -90°C. These data show that the fluxionality creates an
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effective plane of symmetry perpendicular to the Ni-Ni axis, thus making the two
nickel atoms and four phosphorus atoms equivalent but does not create a plane of
symmetry containing the Ni,P,C, skeletor.. Hence the NMR properties are those
expected for an A-frame structure 6.2,% and the fluxional process is defined as the
carbonyl migrating between the nickel atoms, with accompanying changes in
stereochemistry at each nickel as shown in scheme 6.2, perhaps by way of the A-
frame structure 6.2. The NMR data indicate that 6.1 is diamagnetic and this has been

confirmed for solutions in CH,Cl, at 20°C and at -90°C by Evans method.26

6.2.3. Theoretical Studies on [Ni,Cly(1-CO)(u-dppm),]

There have been several studies of bonding in dppm-bridged dimers, including

[M,X,(z-dppm),] and their derivatives of the A-frame type.2>:27+28 In the present
work, the dppm ligands have been substituted by carbonyl! ligands. This is, of course,
a gross approximation which is justified by the need to modify the distances and
angles between donor atoms in order to model both structures 6.1 and 6.2, which
would lead to complications if a model bidentate ligand such as HyPCH,PH, or multi-
atora ligand such as PH; were used to model the dppm donors. The results will only
be used in a qualitative way. The formation of complexes 6.1 or 6.2 can be modelled
in a number of ways. When M =Pt or Pd, complexes 6.2 may be formed by addition
of CO to the d°-d° dimers [M,X»(u-dppm),], X=Cl, 6.7 and this approach is
summarized in Figure 6.4. Approach of the carbonyl ligand in the centre of the M-M

bond of 6.7 (with X groups bent back but maintaining the M-M distance as expected

for a single bond)Z leads to strong interaction between the filled o-donor orbital of
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Scheme 6.2: The mechanism of fluxional process of [Niy(u-CO)Cl,(u-dppm),] 6.1



CO and M-M o-bonding orbital of 6.7 to give a strongly bonding and strongly
antibonding combination as described previously.?” In addition the M-M antibonding
orbital interacts with x*(CO) and is sufficiently stabilized that it becomes the HOMO,
shown as b, in column B of Figure 6.4.27 There are eight roughly non-bonding 5d-
orbitals in a block below b, and a series of vacant 2p1r"'(C0) orbitals above, of which
the lowest is a, in Figure 6.4. The HOMO is at high energy and the HOMO-LUMO
gap b,-a, is low so the molecule is not expected to be stable in this geometry. The
obvious stabilizing distortion of B as shown in Figure 6.4 is to move the metal atoms
apart to give A as depicted in Figure 6.4; the antibonding interactions between the
metal atoms in b, is then minimized as mutual overlap of the metal orbitals decreases.
Of course, A is the observed structure for the complexes when M,M’=Pt or Pd and
the HOMO really is greatly stabilized by the B to A distortion as shown in Figure
6.4. The distortion of B to give the observed structure 6.1 (M,M’=Ni) is less
obvious. The. carbonyl carbon slips towards M’ to give the semi-bridging CO and the
halide ligand X moves below M’, as shown in C in Figure 6.4. The HOMO is
stabilized, partly because the MM’ interaction is less antibonding, as the lower
symmetry at M’ allows more mixing of d-orbitals. Bending the ligands L back from
the Y-axis to change the stereochemistry of M’ from pseudo-square pyramidal to
pseudo-trigonal bipyramidal as shown in D of Figure 6.4 causes further stabilizing of
the orbital derived from b, while the d,, orbital on M’ is destabilized and becomes
the HOMO. The HOMO energy and HOMO-LUMO gap are now similar for D and
A. Of course, D apprrximates the observed structure 6.1 (M =Ni).

The above calculations indicate that A=6.2 and D==6.1 are both viable



Figure 6.4

Key orbital energy changes as complex B
undergoes distortion toward the stable
structures A and D. The major factor
influencing overall stability is the
energy of the HOMO (b, in B).
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structures, but can they explain why A is preferred for Pt and Pd but D is better for
Ni? The calculations were carried out for both Pt and Ni complexes and some results
are shown in Table 6.2. In both cases, A is calculated to be slightly more stable than
D. The only indication that D might be preferable for M=Ni is that the HOMO is at
marginally lower energy and the HOMO-LUMO gap is slightly highei for D when
M=Ni but for A when M=Pt as shown in Table 6.2. Given that the LUMO is #*(L),
where L is a CO substituting for dppm phosphorus donor, it is clear that this is of
limited significance and no further speculation is warranted. In both forms, A and D,
the HOMO-LUMO gap as listed in Table 6.2 is sufficient that the compounds are
expected to be diamagnetic for both Pt and Ni, in agreement with our experimental
data.??

Formation of 6.1=D as shown in Figure 6.4 can also be considered to occur
by addition of CO to only one metal centre of [M,X,(s-dppm),], whereupon that
centre would attain an 18-electron configuration and its stereochemistry would change
from square planar (dsp?) to trigonal bipyramidal (dsp3), as shown in structuze F of
Figure 6.5. Complex F could also be formed by donation of electron density from an
18-electron M(0) fragment [M’(CO)XL,J" (with geometry distorted from tetrahedral
as in G, Figure 6.5, so as to give a filled metal-based orbital directed along the x-
axis) to a T-shaped 14-electron fragment [M(CO)L,]*, E depicted in Figure 6.5,

which has a vacant acceptor orbital directed along the x-axis. It will be instructive to

carry out calculations using the latter model since this may give insight into the

proposed donor-acceptor metal-metal bonding in 6.1 and related compounds.® A

correlation diagram is shown in Figure 6.5. It can be seen that a strong interaction is




Table: 6.2 Selected Parameters (E, energy, eV; Q, charge, e) from the EHMO

Calculations.

Complex E(total)

QM )Y(M,M’)
M,M’)

5 (PY) -1309.8
B (Pt) -1510.2
A (PV) -1511.6
C (PY -1510.4
D (PY) -1510.6
F (Pt) -1509.2
5 (Ni) -1326.4
B (Ni) -1525.4
A (Ni) -1526.8
C (Ni) -1526.0
D (Ni) -1526.4
F (Ni) -1525.0

E(H)*

-11.85 1082
-10.56 0.31
-11.62 1.67
-11.22 0.80
-11.59 1.56
-11.10 1.23
-12.09 2.04
-10.63 0.44
-11.49 1.54
-11.29 1.35
-11.75 1.94
-11.26 1.59

% E(H) = Energy of the HOMO
b E(H-L)= HOMO-LUMO gap

EH-L)® M-M’overlap Q(M)

0.28
0.00
-0.05
0.04
0.12
0.27
0.10
-0.14
-0.11
-0.11
-0.05
0.09

0.24
0.52
0.42
0.33
0.44
0.10
0.10
0.43
0.37
0.45
0.46
0.04

0.24
0.52
0.42
0.29
0.70
0.75
0.10
0.43
0.37
0.35
0.38
0.55

189
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Figure 6.5: Molecular orbital correlation diagram for
formation of the idealized square planar-
trigonal bipyramidal complex F, from the
fragments [MXL,]" (14 electron) and
[MX(CO)L,)” (18 electron), with formation of

f—bonding MO.

a og(M-NMN'




predicted between the HOMO of G, having mostly M* d,2, p, character, and the

LUMO of E, having mostly M d,, 5 character, to give a d(M-M’) bonding orbital.
In the process, dyy., character of M’ is mixed in as shown in Figure 6.5. This
donation of charge from G to E is calculated to be sufficiently great that, when charge
in F is apportioned to each fragment from which it was derived, fragment E is
negatively (-0.25 e when M, M’ = Pt) and G positively (+0.25 e when M, M’ = Pt)
charged. This is a classic situation for formation of a semi-bridging carbonyl since
sliding the carbonyl ligand of F towards M would allow it to remove charge from M
by backbonding.3?

This then leads naturally to structure D = 6.1. A series of calculations were
made as the angle ® (angle M-M’-CO, Figure 6.6) decreased from 90° to 50° and
some results are shown in Figure 6.6. As © decreases, the orbital o(M-M’) is
stabilized while other orbitals are not much changed, and hence this distortion leads to
net stabilization. The orbital character becomes complex, and includes much mixing
with x*(CO), such that in D (@ ca. 50°) it is best considered as a 3-centre 2-electron
bond with little computed metal-metal bonding character.3! In addition, the computed
charges on the two fragments E and G shown in Figure 6.6 decrease and then reverse
as © decreases as depicted in Figure 6.6. This is consistent with the expected effect of
the semibridging carbony! in removing electron density from fragment E. However,
there is an equally valid way of rationalizing this effect. As © is reduced from 90° the
fragment G moves towards its more stable tetrahedral geometry (sp® for a 4-
coordinate d!® complex) and the HOMO is stabilized (moving the CO ligand away

from the z-axes reduces the - antibonding character of d,2 and allow d,2 to CO »*
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Figure 6.6: Bottom: Changes in the energies of three
frontier orbitals (x# (L), o(M~-M), and 4, (X’)
in figure 6.38}. Top: Changes in the chxrqo-
on the fragments B and G, as the angle @ is
reduced from the value of 90° in structure 7.
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backbonding, both of which effects stabilize the HOMO of fragment G). The result is
that the distorted fragment G is a poorer donor and donates less charge to fragment E.
The donor orbital of the distorted fragment G backbonds strongly to CO and so
becomes a mixed M’C donor rather than a more pure metal-centred donor. Whichever
way one looks at this, the result is that in the case with © ca. 50° the computed
charge on fragment E is +0.63 ¢ (M, M’ = Pt) and +0.44 ¢ (M, M’ = Ni).32 Thus,
the original charge of -1 ¢ on the distorted (8 = 50°) fragment G is only partly
donated to fragment E and so, given the reservations outlined above,:"'32 itis
reasonable, although over simplified, to regard the complex 6.1 as containing a
donor-acceptor metal-metal bond with some residual polarity

{MXL,}%* {M"(CO)XL,}%". Thus all the theoretical and experimental results clearly

show that the structure shown in Figure 6.2 is the most reasonable for the [Ni,Cl,(u-

CO)(u-dppm),).

6.3. Synthesis of [Niy(43-C)(145CO)(u-dppm),ICl, 6.5
The formal oxidation state of the metal atoms in [M;(k3-CO)(u-dppm);]2+ or
[M;(p3-C)(13-CO)(ps-dppm),] * is +2/3 and there are a number of logical ways to
prepare such complexes. For example, 2Ni(0) + Ni(II) or Ni(0) + 2Ni(I) might give
3Ni(2/3). A number of such reactions, for example, [Niy(s-CO)(CO),(s-dppm),)?!
with {NiCly(dppm)], [NiCly(dppm),]*3 or [Ni,Cly(1s-CO)(s-dppm),]2%-34 in the
required ratio, were attempted unsuccessfully. The clusters [M;(u3-CO)(u-dppm); 12+
with M=Pd or Pt are most easily prepared by reduction of [M(O,CCF;),(dppm)]

with CO/H,0'® but this route was also unsuccessful when M=Ni. Finally, the cluster
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{Ni3(u3-Cl)(13-CO)(1-dppm);]Cl was prepared by reaction of [Niy(u-CO)(CO),(u-
dppm),)?! with refluxing 1,2-dichloroethane. This reaction uses the solvent 1,2-
dichloroethane as both oxidant and source of chloride, according to equation 6.2. A

similar reaction using 1,2-dibromoethane as oxidant was unsuccessful since oxidation

to nickel(II) appeared to occur.

3[Ni2(“‘C0)(CO)z(“'dpm)2]+ 2C2H4C'2 - 2{[Ni3(p3-Cl)(n3-
CO)(u-dppm);]1* CI'} + 7CO + 2C,H, (6.2)

The complex [Nij(u3-Cl)(143-CO)(1s-dppm);]Cl1 was also prepared by heating
[Ni,Cl,y(u-CO)(u-dppm),], 6.1, briefly to 100°C under vacuum. The intention was to
drive off CO and form [Ni,Cl,(u-dppm),], by analogy with the corresponding
reactions when M=Pd or Pt,? but the only product was [Niy(i3-CI)(is3-CO)(p-
dppm);]Cl. A possible stoichiometry is shown in equation 6.3, though the volatile

product was not characterized.

3[Ni,Cl, (4-CO) (u-dppm),]+ 2[Ni(5-CD)(4s3-CO) (u-dppm),]Cl + COCl, (6.3)

6.3.1. X-ray Diffraction Studies of [Ni3(u;-CD)(13-CO)(u-dppm);]

The reaction product, [Nij(p3-Cl)(13-CO)(u-dppm);]Cl, was crystallized from
a dichloroethane/pentane mixture in the presence of NaBPh,, and the identity of the
product was then established by an X-ray diffraction study of [Ni;(u3-Cl)(u3-CO)u-
dppm);][BPh,)-C,H,Cl,, which was carried out at the University of Glasgow,
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Scotland.

In the crystal structure of the salt, the solvent molecules C,H4Cl, are loosely
entrapped in what would have been voids and their relatively high atomic
displacement parameters suggest that they may be somewhat disordered. The
geometry of the [BPhy]" ions is as expected [B-C 1.631(9)-1.654(9)A, C-B-C 104.0(5)
- 112.7(5)°]. The stucture of the molecule is shown in Figure 6.7 and the bond
distances and angles are listed in the Table 6.3.

The structure of the cationic cluster 6.5, as shown in Figure 6.7, is closely
similar to those of the complexes [Pd;(p3-X)(15-CO)(u-dppm);]+, X=Cl or I,!8:19
and [Ni3(s3-1)(s3-CNMe)(u-dppm);]* .20 It contains a triangular Nij cluster, with Ni-
Ni distances [2.381(1)-2.418(1*A] indicative of nickel-nickel single bonds [2.37-2.69
A).20:29.33 The edges of the Nij triangle are bridged by three dppm ligands to form a
roughly planar [Ni;Pg]2* skeleton, with the Ni-P bond lengths [2.195(2) - 2.214(2)A]
lying within the range of those previously observed (2.18-2.26A),10¢:20,23b,35.36 The
capping sites above the opposite faces of the Ni; cluster are occupied by triply
bridging Cl and CO ligands, forming a distorted trigonal bipyramidal [Ni;(u3-Cl)(u3-
CO)]* unit. The data from Table 6.3 show that the CO ligand is distorted towards the
Ni(1)-Ni(2) bond; thus the distance Ni(2)-C at 1.956(15)A is significantly longer than
the distances Ni(1)-C and Ni(3)-C at 1.913(15) and 1.908(16)A respectively. This is
further supported by the fact that the bond angles C-Ni(1)-Ni(2) at 52.5(4)° and C-
Ni(3)-Ni(2) at 52.9(4)° are slightly larger than the angles C-Ni(2)-Ni(1) and C-Ni(2)-
Ni(3) at 50.9(5) and 51.1(5)° respectively. The distortion of the CO ligand also
affected the binding of the chloride ion. Thus, the Cl atom appears to be more weakly
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Figure 6.7: The X~-ray structu
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Table 6.3: Selected bond lengths (A) and angles (°) in

{Ni3(33-C1) (3-CO) (u-Ph,PCH,PPh,);1*

Ni(1) - Ni(2)
Ni(1) - CI(1)
Ni(1) - P(1)
Ni(1) - C(1)
Ni2) - Ni(3)
Ni2) - Cl(1")
Ni(2) - P(3)
Ni(2) - C(1")
Ni(3) - CI(1")
Ni(3) - P(5)
Ni(3) - C(1")
P(1) - C(Al)
P(2) - C(2)
P(2) - C(D1)
P(3) - C(El)
P4) - C(3)
P(4) - C(H1)
P(S) - C(i1)
P(6) - C(4)
P(6) - C(L1)

Bond Angles (°)
Ni(2)-Ni(1)-Ni(3)
Ni(2)-Ni(1)-CI(1")
Ni(2)-Ni(1)-P(6)
Ni(2)-Ni(1)-C(1")
Ni(3)-Ni(1)-Ci(1°)
Ni(3)-Ni(1)-P(6)

2.400(1)
2.497(16)
2.207(2)
1.913(15)
2.381(1)
2.598(30)
2.195(2)
1.847(37)
2.549(32)
2.196(2)
1.819(34)
1.829(5)
1.833(5)
1.819(6)
1.825(6)
1.832(5)
1.822(6)
1.822(5)
1.830(5)
1.826(6)

59.2(1)
61.1(6)
156.2(1)
49.2(12)
59.6(6)
98.6(1)

Ni(1) - Ni(3)
Ni(1) - C1(1?)
Ni(1) - P(6)
Ni(1) - C(1")
Ni(2) - CI(1)
Ni(2) - P(2)
Ni(2) - C(1)
Ni(3) - CK1)
Ni(3) - P(4)
Ni(3) - C(1)
P(1) - C(2)
P(1) - C(B1)
PQ2) - C(CI)
P(3) - C(3)
P(3) - C(F1)
P(4) - C(G1)
P(5) - C4)
P(5) - C(J1)
P(6) - C(K1)
o(1) - C(1)

Ni(2)-Ni(1)-CK(1)
Ni(2)-Ni(1)-P(1)
Ni(2)-Ni(1)-C(1)
Ni(3)-Ni(1)-CI(1)
Ni(3)-Ni(1)-P(1)
Ni(3)-Ni(1)-C(1)

2.418(1)
2.690(28)
2.210(2)
1.900(38)
2.605(16)
2.205(2)
1.956(15)
2.563(16)
2.214(2)
1.908(16)
1.838(5)
1.824(6)
1.808(6)
1.828(5)
1.816(6)
1.815(6)
1.830(5)
1.810(6)
1.814(6)
1.102(37)

64.2(4)
95.4(1)
52.5(4)
62.8(4)
154.6(1)
50.7(5)
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Ni(3)-Ni(1)-C(1°)
CI(1)-Ni(1)-P(6)
CI(1")-Ni(1)-P(1)
CI(1)-Ni(1)-C(1*)
P(1)-Ni(1)-C(1)
P(6)-Ni(1)-C(1)
Ni(1)-Ni(2)-Ni(3)
Ni(1)-Ni(2)-CI(1°)
Ni(1)-Ni(2)-P(3)
Ni(1)-Ni(2)-C(1")
Ni(3)-Ni(2)-CI(1*)
Ni(3)-Ni(2)-P(3)
Ni(3)-Ni(2)-C(1")
CI(1)-Ni(2)-P(3)
CI(1°)-Ni(2)-P(2)
CI(I’(-Ni(2)-C(1")
P(2)-Ni(2)-C(1)
P(3)-Ni(2)-C(1)
Ni(1)-Ni(3)-Ni(2)
Ni(!)-Ni(3)-CI(1°)
Ni(1)-Ni(3)-P(5)
Ni(1)-Ni(3)-C(1")
Ni(2)-Ni(3)-CI(1")
Ni(2)-Ni(3)-P(5)
Ni(2)-Ni(3)-C(1")
CI(1)-Ni(3)-P(5)
CI(1’)-Ni(3)-P(4)
CI(1’)-Ni(3)-C(1°)
P(4)-Ni(3)-C(1)
P(5)-Ni(3)-C(1)
Ni(1)-CI(1)-Ni(2)

48.0(10)
99.1(4)
108.5(6)
95.7(13)
114.0(5)
122.1(4)
60.8(1)
65.0(6)
156.9(1)
51.1(10)
61.4(6)
97.1(1)
49.0(10)
118.1(4)
120.9(6)
100.2(13)
124.7(4)
111.0(4)
60.0(1)
65.5(5)
96.5(1)
50.9(11)
63.5(6)
156.1(1)
50.0(12)
102.1(4)
99.5(5)
102.8(14)
111.5(5)
117.5(4)
56.1(4)

CI(1)-Ni(1)-P(1)
CI(1)-Ni(1)-C(1)
CI(1*)-Ni(1)-P(6)
P(1) -Ni(1)-P(6)
P(1) -Ni(1)-C(1")
P(6) -Ni(1)-C(1°)
Ni(1)-Ni(2)-CI(1)
Ni(1)-Ni(2)-P(2)
Ni(1)-Ni(2)-C(1)
Ni(3)-Ni(2)-C1(1)
Ni(3)-Ni(2)-P(2)
Ni(3)-Ni(2)-C(1)
CI(1)-Ni(2)-P(2)
CI(1)-Ni(2)-C(1)
CI(1°)-Ni(2)-P(3)
P(2)-Ni(2) -C(1")
P(2)-Ni(2) -C(1°)
P(3)-Ni(2)-C(1")
Ni(1)-Ni(3)-CI(1)
Ni(1)-Ni(3)-P(4)
Ni(1)-Ni(3)-C(1)
Ni(2)-Ni(3)-CI(1)
Ni(2)-Ni(3)-P(4)
Ni(2)-Ni(3)-C(1)
CI(1)-Ni(3)-P(4)
CI(1)-Ni(3)-C(1)
CI(1°)-Ni(3)-P(5)
P(4)-Ni(3) -P(5)
P(4)-Ni(3) -C(1")
£(5)-Ni(3)-C(1")
Ni(1)-CI(1)-Ni(3)

110.0(4)
103.4(6)
117.6(5)
106.7(1)
118.2(9)
110.4(11)
59.7(4)
98.6(1)
50.9(5)
61.7(4)
157.4(1)
51.1(5)
100.9(4)
98.5(6)
99.5(5)
104.2(1)
111.7(10)
120.8(10)
60.1(4)
157.2(1)
50.8(5)
63.5(4)
98.4(1)
52.9(4)
119.3(4)
101.3(6)
113.3(6)
105.5(1)
122.3(10)
112.8(11)
57.1(4)
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Ni(2)-CI(1)-Ni(3)  54.9(4) Ni(1)-CI(1’)-Ni(2)  53.9(6)
Ni(1)-CI(1')-Ni(3)  54.9(7) Ni(2)-C(1°)-Ni(3)  55.1(7)
Ni(1)-P(1)-C(2) 107.0(2) Ni(1)-P(1)-C(A1)  122.0(2)
Ni(1)-P(1)-C(Bl)  117.7(2) Ni(2)-P(2)-C(2) 108.92)
Ni(2)-P(2)-C(C1)  119.2) Ni(2)-P2)-C(D1)  113.7(2)
Ni(2)-P(3)-C(3) 110.0(2) Ni(2)-P(3)-C(E1)  116.2(2)
Ni(2)-P(3)-(F1) 118.2(2) Ni(3)-P(4)-C(3) 108.6(2)
Ni(3)-P@)-C(G1)  118.8(2) Ni(3)-P@)-C(H1)  117.5(2)
Ni(3)-P(5)-C(4) 108.3(2) Ni(3)-P(5)-C(1)  118.3(2)
Ni(3)-P(5)-CO1)  117.5Q2) Ni(1)-P(6)-C(4) 107.7(2)
Ni(1)-P(6)-C(K1)  121.3(2) Ni(1)-P(6)-C(L1)  118.8(2)
Ni(1)-C(1)-Ni2)  76.7(6) Ni(1)-C(1)-Ni(3)  78.5(7)
Ni(1)-C(1)-0(1)  138.9(18) Ni(2)-C(1)-Ni(3)  76.1(6)
Ni(2)-C(1)-0(1)  128.8(19) Ni(3)-C(1)-0(1)  133.6(17)
Ni(1)-C(1")-Ni2)  79.7(17) Ni(1)-C(1")-Ni(3)  81.1(15)
Ni(1)-C(1")-0(1*)  127.7(51) Ni(2)-C(1’)-Ni(3)  81.0(17)
Ni(2)-C(1")-0(1")  135.5(50) Ni(3)-C(1')-0(1")  131.6(52)
P(1)-C(2)-P(2) 108.3(3) P(3)-C(3)-P(4) 108.93)

P(5)-C(4)-P(6) 110.4(3)
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bound to Ni(2) compared to Ni(l) and Ni(3) as is evident from the bond distance data
which show that the Ni(2)-Cl distance at 2.605(16)1\ is longer than the Ni(1)-Cl and
Ni(3)-Cl distances at 2.497(16) and 2.563(16)A respectively. This is also apparent
from the bond angles C1-Ni(1)-Ni(2) at 64.2(4)° and CI-Ni(3)-Ni(2) at 63.5(4)° which
are slightly longer than the angles C1-Ni(2)-Ni(1) and CI-Ni(2)-Ni(3) at 59.7(4) and
61.7(4)° respectively. The close sim’arity of 6.5 with its palladium analogue,
[Pd3(3-C1)(13-CO)(is-dppm),] *,18:19 extends to the observed CI/CO disorder, each
ligand spanning the capping sites on both sides of the Ni, cluster as shown in Figure
6.8. The two resulting orientations of the [Ni3(u3-Cl)(u3—CO)]+ unit occur with 70:30
occupancy. Although the accuracy of the bond lengths and angles in the [Nij(u5-
Cl)(u3-CO)]+ unit (Table 6.3) is somewhat lowered by the Cl/CO disorder, the Ni-C
distances {1.82(4) - 1.96(2)A] are in accord with those [1.77 - 2.203 A] found in the
[Ni3(z;-CO)(-Me,PCH,PMe,) ]2 cluster and in some carbonyl bridged binuclear
complexes, 108:21,29,34.37 The N;j-Cl distances [2.50(2) - 2.60(3) A] can be compared

with long Ni-Cl bonds of 2.527(2) A in [NiClz(dppm),j” and 2.699(7) A in

[NiCl(CH,{CH,P(Ph)CH,CH,CH,NH,},)},%° but they are substantially longer than
the distances [2.22 - 2.27 A] considered typical of normal covalent Ni-Cl

bonds. 108:11,29.37 1p the closely related complexes [Pd3(i3-X)(13-CO)(u-dppm),] *,
X=Cl or I, and [Niz(s3-X)(k3-CNMe)(u-dppm);]*, X=I, the metal-halogen bonds
are also abnormally long [Pd-Cl 2.74 - 3.16, Pd-I 2.95 - 3.03, Ni-1 2.73 - 2.78 A).1%-
20 1t thus appears that weak covalent character of the M3(u3-X) interaction is a

common feature of the halide adducts of the [M(i3-CO)(i-dppm);J2* (M=Ni or Pd)

and [Niz(s-CNMe)(u-dppm);]>* clusters.
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In 6.5 and in the other crystallographically characterized [M3(u3-X)(14-CO)(u-
dppm);]* complexes (M = Pd, X = CI', I or CF;CO0; M = Pt, X = SnFy),18:19
40.41 the three M,P,C rings adopt envelope shapes, two with the CH, groups at the
flaps lying above, and the third with the CH, group at the flap lying below, the M3P¢
Plane. Thus one CH, group and four axial plus two equatorial pheny! groups fcrm a
fence around one, and two CH, groups and two axial plus four equatorial phenyl
groups around the other face of the M3Pg skeletons as shown in Figure 6.7. In such a
conformation of the [M3(u—dppm)3]2+ fragment the two faces of the M, cluster are
exposed to sterically different environments, the steric hindrance being larger within
the fence comprising four axial phenyl groups. The CI/CO disorder observed in 6.5
and in its palladium analogue, resulting in two different orientations of the [My(u4-
C1)(13-CO]™* unit with respect to the [M3(s3-dppm);])2* skeleton, shows that small
ligands, such as Cl and CO, can bind to either face of the M, cluster. The ligands
with higher steric requirements, such as I', CF;COO" and SnF5", display a preference
for the face of the M3 cluster surrounded by the smaller number of the axial phenyl

groups.

6.3.2. Spectroscopic Studies of [Niy(13-CD(u5-CO)(-dppm);]*
The infrared spectrum of [Ni3(u43-Cl)(43-CO)(u-dppm)]Cl shows a carbonyl

stretching frequency at 1717 cm™], and the low energy shift of this band is indicative
of carbonyl being triply bridging. Analogous [Pd;(x3-CO)(Cl)(dppm);]PF¢ and

[Pt3(k3-CO)(Cl)(dppm);]PFg complexes exhibit v(CO) stretches at 1820 and 1767

cm’! respectively. This clearly indicates that backbonding to CO is strongest for Ni




and weakest for Pd, which is the usual trend in this triad.

The 3P NMR spectrum of 6.5 in CD,Cl, solution shows a singlet resonance
at § = -3.0 ppm. This suggests that all the phosphorus atoms are equivalent. For
bridging dppm complexes of nickel the phosphorus shift in the NMR spectrum is
usually in the region § = 15-30 ppm.!%12 The high field shift for 6.5 indicates
higher shielding of phosphorus in the cluster. Similar higher field chemical shifts have
also been reported for {Nij(u3-CNMe)(u5-1)(dppm);]I, § = 0.02 ppm and [Nij(u3-
CNMe)(CNMe),(k3-1)(dppm),]1, & = 0.5 ppm.35:42

The 'H NMR spectrum of 6.5 from room temperature to -90°C remains
unchanged except for a slight broadening. The spectrum shows only a broad
resonance at § = 3.86 ppm attributed to the CH, protons of the dppm ligands and
multiplet resonances spanning in the range of 6.6-7.4 ppm for phenyl protons of
dppm. For this type of complex, two resonances are expected for the P-CH,-P
protons. However, no such observation was made which suggests that there is a rapid
fluxional process occurring in solution or that there is accidental degeneracy of the
chemical shifts. The latter is more probable since no very easy mechanism for C/CO

exchange can be envisaged.

6.4. Miscellaneous Reactions:

In recent years studies to investigate the reactivities of binuclear and cluster
complexes towards different metal reagents have received considerable attention. One
of the prime objectives of such studies is to make heteronuclear complexes which

might be useful in catalysis. We also investigated in this regard our dinuclear and




trinuclear complexes. Some of the results which were obtained in these studies are

summarized here.

6.4.1. Reactions of [Niy(4-CO)(CO),(s-dppm),].
Reactions of this complex with many reagents were attempted, but in most
cases mixtures were obtained which could not be purified. Only those reactions which

gave clean products are discussed here.

6.4.1.1. Reaction with HPFg:

When cold solutions of [Ni,(u-CO)(CO),(u-dppm),] in CH,Cl, were reacted
with HPFg, a light yellow complex was formed. The infrared spectrum of this
complex shows both bringing and terminal carbonyl stretches [v(CO) = 2049(s),
2035(vs), 1998(vw), 1993(vw), 1858(vs) cm‘l] and the frequencies were shifted to
higher energy region compared to the parent [Ni,(4-CO)(CO),(4-dppm),] complex
[v(CO) = 2000(w), 1972(vs), 1955(vs), 1915(sh), 1790(vs) cm!]. A single resonance
was observed in the 3'P NMR at § = 26 ppm suggesting that all phosphorus atoms
are in equivalent environments. The IH NMR spectrum of this complex shows, in
addition to the resonances for the CH, protons of the dppm at § = 2.56 and 3.06
ppm, an upfield quintet resonance at § = -11.05 ppm with J(PH),, = 28Hz.,
attributed to a hydride ligand bound symmetrically to the two nickel atoms. Thus, on
the basis of these data the complex was characterized as the known [Ni,(u-

CO)(CO),(u-H)(u-dppm),}PF4.43



6.4.1.2. Reaction with [Cu(MeCN)]BF,

The reaction of [Niy(u-CO)CO),(s-dppm),] with [Cu(MeCN),]BF, in MeCN
solution produced a yellowish green complex, which can also be readily prepared by
the addition of [Cu(MeCN),]BF, to a cold solution of [Ni(CO),(n'-dppm),]. The 3P

NMR spectrum of this complex along with a possible structure is shown in Fig 6.9.

6.4.1.3. Reaction with Ag*

The reaction of [Niy(s-CO)(CO),(s-dppm),} with Ag* in MeCN solution
produced a dark solution. The 3!P NMR spectrum shows a very similar pattern as
found for the Cu reaction product discussed above. However, the product could not

be isolated to do further analysis.

6.5. Conclusions:

The chemistry of metal-metal bonds has been shown to be important in
organometallic chemistry. A large number of di and polynuclear complexes have been
prepared and studied in this regard. It has also been shown that reactions of these
metal-metal bonded complexes produce a large variety of products with unusual
physical and structural properties. In recent years, numerous theoretical studies have
also been carried out to understand the mechanism of the formation and stability of
the products.

This chapter gives details of one such study where experimental, spectroscopic

and theoretical tools were collectively used in an attempt to get insight into the

mechanism of formation and the unusual structure of nickel- nickel bonded
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complexes. Thus, the dinuclear nickel complex [Ni,(1-CO)(CD),(u-dppm),}, 6.1,
which is synthesized from the reaction of [Niy(u-CO)(CO),(u-dppm),] and
[NiCl,(dppm),] exhibits very unusual structural properties. The MO calculations
performed on this complex and the platinum analogue show that the observed
structures 6.1 or 6.2 are more stable than other possible structures such as B (Figure
6.4) or F (Figure 6.5). However, the calculations gave very similar results for the Pt
and Ni derivatives and so do not explain why the different structures 6.2 and 6.1
respectively are adopted. For both metals, the energies of 6.1 and 6.2 are calculated
to be very similar and so easy interconversion between these structures might be
predicted. Since the Pt or Pd complexes 6.2 have high symmetry, it is not easy to
determine if conversion to 6.1 is facile. However, the NMR data discussed above
show clearly that the less symmetrical nickel complex 6.1 is fluxional and, on the
NMR time scale, has the symmetry characteristic of 6.2. The fluxionality is still rapid
at -90°C as evidenced by the observation of a sharp singlet in the 3!P NMR spectrum
at this temperature. It was also shown that the fluxionality requires an intermediate or
transition state with a symmetrical bridging CO ligand and B (Figure 6.4) is the most
likely candidate, as suggested in equation 6.2. Thus there is experimental as well as
theoretical evidence that structures 6.1 and 6.2 may readily interconvert.

The heating of complex 6.1 is shown to yield rather unexpectedly a trinuclear
cluster [Niz(u3-CO)(i3-Cl)(u-dppm);]* which could also be readily prepared in high
yield by refluxing [Niy(u-CO)(CO),(s-dppm),] in C,H,Cl,. The cluster has
unsymmetrically triply bridging carbonyl and chloride ligands. This cluster, which is

characterized by X-ray crystallography, completes the first triad of trinuclear clusters




of the type [M3(CO)(Cl)(dppm);]* of group 10 metals. The structural properties of
this cluster are shown to be very similar to that of the analogous Pd and Pt clusters.
However, in contrast to the palladium and platinum clusters which have been shown
to react readily with many small molecules, this nickel cluster is found to be rather
inert towards the few reactions which were attempted to determine its reactivity for
example Mel, I,, CH,l,, PhCaCPh, AgO,CMe and AuCi(SMe,).

The reactions of [Niy(u-CO)(CO),(x-dppm),] with other metal complexes,
such as complexes of Cu, Ag and Au, have been shown to produce heteronuclear
complexes, although these complexes have not been fully characterized yet.

6.6. Experimental
Nickel complexes were handled under an atmosphere of dry nitrogen by using

standard Schienk tube and drybox techniques.

6.6.1. [Ni,ClL,(4-CO)(u-dppm),], 6.1
A solution of [NiCl,(dppm),] (0.04 g) in CH,Cl, (5 mL) was added to a

solution of [Niy(CO),(u-CO)(u-dppm),] (0.03 g) in CH,Cl, (10 mL) at room
temperature. Over a period of 4 h., the colour of the solution changed from red-
brown to green. The solution was layered with EtOH and left for 2 days, whereupon
deep green-black crystals of the product precipitated. This was separated by filtration,
washed with EtOH (10 mL), then pentane (10 mL) and dried under vacuum. Yield
89%.

The same product was obtained by reaction of NiCl,.6H,0 (0.55 g) in EtOH




(10 mL) with [Ni(CO),(dppm-P),] (2.0 g) in CH,Cl, (25 mL) at -78°C. The mixture
was stirred at -70°C for 0.5 h. then at 20°C for 0.5 h. The product was obtained by
precipitation with n-pentane (30 mL), and a further crop was obtained by reducing the
volume of the filtrate and adding more pentane (20 mL). Yield 91%.

IR(Nujol): v(CO) = 1763 cm™!; (CH,Cl,) = 1765 cm’];

NMR CD,Cl,: 'H; § = 2.96[br, CH*H®P,, CH"], 3.33[br, CH*H’P,, CH®,

2)(H*HY)); 3P, 20°C 6 = 17.1(s); -90°C & 17.7(s).

6.6.2. [Ni3(u3-CD(u3-CO)(ps-dppm);]C1,6.5

A solution of [Niy(s-CO)(CO),(u-dppm),] (0.31 g) in C,H,Cl, (10 mL) was
heated under reflux for 2 h. The colour changed from orange to brown-black during
this period. The solution was cooled to room temperature and pentane (25 mL) was
added to precipitate the product. Yield 92%. Anal.Calc. For C7HggCl,NigOPg:
C,63.9;H,4.7. Found: C,63.9;H,4.7%. IR(Nujol): v(CO)= 1726 cm’l. NMR in
CD,Cl,:(*H), § = 3.86{br.s., CH,P,]; 3IP, § = -2.9(s, dppm].

The same complex could be prepared by heating [Ni,Cl,(u-CO)(u-dppm),]
under vacuum at 100°C for 5 min., followed by extraction into CD;CN. The NMR

and IR parameters were identical to those reported above.

6.6.3. [Ni3(13-CD)(123-CO) (4-dppm);]BPh,, 6.6.
To a solution of [Ni;(u3-Cl)(43-CO)(u-dppm)]Cl in C,H,C1,(10 mL),

prepared as above, was added NaBPh, (0.2g) in ethanol (3 mL). This solution was

layered with pentane (20 mL) and set aside for 2 weeks, after which time the black
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crystals of the product were filtered off and washed with cold ethanol and then ether.
Anal Calc. for C;ooHggBCINi3OPg: C, 70.1; H, 5.0. Found: C, 69.5; H, 5.0%. The
NMR parametcrs were identical to those of the chloride salt listed above.

IR(Nujol): v(CO) = 1717 cm’L.

6.6.4. Synthesis of [Niy(u-H)(1-CO)(CO),(u-dppm),]PFg

To a stirring solution of Ni,(x-CO)(CO)x(u-dppm), (0.12 g; 0.12 mmol) in
CH,Cl, (10 mL) was added excess HPFg (7 drops). The solution immediately turned
from yellowish-orange to green and then greenish-brown. The mixture was stirred for
a further 7-10 min and solvent was removed to dryness by vacuum. The yellowish-
orange crude product was washed with n-hexane (10 mL) and dried under reduced
pressure. Yield: 95%
IR: v(CO); 2048.7(vs), 2035.2(vs), 1997.6(sh), 1992.5(sh), 1942.6(v.CO)
1857.7(vs). In addition it shows broad stretch due to water.
NMR in CD,Cl,: 'H, § -11.1[q, Ni,H, 2J(PH) = 28Hz.}; 2.56[br, CH’ HF",, H"J;

3.1[br, CH*HPP,, H®}; 6.85-7.5[m, Ph, 40 H]; 3'P, 5§ = 26.0 (s)

6.6.5. EHMO Calculations.

Molecular orbital calculations of the extended Huckel type*® were carried out
using ICONS, with fragment MO analysis [Program ICON8,QCPE No. 517, 6, 100
(1986)]. Weighted Hij were used throughout. Distances used were Ni-Ni 2.62, Pt-Pt

2.64, Ni-C 1.79, Pt-C 1.90, Ni-Cl 2.40, C-0 1.10 A. These being averaged values
2.9.10

from X-ray structures of molecules 6.1 and 6.
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Chapter 7
Synthesis and Characterization of Di- and Trinuclear Nickel Complexes with

Bis(dimethylphosphino)methane Bridging Ligands.

7.1 Introduction
For group 10 metals two areas of chemical research have received considerable
attention in recent years. First is the formation of binuclear metal complexes
stabilized by diphosphine ligands. When the diphosphine ligand has the ability to form
binuclear complexes, the strong metal-phosphorus bonds lock together the two metal
centres in close proximity and hence can promote organometallic reactions involving
two metal centres. !

A large number of such binuclear complexes involving palladium and platinum
have been prepared and their reactivity has been investigated. However, analogous
nickel complexes have not been studied in such depth. Recently it has been shown
that di- and trinuclear metal complexes of the type [M,(L-L),X,] (Where L-L =
bidentate ligand such as dppm, dpam) and [M3(dppp),X,4] exhibit luminescent
properties.> These findings have generated considerable interest in the
photochemical nature of these species with the aim of developing model photocatalysts
based on homo- and heteronuclear complexes.

The second area which has been the centre of focus for the last several years is
the synthesis of trinuclear metal complexes. This is primarily because of the potential
¢ * these systems to serve as models for catalysis, and due to the idea that trinuclear

metal clusters mimic the smallest fragment of a metal surface.’ Thus, reaction
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occurring on trinuclear clusters would mimic the reactions on metal surfaces. In this
regard the group 10 metals have received considerable attention. Most of the work is,
however, directed on the synthesis and reactivity studies of complexes of palladium
and platinum. In contrast, nickel has not been explored much. There are only a few
trinuclear nickel clusters with bridging diphosphine ligands and their chemistry has
not been investigated. Almost all of these clusters are electronically saturated.

One of the objectives of cluster synthesis is to make coordinatively unsaturated
complexes and then to investigate their reactivity in comparison to metal surfaces. In
this regard, when one compares the cluster complexes of Ni, Pd and Pt, it can be
easily noticed that the chemistry of Pd and Pt is quite different than Ni.® Thus, for

triangulo-M; clusters when M=Pd or Pt, the complexes are typically coordinatively

unsaturated with 42-electrons {e.g. [M3(s-CO);5(PR3)3], [M3(13-CO)(us-
dppm);12+},57 44-electrons {e.g. [M3(uy-CO)3(PR3)415, [M;3(13-CO)(n-
dppm);(PR3)12*},7 or 46-clectrons {e.g. [Pty(1,-CO)(u-dppm)yJ2+}? configurations.
However, when M = Ni, most examples are coordinatively saturated with 48e {e.g.
[Ni3(CO)g{n3-HC(PPhy)3})°, [Nis(15-CPh)(CsHs),1° or 49-53e {e.g. [Nig(u5-
CO),(CsHs)3), [Nij(u3-S)o(CsHs)3)13%1? configurations. Despite these differences
there are connections between Ni and Pt in the cluster anions derived from
[M3(CO)4J%; however, the parent is not known when M = Ni. In addition, there are
interesting structural differences in the higher nuclearity clusters.5!! Therefore, the
synthesis of new Nij complexes in this work offers an unusual opportunity to compare

the structures and properties of trinickel complexes bridged by diphosphine ligands

with the properties of analogous palladium and platinum complexes.




This chapter describes the syntheses of di- and trinuclear nicke! complexes
stabilized by the ligand dmpm, which is a less bulky and better o-donor than dppm. It
was found that the reactions of metal halide sal's with BH;CN" a mild reducing agent,
leads to B-C bond cleavage and to dimer or cluster formation. The reactions were
found to be dependent on the experimental conditions. Details of these reactions are

described in the following pages.

7.2 Synthesis of [Ni,(CN)4(u-dmpm),], 7.1
The complex [Niy(CN)4(s-dmpm),] is a minor product in the synthesis of
[Niy(u-CO)(u-dmpm),)>* which will be discussed later in this chapter. It forms

according to the equation 7.1,

2Ni(ID + 2dmpm +4BH3CN" + [Niy(CN),(u-dmpm),] + 2B,Hg  (7.1)

The complex is precipitated out as a yellow-orange microcrystalline solid from the
reaction solution and it can bec recrystallized from methylene chloride/acetone solution

by adding a layer of ethanol.

7.2.1. The Structure of [Niy(CN)4(u-dmpm),}, 7.1

The ORTEP diagram of complex 7.1 is depicted in Figure 7.1. The molecule,
like [Pdy(CN)4(u-dppm),], 7.2, and [Pty(CN)4(k-dppm),}, 7.3%3, has a
crystallographically imposed centre of symmetry. It consists of two nickel atoms

bridged by two dmpm groups and two cyanide ligands are bonded to each nickel



¢
AN AN ;
) “ ) “45)
&
(o Ce
o) uh”@’: YT
2 \) YY)/
T <63 LD
.fl f
T
A : u“ /N
i v ﬂ. v
S O—%
Co s
K3
Cr

FPigure 7.1:



atom. Each nickel atom exhibits approximately square planar coordination, with two
trans cyano groups and two trans phosphorus atoms from the dmpm ligands, thus
giving each nickel a 16 electron count. Selected bond distances and angles are given
in Table 7.1. It can be seen that the P-Ni-P angles of 178.1(1)° are very close to that
of rectilinear geometry. It is also apparent from Table 7.1 that the C(6)-Ni-C(7)
angles of 170.5(3)° are significantly distorted from 180°, suggesting the presence of
a weak interunit Ni...CN bonding interactions as in 7.2 and 7.3.2*3 The coordination
planes of the nickel atoms are parallel to each other with the Ni-Ni vector
approximately perpendicular to the P-Ni-P axis. The measured Ni-C distances of
1.870(7)A and 1.898(7)A are slightly longer then the average values of Ni-C bond
distances at 1.85A in the compounds containing the ion [Ni(CN)]4~". They are
however, close to the Ni-C(CN) distances of 1.873A in trans-
[Ni(CN),(PPh3),]1.C,N,.4

An important structural feature of the [Niy(CN)4(u-dmpm),] molecule is the
intramolecular Ni...Ni separation of 3.209(1)A which suggests a weak Ni...Ni
interaction. Direct Ni-Ni bonds are usually in the range of 2.29-2.59A12 whereas non
bonded separations have been reported to occur in the range of 3.3-4.4A.13-14 This
separation in [Ni,(CN)4(s-dmpm),] is in the middle of these two ranges although
close to the non bonded separation. Another interesting feature to be noted here is
the bond angles Ni-C(7)-N(1) 173.2(7)° and Ni-C(6)-N(2) 178.6(7)° which indicate
that one of the cyano group on each nickel bends away from the adjacent group
possibly as a result of non bonded repulsive interactions, which is in contrast to

palladium and platinum analogues where both groups bend back.2> The structures of
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Table 7.1: Selected Bond Lenghts (A) and Angles (°) For [Ni,(CN),(s-dmpm),].

Ni - P(1) 2.198(2) Ni - P(2) 2.190(2)

Ni - C(6) 1.870(7) Ni - C(7) 1.898(7)

P(1) - C(1) 1.813(8) P(1) - C(2) 1.820(8)

P(1)- C(3) 1.838(7) P(2) - C(3) 1.832(7)

P(2)- C(4) 1.816(8) P(2) - C(5) 1.833(9)

N(1) - C(7) 1.071(11) N(2) - C(6) 1.414(11)
Ni..Ni'  3.209(1) P(1)...P(2") 3.144(2)

Bond Angles (°)

P(1)-Ni-P(2) 178.1(1) P(1)-Ni-C(6) 91.4(3)
P(1)-Ni-C(7) 89.113) P(2)-Ni-C(6) 90.4(3)
P(2)-Ni-C(7) 89.3(3) C(6)-Ni-C(7) 170.5(3)
Ni-P(1)-C(1) 119.3(3) Ni-P(1)-C(2) 117.5(3)
Ni-P(1)-C(3) 109.1(3) C(1)-P(1)-C(2) 101.6(4)
C(1)-P(1)-C(3) 101.5(4) C(2)-P(1)-C(3) 106.0(4)
Ni-P(2)-C(3) 115.6(3) Ni-P(2)-C(4) 116.3(3)
Ni-P(2)-C(5) 113.1(3) C(3)-P(2)-C(4) 105.0(4)
C(3)-P(2)-C(S) 100.7(4) C(4)-P(2)-C(5) 104.4(4)
P(1)-C(3)-P(2") 117.9(4) Ni-C(6)-N(2) 178.6(7)

Ni-C(7)-N(1) 173.2(7)
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the palladium and platinum analogues (with dppm ligands in place of dmpm) have

also been established by X-ray crystallography?-3, and are shown in Figure 7.2.

7.2.2. Spectroscopic Characterization

The infrared spectrum of complex 7.1 shows a stretch at 2120 cm™! attributed
due to v(CN) in addition to a weak band at 2102 cm-!. The single strong stretch at
2120 cm™! indicates that the two cyano groups have trans geometry. Both the Pd and
Pt analogues, [M,(CN),(1-dppm),), also exhibit a single v(CN) stretch at 2130 cm™!.
23,15 The 10 cm’! decrease in energy of the IR frequency in complex 7.1 compared
to the palladium and platinum complexes may be due to the greater basicity of dmpm
in the case of the nickel compared to dppm in the palladium and platinum complexes.
Thus, the effect will cause more back bonding and therefore weakening of the CaeN
bonds for the nickel complex.

The 3!P{!H}NMR spectrum of 7.1 shows a single resonance as expected at &
= 34 ppm . This suggests that all four phosphorus atoms are in equivalent positions,
and hence that the solid state structure is maintained in solution. Again this is in
complete agreement with the 3IP{'H}NMR of [Pd,(CN)(s-dppm),] and [Pty(CN)4(u-
dppm),]; in both cases a single resonance was observed. 15 The 'H NMR spectrum of
[Niy(CN),(1s-dmpm),] shows a triplet at § = 2.3 ppm due to the P-CH,-P protons.
Usually for this type of molecule a quintet is expected due to virtual coupling. Indeed,
for the palladium analogue a quintet was observed for the methylene protons.
However, in the case of platinum, the 'H NMR spectrum shows only a triplet. For

the dmpm ligand, the !H NMR spectrum shows a doublet centered at § = 1.65 ppm,



" M/CN

\/
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Figure 7.2: The structure of [M;(CN),(t-dppm),] complexes, (M = Pd, Pt).
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with 2J(PH) = 12.5Hz, for the Me-P protons.
Therefore, all the analytical and spectroscopic results are in complete
agreement with the structure established by X-ray diffraction studies and shown in

Figure 7.1

7.3. Synthesis of [Niy(i3-CO)(u-dmpm) g)(X]; X, = [Na(NCBH;)5], [PFg1,,
[BPh],, 7.4

The complex [Nis(u3-CO)(u-dmpm),J[Na(NCBH;);] 7.4 was prepared by
reduction of nickel(II) chloride with Na[BH;CN] in the presence of dmpm and CO

according to the following equation,

3NI(I) + 4dmpm + de” + CO ~ [Ni3(1;-CO)(u-dmpm)J>* (7.2)

Large black crystals (smaller crystals are purple) formed in the reaction solution. The
cation [Ni3(i5-CO)(u-dmpm),J2* could also be precipitated as the BPh,", 7.4b, and
PFg", 7.4c, salts. Purple solutions of the cation 7.4 are easily oxidized by air_but the

solid complexes are air-stable.

7.3.1. Crystal Structure of [Ni3(i3-CO)(i-dmpm)4{Na(NCBHy),] 7.4
The structure of 7.4 was established by a single crystal X-ray diffraction
study. This reveals that the dication consists of three nickel centres bonded to each

other forming a triangle. Each edge of the triangle is bridged by a dmpm ligand thus

forming a roughly planar Nij(u-dmpm); unit, with a x4-CO ligand and a u,-dmpm




ligand axially bound on either side of the Nij triangle. Figure 7.3 shows the ORTEP
diagram of complex 7.4; selected bond lengths and bond angles are given in Table
7.2. The overall cluster electron count is 46e, and this appears to be unique in Nij
clusters.59:10 The centre of coordinative unsaturation is clearly at Ni(3), since the
extra axially bound u-dmpm ligand coordinates to Nil and Ni2. The Ni-Ni distances
(as given in Table 7.2) are in the expected range for single bonds.6-10:11
Coordinatively unsaturated clusters sometimes take part in mctil-metal multiple
bonding, but these Ni-Ni bond distances do not suggest such an effect since they are
very similar to values in 48-electron Ni, clusters.5:10:11 The Ni(3) centre differs both
sterically and electronically from Ni(1) and Ni(2). This difference has, however, little
influence on the Ni-Ni bond distances. Thus, the Ni(1)-Ni(2) distance of 2.4596(5)A
is slightly longer than Ni(2)-Ni(2) and Ni(1)-Ni(3) at 2.4360(4) and 2.3756(5) A
respectively. This leagthening of the Ni(1)-Ni(2) bond may be due to steric effects.
From Table 7.2 it is also apparent that the Ni-P bond distances are sensitive to their
environment. Thus, the Ni(3)-P(6) and Ni(3)-P(7) bond lengths at 2.1828(9) and
2.2004(8)A respectively are the shortest among all Ni-P bonds. Moreover, the Ni-P
distances of the axially bound dmpm ligand, Ni(1)-P(3) and Ni(2)-P(4) at 2.2589(8)
and 2.2544(8)A respectively are the longest Ni-P distances. These differences may
arise as a result of a rehybridization of nickel orbitals due to the higher coordination
numbers of Ni(1) and Ni(3), or it could simply be the result of steric congestion at
these sites. However, these distances are all in the expected range for Ni-P single
bonds.

All nickel-carbonyl distances are in the bonding range, though the Ni(3)-C
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Table 7.2: Selected Bond Lengths () and Bond Angles (°) For [Niy(u5-CO)(u-
dmpm)4][Na(NCBH3);].

Nil-Ni2  2.4596(5) o-C 1.189(3)
Nil-Ni3  2.3756(5) Na-N91 2.387(3)
Nil-P1 2.2119(8) Na-N92 2.374(4)
Nil-P3 2.2589(8) Na-N93 2.370(4)
Nil-P8 2.2043(8) N91-C91  1.134(4)
Nil-C 1.916(3) C91-B91 1.561(6)
Ni2-Ni3  2.4360(4) N92-C92  1.126(5)
Ni2-P2 2.2172(8) C92-B92 1.567(7)
Ni2-P4 2.2544(8) N93-C93  1.138(5)
Ni2-P5 2.1958(9) C93-B93 1.545(6)
Ni2-C 1.906(3) Ni3-P7 2.2004(8)
Ni3-C 2.028(3) Ni3-P6 2.1828(9)

Rond Angles (°)
Ni2-Nil-Ni3 60.47(1) Ni2-Nil-P1 95.27(3)
Ni2-Nil-P3 95.56(2) Ni2-Nil-P8 149.43(3)
Ni2-Nil-C 49.76(8) Ni3-Nil-P1 154.65(3)
Ni3-Nil-P3 85.74(2) Ni3-Nil-P8 97.88(2)
Ni3-Nil-C 55.16(8) Nil-Ni2-Ni3 58.06(1)
Nil-Ni2-C 50.12(8) Ni3-Ni2-C 54.05(8)
Ni1-Ni3-Ni2 61.47(1) Nil-Ni3-C 50.82(8)
Ni2-Ni3-C 49.51(8) Nil-C-O 138.7(2)
Ni2-C-0 137.6(2) Ni3-C-O 122.92)
N91-Na-N92 117.8(1) N91-Na-N93 106.7(1)
N92-Na-N93 111.6(1) Na-N91-C91 174.2(3)
Na-N92-C92 164.3(4) N92-C92-B92 179.2(4)
Na-N93-C93 143.6(3) N93-C93-B93 179.5(4)
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distance (2.028(3)A) is significantly longer than the other two Ni-C distances (Ni(1)-C
= 1.916(3)A, Ni(2)-C = 1.906(3)A). Furthermore, the Ni(3)-Ni(1)-C and Ni(3)-
Ni(2)-C bond angles at 55.16(8)° and 54.05(8)° respectively compared to Ni(1)-Ni(3)-
C at 50.82(8)° and Ni(2)-Ni(3)-C at 49.51(8)° suggest that the carbonyl group is not
symmetrically bridging the Nijy triangle, but that it is distorted towards the Ni(1)-
Ni(2) bond and away from the Ni(3) centre. The bond angles of Ni(3)-C-O, Ni(2)-C-
O and Ni(1)-C-O at 122.9(2)°, 137.6(2)° and 138.7(2)° respectively indicate that the

C-O bond is bent back towards the Ni(3) centre.

The anion also has an interesting structure containing a sodium ion trigonally
coordinated to three cyanoborohydride ligands, with distances Na-N = 2.370(4),
2.374(4) and 2.387(3) A as shown in Figure 7.4. Most coordination compounds of
sodium have coordination number 6, and, although there are some with coordination
number 3, they contain much more complex ligands than the present examplu:.16

The major structural differences between the cation 7.4 and the analogous
platinum cluster cation [Pt:,,(u«z-CO)(p.-dmpm).d2+ (7.5)8 is that in 7.4 the carbonyl
ligand is best considered as a distorted u3-CO species, whereas in 7.5 it is more
distorted toward p,-CO, as shown in Figure 7.5.% The Pt(3)-C distance is 2.47(1)A,
and the interaction with Pt(3) is therefore weak. The carbonyl bends back away from
Pt(3) by only 6° in 7.5, whereas it bends away from Ni(3) by 13° in 7.4, with
respect to the M(1)M(2)C plane. Thus, the M(3)-CO bonding is much weaker in 7.5

than in 7.4, but a weak semibridging interaction is still possible.




Figure 7.4: The X-ray structure of the anion
[Na (NCBH,) ;)23
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7.3.2. Spectroscopic Characterization

The IR spectrum shows a carbonyl stretching frequency for 7.4 at 1700 cm'!,
consistent with a triply bridging carbonyl.!” The CO stretching frequencies for
doubly bridging carbonyl groups in nickel complexes are usually higher in energy.
For example doubly bridging CO group in [Niy(4-CO)(CO),(s-dppm),] appears at
1790 cm!.18 Similarly, the analogous [Pt3(s,-CO)(dmpm)J2* cluster exhibits an IR
stretch at 1730 cm’!, in accordance with the doubly bridging CO group.5

The room temperature 2!P{!H} NMR spectrum of 7.4 contains only two
resonances, a triplet and septet with an intensity ratio of 3:1, respectively, each with
J(PP)=7 Hz. Thus, each of the phosphorus atoms P3 and P4 couples equally to the
other six phosphorus atoms, implying rapid rotation of the axial dmpm ligand about
the Ni; triangle and indicating that the molecule is fluxional. The resonance at § =
-29 ppm is due to the equatorial phosphorus atoms P*P® and P° while the resonance at
&§ = -11 ppm is due to phosphorus atoms P4, the axially bound dmpm ligand.
However, at lower temperature this fluxionality was slower and the expected spectrum
for the static structure 7.4 was obtained. Both room temperature and low temperature
31p{1H} NMR spectra of complex 7.4 are shown in Figure 7.6.

In clusters of this kind, there is a large coupling 3J(PP) for the roughly linear
PMMP units.”8 (n complex 7.4, such couplings are 3J(PP’PP)and 3J(P*P°) (Figure 7.6)
and it follows that the singlet resonances at § = -26.3 ppm is due to P’ while the
“AB" doublets at § = -29.2 and -32.6 ppm are due to P* and P° with 3J(PP) = 138
Hz. The assignment of P* and P° to individual resonances is arbitrary and is based on

a comparison with the spectrum of 7.5, in which couplings to 5Pt permit a more




Figure 7.6: The 3'p MMR spectra of complex 7.4, (a) at
25°C ard (b) at -99°c,




complete assignment.® The 3!P resonances are broad, at least partly due to the
presence of unresolved PP couplings. This leads to the second difference between 7.4
and 7.5, namely that 7.4 is fluxional but 7.5 is not. Thus, while the NMR data for
7.5 at 25°C are fully consistent with the structure determined crystallographically,®
this is not the case for 7.4.

The fluxionality of 7.4 also leads to equivalence of the CH*HPP, and Me,P
protons of the axial dmpm ligand in the room temperature IH NMR spectrum. The
equatorial dmpm ligands give two resonances for the CH*HP and Me*MebP protons,
since these ligands are effectively equivalent due to the fluxionality, but this fluxional
process does not lead to an effective plane of symmetry containing the Ni;P¢ plane.
The corresponding fluxionality of 7.5 would require a greater motion of the carbonyl
ligand as well as the axial dmpm ligand, and so the structural difference between 7.4
and 7.5 could be a contributing factor to the higher activation energy for fluxionality
of 7.5. We note, however, that the complex [Pt;(u-CO)(u~dppm)J>* (7.6; dppm=
Phy,PCH,PPh,) does exhibit fluxionality similar to that of 7.4 and that the fluxionality
is not frozen out at -80°C.% In complex 7.6 the fourth dppm ligand is weakly bound

due to steric hindrance and the fluxionality is evidently faster due to this effect.$

7.3.3. Mechanism of Fluxionality

As mentioned above, the complex 7.4 is fluxional and the axially bound fourth
dmpm ligand can migrate around the triangular face of the nickel cluster. This form
of fluxionality was earlier observed only in the case of [Pty(CO)(u-dppm),J>* and its

derivatives.? The fluxional process is shown in Figure 7.7a and it involves an
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Figure 7.7: (a) Mechanism of fluxionality of dmpm ligand in

7.4, (b) six contributing structures for the complete fluxional process.




intermediate with a monodentate dmpm, although a concerted phosphorus shift is also
possible. The complete fluxional process must include the six contributing species as
shown in Figure 7.7b in simplified form. A fluxional process involving complete
dissociation of dmpm is precluded by the NMR data. Such a mechanism which clearly
can occur, although slowly on the NMR time scale, would lead to coalescence of
resonances due to P4 and free dmpm. The type of fluxional process exhibited by

complex 7.4 is possible only for coordinatively unsaturated clusters.

7.4. Reactivity Studies:

The reaction chemistry of trinuclear paliadium and platinum clusters with 42
and 44 clectron configurations has been extensively explored and it has been found
that these complexes are very reactive towards a variety of small molecules.2?
However, a very limited amount of work has been done on 46 electron clusters.2! In
view of the theory that 42e configuration is favoured for group 10 M, clusters, it was
considered that for these 46 electron clusters it may be possible to displace one of the
bridging phosphine ligands or the u-CO group rather readily.?! Alternatively, it was
thought that coordination of small molecules to the vacant coordination site of the
nickel cluster may occur and stop the fluxional process. Therefore, the reactivity of
7.4 towards several small molecules was investigated. However, in most cases cluster

fragmentation was observed. The results of these investigations are described below.

7.4.1. Reaction with CH,I,:

The reaction of 7.4 with CH,l, is very slow, and leads to the fragmentation of




the cluster. The 3!P{!H} NMR spectrum of the reaction solution monitored over a
one week period shows the appearence of two resonances at § = -6.7 ppm and -26
ppm with an intensity ratio of approximately 1:1. The reaction solution turned slowly
to a green colour from the original purple colour over a one week period . No pure
product could be isolated. Similar reactions with PhPH, and KCN also led to

mixtures of products which could not be separated.

7.4.2. Reaction with MeNC:

When a solution of the hexafluorophosphate salt of 7.4 was treated with a
large excess of MeNC, the 31P{!H} NMR spectrum showed the appearance of a new
signal at § = 13.5 ppm in addition to signals due to the starting complex 7.4. After a
two week period, the resonances due to the complex 7.4 had disappeared and the only
observed resonance was due to the species with chemical shift at § = 13.5 ppm.

Efforts to isolate this product in pure form were unsuccessful.

7.4.3. Reaction with CO(,:

When CO was bubbled in a solution of 7.4 and 3'P{'H}NMR was observed
for the resulting solution. It shows resonances only due to the starting complex 7.4.
Thus, indicating that further coordination of CO or displacement of the fourth dmpm

with CO does not occur even with the excess of CO.

7.4.4. Reaction with 13(:o(,‘,

When a solution of 7.4 is exposed to excess of l:’CO(‘), over a period of one
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day, an exchange of 12CO by 13CO took place, yielding 7.4°. This was characterized
by !3C NMR and IR spectroscopy. [IR: v(!>CO) = 1645.5 cm™!, 13C NMR s(3C0)

= 207.3 ppm).

7.5. Conclusion:

The reaction of metal salts with BH,” or BH;CN™ to give useful new
complexes has been known for some time. The mechanism of reaction is fairly
complex and is not fully understood yet. A large variety of products have been

observed to be formed by this route. Although in most cases simpie reduction of the

metal salt occurs, hydride and cyanidc complexes have also been observed in these
reactions. Ready cleavage of the B-C bond of BH;CN™ has been seen before.!” Very
recently, coordination of a BH, group to the metal has also been observed in these
laboratories. 2

It is shown in the present work that reduction of metal salts with BH;CN", a
mild reducing agent, can lead to B-C bond clecavage as well as to cluster formation.
The reaction product has been found to be dependent on the experimental conditions.
Thus, it seaction is stopped within a few minutes after the addition of BH;CN", then
the cyano complex [Niy(CN)4(u-dmpm),] is predominant. However, if the reaction is
carried out over longer time periods after the addition of BH;CN", then the trinuclear
cluster [Niy(1-CO)(u-dmpm)4)2+ is the dominant species formed.

There is an interesting difference between this reaction and the reaction carried
out using Co(II) halide salts (chapter 4), in that when ligand to metal ratio was 1:1,

the reaction of cobalt(Il) formed a tetranuclear cluster and increasing the ligand to




metal ratio facilitated the formation of a dinuclear complex. In contrast, for nickel(Il)
salts, when the ligand to metal ratio was increased the trinuclear cluster was formed
and lower ratios resulted in the formation of a dinuclear complex predominantly.

The dinuclear nickel complex [Nio(CN)4(s-dmpm),] has the same trans
geometry as that of the dppm bridged palladium and platinum analogues. However,
luminescent properties have not been observed in the nickel complex. There are two
major differences between [Niy(s3-CO)(u-dmpm),J2+ and its platinum analogue. The
first major difference is that the CO group is triply bridging in the case of nickel
while it is doubly bridging in the platinum cluster. Secondly, the nickel cluster is
fluxional at room temperature while the platinum cluster is not. Thus, while the room
temperature 3!P NMR spectrum of the platinum cluster is in agreement with its static
structure, this is not the case for the nickel cluster.

There are also differences observed in terms of reactivity. The platinum cluster
is found to be inert to most reagents.2! However, fragmentation of the nickel cluster
was observed in almost all reactirns, which indicates thai the nickel cluster is more
reactive than the platinum analogue. This difference may be due to steric reasons,
since nickel is small compared to platinum and therefore, addition of another ligand
to the coordinatively unsaturated site may cause greater steric congestion in the nickel
cluster. In turn, this leads to fragmentation of the nickel clust. -, while platinum has
less steric congestion and therefore is more stable. Both the nickel and platinum

clusters undergo exchange with 13CO to give [M;(13CO)(u-dmpm)J2+.



7.6. Experimental Section

All manipulations were carried out under an atmosphere of dry nitrogen.

7.6.1. [Niy(CN)4(dmpm),

To an ethanolic solution (40 mL) of NiCl,.6H,0 (0.5g; 2.10 mmol) was added
dmpm (1.18g; 8.69 mmol) dropwise. The resulting deep red solution was stirred
under a slow stream of CO gas for a period of 30-40 min. NaBH,CN (0.5g; 8.10
mmol) in ethanol (15mL) was then added dropwise over a period of 15 min. forming
a greenish-blue solution with a yellow susp~~<io~. CO gas was bubbled for a further
S-7 min. and the resulting mixture was then filtered. The yellow solid was washed
with n-pentane (10mL) and dried under vacuum. Yield: 40%

The solid product can be recrystallized from CH,Cl, and ethanol to yield an orange
crystalline product.

Anal.Calc. for C,4H,gN4P4Ni,.2CH,Cl,

C,289;H,4.8; N, 8.5% Found: C, 28.9; H, 4.9; N, 9.3%.

IR: v(CN) 2120 cm!, 2103 cm™}(w); NMR (CD,Cl,) 'H: 6= 2.3[t, 4H, CH,P,};

1.67(d, 12H, MeP}; 3!P: § = 31.6ppm .

7.6.2. [Ni3(u3-CO)(u-dmpm)J{Na(BH;3CN)4].
To a solution of NiCl,.6H,0 (0.50g; 2.10 mmol) in ethanol (30mL) was
slowly added Me,PCH,PMe,(1.18g; 8.69 mmol), and the dark brown solution was

stirred under a slow stream of CO for 0.5 h. A solution of NaBH,;CN (0.50g; 8.10

mmol), in ethanol (15mL) was then added slowly (15min), and the purple reaction
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mixture was stirred under CO for 2h. The solution was filtered, the volume of solvent
was reduced to ca. 7mL, and the solution was layered with ether (10mL) and allowed
to stand at 0°C for 1 week. The intensely purple crystals (large crystals appeared
black) of the product that formed were washed with pentane and dried under vacuum:
Yield 35%; mp 203-204°C. An analytically pure sample was obtained from CH,Cl,
and was shown by 'H NMR spectroscor ; to contain occluded CH,Cl,. Anal. Calc for
C,4HgsB3N3NaNi;OPg.CH,Cly: C, 30.8; H, 6.9; N, 4.3%. Found, C, 29.6; H, 6.8;
N, 4.6%. IR (Nujol): v(CO) 1700, 1688cm™!; v(BH) and v(CN) 2319, 2270, 2253,
2178, 2169 cm™. NMR at 25°C in CD,0D: 'H, & 3.07(d, 3H, 2J(HH) = 14Hz,
CHPH®P,); 2.89(d, 3H, 2J(HH) = 14Hz, CH*HPP,}; 2.56[t, 2H, 2J(PH) = 10Hz,
CH,PY,); 1.83[12H, MeP9]; 1.53, 1.39[each 18H, MeP**}; 1.84[1:1:1:1 g, 9H,
1j(BH) = 88Hz, BH,CNJ; 3'p, & -9.3 [septet, 2P, 2J(PP) = 7Hz, PY); -31.1 [t, 6P,
2)(PP) = 7Hz, P**J; 3!P (at -80°C): § = -7.9[s, 2P, PY}; -26.3(s, 2P, P]; -29.2(d,
2P, 3J(PP) = 138Hz, P°J; -32.6{d, 2P, 3J(PP) = 138Hz, P*); °C (at -80°C): 6 =
267.3[s, CO]. A limiting low temperature IH NMR spectrum was not obtained at -

9n°C, and the resonances were too broad to be useful.

7.6.3. [Ni3(13-CO)(u-dmpm) J[PFgl,.

To a solution of [Niy(13-CO)(u-dmpm),][Na(BH;CN);] (0.3g) in acetone (10
mL) was added excess NH4PF (0.2g) in ethanol (8 mL). After 5 min, pentane
(20mL) was added to precipitate the product as a purple solid, which was washed
with ether and pentane and dried under vacuum: Yield 90%; mp 303-306°C. Anal.

Calc for C2]H56F12Ni3oplo: C, 24.3; H, 5.4%. Found: C, 23.9; H, 5.5%. The
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NMR data for the cation were the same as for complex 7.4; IR.: v(CO) 1694 cm’l;

v(}3CO) = 1646 cm™! (obtained as a Nujol mull from a sample enriched in 13CO).

[Ni3(u3-CO)(u-dmpm),][(BPhyl,, 7.4c, was prepared in a similar manner as for 7.4b,

and the spectroscopic data for the cation were the same as that of 7.4.
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Chapter 8
Global Summary

This thesis documents the synthesis and chemistry of binuclear and cluster
complexes of Ru, Co and Ni. The main synthetic approach was to reduce metal
halide salts with NaBH, or NaBH;CN in the presence of dppm and dmpm under an
atmosphere of CO gas. This resulted in the production of several new complexes with
interesting structural features. These complexes were characterized by using a variety
of spectroscopic and analytical techniques and several of the structures were
established by single crystal X-ray diffraction methods.

The reaction of metal salts with BH,” or BH;CN" to give useful new
complexes has been known for some time. The mechanism of reaction is however
fairly complex and is not fully understood yet. Several types of products have been
observed to be formed by this route. Although in most cases simple reduction of the
metal salt occurs, hydride and cyanide complexes have also been observed in several
instances.

In chapter 2 reactions of Ru(lIl) with NaBH, are outlined. It was shown that
easy reduction of ruthenium(IIl) to ruthenium(0) can occur, in the presence of CO
and dppm, producing mainly [Ru,(1-CO)(CO),4(u-dppm),], 2.1 in high yield, if good
leaving groups are present on ruthenium(III) but not if chloride ligands are present.
The easier reduction of metal carboxylates than metal halides should be a general
effect for soft metal ions, but its success is still difficult to predict. For example, the
attempted reduction of ruthenium(lItl) in the presence of CO and

bis(dimethylphosphino)methane, dmpm, gave [Ru(dmpm),(BH;CN),] but failed to

340
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give any ruthenium(0) carbonyl even though both [Ru,(CO)s(s-dmpm),] and
[Ru3(CO)g.9n(u-dmpm),J (n = 1,2) are stable complexes. Similarly, attempted
reduction of osmium(IlI) chloride in the presence of silver acetate, dppm and CO
failed to give any osmium(0) carbonyls. The chemis‘ry of the electron rich [Ru,(u-
COXCO),4(u-dppm),], 2.1, was also explored and it was found that the complex 2.1
is remarkably reactive towards sterically less demanding unsaturated organic reagents
and forms several interesting new products. Whereas these reactions were only
exploratory in nature, the evidence indicates that simple alkynes react with 2.1 in
steps to forms several new species.

Chapter 3 described the synthesis of highly substituted ruthenium carbonyl
cluster [Ru3(CO)g(k-dppm)s], 3.1, from the reduction of Ru(lll) with NaBH, in the
presence of dppm under an atmosphere of CO gas. The structure of 3.1 was
established by single crystal X-ray diffraction studies. It is also shown that this
electron rich cluster complex is very reactive towards small molecules. For example,
HBF, yielded the protonated adduct [Rus(u-H)(CO)¢(u-dppm),]*, 3.2, whose
structure was also established using X-ray crysuallography. The presence of hydride
was confirmed by spectroscopic means and it was also correctly located from the
difference Fourier map and by comparison of the structures of 3.1 and 3.2.

Spectroscopic data also indicate that the hydride is fluxional and the mechanism of

fluxionality was proposed.
Chapter 4 documents reactions of cobalt halide salts with NaBH, in the

presence of dmpm and CO. Two remarkably different products were isolated by

adjusting reaction conditions. Thus when the metal to dmpm ratio was 1:2.5 or
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higher it produced the binuclear compiex [Co,(CO)4(u-dmpm),] (4.1). In solution, it
exists as a mixture of isomers [Co,(4-CQ),(CO),(u-dmpm),] 4.1a, and [Coy(CO)4(u-
dmpm),] 4.1b and these species are fluxional, with the carbonyl groups migrating
from terminal to bridging positions. The details of the mechanisms were investigated
using variable temperature multinuclear NMR and FT-IR techniques which shows
that there is very small activation energy involved for the interconversion of these
isomers. These studies also indicates that the dimeric products of cobalt formed with
dppm and dmpm are paramagnetic in solution at room temperature and diamagnetic
in the solid state and at lower temperature in solutions.

When the cobalt : dmpm ratio was approximately 1:1, the reduction with
NaBH, in the presence of CO resulted in the formation of a tetranuclear cluster,
[Co4(u-CO)3(CO)s(u-dmpm),]. The formation of an analogous tetranuclear cluster
with dppm, using the same route has not been observed. This indicates that the steric
bulk of the ligand plays an important role in determining the products formed by this
synthetic route. Steric bulk of the ligand also influences the reactivity of the products
formed. Thus, the dppm complex {Co,(CO)4(u-dppm),] did not react with group 11
metal complexes, whereas [Co,(CO)4(u-dmpm),] reacted with [Cu(MeCN),]BF, to
produce a remarkable mixed metal cluster [CoyCu3(CO)g(dmpm),JBF,. This cluster
is unique since it contains a copper atom which has an unprecedented square planar
stereochemistry in cluster complexes.

The work described in chapter 5 gives a definitive solution to the structure of
[NiCl,(dppm),] in the solid state. The X-ray diffraction studies have shown that one

of the dppm ligands is coordinated in a chelating fashion while the other is acting as
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monodentate ligand and that the nickel has the unexpected coordination number of
five and contains both monodentate and bidentate dppm ligands. This work thus
shows that dppm can chelate to nickel by forming a four membered strained ring and
is the first example of a structuraily characterized nickel complex with a chelating
dppm ligand.

Chapter 6 outlines the details of the experimental, spectroscopic and
theoretical tools used collectively to get insight into the mechanism of formation and
the unusual structure of binuclear nickel complexes. Thus, the MO calculations
performed on the dinuclear nickel complex [Ni,(u-CO)(Cl),(s-dppm),], 6.1 and the
platinum analogue 6.2, shows that the observed structures 6.1 or 6.2 are more stable
than other possible structures. However, the calculations gave very similar results for
the Pt and Ni derivatives and so easy interconversion between these structures might
be predicted. The NMR data show that the less symmetrical nickel complex 6.1 is
fluxional and, on the NMR time scale, has the symmetry characteristic of 6.2. The
fluxionality is rapid even at -90°C and requires an intermediate or transition state
with a symmetrically bridging CO ligand. The complex 6.1 on heating yielded rather

unexpectedly a trinuclear cluster [I‘li3(u-_,-CO)(u3-Cl)(m-dppm)3]+ which could also

be readily prepared in high yield by refluxing [Ni,(4-CO)(CO),(u-dppm),} in
C,H,Cl,. As shown by X-ray crystallography, the cluster contains unsymmetrically
bridging carbonyl and chloride ligands. This cluster completes the first triad of
trinuclear clusters of the type [M3(,u:,-CO)(;::,—CI)(dppm):,]+ of group 10 metals.

Finally, chapter 7 described the reduction of nickel salts with BH,CN", a mild

reducing agent, in the presence of dmpm and CO gas, which produced two markedly
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different products, a dinuclear complex, which resulted from the B-C bond cleavage
of BH3CN", and a trinuclear cluster complex. The reaction products were found to be
dependent on the experimental conditions such as the duration of the reaction and the
metal : ligand ratio. The dinuclear nickel complex [Niy(CN),(u-dmpm),], 7.1 has
the same trans geometry as that of the dppm bridged palladium and platinum
analogues. There are two major uifferences between [Ni3(p3-C0)(u-dmpm)4]2+, 7.2
and its platinum analogue. Firstly, the CO group is triply bridging in the case of
nickel while it is doubly bridging in the platinum cluster. Secondly, the nickel cluster

is found to be fluxional at room temperature while the platinum cluster is a non

fluxional species. In conclusion, reactions of metal salts with NaBH, or NaBH;CN in
the presence of dppm, dmpm, and CO have been studied. The one step synthesis of
electron-rich carbonyl complexes from cheaply available metal halides is very
attractive and the high yield synthesis of new complexes by this method is
reproducible and convenient. However, the unpredictability of the reduction is
certainly a major problem in further extension of the synthetic method. The electron
rich complexes have shown remarkable reactivity and several interesting new clusters

have been formed.




APPENDIX 1

Details of Instruments and Chemicals Used in Experiments.

Nuclear Magnetic Resonance Spectroscopy:

1H NMR spectra were recorded on a Varian XL-200 or Gemini-200
spectrometer. 13C{!H} and 3!P{!H} spectra were recorded on a Varian XL-300 or
Gemini-300 spectrometers. 'H and !3C{!H} chemical shifts were measured relative to

Me,Si. 3'P{!H} chemical shifts were measured relative to 85% H;PO,.

IR Spectroscopy:
All IR spectra were run as Nujol mulls (unless otherwise mentioned) between
NaCl plates on a Bruker IR/32 FT-IR spectrometer equipped with an IBM 9000

computer.

UV-Visible Spectroscopy:
Ultraviolet and visible spectra were recorded on a Varian Cary 2290
spectrometer. The diffuse reflectance spectra were obtained on a UV-260 Shimadzu

Double Beam spectrophotometer.

Mass Spectrometery:

Mass spectra were obtained from a Finnigan MAT 8230 mass spectrometer.

Elemental Analyses:




Elemental analyses were carried out either at Guelph Chemical Laboratories

at Galbraith Laboratories Inc.

Magnetic Moment:
The magnetic susceptibility of solid samples were recorded on a MSB-1

Magnetic Susceptibility Balance by Johnson and Matthey Inc.

Melting Point:

The melting points of new compounds were determined using a Fisher

Scientific Electrothermal Melting Point Apparatus.

Glove Box:
A Vacuum Atmospheres Company HE-43-2 DRI-LAB was used to handle

various air sensitive reagents.

Sources of Chemicals:
All metal salts, phosphines, solvents, deuterated solvents, 13CO and
miscellaneous chemicals were purchased from Aldrich, Strem, Fischer or BDH and

used without further purification (unless otherwise mentioned).
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