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Abstract.

Chapter One gives an introduction to the history of molecular electronics and its

importance in future electronic devices. A brief overview of the four classes of transition

metal complexes as possible models for molecular wires, and the three most common

methods of evaluating these complexes is given. This thesis furthers the work in Group 8

transition metal yndiyl and poly-yndiyl complexes with particular interest in their

potential as models for molecular wires.

Chapter Two describes the synthesis of three diyndiyl complexes

Cp*(dppe)OsC=CC=CM(dppe)Cpx (where M : Fe, Ru, Os) along with the mono- and

di-cations of {Cp*(dppe)Os}2(p-C=CC=C). Detailed examination of the

electrochemistry of these complexes revealed the expected three or four one-electron

oxidation steps. These redox events for osmium occur at intermediate values compared

to other symmetrical Group 8 complexes, while those mixed complexes appear at

intermediate values to the two corresponding symmetrical complexes.

Chapter Three summarises the syntheses of several yndiyl complexes of the general

formula cp(dppe)Ruc2M(dppe)cp" prepared from [cp'(dppe)M:c:cHz] [PFo] (where

M : Fe, Ru, Os and Cp' : Cp, Cp*), and RuCl(dppe)Cp. Double deprotonation of

[Cp'(dppe)M:C:CHz][PFo] with nBuli yields the lithium salt Cp'(dppe)MC=CLi, which

can be fuither reacted with the ruthenium tetrahydrofuran cation to give the desired

yndiyl complex. The electrochemistry of these complexes demonstrates the subtle

variations in the three group 8 metals. Detailed examination of the metal-metal

interactions also allows comparisons to be drawn about the effect of chain length on these

interactions.

Chapter Four details the synthesis of several compounds containing the anthracene

moiety. Starting from either TMSC:CCIaH3C=CTMS or Cp*(dppe)FeC=CCr¿Hs

C{TIpS, treatment with RuC(dppe)Cp* in the presence of a desilylating reagent gives

the symmehical or asymmetric complexes Cp*(dppe)RuC=CCr+HsC=CM(dppe)Cp*
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(where M : Ru, Fe). An NMR study of the derived di-cations revealed that there is no

singlet-triplet state interconversion as demonstrated by the diamagnetic nature of the lH

NMR. Also reported are the syntheses of several anthracene compounds en-route to the

synthesis of an organo-iron complex with a possible trapped singlet state.

Chapter Five summarises some reactions of two yndiyl complexes, OsC:CFc(dppe)Cp

and 1,1,-{Cplm-to\Pl2RuC=C}zRc'. A detailed electrochemical study of the parent

complexes revealed that the ferroceneayl and ruthenoceneayl moieties act as insulators to

the metal-metal interactions observed in the straight chain diyndiyl complexes.

Treatment of OsC=CFc(dppe)Cp with TCNE resulted in addition of the electron-poor

alkene across the electron-rich triple bond. The same reaction with l,l'-(Cplm-

tol'p]zRuC=C)zRc' resulted in a similar addition across the electron-rich triple bond

together with displacement of one m-to\P ligand.

Chapter Six describes the synthesis of several osmium organometallic starting materials.

previously these starting materials have been synthesised from the extremely toxic

osmium tetroxide. Starting from the stable potassium osmate, treatment with

concentrated hydrochloric acid gives Kz[OsCl6]. This material can be easily reduced in

the presence of triphenylphosphine and then further reacted with LiCp to give

OsCl(PPh3)2Cp. This starting material undergoes a ready ligand exchange with

bis(diphenylphosphino)ethane to yield the desired starting material OsCl(dppe)Cp,

Treatment of Kz[OsClo] with pentamethylcyclopentadiene and then further with 1,5-

cyclooctadiene yields OsCl(COD)Cp*. This complex also undergoes ready ligand

exchange with bis(diphenylphosphino)ethane to give the desired OsCl(dppe)Cp*. The

electrochemistry of these two complexes reveals lower first oxidation potentials when

compared to both ruthenium analogues. X-ray crystal structure determinations are also

reported for both of these novel starting materials. This chapter also summarises the

advantages of using alcohol solvents in the synthesis of several known and novel

organometallic vinylidene complexes.
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1.L. Molecular electronics.

Since l95g and the first revolution of electronics with the invention of the integrated

circuit, it has long been considered that the ultimate revolution would be performing

these same logic and memory operations on a single molecule.l

At present, Electronics have been driven by a "top down" approach with design of

progressively smaller integrated circuits culminating in the process called

photolithography. An integrated circuit is a series of precisely patterned and positioned

layers of dielectric and conduction materials. The process of photolithography allows

areas of these layers, typically made from silicon, to be delineated for doping and internal

connections.2

In 1965 Gordon Moore predicted a trend where the number of components on an

integrated circuit would double every year. This blueprint still stands true today for the

electronics industry, but many physical considerations have arisen. Such barriers include

oxide layers at the three-atom thick level, which results in charge leakage due to

inadequate insulation.3 The other barrier for this "top down" approach is the cost of

developing and constructing new fabrication lines for every new generation of integrated

circuit. Using a "bottom up" approach with the use of individual molecules might give

rise to the prospect for a rapid and cost effective means of producing these revolutionary

circuits.

1.2. Molecular circuits.

presently there has been increasing interest in the design of molecular components.

Synthesis of many individual molecular components (see Figure 1'1) have been

successful with molecular switch"s,o-u -"-ories,7'8 and diodese reported. Before these

individual components can be considered a molecular circuit they require molecular

wires to tether these devices together.l0-l3
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It was first suggested in 1974 thatpurely organic compounds could be used as molecular

wires.l4 By definition a molecular wire is a "one-dimensional molecule allowing a

through-bridge exchange of an electron/hole between its remote ends/terminal groups'

themselves able to exchange electrons with the outside world?'.I2

Figure l.l. Possible molecular device.rs



4

1.3. Molecular wires

Molecular wires are the most basic component of any molecular circuit. There have been

many suggestions for suitable compounds, such as conjugated organic compounds,t6'17

carbon nano-tubes,l8 redox-active complexes,le DNA20 and oligome"," u' potential

molecular wires. Even though the structures of these compounds vary widely they all

possess the ability to allow the transport of an electron from a donor to an acceptor.

Although they are the simplest component, this simplicity creates a basis around which

all molecular components can be designed, allowing for the assembly of the molecular

circuit.

1.3.1. Conjugated organic compounds.

Conjugated organic compounds have long been suggested as possible molecular wires

because of their precise length and number of molecular constituents (see Figure I.2).tu'"

Figure I.2. Possible coniugated organic molecular wire'

These conjugated systems also have a distinct advantage over non-conjugated systems

with the continuous overlap of æ-density. This æ-overlap not only creates a through-

bridge for utilisation in molecular circuits but also creates rigidity, which promotes the

self-assembly of these molecular devices.3 The great possibility lies not only in the wide

range of known organic reactions but also in the diverse number of known organic

compounds. Thiol moieties allow for the adhesion of these conjugated organic

compounds onto gold surfaces by self-assembly'3

2
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1.3.2. Carbon nano-tubes.

Since the discovery of carbon nanotubes in 1991,23 they have been regarded as one of the

most promising candidates for molecular wires.2a Their great desirability arises from

their mechanical stiffness and their electronic properties, such as their conductivity (See

Figure 1.3).tt

Figure 1.3. 3D view of a possible molecular device using carbon nanotubes.26

There are two different types of carbon nanotubes, single-walled (SWNT) and multi-

walled nanotubes (MWNT). In MWNT, which vary between two and 50 layers, it was

found that the electronic properties of the individual tubes can differ dramatically due to

interactions of adjacent layers.25 SWNT have demonstrated a great potential as possible

molecular wires.2s The conductivity is one of the most important electronic

considerations of any potential molecular wire. In a SWNT this depends on two factors,

the tube diameter and wrapping angle (see Figure 7.4)." These can be altered to tune the

concluctivity of the SWNT. Furthermore through the use of scanning tunnelling

microscopy, it is possible to relate these structural differences, and therefore predict the

conductivity of any SWNT.28

Metal electrode

Offjunction

On junction

Carbon Nanotubes
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a ''l.

A C

Figure 1.4. Structural dffirences of carbon nanotubes. A. Armchair. B. Chiral. C. Zigzag

The biggest problem for carbon nanotubes at present is the selectivity inherent in their

synthesis. There are four methods used:

1. carbon discharge;

2. pyrolysis of hydrocarbons or other carbon-containing molecules over metal catalysts;

3. laser vaporisation of graphite;

4. electrolysis using graphite electrodes immersed in molten ionic salts.2s

Even though these methods are very effective in the synthesis of carbon nanotubes there

is little control over the growth or thickness. This means that the desired nanotube must

be separated from a mixture of unwanted nanotubes, which is virtually impossible on a

large scale.

Defects such as pentagon-heptagon irregularities, called elbow connections, 
2s within the

SWNT can affect the conductivity allowing charge to flow in only one direction. These

defects may have some advantages giving points at which the nanotube can be doped

with other metals enhancing its potential as a molecular wire. Further suggestions have

been made that SWNTs should be sheathed inside one another, with the first acting as a

Í t.
¡tJ

B
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conductor to carry the charge, while the second acting as an insulator to create a barrier

from the effects of other adjacent wires.

1.3.3. Redox-active comPlexes.

In the successful sSmthesis of molecular wires there are several considerations. In recent

decades chemists have begun to explore beyond the traditional strictly organic

compounds and cap these all-carbon bridges with redox-active transition metal centres.

These have the general formula [MI,.]-(C).-[M'L.], as possible models for molecular

wires (where M is a redox active metal, L is the associated ligands of the metal, and (C)*

is the all-carbon conjugated bridge). The capping of these organic bridges allows for

,,fine tuning" of the electronic properties of the molecule by substituting either electron

donating or withdrawing ligands on the metal centres. This has been further extended to

photoactive terminals to create storage devices.2e As seen in conjugated organic

compounds the r-overlap possess the ability to allow the transport of electrons, but this æ-

overlap must also interact with the appropriate d-orbitals of the metal to allow

communication across the entire molecule. Furthermore there must be a free electron that

can traverse through the rc-overlap. This free electron is obtained by either, removal of an

electron from the HOMO or addition of an electron into the LUMO of the neutral

complex, leaving the two metal termini in different oxidation states, also known as a

mixed-valence complex. The free electron can then reside on either metal terminal in

these mixed-valence complexes (see Figure 1.5).
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+
-e

+e

-llï" il--Tr- -T-

Figure 1.5.

terminals.

Electron transport in a molecular wire containing two redox-active metal

The Group 8 metals; iron,30 ruthenium,3l and osmium, have all shown strong metal-metal

interactions allowing complete delocalisation of electrons. Calculations have further

confirmed this delocalisation and orbital overlap.32'33 The degree of overlap or

interaction allows these complexes to be placed in one of three classes by the Robin-Day

classification system,3o furthe. extended by Meyer and co-workers.3s

Class L Complexes in this class demonstrate no electronic interactions between the two

terminal metal centres. In these cases the bridging ligand acts as a complete insulator.

Symmetrical Class I complexes have identical oxidation and reduction potentials Eo, with

the only difference a small statistical factor [AEo:2(RT/F)ln2].

Class II. Complexes (eg. {Cp*(dppe)Fe}2(¡t-C=C-4,4'-{1,1'-(C6Ha)2}C=C))36 in this

class have weakly interacting metal terminals. These metal termini can be distinguished

by at least one spectroscopic method and show an intervalence charge transfer band

(IVCT) in the near-infrared, which is the energy required to transmit the free electron

from one terminal to the other. Care needs to be taken when assigning this IVCT band

because it is often solvent dependent.

+

M

+
Conjugated bridge



9

Class III. Complexes (eg. {Cp*(dppe)Ru}2(p-C=CC{))" in this class display strong

electronic interactions. The bridging ligand in these cases is acting as a conductor.

Oxidation or reduction in these complexes happens in a step-wise fashion due to the

overlap between the two metal terminals and the bridging ligand, with AEo greater than

20OmV.

presently the Robin-Day classification system has limited the description of a particular

group of complexes that contain characteristics of both Class II and III.

Class II-I[. Complexes (eg. [{(H¡N)sRu}r(p-pr)]t*)" in this class possess

characteristics of both Class II and Class III. They have an inter-valence charge transfer

band that is not solvent dependent, which indicates a Class III type complex. However it

is possible to determine some charge localisation through the use of IR and low

temperature X-ray crystallography, which indicates a Class II complex.

1.4. Evaluation of molecular wires.

At present there are many different techniques for determining the degree of overlap

between the two metal termini along the bridging ligand. The three most common

techniques are direct measurement, cyclic voltammetry, and infrared (IR), UV/Vis and

near-infrared (NIR) absorption spectroscopy.

1.4.1. Direct measurement.

Direct measurement offers the most accurate method for determining the resistance or

ability of a molecule to transport electrons. The biggest problem with this type of

measurement is that the molecular wire of interest must have the appropriate termini to

interact with macroscopic electrodes. Also a great deal of control is needed with the

ability to move the nano-junction electrodes in picometer increments.
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Direct measurement can be achieved through the use of a break junction. A mechanically

controlled break junction is typically created by slowly bending or extruding a

microscopic piece of wire, generally made from gold. With the appropriate terminals,

usually thiol groups, the molecule is coated onto this nano-junction in a self-assembly

mono-layer. The gold tips are then moved closer together in picometer increments until

the correct distance is achieved for a single molecule to bridge the gap (see Figure 1.6).

A current can then be applied to one electrode and the current response can be measured

for the single molecule.3T'38

Current

Gold
Electrode

Electrode

Figure 1.6. Benzene-1,4-dithiotate spanning two gold electrodes (where X can either be H or

Au, the Au potentially comingfrom the wire when the break junction was formed)'3e

X

Gold

H
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1.4.2. Cyclic voltammetry.

Cyclic voltammetry is a simple but effective method of evaluating the electronic

interactions in redox-active complexes. Although cyclic voltammetry is a powerful and

useful tool, care needs to be taken when describing the results as effects such as

solvation,aO electrostatic interactionsal and structural distortion,a2 need to be considered.

This method is not as powerful as direct measurement, but the cyclic voltammetry

method allows for redox-active complexes to be categorised within the Robin-Day3a and

Meyer35 classification systems.

Cyclic voltammetry requires a three-electrode system submerged into a solution of the

desired complex and supporting electrolyte (see Figure 1.7). The working electrode,

usually made from platinum, glassy carbon, or gold, is used to apply a potential across

the solution, either reducing or oxidising. The counter-electrode is necessary to collect

the current from the working electrode to complete the circuit. A redox reaction is also

provoked by the counter-electrode opposite in nature, but equal in extent to that occurring

at the working electrode. The reference electrode is needed because only differences in

potential or current can be measured experimentally. Therefore the reference electrode

must not pass current so thát this difference can be accurately measured at the counter

electrode.a3

Counter
e le ctro de

N2 W orking
electrode

Reference
electrode

I
I
l--

-+Cell

Figure 1.7. Cyclic voltammetry cell setup containing the three relevant electrodes, working,

counter, and reference.



72

ia

(!

o
o

g

Cyclic voltammetry experiments begin at a potential which no current is measured, this

being an arbitrary point for every complex. The potential is then swept in the forward

direction recording the cathodic reaction, until it reaches the switching potential. At this

point the potential is reversed and the sweep measures the anodic reaction, until it reaches

the initial potential (see Figure 1.8). The cathodic and anodic current can be graphed as a

function of potential giving the desired voltammogram (see Figure 8).43

\uz
Eswitch

lc

Eint¡ut

Efinul

Eintial Efinat
Ea

0 Time Potential (V)

Figure 1.8. A. Cyclic potential sweep. B. Theoretical trace of afully reversible redox event.

From the theoretical trace it is possible to measure not only the current intensities (peak

height) of both the cathodic i", and anodic iu process, but also Euzwhich is the difference

between the two redox events (see Equation 1-l).

Evz : ln^- n"l Equation 1.1

To obtain an accurate voltammogram, measurements must be taken under the conditions

of a stationary working electrode and an unstirred solution. Furthermore the mass

transport, the way in which the redox-active complexes move between the bulk solution

and the interface double layer, must be controlled by diffusion (see Figure l.g).ot

E
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Figure 1.9. Enlarged view of the area around the working electrode

If the mass transport is not controlled by diffusion, the complex at the interface will

become depleted causing effors in the measured current. A simple test used to determine

whether the mass transport of a complex is controlled by diffusion is to relate the current

intensity (peak height of the relevant redox event) to the square-root of the scan rate (see

Equation 1.2).0'

iu J; Equation 1.2

The peak shape of the cyclic voltammogram can also reveal information about the

kinetics and thermodynamics of the relevant species. By comparing i. to iu, for a fully

reversibleredoxevent ioli":1. Forquasi-reversibleevents 1>io li">0,whereasfor

fully non-reversible events io I i":0 and is independent of scan rate.43

This can be further extended to class II and III mixed-valence complexes by measuring

the comproportionation constant K. of the relevant species in solution (see Equation 1.3,

which simplifies to Equation 1.4).



Kc [Ox - Redl2

tO* - O*l ned - Redl

l4

Equation 1.3

K" e"p [¡e x 38.ea] Equation 1.4

Class II complexes have small K" values whereas class III complexes have large K"

values. These large K" values indicate the thermodynamic stability of the oxidised MV

complex and the possibility of its isolation, without disproportionation into the doubly

reduced, doubly oxidised species or decomposition (see Figure 1.10).

M+
K^

-Y5-

Mo + M2*

Figure 1.10. Disproportionation reaction-

1.4.3. IR, UVA/is, NIR spectroscopy.

The use of absorption spectroscopy, in particular in the regions of IR, UViVis, and NIR,

allows the in silr.¿ investigation of electrochemically generated complexes, which is not

always possible in the solid state for some complexes due to their instability.aa

Through the use of infrared reflection-absorption spectroscopy (IRRAS)at in a modified

solution IR cell it is possible to follow the bonding changes that occur in complexes due

to oxidation or reduction. Both techniques (cyclic voltammetry and absorption

spectroscopy) work on a three-electrode system, a working, reference, and counter-

electrode (as seen for cyclic voltammetry). IRRAS uses a working electrode that is

placed extremely close to an IR transparent window to form a I to 10 pm film. The IR

beam is then directed through this frlm and is reflected by the working electrode to the

detector (see Figure 1.11). Further modifications can be made to allow these

measurements to be taken under an inert atmosphere and at low temperature. A solution
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IR cell can also be built with these same three electrodes producing a simplified method

where the transmittance can be measured instead (see Figure 1.11).

Counter
electrode
//

Counter
electrode

N2 in
Reference
electrode

N" out'->

KBr window
--l>

Working
electrode

-\
Working
electrode { *u, window

Reference
electrode

Figure l.ll. IRRAS and solution cell setups'

For polycarbon chains for example, IR has also proven an effective means of following

these changes in the solid state with stable complexes. By focusing on the carbon-carbon

bonds in the chain it is possible to observe the change in absorption from a carbon-carbon

triple bond to a carbon-carbon double bond (see Figure 1.12) (also dicussed later).

[Ru]-C:C-C-C-[Ru]

v(CC)

l973cm-r

l+

[Ru]-CÇC-C:==C----tRul'l 1859cm-l

2+

tRul-c-c-c-c-tRtil 1769cm-r

Figure 1.12. Dffirence in electronic structure and in IR when oxidised from the neutral

through to the dication (where [RuJ ß Cp*(dppe)Ru).

UV/Vis-NIR spectroscopy uses an optically transparent thin-layer electrode (OTTLE)

cell, which agaiîcontains the three relevant electrodes (see Figure 1.13).46
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Figure 1.13. An Optically Transparent Thin-Layer Electrode (OTTLE) cell.

Guided by the CV data the working electrode is first held at a resting potential, where the

complex in solution is neither oxidised or reduced. The appropriate potential is then

applied to the working electrode to either oxidise or reduce the complex. The

reversibility of this process is demonstrated by the recovery of the original spectra after

completing the cycle and well-defined isosbestic points.aT

Of greatest interest is the NIR region for mixed valence complexes. In the NIR region an

inter-valence charge transfer band can be observed, which corresponds to the optically

excited transfer of an electron between the two redox-active metal centres. This band is

only observed in class II and III complexes and not in class I complexes as a result of the

isolated behaviour of the two redox-active metal termini.3a Detailed analysis of this band

allows the electronic coupling parameter Vu6 (ot Hu6) to be determined.

For mono-oxidised or reduced class III complexes the coupling parameter Vu6 ís simply

related to the energy of the NIR band (see equation 1.5).re'48
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Vua
Vtu* Equation 1.5

2

The relationship of the coupling parameter to the energy of the band can sometimes be

difficult to interpret with the appearance of multiple overlapping bands in the NIR region,

which can arise from either vibrational modes or multiple transitions.l2'3l Further

interpretation of this band can become misleading also in class III complexes, as a result

of the total delocalisation across the entire complex.ae

A diagnostic test applied to determine whether a MV complex belongs in either class II

or III involves the comparison of the observed bandwidth vr¡z of the lowest energy

electronic transfer to the theoretically determined value (see Equation 1'6)'48's0

,,lln : 2310v,ou* Equation 1.6

The IVCT band for class II complexes is either in good agreement or broader than that

determined from the above relationship. Class III complexes give rise to an IVCT band

which is relatively narower than the theoretical value, but again care needs to be taken

with the possible presence of multiple overlapping bands. These overlapping bands can

be deconvoluted into Gaussian-shaped components allowing Vaatobe extracted.sr

The coupling parameter for class II complexes can be also calculated based on the Hush

theory (see Equation 1.7).so

Vaa : 2.05 xl0-2 (€ V-u* Avyz) Equation 1.7

RMM'

Where e is the molar extinction coefficient (M-1cm-1), v.u* is the energy of the IVCT

band (cm-l), Avvz is the half-height width of the IVCT band, and RIvrrr,r' is the through-

space internuclear distance between the two redox-active centres (Å). Calculation of Zut
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allows direct comparisons of related complexes to be drawn, and evaluation of the

effectiveness of the bridging ligand to mediate electron transfer.

1.5. Group S [MI-C¿-[MI complexes.

Given the definition of a molecular wire, complexes containing two redox-active metal

termini bridged by either yndiyl (-C=C-) or polyyndiyl [(C=C-)"] fragments are obvious

candidates. Transition metal complexes of the general formula [MI-]-C--[¡4'L'-J

(where tML] and [M'L'-] represent the redox-active termini, and C* represents the

bridging fragment) have significant potential for use in molecular electronics.

Recent work has developed the synthesis of transition metal complexes containing

successively longer carbon chains such as {Cp*(ONXPPh¡)Re}z(p-C=C)" (where n:2 to

10) and {Ar(PAr3)2Pt}2(p-C=C)" (where n:2 to l4¡.sz'az

Of particular interest to this thesis is the Group 8 complexes Cp*(dppe)MC=CC=C

M(dppe)Cp* (where M : Fe, Ru, Os). The use of cyclic voltammetry and

spectroelectrochemistry has allowed the electronic interactions of these complexes to be

measured, which has generally confirmed that strong interactions do exist through the C*

bridging tigand. These interactions gradually decrease as the chain length is extended

due to the increased resistance within the wire. Theoretical analysis of these complexes

has furthered the understanding of the bonding between the metal termini and the linking

carbon bridge. For a simple molcule {cp(PH3)2Ru}2([I-C=CC=C) theoretical

calculations have shown that there are strong o-t1pe interactions between the highJying

metallic frontier orbitals 3b,, and 3a, and the low-lying C+ orbtials lbu and 2a* (see Figure

lJ4).47 The predominant interactions between the metal centres and the carbon-chain are

frlled/filled interactions, which stablise the C+ chain and destabilise the metallic orbitals'

Considering this the HOMO for the neutral complex is delocalised over the entire

molecule and is well separated from the LUMO's. Therefore any oxidation' which

involves loss of an electron, will not be exclusively metal centred and since these
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HOMO's are anti-bonding between Ru and Co and bonding between Co and Cp, this

supports the findings made in the IR with a lengthening in the C=C bonds.
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Figure 1.14. Molecular orbital diagram of {Cp(PH)zRu}z(lt-C{C1)'
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1.6. Work described in this Thesis.

Work described in this thesis explores the synthesis of several different types of

molecular wire models containing electron-rich Group 8 metal termini. Complexes

containing the -C{C{- bridging ligand capped by the Os(dppe)Cp* are reported (see

Figure l.l5). The use of this moiety allows for direct comparison of the through-bridge

interaction in the MV complex to the analogous series containing the Fe(dppe)Cp* and

Ru(dppe)Cp* termini through the use of cyclic voltammetry and NIR spectroscopy. This

is the first comparative study of similar complexes containing all the three members of a

transition metal GrouP.

-C:C

Figure 1.15 Group I metal termini bridged by -c1c1- ligand (where M : Fe, Ru,

os).

The effect of chain length on these electronic interactions are also investigated with the

synthesis of several complexes containing {C=C)"- (where r : 1, 2) bridging ligands'

The oxidised derivatives of these complexes were isolated and where possible their

electronic structure was investigated using both spectroscopic and structural

characterisation. The electronic coupling parameter %r was also determined using NIR

spectroscopy allowing comparisons to be made with longer chain analogues within a

related series.

The effect of inserting organic fragments, such as 9,10-anthracenediyl, l-ferrocenediyl

and 1,1'-ruthenocenediyl (see Figure 1.16) into these sp carbon chains was investigated

with Group g termini. Through the use of cyclic voltammetry the electronic interactions

were measured allowing comparison to complexes with equivalent length straight carbon

chains. The effect of the 9,IO-anthracenediyl fragment on the singlet-triplet state
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interconversion seen in several straight chain complexes was also investigated with

approaches towards the synthesis of a Fe(dppe)Cpx complex containing a trapped

electronic structure.

tol3

m-to\P/
Pm-tol3

Figure l.16 Ins ertion of 1, I' -ruthenoc enediyl into { Cp* (dppe) Ru} d ¡t-C I C 1)

At present most organometallic osmium starting materials involve the use of extremely

toxic OsO¿. Due to the dangers associated with the transport of OsO+ a novel general

synthetic approach was investigated starting from the stable potassium osmate. Novel

synthetic approaches were also found for several known and unknown Group 8

vinylidenes giving a more general approach to some Group 8 starting materials'

CC

I

Ru
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2.1. Introduction.

Group 8 complexes of the general formula IMLI-(C{C{)-[M'L'-] are of great

interest with the synthesis of {Cp*(dppe)Fe}2(p-C=CC=C) (1),u'

{Cp*(dppe)Ru}2(p-C{C{) (2)," Cp*(dppe)FeC:CC{Ru(dppe)Cp* (3)32 previously

reported. In these complexes strong metal-metal interactions along the carbon chain have

been shown to exist by cyclic voltammetry. These complexes have been used as possible

models for molecular wires where simple unsaturated carbon chains link redox-active

metal centres.

Complexes of this type can be represented by one of three possible valence bond

structures (see Figure 2.1). Atpresent most complexes of this type are best represented

by the valence structure A, which comprises alternating single and triple bonds.

Structure B is also based on polyynes, while C shows a fully double-bonded cumulenic

system.

M-C:C-C:C
(A) (B) (c)

Figure 2.1. Valence bond structures of complexes of the generalformula MCCCCM.

2.1.1. Synthetic strategies for diyndiyl complexes.

Diyndiyl complexos of the general formula [ML]-(C:CC=C)-[M'L'-] have been

prepared through three main s5mthetic routes (see Scheme 2.1)'

l. Coupling between a substituted Ca fragment and two equivalents of the desired metal-

ligand fragment.

2. Coupling between [MÇ]-C=CC=CR and another metal ligand fragment.
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3. Homo coupling of two [ML]-C=CH fragments

1.2 [LnM]-X +

2. R+

3.2

p"vrlffi[MLn/M'L'm]

[ML.]/[M'L,''] : Metal ligand fragment

X : Halide

R = Non-metallic substitution

R

: î--rr

Scheme 2.1. Synthetic strategies for complexes of the general formula [ML,J-

(c1c1)-IM'L'^].

Z.l.l.l. Synthetic strategy One. Coupling between a substituted C¿ fragment and

fwo equivalents of the desired metal-ligand fragment'

Coupling between a substituted C+ fragment and two equivalents of the desired metal-

ligand fragment is the most widely used synthetic method due to the large number of

accessible substituted C4 compounds.

Buta-1,3-diyne (HC=CC=CH) is the simplest accessible Ca fragment. This Ca fragment

is extremely reactive, which makes it a potential starting material, but it can only be kept

at low temperatures for approximately a week in a THF solution before complete

polymerisation occurs. Despite its reactivity and the dangers associated with its use, it

has been used to synthesise several different diyndiyl comple*es. 6a'6s
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Treatment of {Rhcl(P'Ptr)r), with buta-1,3-diyne at -78oc in pentane yields the homo-

merallic complex {(P'Pr3)2C1(H)Rh}2(p-C=CC:C) in 68Yo yield (see Scheme 2.2). Thrs

method is also adopted in the s5mthesis of {(P¡Pr¡)zCl(H)Ir}2(p-C{C=C) in48Yo yield.

[Rh(Cl(P'Pr3)2]2 + H-c:C-c:

-780C

pentane

H

I

PtPr3
.H'Prr\ 

I

-Rh-cl
'PrrP/

Scheme 2.2. Synthesß of { (P Pr ) 2Cl(H) Rh} 2ftt-C I C{) us ing buta- 1, 3 -diyne.

The hazards associated with buta-1,3-diyne have lead to its replacement by

TMSC:CC:CTMS. This white crystalline solid, 1,4-bis(trimethylsilyl)buta-1,3-diyne'

which can be stored at room temperature has also proved to be a useful compound in the

synthesis of these symmetrical complexes.

Treatment of 1,4-bis(trimethylsilyl)buta-1,3-diyne with RuCl(PPh3)2Cp in refluxing

methanol in the presence of KF yielded the desired symmetrical complex which

precipitated from the hot methanol solution (see Scheme 2.3)'66

4
2 Ru-Cl + TMS-C-C-C:C-TMS

,rl 
'""n,

PhrÈ's \rrn,

Ph Ph

Scheme 2.3. Synthetic route to {Cp(PPh)2Ru}2ftt-C{C{) using TMSCIC{TMS'
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2.L.1.2. Synthetic strategy two. Coupling between [ML"]-C:CC:CR and another

metal ligand fragment.

2.1.1.2.1. Synthesis of [ML"|-C=CC:CR.

Coupling between a metal-ligand fragment that already contains the diyndiyl chain and

another metal-ligand fragment gives a wide variety of homo- and hetero-metallic

complexes. The synthetic strategy employed uses complexes that contain the diyndiyl

chain already and depends on the chemistry of both the metal and organic starting

material.

catal¡ic condensation reactions using copper(I) iodide in the presence of an amine

solvent is one of the most widely used methods to access these complexes. Treatment of

buta-1,3-diyne with V/C1(CO)3Cp* and catalytic CuI in the presence of diethylamine

affords the yellow complex Cp*(OC)3WC=CC:CH after chromatography (alumina) in

7 7 % yield(see Schem e 2.4\.67'68

CuI

cu-c:c-c:

CuCl

WCI(CO)3Cp*

HC4H
NHEt2

c:c-H

scheme 2.4. Catalysed condensation reaction to yield cp*(oc)swc1c1H.
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Organolithium reagents have also given a viable entry into these complexes by reaction

with the appropriate metal halide, which results in precipitation of a lithium halide.

Treatment of 1,4-bis(trimethylsilyl)buta-1,3-diyne with one equivalent of methyllithium

results in the formation of LiC=CC:CTMS. This organolithium reagent further reacts

with FeI(CO)zCp* to give the metal complex Cp*(OC)2FeC{C{TMS, which contains

a TMS protected diynyl ligand which can be desilylated using potassium fluoride (see

Scheme 2.5).6n

TMS-C-C-C-C + MeLi Li-c:c-c-c

FeI(CO)2Cp*

C-c-C-H MeOH/THF
e-cEc-c-c-TMS

\.o \.o

scheme 2.5. Synthetic route to cp*(oc)zFecflc{Hfrom TMSCICITMS.

Where the two above procedures are not appropriate, complexation can be achieved

through the mono-substituted TMS starting material HC=CC=CTMS. Reaction of

RuCl(dppe)Cp* (a) with HC=CC:CTMS in the presence of Na[BPþ] in a NEt¡ / THF

mixture gives Cp*(dppe)RuC=CC{TMS (5) (see Scheme 2.6).'o The presence of

Na[BPh¿] assists in the ionisation of the ruthenium-chlorine bond allowing complexation,

a l,4-hydrogen shift then occurs to give a butatrienylidene, as an unstable intermediate.

The presence of NEt¡ deprotonates this reactive species affording the desired complex,

which can be desilylated using [Bu'+N1F to yield Cp*(dppe)RuC=CC=CH.
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\
cl + H-C:C-C:C-TMS

Na[BPha]

THF/NEt3
500c

4

Phz \-/ H 5

(
NEt3

c-c:c-H

Scheme 2.6. Synthetic route to Cp*(dppe)RuClClHfrom HC{C{TMS.

2.1.1.2.2. Coupling between [ML"|-C=CC=CR and another metal ligand fragment.

Treatment of Cp*(OC)¡WC=CC=CH with stoichiometric WCI(CO):Cp* and catalytic

CuI in NHEtz results in the precipitation of the desired complex

{Cp*(CO)3W}2(p-C=CC=C) (see Schem e 2.7).7 
|
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-C-C-c-C-H
oc

\
CO

CuI

rù/Cl(CO)3Cp*

NHEt2

-11:l.1-

v-v

\"

Scheme 2.7. Synthetic route to {Cp*(OC)sfÜz0t-C{C4)

The complex Cp*(dppe)RuC{C=CH undergoes complexation with FeCl(dppe)Cp* in

the presence of both Na[BPh¿] and NEb / dbu, to give the heterometallic complex

Cp * (dpp e)RuC=CC=C Fe(dppe)Cp * (see S chem e 2.8).32

FeCl(dppe)Cp*
Na[BPha]

NEt3 / dbu

Ru- c:c-c-c-F

\

scheme 2.8. Gener al synthetic metho d fo r cp * (dpp e) Ru c 1 c I Fe (dpp e) Cp *.
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2.1.1.3. Synthetic strategy Three. Homo coupling between two [ML^I-C:CH

fragments.

Oxidative homo-coupling of two metal ethynyl complexes has been used in the sSmthesis

of several different complexes such as {Cpx(ON)þ-to1¡P)Re}z(p-C=CC:C) and 2, under

varying reaction conditions.

The synthesis of {Cp*(ON)(p-toþP)Re}z(p-C=CC{) was achieved by heating the

rhenium complex Cp*(ON)(ptol¡P)ReC=CH at 80oC in the presence of Cu(OAc)z in

pyridine, which also acts as a base to deprotonate the bis(vinylidene) in situ (see Scheme

2.g).to Despite the high temperature conditions the C+ complex is obtained in a good

yield of 70%.

2+

Cu(OAc),-CH+ tol3

\
Pp-tol1

I
p-tol1P'

I
p-tol3P

Scheme 2.9. Homo couplíng of Cp*(ON)(paoljP)ReClH'

The synthesis of both 1 and 2 was achieved by radical dimerisation. This process was

initiated by the addition of [FeCp2][PFo] to a solution of corresponding metal ethynyl at

18"C. The [FeCp2][PFo] removes an electron from the metal giving rise to a free radical

on Cp. This free radical undergoes spontaneous carbon-carbon bond formation to afford
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the coupled bis(vinylidene), which upon deprotonation with KOrBu yields the desired

homo-metallic complex (see Scheme 2.10).31

+ ^n +

\

(PFe)z

H

L-

Scheme 2.10. Radical dimerisation of Cp*(dppe)RuC{H'

',
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2.2. Aims of this work.

The primary aim of this work is to complete the series of Group 8 complexes containing

the diynyl bridging ligand. The syntheses of {Cp*(dppe)Fe}z([r-C=CC=C),

{Cpx(dppe)Ru}z(p-C:CC=C), and Cp*(dppe)FeC{C{Ru(dppe)Cpx have been

reported previously.3t,32'63 These complexes show marked differences in their oxidation

potentials with all complexes demonstrating strong electronic coupling between the two

metals centres through the carbon chain. In the homo-metallic di-cations it has also been

observed that there exists a triplet state for iron complex, which is not observed for the

ruthenium complex.

This chapter reports the syntheses and characterisation of five new osmium diyndiyl

complexes containing dppe and Cp* ligands including {Cp*(dppe)Os}z(It-C=CC=C) (6)'

Of significant interest in this chapter are the oxidation potentials of these new hetero-

metallic osmium complexes along with the electronic structure of the mono- and di-

cations of {Cp*(dppe)Os}2(p-C:CC{), which can be followed by the use of IR

spectroscopY
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2.3. Results and Discussion-

2.3.1. Synthesis and properties of {cp*(dppe)os}c=cc:c{M(dppe)cp*}, where M

: Fe, Ru.

The osmium diyndiyl complex was achieved using a synthetic method similar to the

ruthenium and iron analogues (see Scheme2.lI).

The osmium bromo- or chloro- starting material undergoes complexation, in the presence

of both TMSC=CH and [NH+][PFo] to yield the bright yellow vinylidene. Previous

attempts of this reaction required heating at reflux in dichloromethane for 72 h, while in

methanol the product precipitates directly from the hot methanol solution in three hours.

As found with both the ruthenium and iron cases the presence of [NHa][PFo] is needed to

stabilise the vinylidene salt and to aid ionisation of the osmium-halide bond.

Deprotonation of [cp*(dppe)os:c:cHz][PFø] (7) with Ko'Bu in THF afforded the

neutral acetylene complex Cp*(dppe)OsC:CH (8), which undergoes oxidative coupling

in the presence of [FeCpz][PFo] in dichloromethane at -78oC to give

[cp*(dppe)os:c:cHCH:C:Os(dppe)cp*][PFe]z (9). Deprotonation of this product

with KO¿Bu in THF affords the butadiyndiyl complex 6.



S_CI
TMSC:CH

-

[NH4][PF6] / MeOH

(PFe)z

cE2cl2

KOrBu

THF

-1-f 

a-r '-
V-V v-

6

Scheme 2.11. Synthetic route to {Cp*(dppe)Os}d¡t1{C1)'

7t2
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PFo

KO/Bu

-C-CH
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This method was successfully extended to the synthesis of both

Cp*(dppe)OsC:CC:CRu(dppe)Cp* (L0) and Cp*(dppe)OsC:CC:CFe(dppe)Cp* (11)'

Oxidative coupling of I with Cpt(dppe)Mc{H (where M : Ru, Fe respectively), gave

the bis(vinylidenes). Deprotonation of each bis(vinylidene) with KO'¡Bu afforded the

neutral Ca complexes as an inseparable mixture with the two corresponding homo

metallic complexes.

In the lH and "p NMR spectra of 10 and Ll two Cp* and dppe peaks were seen which

indicates the presence of only the two homo-metallic complexes. For L0 the 3lP NMR

spectrum showed peaks at õ 82.52 and 43.58, which corresponded to the homometallic

complexes. This same trend is observed in the tH NMR with peaks at ô 8.01-7.07

corresponding to the aromatic protons in dppe, õ 2.78-2.63 and 2.02-1.95 corresponding

to the C1zC1zbridge in dppe. The peaks corresponding to the Cp* protons were found

at õ 1.74 and 1.69. The mass spectrum however showed peaks for all three complexes at

m/z 1317, 1408 and 1496, corresponding to [M]+ for 2, L0 and 6 respectively' The

presence of all three complexes in the mass spqctrum would indicate overlap in the lH

and 31p NMR spectra due to similar chemical environments or very little of the

heterometallic species.

This was also observed for 11 with peaks in the "P NMR spectrum at ô 101.41 and

43:56. The lH NMR spectrum showed peaks atõ 8.L2-7.06 (aromatic protons), 2-81-2.73

and2.11-1.98 (CHzCHzin dppe), and ô 1.73 and 1.56 corresponding to the Cpx protons.

Again the mass spectrum showed the presence of all three complexes with peaks at m/z

1226,1362 and 1496 corresponding to [M]* for I,lL, and 6 respectively.

2.3.2. Synthesis and properties of Cp* (dppe)OsC=CC:CTMS'

Initial work towards the synthesis of both 10 and 11 centered around the preparation of

Cp*(dppe)OsC:CC:CTMS (12). As shown previously for ruthenium, desilylation and
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further coupling with the correct metal halide resulted in the desired hetero-metallic

complex.32 The synthesis of 12 was not achieved in large enough yields to make it a

viable starting material for further organometallic reactions. Under similar conditions as

those used for the successful synthesis of 5,70 OsCl(dppe)Cp* (13) was reacted with an

excess of HC=CC=CTMS in the presence of Na[BPh+] in a THF / NEtr mixture at 50oC

for 48 h. The procedure did not result in formation of the desired product but only the

recovery of the starting chloro complex. This suggests that the ruthenium-chloride bond

in 4 is weaker than the osmium-chloride bond in 13.

As demonstrated in chapter six the use of different solvents can increase the lability and

hence the reactivity of the metal-halide bond in the synthesis of vinylidenes. The

reaction of 4 with an excess of HC=CC:CTMS in methanol has already been teported,T2

the product of which undergoes addition of methanol at Cr. Taking this result into

consideration the reaction of 4 with an excess of HC:CC:CTMS was performed in

'BuoH.

Treatment of 4 with an excess of HC:CC=CTMS in the presence of both Na[BPtr+] and

proton spongett in /BuOH at 50oC for one hour resulted in the precipitation of the

desired complex 5 in 86-95%o yield. If the temperature exceeds 60oC in the course of the

reaction then the formation of the cyclobutenylidene complex is observed (see Figure

2.2)by mass spectntm m/z 1441 [M]+. This impurity can be removed by chromatography

(basic alumina) loading with NEt¡ and eluting with hexane.73

BPh4
H

TMS

Figure 2.2. Ruth enium cycl obutenyli dene comp lex.

V/ith the successful synthesis of 5 under these new conditions, the same procedure was

attempted using L3. Treatment of t3 with an excess of HC{C=CTMS in the presence
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of Na[Bp¡+] and proton ,pong"tt in ¡BuOH at 50oC results in the formation of only trace

amounts of 12, which could be extracted with hot hexane. The major product was

identified by mass spectroscopy, which was found to be the cyclobutenylidene (1a)' The

formation of 14 is thought to happen by a12 + 2l cycloaddition between carbons C(3) and

C(4) of adjacent complexes (see Scheme 2.I2).

In order to minimize the formation of the cyclobutenylidene complex the reaction was

repeated at a lower temperature, which resulted in the recovery of the starting chloro-

complex and no observable product.

C-TMS
Phz

H

H

¿

+

C

Phz

t4

Scheme 2.12. Proposed mechanism for the formation of the osmium cyclobutenylídene

complex.

2.3.3. Electrochemistry of cp*(dppe)osc=cc=cM(dpPe)cP*, where M : Fe, Ru,

The redox potentials for complexes L, 2, 6 and 10 were measured under similar

conditions and are presented in Table 2.1.

Os.
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The spectra of the syrnmetrical osmium complex 6 shows four oxidation waves. The first

three redox events (Et, Ez andE3) are fullyreversible, (iul i": 1; current is proportional

to the square root of the scan rate) while the E+ event was only quasi-reversible (iu I i" :

0.7; current is proportional to the square root of the scan rate)(see Figure 2'3).

3

2

0

a

-J

4

-5

-6

-0.8 -0.3 0.2

E(Ð

0.7 1.2

Figure 2.3. Cyclic voltammogram of {Cp*(dppe)Os}2(¡t-C4C4), recorded in CH2C|2, 0'IM

[Bu' al,IJ [PF6J at I 00mV il.

Further analysis of the electrochemical data provided an insight into the thermodynamic

stabilities of the neutral complex and its oxidised states. The comproportionation

constant, Ç (see Equation 1.4), can be determined by looking at the comproportionation

reaction, which is the reaction of two molecules of the same complex in different

oxidation states giving rise to a single species through electron transfer.

High thermodynamic stabilities are found for the oxidised species [6]"* (where n: 1,2,

3), as evident by the large separation between redox events giving rise to large Ç values

(n:1, K":2.07 x 1010; î:2,IÇ:1.09x 10la; û:3, k:2'76 x 107),whichalso

1.7-l 3
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indicate a Class III complex by the Robin and Day classification system. Unfortunately

these values only give an estimate of the thermodynamic stability of these oxidised

complexes, but given the significant K. values they were all considered viable synthetic

targets.

The first oxidation potential (81) for 6 a|4.62 V, is much lower than that found fot 2 at

-0.43 V and is comparable to that of L at -0.69 V (see Figure 2.4). This result was not

expected as it was predicted that the first oxidation would increase on descending Group

8 from iron to ruthenium to osmium as a result of initial theoretical studies.Ta

Os

Fe

Figure 2.4. First oxidation potentials for the Group B series {Cp*(dppe)M}r(p-C1C4)

where M: Fe, Ru, Os.
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The oxidation potentials (,81, Ez, Ez, Eù for the heterometallic complex 10 were found to

be intermediate to that observed for 6 and 2, at -0.52 V, +0.11 V, +0'63 V and +0'92V

(see Figure 2.5).

2

0

-J

4

-5

-6

-0.6 -0.1 0.4 0.9 1.4

E(Ð

Figure 2.5. Cyclic voltammogram of cp*(dppe)osctclRu(dppe)cp*, recorded in cHzclz,

0.lM [Bu'aNJ[PF6J at l00mVs1.
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tREFI

63

J 1

This work

32

This work

IQ(0/+1/+2)

9.95 x 101r

9.64 x 1010

2.07 x l0ro

4.51 x 10ro

E¿

+1.51a

+1.26u

+1.394

E¡

+0.95

+t.02

+0.82

+0.99

+0.92

LEttz

0.72

0.66

0.61

0.77

0.63

Ez

+0.03

+0.23

-0.01

+0.18

+0.11

Er

-0.69

-0.43

-0.62

-0.59

-0.52

[Ml/[M']

Fe/Fe

Rr:/Ru

Os/Os

Fe/Ru

Ru/Os

Complex

1

2

6

3

10

Table 2.1. Electrochemical datafor Cp*(dppe)MC4C1M'(dppe)Cp* recorded in CHzClz 0.1M [Bu'y'{] [PF6] and 100 mV

s-t . " peak potential of a quasi-reversible wave.

ö
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2.

2.3.4. Synthesis and properties of [{Cp*(dppe)Os}zGr-C:CC:C)]"*, where r: 1,

After examination of the CV of 6 (see Section 2.3.3), which contains three fully

reversible and one quasi-reversible oxidation waves, it was thought that synthesis of

the mono-, di-, and tri-cations should be possible througþ chemical oxidation.

Treatment of 6 with one equivalent of [FeCpz][PF6] in dichloromethane caused a

rapid colour change from orange to deep green. The mono-cation, 6[PF6] was

isolated by precipitation from the reaction mixture upon addition of hexane. The lH

NMR spectrum showed broad peaks at õ 12.16 corresponding to the Cp* protons, ô

10.68 corresponding to the ClHzClHz in dppe and multiplets at ô 8.22-7 '36

corresponding to the aromatic protons. Despite the broad nature of the tH NMR

spectra, which was to be expected for the paramagnetic 35-electron complex,

assignments could still be made based on the relative intensities of the observed

peaks. No signal was seen in the 3lP NMR spectrum for dppe. The IR spectrum

confirmed the presence of the PFe anion with a characteristic v(PF) band at 839 cm-r.

The IR spectrum also contained a v(CC) absorption at 1860 cm-I, which is consistent

with that observed for 2[PF6] (1359 "--t)," 
with a decrease in the carbon-carbon

bond order between Co and Cp (see Figure 2.6). The mass spectrum also confirmed

the presence of the mono-cation with a peak at m/z 1496 corresponding to [M]*'

Treatment of 6 with two equivalents of [FeCpz][PFo] in dichloromethane caused a

rapid colour change through the deep green observed for the mono-cation to

eventually give a deep blue solution. The di-cation 6[PF6]2 was isolated by

precipitation from the reaction mixture upon addition of hexane. The lH NMR

spectrum of this 34-electron complex displayed sharp well-defined peaks at õ 7.80-

6.99 (aromatic),3.69-3.58 and 3.31-3.19 (CH2CH2), and2.l3 (Cp*) consistent with a

diamagnetic complex. The 3lP NMR spectrum showed a slightly broadened singlet at

ô 80.93 corresponding to the dppe and a septet at ô -143.01 corresponding to the PFo

anion. A dramatic shift is observed from ô 43.58 for the neutral complex to ô 80.98 in

the di-cation for the phosphorus nuclei of the dppe, which is consistent with the

removal of electron density from the osmium centre and therefore the phosphorus

'a
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nuclei upon oxidation. The IR spectrum also indicates a change in the carbon-carbon

bond order in the complex with a v(C:C) absorption at l78l cm-l and an absorption

at 836 cm-r corresponding to v(PF). This shift to shorter wavelengths for the v(CC)

absorption is indicative of further decrease in the Co-Cp bond order towards a

cumulenic structure (see Figure 2.6). The mass spectrum confirmed the presence of

the dlcation with a peak at m/z 748 corresponding to [M]2*.

[Os]-C:C-C:C-[Os]

v(cc)

1965 cm-l

[os]-CÇc-c==ç.-_¡os¡ 1 1860 cm-l
l+

2+

tosl-C-c:C:C-tOsil 1781 cm-l

Figure 2.6. Electronic structure of [{Cp*(dppe)Os}2ftt-C1c1)]'* (where n: 0, 1, 2) as

indicated by the IR sPectrum.

Attempts were also made to isolate 6[PFe]¡ using stronger oxidising agents such as

Ag* (Er,r:*I.II Vin CH2Cl2),7s butallreactionsfailedtogivethedesiredcomplex.

The cyclic voltammetry of the product from this reaction was not similar to those

observed for fcp*(dppe)osccccos(dppe)cp*]n* (where f : 0, l, 2). This suggested

that the tri-cation has enhanced reactivity compared to that of the mono- and di-

cations and undergoes a chemical transformation precluding its isolation. This

problem might be overcome by the addition of stronger electron-donating ligands. In

a related iron complex the isolation of [{Cp*(dippe)Fe}2(CCCC)]tPF613,76 was

possible when the more electron-donating dippe ligand was used.
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2.4. Conclusions.

The successful syntheses of three new diyndiyl complexes 6, 10 and 11 was achieved

along with the mono- and di-cationic species of 6. Comparison of the IR spectra of

6[PF6] and 6[PF6]z with those observed for 2[PF6] and 2[PFo]2, shows similar

decreases in the bond order between Co and Cp, consistent with a reorganisation of the

electron density as indicated by the structures A-C.

Comparison of the electrochemistry of the five Group 8 diyndiyl complexes (1,2,3,6

and l0) shows that strong electronic interactions exist between the two metal termini

in all complexes, which are all considered Class III by the Robin-Day classification

system due to the large separation between the redox events'

Despite the novel synthetic approach used in the synthesis of 5 this could not be

extended successfully to the synthesis of 12 due to the apparent strength of the

osmium-chloride bond compared to the ruthenium-chloride bond' The 12 +2)

cycloaddition of t2 that was previously observed for ruthenium was also confirmed

by osmium, which undergoes the same process to give L '
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2.5. Experimental.

All reactions were carried out under dry, high purity argon using standard Schlenk

techniques. solvents were purified as follows: THF, diethyl ether, pentane, and

benzene were distilled form Na/benzophenone; CHzClz and rBuOH were distilled

from CaHz; MeOH was distilled from MdIr. Elemental analyses were performed by

CMAS, Belmont, VIC, Australia. Despite several attempts accurate elemental

analyses could not be obtained for 6[PF6] and 56.

Instrumentation.

IR spectra were obtained on either a Perkin-Elmer l72OX FT IR spectrometer (4000-

400 cm-r) or on a Bruker IFS28 FT IR spectrometer (4000-400 cm-l). Nujol mull

spectra were obtained from samples mounted between Nacl discs.

NMR spectra were recorded on Varian 2000 instrument (lH at 300.13 ly'I]Frz,r3C at

75.47 y¡1g1z,31P at 121.50 MHz,). Samples were contained within 5 mm sample

tubes. Chemical shifts (ô) are given in ppm relative to internal tetramethylsilane (0

ppm) for lH and l3C NMR spectra and external H¡PO¿ (0 ppm) for 3rP NMR spectra.

UVA/is/lr{IR spectra were recorded on a Varian Cary 5 UV/Vis/l'{IR spectrometer.

For spectroelectrochemistry, samples (1 mM) were dissolved in cHzclz (with 0.5 M

tBuiNltpF6l supporting electrolyte). The OTTLE cell consists of a 1 mm path length

with a platinum gavze working electrode, platinum wire counter and pseudo-reference

electrodes.

Cyclic voltammograms were recorded using either a MacLabl40O or a PAR model

263 apparatus (using a platinum working electrode, platinum wire counter and

pseudo-reference electrode). Solutions were made up in CHzClz using a 0'1 M

solution of [BunaN]lPFe] as the supporting electrolyte, at a scan rate 0'1 V s-l'

Ferrocene was used as an internal calibrant, [FeCp2]/[FeCpz]*: +0.46V.
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Electrospray mass spectra (ES-MS) were recorded on either a VG Platform 2 ot a

Finnigan LCQ spectrometer. Methanol solutions were directly infused into the

instrument, using chemical aids to ionisation as required'

X-ray crystal structures were determined by Professor Allan White and Dr Brian

Skelton, University of Western Australia, Australia. Structural data were received in

CIF format and the ORTEP plots of the individual molecules or cations were

generated using ORTEP for Windows, showing 50% ellipsoid probability with non-

essential hydrogen atoms removed for clarity. Throughout this thesis, ORTEP plots

adhere to the following colour scheme: osmium and ruthenium in orange, carbon in

red, halides in blue, phosphorus in green, iron in purple and nitrogen in cyan'

Reagents : The compounds [Cp 
* (dppe)Os:C:CH z]lPF ø1,7 

7 
Cp * (dppe)RuC=CH,3 I

Cp*(dppe)FeC:cH,63 [Fecpz][PF61,7s TMSC:-CC=CH,7*,o.C11dppe)cp*,77 were all

prepared using standard literature procedures. The compounds Na[BPtr+J and proton

,porrgett were use as received from Aldrich.

Cp*(dppe)OsC=CH (8).7e

To a suspension of [cp*(dppe)os:c:cH2][PF6] (88 mg, 0.098 mmol) in THF (15

mL) was added KOrBu (12 mg,0.098 mmol). After the mixture was stirred for 30

min, the solvent was removed under vacuum. The residue was then extracted with

benzene and the solvent was again removed under vacuum to yield yellow

cp*(dppe)osc=cH (44 mg,60%). Anal. Calcd. (C¡sH¿oPzOs): C: 60.95, H: 5.38,

Found C: 60.81, H: 5.39. IR (nujol, cm-r¡: 3274 sv(:CH); 1929 w v(C=C). tH NMR

(d6-beruene): ô 7.95-7.03 (m, 20H, Ph); 2.71-2.65, 2'08-1 '99 (2 x m, 2 x 2H'

CHzCHz))2.10 (s, lH, =CH); 1.73 (s, 15H, Cp*). t'C NMR (d6-benzene): ô 139.37-

127.02 (m, Ph); g2.g1 (t,2Jcp 16.6Hz, C'); 89.88 (s, Cp); 88'79 (t,2Jc,23 1g'z,

GMes); 31.16 (m, CH2CHz); 10.04 (s, C5trtte5y 3rP NMR (do,-benzene): õ 43.6 (s,

dppe). ES-MS þositive ion mode, MeOH, m/z);751, [M + H]+'
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[Cp*(dppe)Os:C:CHCH:C:Os(dppe)Cp*l [PFol z (9).7e

To a cooled suspension (-78'C) of Cp*(dppe)OsC=CH (150 mg, 0.20 mmol) in

CHzClz(2g mL) was added [FeCpz][PFo] (63 mg, 0.19 mmol). The reaction mixture

was stirred aI -78"C for t h before the product was precipitated directly from the

reaction mixture upon the slow addition of EtzO (50 mL). The solid was filtered by

cannula and dried under vacuum to yield [Cp*(dppe)Os:C:CHCH:C:Os

(dppe)Cp*llpFo]z (126 mg,14%). IR (nujol, cm-t¡: 1611 w v(C:C); 841 s v(PF). ttt

NMR (CDCI¡): ô 7.56-7.00 (m, 40H, Ph);2.72-2.60(m, 8H, CHzCHz); l'73 (s, 30H,

cp*); 1.00 (s, 2H, :CH). t'C NMR (CDClr): ô 309.69 (s, Co); 134.32-128.62 (m,

ph); 100.37 (s, cp); 88.21 (s, GMes); 31.87-30.21 (m, CHzCHz);9.46 (s,C5Me5). 3tP

NMR (CDCI:): ô 39.4 (s, dppe); -143.7 (sept, IJprTll Hz, PFo). ES-MS (positive ion

mode, MeOH m/z):749, [M]t*.

{Cp* (dppe)Os}2(P-C:CC=C) (6).7e

To a suspension of [cp*(dppe)os:c:cHCH:C:Os(dppe)CP*] [PFo]z (125 mg, 0.07

mmol) in THF (20 mL) was added KOrBu (15.5 mg, 0.139 mmol). After the mixture

was stirred for 30 min, the solvent was removed under vacuum. The residue was then

extracted with hexane and the solvent was again removed under vacuum to yield

orange {Cp*(dppe)Os}2(p-C:CC=C) (65 mg, 66%). Anal. Calcd. (CroHzsP¿Os2): C:

61.03, H: 5.26, Found C: 61.15, H: 5.34. IR (nujol, cm-r¡: 1965 s, 1867 w v(C=C).

rH NMR (d6-beruene): õ 7 .99-7.06 (m, 40H, Ph); 2.69-2.62, 2.05-l .99 (2 x m, 2 x 4H,

CHzCHù;1.75 (s, 30H, Cp*). r3C NMR (do-bet1¿ene): ô 139.99-127.16 (m, Ph);

95.46 (s, Cp); 83.68 (s, GMes);71.32 (t,2Jcp l9.l 1g'z, C");31'42-31'35 (m,

CHzCHz); 10.08 (s, CstrIes¡ "P NMR (dd-betuene): õ 43.5 (s, dppe)' ES-MS

þositive ion mode, MeOH, m/z):1497, [M]*.
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{Cp*(dppe)Os}C=CC=C {Ru(dppe)Cp*} (10).

To a cooled suspension (-78"C) of Cp*(dppe)OsC=CH (17 mg, 0.023 mmol) and

cp*(dppe)puç=cH (15 n8, 0.023 mmol) in cEzclz (10 mL) was added

[FeCp2][PFo] (15 mg, 0.046 mmol). The reaction mixture was stirred at -78"C for I h

before the product was precipitated directly from the reaction mixture upon the slow

addition of EtzO (50 mL). The solid was filtered by canula and dried under vacuum.

THF (10 mL) was then added to the solid followed by KO'Bu (6 mg, 0.046 mmol).

The reaction mixture was stirred at r.t. for 30 min before the solvent was removed.

The crude solid was extracted with hexane to give bright orange solution. The solvent

was then removed under vacuum to yield a mixture of

{Cp*(dppe)Os}C=CC=C{Ru(dppe)Cp*}, {Cp*(dppe)Os}2(p-C:CC=C), and

{Cp*(dppe)Ru}2(p-C=CC=C). 
tH NMR (d6-benzene): ô S.0l-7.07 (m,40H, Ph);

2.75-2.63 and2.02-L95 (m, 8H, CHzCHù;1.74 (s, 15H, Os-Cp*); 1'69 (s, 15H' Ru-

Cp*). 3rP NMR (d6-beruene): ô 82.5 (s, Ru-dppe); 43.5 (s, Os-dppe)' ES-MS

þositive ion mode, lr/reo1, m/z): 1317, [{cp*(dppe)Ru}2(p-c:cc=c)]+l 1408,

[{Cp*(dppe)Os}C=CC=C{Ru(dppe)Cp*}]*; 7496, [{Cp*(dppe)Os}z('r-C:CC=C)]*'

{Cp*(dppe)Os}C=CC=C{Fe(dppe)Cp*} (1 1).

Similarly, to a cooled suspension (-78oC) of Cp*(dppe)OsC=CH (17 mg, 0.023

mmol) and cp*(dppe)Fec=cH (14 mg, 0.023 mmol) in c}Jzclz (10 mL) was added

[FeCpz][PFo] (15 mg, 0.046 mmol). The reaction mixture was stirred at -78oC for t h

before the product was precipitated directly from the reaction mixture upon the slow

addition of EtzO (50 mL). The solid was then filtered by canula and dried under

vacuum. THF (10 mL) was then added to the solid followed by KOrBu (6 mg, 0.046

mmol). The reaction mixture was stirred at r.t. for 30 min before the solvent was

removed. The crude solid was extracted with hexane to give bright orange solution.

The solvent was then removed under vacuum to yield a mixture of

{Cp*(dppe)Os}C=CC=C{Fe(dppe)Cp*}, {Cp*(dppe)Os}2(p-C:CC=C), and

{cp*(dppe)Fe}z([r-c=cc=c). 
tH NMR (d6-benzene): õ 8.12-7.06 (m, 40H, Ph);

2.81-2.73 and2.11-1.98 (m,8H, CHzCHz),1.73 (s, 15H, Os-Cp*); 1'56 (s, 15H, Fe-
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Cp*). 3tP NMR (d6-benzene): ô 101.4 (s, Fe-dppe); 43.5 (s, Os-dppe)' ES-MS

(positive ion mode, MeOH, m/z): 1226, [{Cp*(dppe)Fe}2(p-C:CC=C)]+; 1362,

[{Cp*(dppe)Os}C=CC:C{Fe(dppe)Cp*}]*; 1496, [{Cp*(dppe)Os}2(¡r-C=CC=C)]+'

Cp*(dppe)RuC=CC=CTMS (5).

To a suspension of Rucl(dppe)cp* (100 mg, 0.15 mmol), Na[BPh+J (51 mg, 0.15

mmol) and proton ,pong"t" (32 mg,0.15 mmol) in tBuOH (15 mL) was added

HC=CC=CTMS (92 mg, 0.75 mmol). The suspension was heated at 50oC in a sealed

flask for one hour before allowing to cool. The yellow suspension was filtered warm

to yield cp*(dppe)Ruc=cc=cTMs (97 mg,86%). IR (nujol, cm-t¡: 2770w,2094m,

1989 w v(C=C). rH NMR (d6-benzene): õ 7.79-6.91 (m, 20H, Ph); 2.52-2.46, 1.80-

1.73 (2 x m, 2 x 2H,CHzCHz); 1.52 (t, 3Jo, 2 Hz, l1;g.,Cp*); 0'21 (s, 9H, TMS)' 31P

NMR (d6-benzene): ô 81.4 (s, dppe). Lit values.T' IR 1No.¡ol, cm-l): v(C=C) 2l7l w,

2095 m,1990 w. rH NMR (CDClr): ô 7.86-6.89 (m, 20H, Ph);2.49,1.78 (2xm,2x

2H,CHzCHz.); 1.53 (t,3Jnp2Hz,15H, Cp*);0.23 (s,9H, TMS)' 3rP NMR (CDCI¡):

ô 81.3 (s, dppe).

Cp*(dppe)OsC=CC:CTMS (12).

To a suspension of oscl(dppe)cpx (100 mg, 0.137 mmol), Na[BPlu] (51 mg, 0.145

mmol) and proton ,porg"tt (31 mg, 0.145 mmol) in 'BuOH (8 mL) was added

HC=CC=CTMS (32 mg, 0.264 mmol). The suspension was heated at 50oC in a

sealed flask for 18 h before the solvent was removed under vacuum. The residue was

extracted with hot hexane until the extracts were no longer coloured. Solvent was

again removed under vacuum to yield yellow Cp*(dppe)Os(C=CC=CTMS) (2 mg,

Z%). IR (nujol, c*-t¡: 2182 w,2l3l m,2106 w v(C=C). tH NMR (d6-benzene): ô

7.87-6.92(m,20H, Ph);2.46-2.41,1.91-1.87 (2xm,2x2H,CHzCHz);1'63 (s, l5H,

Cp*); 0.29 (s, 9H, TMS). "P NMR (dø-benzene): ô 43.1 (s, dppe). ES-MS (positive

ion mode, MeOH m/z):847, [M + H]+; 725 [Os(dppe)Cp*]*'
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t{Cp*(dppe)os}zGr-CCCc)l [PF6l (6 [PF6l).

To a solution of {Cp*(dppe)Os}z(p-C:CC=C) (26 mg,0.017 mmol) in CHzClz (10

mL) was added [FeCp2][PFo] (5.a mg, 0.016 mmol) causing an immediate change in

colour from orange to green. After the mixture was stirred for 30 min, the solvent

was concentrated to 2 mL and hexane (25 mL) was added dropwise to yield green

[{Cp*(dppe)Os}2(¡r-CCCC)][PF6] (20 mg, 72%). IR (nujol, c--t¡: 1860 w v(CC);

83g s v(PF). tH NMR (d6-acetone): ô 12.16 (br, 30H, Cp*); 10.68 (br, 8H' cHzcHz);

8.22-7.36 (br m, 40H, Ph). ES-MS (positive ion mode, MeoH, m/z): 1496,ll:]*;725

[Os(dppe)Cp*]*.

[{Cp*(dppe)Os}z0r-CcCC)l [PF6l 2 (6 [PF6l 2).

To a solution of {Cp*(dppe)Os}2@-C=CC=C) (10 mg, 0.007 mmol) in CHzClz (10

mL) was added [FeCp2][PF e] Ø3 mg, 0.013 mmol) causing a change in colour from

orange to blue. After the mixture was stirred for 30 min, the solvent was concentrated

to 2 mL and hexane (25 mL) was added dropwise to yield green [{Cp*(dppe)Os}2(p-

C:C:C:C)ItPFolz (8 mg, 67%). Anal. Calcd. (CzoHzoFrzPoOsz): C:51'12,H" 4'40,

Found C: 51.09, H: 4.31. IR (nujol, cm-r¡: 1781 w v(C:C); 836 s v(PF). tH NMR

(d6-acetone): ô 7.80-6.99 (m, 40H, Ph); 3.69-3.58. 3.31-3.19 (2 x m, 2 x 4H,

CHzCHz); 2.13 (br,30H, Cp*). "P NMR (d6-acetone): ô 80.9 (br, dppe); -143.0 (sept,

lJpr 707 Hz, pF6). ES-MS (positive ion mode, MeOH, m/z): 748, lql2*; 725

[Os(dppe)Cp*]+.
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3.1. Introduction.

Continuing interest in redox-active metal complexes containing all carbon ligands has

been spurred on by the synthesis of complexes such as

Cp*(dppe)RuC=CC=CFe(dppe)Cp* 
t', and other such complexes of the formula

[LM]-C.-[¡1,L'-1. This interest has been further enhanced due to the possible

involvement of these complexes in molecular devices.

Development of these complexes has centred around carbon ligands from -C=CC:C-

and longer (see Chapter 2 for synthetic strategies), with electron-rich metal termini'

There is also a wide range of -C=C- complexes, of the general formula

[MLn]C=C[M,L,.], containing metal termini such as Cr(CO)¡Cp,8O MnICO)5,81 and

Fe(CO)2Cp*.82 As a result of the electron withdrawing ligands on the metal termini

however, these complexes have no significant electrochemistry, which would allow

comparison to higþer order complexes such as {Cp(dppe)Ru}2(p-C:CC=C).83

There are few examples of [ML]C=C[M'L''] complexes containing electron-rich

metal termini such as Ti(PMe¡)Cp*2,84 and Au(PR3) (where R : Me or Et),8s which

has been further extended by the recent synthesis of

(MeCsH+Xdmpe)Mn:C:C:Mn(dmpeXMeCsH¿)86. Complexes of the general

formula [ML"]C=C[M'L'-] can exist in three different valence bond forms (see

Figure 3.1). The first two valence bond forms show altemating single and triple

bonds (D and E), where the third is a completely double-bonded cumulenic form F).

M-C- IVFC-C-M M-C-C-M

(D) (E) (F)

Figure 3.1. Possible valence bond structures þr complexes of the general formula MCII'I'
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3.1.1. Synthetic strategies for C2 bridged complexes.

Taking into account these possible valence bond structures there have been limited

synthetic approaches into the synthesis of these short carbon chain complexes. At

present there are three main synthetic approaches used in the synthesis of these short

even-numbered carbon chain complexes.

1. Metal-catalysed alkyne metathesis.

Z. Coupling between a substituted Cz fragment and two equivalents of the desired

metal-ligand fragment.

3. Coupling between a [M]c=cH fragment and a metal ligand fragment.

3.L.1.L. Synthetic strategy one. Metal-catalysed alkyne metathesis.

When considering metal-catalysed alkyne metathesis for the synthesis of

[ML"]C=CIML"] complexes, there are several important factors, namely the correct

choice of metal catalyst, the desired metal alkyne and reaction solvent.

The product {Cp(CO)zRu}z(p-C=C) was synthesised from Cp(CO)zRuC=CMe and

(Me3CO)3W=W(OCMe3)¡, in rso-octane in a moderate yield of 66%o (see Scheme

3.1).tt The reaction proceeds through the ruthenium-tungsten intermediate

cp(co)zRu-c:v(ocMe3)3, with the driving force of the reaction being the

production of volatile CzMez.
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4Ru-c:c-ìvle ï (Me3CO)3W:W(OCMe3)3

"J \"

+

4
MeC:CMe Ru-C:C-Me

\
co

\
CO

4Ru-c:c-Me (Me3Co)3W:CMe

"ò" \.

Ru-C:C-H 1. trBuLi 
-

.ô.. \"

s

4

I
OC

Scheme 3.1. Metal-catalyzed all<yne metathesis-

The above reaction makes use of the tungsten complex (Me3CO)3W=W(OCMe¡)¡'

which has been previously reported to be a useful reagent for alkyne metathesis

reactions.ss Complexes such as Cp(CO)2RuC=CMe are also relatively simple

synthetic targets by reaction of the lithium salt with MeI (see Scheme 3.2).rn

However the choice of solvent is equally important, by conducting the reaction in

toluene instead of ¿so-octane, the catalytic cycle of the tungsten complex does not

proceed and the formation of the desired product is not observed.

Ru-C:C-Me
2.lvdeI

"ò* \.
Scheme 3.2. Synthesis of Cp(CO)2RuClMe-
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3.1.L.2. Synthetic strategy two. Coupling between a substituted C2 fragment and

two equivalents of the desired metal-ligand fragment'

The coupling of two metalJigand fragments to an appropriately substituted Cz

fragment is a simple yet effective method of making C2 complexes. This method

possesses great versatility with a wide range of substituted Cz fragments such as

TMSC=CH,90 M"rSrrC=CSnMe¡,el and IC=CI.e2

Acetylene is the simplest available C2 fragrnent. The greatest difficulty in using

acetylene is its higþ volatility, which makes maintaining a significant amount within

the reaction mixture problematic. This restricts reactions so they must be either done

using an excess of acetylene or in a sealed flask, which exposes the user to possibile

explosions. Substitution of one or both of the protons reduces some of the difficulty

associated with acetylene, as most products are either non-volatile liquids or solids.

The complex [(MeCsH¿Xdmpe)MnCzMn(dmpe)(MeCsH¿)]* was synthesised from a

slight excess of (MeCsH¿)zMn(dmpe) and the bis-substituted acetylene

Me¡SnC=CSnMe3, in THF at room temperature in a good yield of 690/o (see Scheme

3.3).tu

+ 2 Me3Sn-CEC-SnMe35

+

Mn
Me

MeMe

Scheme 3.3. Synthesis of an electron-rich Cz complex.
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Another method using a disubstituted acetylene fragment was in the synthesis of

(oc)sMnc=cMn(co)5, from [Mn(co)s]-e3 and IC=CI, in THF, but in a poor yield of

15% (see Scheme 3.4).tt

OCet.

+ I-C: THF > U-V CO

ocl

Scheme 3.4. Synthetic route to (CO)5MnC{Mn(CO)5.

3.1.1.3. Synthetic strategy three. coupling between a [MLnIC=CH fragment and

a metal ligand fragment.

Coupling between a [MI^]C=CH fragment and another metal-ligand fragment

possesses greater flexibility than the strategies outlined above, with the added

possibility of forming hetero-metallic species. There is a wide range of complexes of

the general formula [MLn]:c:cHz such as [cp(dppe)os:c:cH2][PF6] (see Chapter

Six), which can be readily deprotonated to give the desired [ML]C=CH fragment'

The [ML]C:CH fragment can be further deprotonated using nBuli, which activates

the Cp to further electrophilic attack. Metal halides of the general formula [Ml^]X

(where X: Cl, Br, I) can also be activated by reaction with AgOTf. Such silver salts

abstract the halide from the metal to give the solvated cation, which is susceptible to

nucleophilic attack.

The complex Cp*(NO)(PPh3)RoC:CRh(CO)(PPh3Þ was prepffed from the reaction

of cp*(No)(PPh3)Rec=cH with nBuli and Rhcl(co)(PPh3)2' in THF at -80oc in a

yield of 72% (see Scheme 3.5).tn
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nBul-i

Re-C:C-LiRe-CEC-H
THF

\
PPh3

Scheme 3.5. Synthesis of Cp* (NO) (PPh ) ReC lRh (CO) (P Ph ) 2'

The complex {Cp*(CO)2Fe}z(F-C=C) was synthesised from FeC=CH(CO)2Cp* and

[Fe(CO)zCp*(THF)]BFa (prepared by the reaction of FeCl(CO)zCp* with Ag[BF¿] in

THF), in CHzClz stirred overnight and then treated with NEt: to deprotonate the

cation complex in a moderate yield of 57Vo (see Schem e 3 '6)'82'ea

BF¿

Ag[BFa] +
THF

I
OC

,+ CH"Cl"+ e-CEC-H

\tco oc

R.T

\
PPh3"sON

\
PPh

I
OC

+

\tco oc

Scheme 3.6. Synthetic route to {Cp*(CO)zFe}z(lt-C{).
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3.L.2. Properties of Cz complexes.

Bimetallic complexes bridged by a Cz fragment are of particular interest for their

potential as models for molecular wires. Their synthesis will also allow comparisons

to be drawn with longer chain analogues.

The cyclic voltammetry of these complexes has been particularly limited due to the

nature of the electron-withdrawing ligands on the metal termini. Complexes

containing electron donating ligands such as

[(MeCsH+)(dmpe)MnczMn(dmpexMecsH¿)]*, have demonstrated large separation

between redox events (988mV), which indicates significant interactions between the

two metal termini through the bridging carbon chain.
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3.2. Aims of this work.

The aim of this work is to develop syrtheses for several redox-active Group 8

complexes linked by Czbridges. The effect of having a shorter carbon chain will be

compared to their corresponding analogues. The metal-metal interactions will also be

investigated, by comparing the separation between redox events via cyclic

voltammetry.



60

3.3. Results and Discussion.

3.3.1. Synthesis of C2 comPlexes.

The synthesis of Cp(dppe)RuC=CRu(dppe)Cp (15)" has been previously reported

starting from [cp(dppe)Ru:c:cHzlPFe] (16) and Rucl(dppe)cp (17). This method

was utilized to incorporate other metals, such as iron and osmium and ligands such as

Cp* (see Scheme 3.7).

PFo

+ 2 eq nBuli AgOTf + c

l7

+

c-Li

PFo

'.4q1

2[FeCpz][PFo]

lPFolz

scheme 3.7. General synthesis for the complexes [cp(dppe)RuccM(dppe)cp'], where M :

Fe Cp' : Cp, M: Ru Cp' : Cp/Cp*, M: Os Cp' : Cp/Cp*'

18
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The first goal was to prepare several complexes end-capped with the Ru(dppe)Cp

moiety, by generating the THF stabilised cation tRu(THF)(dppe)Cpl* (1S) (bV

treatment of 17 with AgOTf) and reacting it with the desired Cp'(dppe)MC:CLi-

Thus the relevant [Cp'(dppe)MCCH2][PFe] (where M: Fe Cp' : Cp, M: Ru Cp' :

CplCp*, M : Os Cp' : CplCp*) complex was treated with two equivalents of nBuli

to produce the lithio complex and reacted in situ with 18. The resulting solution was

chromatographed (silica gel) to yield forest-green

[Cp(dppe)RuCCHM(dppe)Cp'][PF6]. Previously these protonated complexes were

seen as the most suitable synthetic targets due to the reactivity of the neutral

complexes.T2

Isolation of the desired complexes was then achieved through oxidation of the

protonated complexes using two equivalents of [FeCp2][PFe]. Silica gel

chromatography eluting with 50olo acetone / hexane yielded the desired complexes,

except where M: Fe which was precipitated from the reaction upon addition of EtzO.

Conversion of the di-cation 15[PF6l2 to either the mono-cation or the neutral complex

was achieved by the treatment with one or two equivalents of KOtBu (see Scheme

3.g).nt-nt

Cp(dppe)Ru- C j- C --Ru(dPPe)CP'

Cp(dppe)Ru- C.-:,C 
-Ru(dPPe)CP'\+/\,\,

KO,BU H*

Orange

[FeCp2][PF6] ^ ._-+t_p(

KO,BU

KorBu

-+)cpl

Green H

2[FeCp2][PF6]

2+
Cp(dppe)Ru:C--C-Ru(dPPe

Magenta

Scheme 3.8. Chemicøl oxidation and reduction of Cp(dppe)RuC2Ru(dppe)Cp', where

Cp' : Cp/Cp*.

)cpl
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3.3.2. Spectral properties of C2 complexes.

The IR spectrum for the mono-cation 15[PF6l showed a weak v(CC) band at 1713

cm-t. This peak shifts to longer wavelengths in l5[PFolz to 1651 cm-l, which is

consistent with a decrease in the carbon-carbon bond order as seen for the C+

complexes. All the di-cations 19[PFolz, 20[PFolz, 2llPßslz, and¿2]PEslz Eave bands

in the IR spectra between 1672-1630 crn-l co.responding to v(CC) of a cumulenic

structure F.

Due to the paramagnetic nature of the mono- and di-cations, the tH NMR spectra

could not be collected for Ls[PFol, 15[PFol2, 19[PF6lz, 20[PFel2, 21lPß6]2 and

221pßslz. For 19 the rH NMR spectrum contained a multiplet between õ 7.93-6.76

corresponding to the aromatic protons on both dppe ligands. The CHzCHz protons in

dppe appeared as two multiplets at õ 2.15-2.08 and 1.98-1.87. The Cp and Cp*

protons were observed at ô 4.60 and 1.69 respectively.

The 13C NMR spectrum contains peaks aI õ 147.46-126.07, corresponding to the

aromatic carbons. The Cp* and Cp carbons were found at õ 92.82, |0.97 and 83.01

respectively. The CHzCHz bridging carbons in dppe were also found as a multiplet

between õ 21.98-27.59, but like that found for 15 the carbons in the chain were not

observed due to the relaxation times.

The 31p NMR spectrum of L9 shows two peaks at ô 88.74 and 83.01, corresponding to

the different dppe ligands, as a result of the different environments due to the effect of

Cp versus Cp*, on the ruthenium termini.

Mass spectrometry proved a useful diagnostic tool in determining the nature of the

complexes with the molecular ion observed for all complexes. The molecular ion for

19 appeared at m/z 1224, while for the mono-cation l5[PFol it appeared at m/z 1154.

For the di-cations lj[PFelz, l9[PFelz, 2}lPEelz,21[PFelz and 22lPEelz peaks were

observed at m/z 577,617,656,621 and 554 each corresponding to [M]t*. These

complexes also underwent similar fragmentation with peaks corresponding to



63

[M(dppe)Cp']* (where M: Ru Cp' : Cp I Cp*, Os Cp' : Cp lCp*' and Fe Cp' : Cp)

observed at m/z 565, 635, 655,725 and 519 respectively.

3.3.3. Molecular structures.

It has proved difficult to obtain crystals of sufficient quality for X-ray studies,

although determinations of reasonable precision have been successfully carried out

with a dichloromethane solvate of 15 and water and acetone solvates of 15[PF6]2 (see

Figure 3.2). The determination on 15[PF6l, also reported here, is of lower precision.

Comparisons between these four determinations provided some information on the

changes occurring within the Ru-c-c-Ru fragment as oxidation proceeds.

Ru1

12

P11

-a

c1

t-)

Ru2

Figure 3.2. X-ray crystal structure of [{Cp(dppe)Ru}dp-CC)J IPF6J v

For the neutral complex 15, two Ru(dppe)Cp groups are linked by the C2 fragment,

with the dihedral angle between the two Ru...C(O) vectors [C(0) is the mid-point of
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the cp ringl being 101.9(3)". The Ru-c(1,2) and c(l)-c(2) distances arc2.046(5),

2.051(5) and 1 .230(7) Ä, respectively, with angles at C(1, 2) being 174.0(4) and

170.2(4)". The four Ru-P distances fall between 2.234(l) anó 2.243(1) Å (av. 2.237

Å1. In the corresponding mono-cation, the Ru-C(1,2) distances are 2.00(3), 2-02(3)

Ä, with c(1)-c(2) lengthening to I .28(4) Ä, with angles at c(1,2) similar to those in

15. Lengthening of the Ru-P distances to between 2.317 and 2.329(10) Å is found

(av.2321 Ã). The two di-cations have essentially identical geometries, with Ru-

C(l,Z) 1.878(8), 1.881(8) Å and C(1)-C(2) 1.30(l) ,Å., with angles at C(1,2) being

172.6(7) and 175.6(6)o, respectively (values for acetone solvate given)' The Ru-P

distances are between 2.287(3) and 2.315(3) Å (av. 2.295 L). The torsion angles

C(0)...Ru...Ru...C(0) are all around 60o and reflect steric congestion between the

two organoruthenium groups.

Table 3.1 compares the M-CC-M systems in 15, [15]* and [15]2*, and of the Mn

complexes [{Mn(dmpe)(r1-CsH+Me)}2@-CC)]"* (tt : 0-2)86. In the latter case the

structural data has been interpreted as indicating that the di-cation is an example of

the bis-carbyne resonance form. Overall, for the ruthenium complexes, these

structural data are consistent with a gradual shortening of the Ru-C bond and

lengthening of the C-C bond, which may be represented in valence bond terms as a

change from the ethynediyl structure D [-Ru-C=C-Ru-] towards the cumulenic

structure F [-Ru:C:C:Ru-] as oxidation proceeds. This interpretation is also

supported by theoretical calculations carried out on [{Cp(dHpe)Ru}2(p-CC)]'* (15-

H'*, fl :0-2) at the density functional theory (DFT) level of theory (see below).



f15lßFr)z¿

2.28s(2\
2.zee(2)
2.28r(2)
2.30r(2)
2.244-2.287(9)
2.26
2.243-2.282(9)
2.25

1.8e(1)
1.28(2)
1.88(l)

80.88(8)
82.27(7)
81.3(2)
96.7(3)
82.8(2\
e2.4(3)
172.6(7)
17s.6(6)

f 151@Fe)z'

2.287(3)
2.294(2)
2.296(3)
2.3rs(3)
2.2ss-2.282(7)
2.27
2.23s-2.282(9)
2.26
1.878(8)
1.30(1)
1.881(8)

81.97(9)
80.72(8)
81.4(3)
9r.6(2\
82.0(3)
e7.sß)
r74.8(7)
174.6(6)

tl5lPFr

2.320(9)
2.321(10)
2.3r7(10)
2.32e(10)
2.27-2.3s(3)
2.30
2.26-2.3r(3)
2.29

2.oo(3)
r.28(4)
2.02(3)

83.0(3)
83.0(3)
8s.6(8)
8s.2(9\
90.7(8)
te.4(8)
170.8(24)
r77.1(22)

1512

2.234(r)
2.234(1)
2.243(r\
2.239(r)
2.202-2.263(s)
2.24
2.232-2.266(s)
2.24
2.046(s)
r.230(7)
2.0s1(s)

84.04(4\
83.43(4)
84.04(13)
84.ee(13)
83. I 9(12)
90.10(12)
174.0(4)
170.2(4)

Bond distances (Å)
Ru(1)-P(11)
Ru(1)-P(12)
Ru(2)-P(21)
Ru(2)-P(22)
Ru(1)-C(cp)
(av.)

Ru(2)-C(cp)
(av.)

Ru(1)-C(1)
c(1)-c(2)
C(2)-Ru(2)
Bond angles (o)

P(11)-Ru(1)-P(12)
P(21)-Ru(2)-P(22)
P(1 1)-Ru(1)-C(1)
P(12)-Ru(1)-C(1)
P(21)-Ru(2)-c(2)
P(22)-Rt(2)-C(2)
Ru(r)-c(1)-c(2)
C(1)-C(2)-Ru(2)

Table 3.1. Relative bond dístances and angles of 15,ll5]* and [15]'*. 
o acetone solvate, b water solvate.
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3.3.4. Magnetic ProPerties.

Solutions of the di-cations give broad NMR spectra, which sharpen somewhat upon

cooling the solutions and suggest a degree of paramagnetism' This has been

confirmed in the case of ls[PFe]z by measurements of the magnetic susceptibilities of

two freshly prepared samples over the temperature range 4-300 K. The samples gave

rather similar plots of the magnetic moment lrrff (per Ru2) vs temperature, one having

a room temperature moment of 0.46 [rs, the other 0.26 pe. The former, shown in

Figure 3.3, remains constant between 300 and 100 K, then decreases gradually to

reach 0.3 lrs at 4 K. The corresponding [r¡a data follow a curie temperature

dependence. These values are very small and close to being diamagnetic after

allowing for the diamagnetic corrections of the ligands. Susceptibilities are bulk

measurements that indicate the presence of weak paramagnetism but they cannot

specify if unpaired electron spins are or are not localised on the Ru or C2 fragments.

Small paramagnetic susceptibilities can originate from a variety of sources, a possible

one being the presence of paramagnetic impurities in an otherwise diamagnetic

material. In principle they can originate from second-order Zeemat effects on the Ru

centres, but these would be expected to be independent of temperature, which is not

the case in Figure 3.3. Of particular relevance to the present and related p-C2 species,

is the occuffence of spintriplet, as well as spin-singlet states (vide infra)' What is

clear is that the present Llen values are much smaller than those reported for the related

þ-c2-man[anese complexes [{cp'(dmpe)Mn}-cc-{Mn(dmpe)cp'}]"*, where n: 0 or

l,2r the former having a value of 2.47 [rn at room temperature which decreased to 2.28

lLø at2K, and ascribed to a population of a spin-triplet state at all temperatures, which

should lead to a [r"rr value of 2.8 6. The authors proposed a spin-triplet / singlet

equilibrium with S : I close in energy above S : 0 to explain the temperature

dependence in p"ç. The n: 1 cation showed a most unusual increase in þrfrom 0'69

ps at 300 K to 1.67 þn at 5 K and this was ascribed to one unpaired spin. An

alternative possibility is that ferromagnetic coupling of two spins is occurring in that

case combined with a spin-triplet / singlet equilibrium. Retuming to the results

obtained for the present di-cation, the data could be indicative of a triplet / singlet

equilibrium with the ,s : I state at energy >> kT above the ground ^s 
: 0 state.
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However, since pen does not approach zero at intermediate temperafures, because of

the population of the singlet state, it is more likely that a mixture of singlet and triplet

state molecules exists in these solid samples with the singlet being dominant.

1.0 0.003

0.8

0.002 a
0.6 o

3o
3g

0.001

0.2

0.0 0.000
0 50 100 150

T/K
200 250 300

Figure 3.3.

3.3.5. Theory.

In order to better understand some of the experimental results a theoretical

investigation was conducted at the DFT level. First on the model system

[{Ru(dHpe)Cp}z(p-CC)]"*, 15-II"+ (n:0-2, dHpe :PHzCHzCHzPHz) used to mimic

[{Ru(dppe)Cp}z([r-CC)]"*, 15n*. Optimised distances and angles computed for the

neutral and cationic models compare rather well with available experimental data

obtained from X-ray crystallography. Experimentally measured changes in the Ru-C

and C-C bond distances of 15 upon oxidation can be rationalised by the nodal

properties of the two nearly degenerate HOMOs (Highest Occupied Molecular

Orbital) computed for 15-H (see Figure 3.4). As shown earlier,es they are delocalised

over the RuzCz backbone, n-type in character and anti-bonding between ruthenium

and carbon and bonding between the two carbon atoms. It tums out that removal of

0.4
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electrons leads to some lengthening of the carbon-carbon bond and to some

shortening of the metal-carbon bonds.

HOMO (-2.93 eY;39 I 42)

a

3

HOMO-I (-3.10 eY;40 I 43)

Figure 3.4. HOMO and HOMO-I of {Cp(dppe)Ru}dp-CC)

An interesting point too, is the position of one metallic fragment Ru(dHpe)Cp with

respect to the other. Energy of the neutral system 15-H seems to be hardly affected
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upon rotation around the Cz vector of one metallic moiety relative to the other.

Indeed, a rather flat potential energy surface is computed for 15-II with the

energetically most favoured arrangement found for cr : 180o (transoid geometry),

only 0.03 eV (0.7 kcal/mol) below the most unfavored one. This indicates that the

orientation of one Ru(dHpe)Cp fragment relative to the other in the neutral complex

15-H has a negligible influence on the electronic and structural features of the metal-

carbon core under investigation.

The same conclusion can be reached for the di-cationic higþ-spin (HS) 15-H2*

species. A flat potential energy surface is computed with a shallow minimum found

for a CpRuRuCp torsion angle u of 62". Here again no noteworthy energy difference

(less than I kJ/mol) is computed between the different conformers. Identical

observations were made for the triplet state of model complex

[(MeC5Ha)(dHpe)Mn]zCz, isoelectronic to (HS) 15-H2*, i.e., a flat potential energy

curve with an energy minimum (ø : 90 and 270") and an energy maximum (a : 0o)

separated by less than 5 kJ/mo1.86 In contrast, the energy of the low-spin (LS) 15-H2*

di-cation and, to a lesser extent that of the cation 15-H+, are much more dependent

upon the adopted conformation. For instance, in the case of (LS) 15-H2* a maximum

energy difference of 20 kJ/mol is calculated between the most stable rotamer (ct : 20)

and the less stable one (c¡ : 56o). An even higher energy difference, ca. 36 kJ/mol,

was found for the LS complex [(MeCsH¿XdHpe)MnfzCz,isoelectronic to 15-H'*, b"t

for different angles since the most stable conformer is computed for c[, : 180"

(transoidgeometry) whereas the less stable is for cx,: 90o (gauche geometry)'86 The

energy dependence upon the conformation in these MzCz complexes (M: Mn or Ru)

is attributed to the fact that the shape and the metal character of the two n-type

fragment orbitals of the pseudo-octahedral {M(dHpe)Cp}* fragnent are not fully

equivalent.es Consequently the HOMOs of the complexes in which these FOs are

involved (see Figure 3.4) are not degenerate but slightly energetically separated in the

transoid geometry. On the other hand, they become nearly degenerate in the gauche

geometry with some energy stabilisation of the HOMO and some destabilisation of

the HOMO-I. If both are doubly (neutral) or singly (HS di-cation) occupied, the total

energy is hardly affected by changes of conformation. On the other hand, if one is
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doubly occupied and one vacant (LS di-cation) or partially filled (mono-cation), the

transoid configuration becomes more stable.

Steric hindrance of the bulky dppe ligands as well as solvation effects, also play a role

in the conformer affangements of 1.5. QÌv{/MM geometry optimisations followed by

full DFT single point calculations were performed on [15]'* (n : 0-2) series' An

energy minimum is found for a CpRuRuCp torsion angle of 6lo for 15, very close to

the value of 59.25" experimentally measured. For the di-cationic low-spin species

152*, the transoid form is now calculated 28 kJ/mol higher in energy than the most

stable arrangement which is computed for c[ : 55o (angles of 52.4 and 60.8o are

experimentally measured). 'We were not able to calculate cisoid forms (C[ : 0o)

because of high steric repulsion. Obviously, the observed conformation of 15"+

results from steric hindrance of the bulky dppe ligands, which seem to overcome the

electronic effects previously described for the 1.5-H"+ series.

It was important to calculate the energies of the different conformers of 15-H2* with

accuracy since the energy differences are of the same order that those computed

between different spin configurations. Indeed, theoretical results reveal that overall,

singlet and triplet states of the di-cationic RuzCz species 15-H2* as well as the hetero-

bimetallic model [{Cp(dHpe)RuXCC){Os(dHpe)Cp¡12*, 2!-t¡f2*, ate very close in

energy. DFT/B3LYP calculations give the triplet state slightly favoured over the

singlet state by 3 kJ/mol and 2 kJ/mol for 15-H2* and 2l-H2+, respectively (see

computational details). This is an interesting result which strongly contrasts \¡/ith di-

cationic di-ruthenium complexes containing longer carbon chain spacers such as

{Cp(dppe)Ru}2(p-C=CC:C), which are diamagnetic.aT'66'ee This behaviour which

recalls that of magnetic di-iron carbon complexes,"'" i, attributed to the high metal

character of the "magnetic" orbitals. It turns out the HoMo and LUMO (HOMO-I

and HOMO in the neutral system) of (LS) 15-II2* are much more metallic in character

than their corresponding MOs in the C4-containing species (LS)

[{Cp(dHpe)Ru}2(p-CCCC)]2* (38 and 42 % vs 26 and 2l%o). This presumably

contributes to the metal-centred diradical character of the former. Indeed, the

computed metal spin density is more important in (HS) 15-H2* than in (HS)

[{Cp(dHpe)Ru}2(p-CCCq]2* (0.49 vs 0.39). Similar results are obtained for the
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hetero-bimetallic Ru/Os model 21-H2*, with an important metallic character in the

HOMO and LUMO (44 and 43%o, respectively), and large atomic spin densities

located on Ru and Os (0.49 and 0.51, respectively) for the HS configuration. It is

noteworthy that QN{/MM-DFT calculations performed on 152* show the

ferromagnetic triplet state 3 kJ/mol lower in energy than the antiferromagnetic singlet

state (broken symmetry calculation).

As said earlier, it is known that carbon chain containing di-iron species are

magnetic.32,33 Corrcomitantly, the triplet state of the hetero-bimetallic Ru/Fe model

[{Cp(dHpe)RuXCC){Fe(dHpe)Cp}]'*, 22-Iif2*, is calculated to be 20 kJ/mol more

stable than the singlet state. Again, the HOMO and LUMO are heavily weighted on

the metal atoms, 49 and 46%o, rcspectivel¡ and in the triplet state, the metallic spin

densities are 0.49 and O.l9 electron on Ru and Fe atoms respectively. Our theoretical

results carried out at 0 K predict a magnetic behaviour for 22'If,2*, whereas for 15-H2*

and2l-Hz*, a singlet-triplet equilibrium is expected.

Time-dependent density functional theory (TD-DFT) was used to calculate the first

vertical electronic transition energies for the mono-cationic model 15-H+ with its

most stable conformation (a: 55o) and with ttre transoid atrangement. The lowest

significative excitation was found in both at 16200 cm-r (oscillator strength f :0.17).

This excitation, energetically isolated from other absorptions, involves for 70Yo an

electronic transition from the highest occupied spin-orbital (HOSO)-l (B) to the

lowest unoccupied spin-orbital (LUSO), and for l3Yo anelectronic transition from the

HOSO-3 (Þ) to LUSO. Interestingly the LUSO is equally distributed on the metal

atoms and the Cz chain. This low energy excitation can be described as a metal-to-

metal-Cz transition rather than intervalence charge transfer (IVCT) transition.
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3.3.6. ElectrochemistrY.

The aim of this work was to further extend the chemistry of {Cp(dppe)Ru}z0r-C:C),

by looking at substitution of one ruthenium centre with another group 8 metal, along

with the effect of adding the more electron-rich Cp* ligand versus Cp and what

effects these have on the electrochemistry of the isolated complexes (see Table 3.2).

The cyclic voltammogram of 15 has been previously reported as containing three fully

reversible redox events (i" I io: 1, current proportional to (scan rate)l/2¡, and one

quasi-reversible redox event (i"l io:0.9).72 These four redox events show large peak-

to-peak separations (large values of AE) of approximately 800mV. This gives rise to

alarge comproportionation constant (IÇ: 1.02 x 1014¡ indicating the high thermal

stability of both the mono- and di-catiorrs.t' Both the mono- and di-cations were

found to be stable as solids, but in solution the blue mono-cation changes to a

magenta colour indicating conversion to the di-cation. The cyclic voltammogram for

the di-cation l5[PFolz not surprisingly showed three fully reversible and one quasi-

reversible redox events as found for the neutral complex (see FigUre 3.5).

1.6
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t.2 2-0.4

Figure 3.5. Cyclic voltammogram of 15[PFeìz recorded in 0.]M [BúN][PF6] /

CHzClz at 100 mV s-l.
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As expected from observations made from the chloro complexes (see Chapter 6)

exchange of one ruthenium centre for either iron or osmium has a dramatic effect on

the oxidation potentials. Both 22[PFelz and 2LIPßslz display three well separated

fully reversible redox events (i, I io: 1) at 4.75, +0.16, +1.04 and-0.67, +0'09,

+1.00 V respectively (see Figure 3.6,3.7).
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Figure 3.6. Cyclíc voltammograms of 22lPE¡lz measured in 0.1M [8u"y'{J [PFø] in

CHzClz at 100 mV s-l

+

FeCp2ÆeCp2+
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Figure 3.7. Cyclic voltammograms of 2llPße-lz measured in 0.]M [Bu'NJ IPFfiJ in

CHzCtz at 100 mV s-l.

Exchange of ruthenium for iron shows slightly greater separation in the redox events

than that found in 15[PF6]2. These large separations also indicate high thermal

stability, which is seen in the significant comproportionation constants (IÇ : 2.39 x

10tt). Substitution of the ruthenium for iron also renders the first oxidation potential

140 mV more favourable, but shows similar second and third oxidation potentials of

+0.16 and +1.04 v.

This same pattern is seen with the exchange of one ruthenium by osmium in 2l[PFelz.

The complex 21[PF6l2 shows similar separation between the redox events again with

high comproportionation constants (IÇ: 6.97 x 10t'). Substitution of the ruthenium

for osmium also renders the first oxidation potential 60 mV more favourable along

with the second and third oxidation potentials of +0.09 and +1.00 v.

The exchange of Cp for the more electron-donating Cp* ligand in 19, has no effect on

the first three oxidation potentials for those seen in ls[PFolz (see Figure 3.8).

Notably though with the exchange of Cp in {Cp(dppe)Ru}2(p-C=CC=C) to Cp* in

<-

FcopzlFcop2+
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{Cp*(dppe)Ru}2(p-C=CC=C) the first oxidation potential is 190 mV more

favourable. Even with this shift, the first oxidation potential in both complexes

display very similar comproportionation constants. This indicates that even with the

increase in electron density within the complex, there is no significant difference in

the interactions between the two ruthenium centres.

In contrast there is a decrease in the first oxidation potential with the exchange of Cp

for the more electron donating Cp* from 2l[PFelz to 20[PFrlz (see Figure 3.9). The

first oxidation potential appears 110 mV lower than that found for 21[PFe]2.

However both complexes show similar second and third oxidation potentials of

approximately +0.05 and +0.97 v. The complex 20[PFelz shows very similar

comproportionation constants to those found in 2l[PFo]z'

20
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Figure 3.8. Cyclic voltammogram of 19[PFelz recorded in 0.1M [BúN]tPF6l /
CHzClz at 100 mV s-l.
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Figure 3.9. Cyclic voltammogram of 20[PFelz recorded in 0.]M IBu'NJIPFøJ /
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Kc(0ll+12+)

2.39 x I0r5

7.19 x 10r3

6.97 x l0t2

7.19 x 1013

7.19 x 10r3

El"

+1.74

Es

+1.04

+1.06

+1.00

+1.07

+0.95

Ertz

0.91

0.82

0.76

0.82

0.82

Ez

+0.16

+0.21

+0.09

+0.22

+0.04

Et

-0.75

-0.61

-0.67

-0.60

-0.78

tMl

Fe(dppe)Cp

Ru(dppe)Cp

Os(dppe)Cp

Ru(dppe)Cp*

Os(dppe)Cp*

Complex

22

15

21

t9

20

Table 3.2. Electrochemical data þr Cp(dppe)RuCl[MJ recorded in CHzClz 0.1M [Bu'/'{J [PF6J and ]00 mV s-l . o peak potential of

a quasí-reversìble wave.
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3.3.6. Spectroelectrochemistry.

The high thermodynamic stability of the various electrochemically detected species

prompted an investigation of their electronic spectra by spectrochemical means. The

spectroelectrochemical spectrum of the mono-cation [15]* (obtained by electrochemical

reduction of the isolable di-cation [15]'* in a standard OTTLE cell at -30'C) is dominated

by an asymmetric band at 14150 "--t 1r"" Figure 3.10). As there are no bands at lower

energy, it seems reasonable to assume that this band is related to the IVCT band of

mixed-valence complexes or possibly a metal to metal-carbon band. The band-width at

half-height is 4300 
".rrt, "on.iderably 

narrower than that predicted by the Hush

relationship for a weakly-coupled (Class II) mixed-valence complex (5700 cm-r). The

analysis is, however, somewhat complicated by the difficulty in determining whether the

NIR band envelope represents a single transition or comprises several overlapping bands.

As has been demonstrated on previous occasions, strongly coupled (organic) mixed-

valence systems give rise to asymmetric IVCT bands, whilst the combination of spin-

orbit coupling and the relatively low symmetry of the metal centre can lead to the

observation of multiple transitions in organometallic systems.sa
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In the present case there are several solutions when the band shape is deconvoluted into a

sum of Gaussian-shaped curves. In the light of this and to permit direct comparison with

previously reported data from related Ca-bridged species, we have elected to treat the

band envelope as a single transition and to use the same Hush-style analysis as that

described previously for closely-related systems.3l In that event, the coupling term Hab:

7075 cm-r (or 0.88 eV). This is considerably larger than that observed for the Ru-C+-Ru

complexes (Hua: ca 0.6-0.7 eV) which is consistent with the concept that the shorter

polycarbon bridge, the stronger the coupling. However, given the nature of the

assumptions made in this analysis, we caution over-reliance on the numerical result.

Nevertheless, the conclusions drawn from the simple analysis presented here are entirely

consistent with the TD-DFT-based computational work which shows an electronic

transition at 16200 
"tttt 1."" above)'

An intense band at 13900 cm-l develops upon oxidation of the mono-cation [15]*, with

concomitant collapse of the lower energy feature associated with the mono-cation. Clean

interconversion of the mono- and di-cations is evidenced by the isosbestic point near

17200 cm-r. The new band is identical to that observed for the chemically formed and

isolated di-cation. The profile of this band is virttrally identical to that observed for the

C4 câsos, but it is found at somewhat lower energy. The electronic origin of the visible

band has not been fully assigned, but it is dependent upon both the length of the carbon

chain and the nature of the metal-ligand fragments. This suggests significant contribution

from the carbon-based orbitals - possibly a transition between filled and empty n orbitals

delocalised along the Ru-Cn-Ru backbone.

Oxidation to the tri-cation was also achieved. The spectral profile is again, not

surprisingly, similar to that of the C4 câso, but the shift in the visible band is less

pronounced. However, the decrease in band intensity and small shift in the band

maximum are obvious (see Table 3.3).
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Table 3.3. UY-V\s-NIRdata of 15"* (n: I-3)

Complex v max (cm-t) / e (M-rdmr)

15'
14150 I 4400

34000 / s000

152*

153*
18970 I 20200

25500 I 6700
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3.4. Conclusions.

The synthesis of several novel complexes in which the Cz ligand is end-capped by redox-

active Group 8 metal centres was achieved. These complexes show three or four

successive one-electron oxidation processes. NMR and magnetic measurements of

15[pFelz, show that this di-cation has a trþlet ground state, which is consistent with

theoretical calculations. Structural studies confirm that a change from M-C=C-M in the

neutral towards M:C:C:M in the di-cation occurs as oxidation proceeds.

Electrochemical studies confirm that there is a large electronic interaction between the

end-groups along the carbon chain, which decreases as the carbon chain is lengthened,

further emphasising that these compounds may be considered as models for molecular

wlres.
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3.5. Experimental.

General experimental conditions are detailed on page 45.

Reagents: The compounds TMSC=CH,eO OsCl(dppe)Cp," RuCt(dppe)Cp,100

FeCl(dppe)Cp,tot OsCl(dppe)Cp*," [FeCp2][PF6],7s t{Cp(dppe)Ru}2(p-CCH)l(PF6),72

AgOTf,{Dixon #146} [Cpx(dppe)Ru:C:CHz][PFø],31 were all prepared using standard

literature procedures. The compound KO/Bu was used as received from Aldrich.

[{Cp(dppe)Ru}z0r-CC)l tPF6l (1stPF6l).

[FeCp2][pFø] (38 mg, 0.115 mmol) was added to a solution of [{Cp(dppe)Ru}z(p-

CCH)l(pF6) (150 mg, 0.115 mmol) in CHzClz (15 mL) and the mixture was stirred for 30

min. The solvent was then removed under vacuum and the residue dissolved in a

minimum amount of benzene and submitted to silica gel column chromatography eluting

with 10% acetone/hexane to remove FeCp2 and then 30%o acetone/hexane to yield

[{Cp(dppe)Ru}2(p-CC)XPFó) (137 mg, 92%). Anal. Calcd (Co+HssFoPsRuz): C,59.21;

H,4.50. Found: C,59.30;H,4.53. IR (nujol, cm-t¡: 1713 w v(CC); S39 s v(PF). ES-MS

þositive ion mode, MeOH, m/z); 1154, [M]+.

t{Cp(dppe)Ru}z(p-CC)l [PFo]z (15[PFolz)

[FeCp2][PFø] (76 mg,0.23 mmol) was added to a solution of [{Cp(dppe)Ru}z(p-

CCH)l(pF6) (150 mg, 0.115 mmol) in CHzClz (15 mL) and the mixture was stirred for 30

min. The solvent was then removed under vacuum, and the residue dissolved in a

minimum amount of benzene and submitted to silica gel column chromatography eluting

with l0% acetone/hexane to remove FeCp2 and then 50Yo acetone/hexane to yield

[{Cp(dppe)Ru}2(¡r-CC)](PFoÞ (166 mg, 89%). Anal. Calcd (Co+HsgFrzPoRuz): C, 53.18;
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H, 4.05. Found: C, 53.09; H, 4.07. IR (nujol, c--t¡: 1651 w v(C:C); 840 s v(PF). ES-

MS þositive ion mode, MeOH, mlz): 577, [M]t*; 565, [Ru(dppe)Cp]*'

[Cp* (dppe)Ru:C:C:Ru(dppe)Cpl [PFel z (19 [PF6] 2)

Solution 1:

AgOTf (190 -g, 0.741 mmol) was added to stirred RuCl(dppe)Cp Øa5 mg,0'741mmol)

in THF (15 ml) while in the dark.

Solution 2:

nBuli (0.6 ml, 1.5 mmol, 2.5 M) was added to stirred [cp*(dppe)Ru:c:cH2][PF6] (597

mg, 0.7 4l mmol) in THF ( I 5 ml).

Both solutions were stirred for 30 min before Solution 1 was filtered through celite into

Solution 2. The resulting reaction mixture was stirred for a further 18 h before being

submitted to silica gel column chromatography, eluting with acetone to remove all bands.

The solvent was then removed and solid redissolved inCHzClz (30 ml) and [FeCp2][PFø]

(491 mg,1.48 mmol) added tuming the solution pink. This solution was then submitted

to silica gel column chromatography eluting first with 10% acetone/hexane to remove

any excess RuCl(dppe)Cp and FeCp2 then with 50olo acetone/hexane remove the pink

band which was collected and the solvent removed to yield

[Cp*(dppe)Ru:C:C:Ru(dppe)Cp](PEò2 (426 mg,38%o). Anal' Calc' (C6eH63F12P6Ru2):

C:54.77,H:4.53,Found C:54.63, H:4.51. IR (nujol, cto-t¡: 1639 wv(C:C); 841 s

v(pF). ES-MS (positive ion mode, MoOH, m/z): 611, [M]t*; 635, [Ru(dppe)Cp*]*; 565,

[Ru(dppe)Cp]+.
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Cp*(dppe)Ru-C=C-Ru(dppe)Cp (19)

To a solution of [cp*(dppe)RuccRu(dppe)cp][PF6]2 (100 mg, 0.066 mmol) in THF (10

ml) excess KOrBu (23 mg,0.198 mmol) was added. The solution was stirred for 30 min

before the solvent was removed under vacuum. The residue was extracted with hot

hexane until the fractions were no longer coloured. Solvent was removed under vacuum

to yield an orange solid identified as Cp*(dppe)Ru-C=C-Ru(dppe)Cp (60 mg, 75%)'

Anal calc. (coqHogP¿Ruz.ll2c$zclz): c: 65.95,H: 5.49, Found C: 66.40,H: 5.21. tH

NMR (d6-beruene): õ 7.93-6.76 (m, 40H, Ph); 4.60 (s' 5H' Cp);2.15-2.08, 1.98-1.87

(2m, 8H, CHzCHz);1.69 (s, 15H, Cp*). t'C NMR (d6-benzene): õ 147.46-128.07 (m,

ph);92.84 (s, C5Me5); 83.01 (s, Cp);27.98-27.5g (m' cHzcgù;10.97 (s'c5Me5). 3tP

NMR (d6-benzene): ô 88.7, 83.3 (br, dppe). ES-MS þositive ion mode, }'4LîJOH, m/z):

1224, lWl+ ; 63 5, [Ru(dppe)Cp 
x ]+; 5 6 5' [Ru(dpp e)Cp]+.

[Cp*(dppe)Os:C:C:Ru(dppe)CPl [PFelz (20[PF6ì2).

Solution 1:

AgOTf (190 -g, 0.741 mmol) was added to stirred RuCl(dppe)Cp (a5 mg,0'74t mmol)

in THF (15 ml) while in the dark.

Solution 2:

,BuLi (0.6 ml, 1.5 mmol, 2.5 M) was added to stirred [cpx(dppe)os:c:cH2][PF6] (663

mg,0.741mmol) in THF (15 ml).

Both solutions were stirred for 30 min before Solution I was filtered through celite into

Solution 2. The resulting reaction mixture was stirred for a further 18 h before being

submitted to silica gel column chromatography, eluting with acetone to remove all bands.

The solvent was then removed and solid redissolved in CHzClz (30 ml) and [FeCpz][PFo]

(491 mg, 1.48 mmol) added turning the solution pink. This solution was then submitted

to silica gel column chromatography eluting first with 10% acetone/hexane to remove
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any excess RuCl(dppe)Cp and FeCp2 then with 50olo acetone/hexane to remove the pink

band which was collected and the solvent removed to yield

[Cp*(dppe)Os:C:C:Ru(dppe)Cp][PF6]2 (510 h8, 43%). Anal Calc'

(coqHosFrzPoRurOsr): C:51.72,H:4.28,Found C: 51.68, H: 4.30. IR (nujol, " 
-'¡ 

1672

w v(c:c); 838 s v(PF). ES-MS þositive ion mode, MeoH, m/z): 656, lMIl2*;725,

[Os(dppe)Cp*]*; 565, [Ru(dppe)Cp]+.

[Cp(dppe)O5:Ç:Ç:f,¡(dppe)Cpl [PFolz (21[PF6]2)

Solution 1:

AgOTf (9.5 mg, 0.037 mmol) was added to stirred RuCl(dppe)Cþ (22 mg, 0.037 mmol)

in THF (10 ml) while in the dark.

Solution 2:

nBuli (0.04 ml, 0.10 mmol, 2.5 M) was added to stirred [cp(dppe)os:c:cHz[PF6] (30

mg, 0.037 mmol) in THF (10 ml).

Solution I was stirred for 30 min while Solution 2 was only stirred for 5 min before

Solution 1 was filtered through celite into Solution 2. The resulting reaction mixture was

stirred for a further 18 h before been submitted to silica gel column chromatography,

eluting with acetone to remove all bands. The solvent was then removed and solid

redissolved in CHzClz (10 ml) and [FeCp2]tPF6l (24 mg,0.074 mmol) added turning the

solution pink. This solution was then submitted to silica gel column chromatography

eluting first with 10olo acetone/hexane to remove any excess RuCl(dppe)Cp and FeCp2

then with 50olo acetone/hexane remove the pink band which was collected and the solvent

removed ro yield [cp(dppe)os-c-c-Ru(dppe)cp][PFo]z (34 mg,62Yo). Anal. Calcd.

(ce+HssFrzPoRurOsr): C: 50.17, H:3.ï2,Found C:49.99,H: 3.88. IR (nujol, cm-t¡: 1630

w v(c:c); 844 s v(PF). ES-MS þositive ion mode, MeoH, m/z); 62I, [M]2*; 655,

lOs(dppe)Cpl+; 565, [Ru(dppe)Cp]+.
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tCp (dpp e)Fs=Ç:Ç:f,¡(dppe) Cp I [PFol z Q2lPß slz).

Solution 1:

AgOTf (19 mg,0.073 mmol) was added to stirred RuCt(dppe)Cp (aa mg, 0.073 mmol) in

THF (10 ml) while in the dark.

Solution 2:

,BuLi (0.06 ml, 0.15 mmol, 2.5 M) was added to stirred [cp(dppe)Fe:c:cHz][PF6] (50

mg, 0.073 mmol) in THF (10 ml).

Solution 1 was stirred for 30 min while Solution 2 was only stirred for 5 min before

Solution 1 was filtered through celite into Solution 2. The resulting reaction mixture was

stirred for a fuither 18 h before being submitted to a basic alumina column, eluting with

acetone to remove all bands. The solvent was then removed and solid redissolved in

CHzClz (10 ml) and [FeCp21[PFe1 (14 mg,0.04 mmol) added turning the solution blue.

Stirring was continued for 30 min before EtzO (15 mL) was added and the resulting

precipitate was collected on a sinter to yietd [Cp(dppe)Fe:C:C:Ru(dppe)Cp][PF6]2 (27

mg,27Yo). Anal. calcd. (co¿HssFrzPoRurFer): C:54.99, H:4.18, Found c: 55.04, H:

4.12. IR (nujol, 
"--t¡: 

1645 w v(C:C); 840 s v(PF). ES-MS þositive ion mode, MeoH,

m/z): 554, [M]t*; 565, [Ru(dppe)Cp]*; 5 1 9, [Fe(dppe)Cp]*'



Chapter Four

Towards the synthesis of an organo-iron

complex with a trapped singlet state:

some 9,1 }-anthracenediYl-iron

complexes
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4.1. Introduction.

Even though recent work has centred around complexes of the general formula

IM]-(C=C),,-[M] (where î: 2, l3),t''t' interest has extended to inserting other organic

fragmentsl03 and metal centres into these unsaturated carbon chains. Insertion of organic

fragments with appropriate overlapping æ--orbitals such as I,4-C6Har0a and 2,5-

thiophenediyllos have been reported previously. These organic fragments act as partial

insulators when compared to the metal-metal interactions seen in the poly-yndiyl

complexes.36,l06 However, organic fragments contain other interesting properties, which

make them worthy of closer examination. One such property is the interconversion

between a high-spin (triplet state) and low-spin (singlet state) state. This interconversion

can be initiated by a simple rearrangement of electrons either electrochemically or

through extemal forces such as variation in temperature, pressure or irradiation with light.

All these methods allow for the interconversion by overcoming the energy gap between

the two states (see Figure 4.1).

HOMO
HOMO-1+ -2e- +hv

-1t-

Neutral Low SPin

ComPlex

Figure 4.1. Low-spin high-spin interconversion-

High Spin

This property has been observed in the iron complex [Cp*(dppe)Fe:C:C:C:C:Fe

(dppe)Cp*12* which has a small triplet-singlet energy gap -18.2 cm-r.63 A similar small

energy gap was observed in [Cp*(dppe)FeC(OMe)CHCHC(OMe)Fe(dpPe)Cpx1z+toz

which undergoes conversion from a spin-opposed state (low spin) to a spin-aligned state

(high spin) through a rearïangement of its electronic configuration (see Scheme 4.1).
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J+

Scheme 4.1.

F

Singlet-state

+. ocH3
F

Triplet-state

Singlet-state

+

H

.+

H3

/ triplet-state interconversion in

I Cp * (dppe) F eC (OMe) C H CHC (OMe) F e(dpp e) Cp *J 2 +

The inclusion of the 9,IO-anthracenediyl moiety in the complex

[Cp*(dppe)Fg:C:C:Cr+Hs:C:C:Fe(dppe)Cp*]2* prevented this interconversion.

Further study found that this complex has a large band gap between the triplet-singlet

state of at least 1200 
"--t.tot 

The large energy gap is a result of the anthracene fragment,

which makes the HOMO comparatively higher in energy and separates it significantly

from the rest of the occupied molecular orbitals.l08

4.1.1. Synthetic strategies for bridged complexes containing organic fragments.

At present there are three main synthetic routes into bridged complexes containing

organic fragments other than simple yndiyl units (see Scheme 4.2).
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l. Coupling between a substituted bridge fragment and two equivalents of the desired

metal-ligand fragment.

Z. Coupling between a metal-containing bridging fragment and another metal-ligand

fragment.

3. Coupling between two substituted metal-ligand fragments and the desired organic

centre spacer

1.2[LnM]-X +

2. + x-[M'L'm]

[ML] : Metal ligand fragment

X : Halide3.2tl,Mlfl +

: t1:1

: Organic fragment

Scheme 4.2. Synthetic strategiesfor the synthesis of [ML]-(C1)-OF-(C1)-[M'L',J

4.1.1.L. Synthetic strategy one. Coupling between a substituted bridge fragment

and two equivalents of the desired metal-ligand fragment.

Coupling between a substituted bridge fragment and two equivalents of the desired metal-

ligand fragment possesses great flexibility. With many organic reactions such as the

Sonogashira reaction, which allow the addition of the appropriate coupling fragments to

the organic group.
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Commercially available 9,1O-dibromoanthracene can be coupled with HC=CTMS under

Sonogashira conditions (CuI, PdClz(PPh¡)2 in THF / NEt3 mixture) to give 9,10-

bis(himethylsilylethynyl)anthracene. Subsequent in situ desilylation with ll.zCOr in

methanol and then further coupling with FeCl(dppe)Cp* (23) in the presence of Na[BPha]

yields Cp*(dppe)FeC=CCr+HsC=CFe(dppe)Cp* (24) :rr_glYo yield(see Scheme 4.3).r08

¿Pr2NH

8% CuI

4yoPdcl2(PP\)2
Br + 2TMS-C:CH

Phz

H

1.2.2 eqNa[BPha]
16h

2.2.2 eqKOBut

4h

+

23

Phz

24

c
ilt
c

I

H

Phz

Scheme 4.3. Synthetic route to Cp* (dppe) FeC 4C t qH aC lFe(dpp") Cp*'
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4.1.1.2. Synthetic strategy two. Coupling between a metal-containing bridging

fragment and another metal-ligand fragment.

Coupling between a metal-ligand fragment which contains the bridging group and

another metal-ligand halide offers the greatest extension. This strategy leads to the

possibility of making heterometallic complexes. Great flexibility in the bridging group

can be achieved through the use of two terminal groups that have different reactivities,

such as TMS and triisopropylsilyl (TIPS). Symmetrical organic bridges can also be used

in the synthesis of heterometallic complexes by considering the relative solubility of the

intermediates.

The stepwise synthesis of {Cp(PPh3)2Ru}zGr-C{CoHaC=C),r0e has been reported by

reaction of Cp(PPh¡)zRuC=CCøH+C=CTMS,1I0 with RuCl(PPh¡)zCp in THF. Direct

substitution of both termini using TMSC=CC6H+C{TMS and two equivalents of

RuCl(PPh3)2Cp fails due to poor solubility of the intermediate

Cp(PPh3)zRuC=CC6H+C:CTMS in MeOH (see Scheme 4'4)'
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+

4
\

PPh3

C-TMS

I eqKF
1 eq RuCl(PPh¡)zCpCUI

wCl(CO)¡Cp
NHEt2

4Þ
I

PPh3 OC

Scheme 4.4. Coupling between a metal-ligand fragment contqining the organic bridge

and another metal-ligand fragment'

4.1.1.3. Synthetic strategy three. Coupling between two substituted metal-ligand

fragments and the desired organic centre spacer'

Through the use of the recent gold coupling reaction substituted metal-ligand fragments

can be coupled to the desired organic fragment.lll

Coupling between (dppm-[rzXOC)7Co:(F¡-CC{AuPPh3) and di-iodobenzene under

Sonogashira tlpe conditions (CuI, Pd(PPh:)¿ in THF) results in the formation of {(dppm-

FzXOC)zCo¡(p¡-CC=C))zCoH+ in llo/o yield (see Scheme 4.5¡.tl'rt'

/
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Phz

Ph2P\

Ph2P\

Scheme 4.5.

iodobenzene.

+2

CUI

Pd(PPh3)4

THF

Phz Phz

r1--¡1

(Co)¡

Coupling between (dppm-¡t)(OC){os(lts-CClAuPPh) and di-

)z
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4.2. Aims.

The hrst aim of this work is to investigate the effect of inserting an anthracenediyl

fragment into the Ca bridging carbon chain of both {Cp*(dppe)Ru}2(p-C{C=C) and

Cpx(dppe)FeC{C=CRu(dppe)Cp* and then draw comparisons with the previously

reported complex 24. The insertion of anthracene into {Cp*(dppe)Fe}2(p-C=CC=C)

making 24 has a significant effect on the singlet-triplet interconversion that is observed in

the doubly oxidised species. Ruthenium has also been shown to have a similar effect

over this interconversion when going from [Cp*(dppe)Fe:C:C:C:C:Fe(dppe)Cp*]2+ to

[Cpx(dppe)Fe:C:C:C:C:Ru(dppe)Cpx1z+ with a singlet ground state.32

The second aim of this work was to develop a synthetic route to an organo-iron complex

that possesses a trapped singlet state (see Figure 4.2). As mentioned above there is an

observed triplet-singlet state interconversion for organo-iron complexes, such as

[Cp*(dppe)Fe:C:C:C:C:Fe(dppe)Cp*][PF6]2.63 The ground state for this complex is

the singlet state, but even at liquid nitrogen temperatures the trþlet state was still found

to be populated.ll3 This triplet state is not seen when anthracene is inserted into this C¿

bridging chain in [Cp*(dppe)Fe:C:C:C14H3:C:C:Fe(dppe)Cp*1¡PFuJt,tot due to the

increase in the energy gap between the HOMO and the rest of the occupied molecular

orbitals.

Figure 4.2. Complex25 target organo-iron complex with a trapped singlet state'

Within this Chapter the synthesis of two novel anthracene-containing complexes

containing the Ru(dppe)Cp* and Fe(dppe)Cp* terminal groups is reported. Comparisons
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between these complexes and !2ÍlfPßalz are made, focusing on the paramagnetic nature

of the doubly oxidised species. Several novel iron allenylidene complexes are also

reported along with the synthesis of several organic bridging ligands en route to the

synthesis of the desired final complex?S.
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4.3. Results and Discussion.

4.3.1. Synthesis of anthracenediyl complexes.

4.3.I.1. Synthesis of cp*(dppe)RuC:CCr¿H¡C=CRu(dppe)cp* and cp*(dppe)Fe

C:CCr¿II¡C=CRu(dppe)Cp*.

The synthesis of Cp*(dppe)RuC=CCr+H¡C=CRu(dppe)Cp* (26) was achieved by

treatment of TMSC=CCr+H8C=CTMS with two equivalents of Rucl(dppe)cp* (4) in the

presence of potassium fluoride in refluxing methanol. The desired complex precipitated

from the reaction mixture and was filtered to give 26 in a74% yeld.

The synthesis of Cp*(dppe)FeC{ClaHsC=CRu(dppe)Cpx (27) was achieved by

treatment of Cp*(dppe)FeC=CC1¿HeC=CTIPS in the presence of 4 and [Bu'4N]F.3H2O.

After removal of the solvent and washing the residue with ice-cold methanol the desired

complex 27 was obtained in44%o yield'

Treatment of either 26 or 27 wíth two equivalents of [FeCpz][PFo] in THF at -78oC

resulted in the doubly oxidised species of both complexes. After the reaction mixture

was allowed to warm and recooled to -78oC the addition of hexane facilitated the

precipitation of the desired di-cation, which was filtered to yield 26[PFolz and' 27ÍPßølz

in7}Yo and 60Yo resPectivelY.

4.3.1.2. Spectral properties of anthracenediyl complexes.

The IR spectrum of 26 showed a band at2023 cm-r assigned to v(C{). This band shifts

to longer wavelengths in 26[PF elz 0636 "--t), 
which corresponds to a decrease in the

carbon-carbon triple bond order, which is consistent with the proposed metallacumulene

structure.
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The rH NMR spectrum of 26 shows unresolved multiplets at approximately ô 8.00-7.00

corresponding to the anthracene and phenyl protons. The peak corresponding to the Cp*

protons appeared at õ I.77, whereas the multiplets for the CHzCHz bridge in dppe appear

as two multiplets at ô 3.08-2.97 and2.06-I.92.

The double oxidation of 26 fo 26IPß612 results in no distinctive change in the tH NNß.

spectra with unresolved multiplets at approximately ô 8.00-7.00 corresponding to the

anthracene and phenyl protons. The Cp* protons appear at õ I.77 with the CHzCHz

bridge coalescing into one multiplet at ô 3.38-2.97. The well resolved sharp peaks

observed in the lH NMR spectrum for 26[PF6l2 indicates that there is no low-lyinþ

paramagnetic triplet state allowing a singlet-triplet state interconversion at room

temperature.

In the t'C NMR spectrum for 26 none of the acetylenic carbons were seen due to its poor

solubility, whereas for 26[PFelz two cumulenic carbons were seen at õ 277.59 and 142.14

corresponding to Co and Cp respectively. Both spectra contained peaks at approximately

õ 140-125, 100 and 11, corresponding to the aromatic carbons and the Cp* carbons

respectively.

The 3lP NMR spectra were similar with peaks for the neutral and di-cation at

approximately õ 80. This is an unusual result with the 3lP peaks for 24 and [24]2* at õ

102 and ô 69 respectively, differing by 33 ppm, which is similar to that seen going from 2

to l2f2+ which differ by 35 ppm.

The mass spectra for 26 and 26[PFelz contained ions at m/z 1494 and 747, which

corresponded to [M]+ and [M]'* respectively. Both complexes underwent similar

fragmentation with the appearance of a peak at m/z 635, assigned to [Ru(dppe)Cp*]*.

The IR spectrum for 27 showed two v(C=C) bands at 2007 and 2000 cm-r corresponding

to the two different carbon-carbon triple bonds due to the different termini. Double
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oxidation to 27[PFe]2 resulted in a dramatic shift in the carbon-carbon bond stretching

frequencies as found in the conversion of 26 to 26lPßelz. 27lPßølz displayed two bands

at 1948 and 1940 cm-I, which indicates there is still signif,rcant carbon-carbon triple

bonding rather than the cumulenic bonding observed in 26[PFo]2.

The rH NMR spectrum of 27 shows well resolved peaks with multiplets at õ 8.88-7.06,

2.gl-2.85 and2.70-2.64 corresponding to the aromatic hydrogens and the CHzCHz bridge

in the two dppe ligands respectively. Sharp peaks are also observed at ô 1.60 and 1.53

corresponding to the two Cp* ligands. After double oxidation the rH NMR spectrum of

the di-cation2TIPßelz shows very broad and unresolved peaks at ô 8.00-6.97, 4.03-3.91,

and 2.97-2.78 corresponding to the aromatic and CH2CH2 bridge hydrogens. The Cp*

peaks are observed as broad singlets at ô 1.80 and 1.56. The appearance of thesebroad

peaks in the tH NMR spectrum indicates significant population of a low-lying

paramagnetic triplet state. At -78"C the tH NMR spectrum still contains broad

unresolved peaks, which indicates population of the triplet state is still significant. This

result is somewhat surprising when compared to other ruthenium/iron complexes. For

[Cp*(dppe)FeCCCCFe(dppe)Cp*][PFo]z a triplet state is observed while addition of the

9,1g-anthracenediyl fragment resulted in an increase in the energy gap between the

singlet and triplet states.lo8 This is also observed when one iron terminal is substituted by

ruthenium,32 which would indicate a further increase in this energy gap by the addition of

the 9,lg-anthracenediyl fragment whereas the lH NMR spectrum indicates the opposite.

The mass spectra of the two complexes displayed peaks at m/z 1448 and 724

corresponding to [M]* and [M]t* fot 27 and 27[PFe]2, respectively.
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4.3.2. Synthesis of precursors for an organo-iron complex with a trapped singlet

state.

previously allenylidene complexes have been synthesised by reaction of the

corresponding chloro-complex and the related alkynol in the presence of [NH+][PF6] in

ethanol.lla This method was then extended in the synthesis of iron allenylidene

complexes (see Scheme 4.5).115 Reaction of 23 with the desired di-substituted-prop-2-

yn-l-ol in the presence of Na[BPh] or K[PF6] results in formation of an iron

hydroxyvinylidene complex. Addition of amberlyst-l5 to the hydroxyvinylidene

complex facilitates its dehydration to form the iron allenylidene complex.

Na[BPha]-
Fe-Cl + MeOH Pa

Phz\
C

Me-
BPh4

Et

Scheme 4.5. Synthetic route into iron allenylidenes-

Using this approach the appropriate starting materials were devised. Treatment of 9-

anthraldehyde with LiCzTMS (from the reaction of 'BuLi and HC:CTMS) in THF gives

orange Cr+HgCH(OH)C2TMS (28) after chromatography (silica gel) eluting with 1:1

CHzClz / heptane. Further treatment with K2CO3 results in desilylation affording, after

chromatography (silica gel), CIaHeCH(OH)C2H (29). Compound 29 reacts with 23 in the

presence of Na[BPh+] undergoing spontaneous dehydration without the need for

<:!-¡"¡urtfSI
-Hzo
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amberlyst-l5 to yield the iron allenylidene complex [Cpx(dppe)Fe:C:C:CHCr+Hq]

tBPh4l (30) in 80% yield (see Scheme 4.6).

H

28

TMS

BPh4

FeCl(dppe)Cp*
N
MeOH

30 29 H

Scheme 4.6. Synthetic route to 30.

This synthetic method was then extended to incorporate the appropriate organic bridging

group containing two anthracene fragments (see Scheme 4.7). 9-Bromo-10-

formylanthracene (31) can be obtained from 9,lO-dibromoanthracene by treatment with

one equivalent nBuli in THF at low temperature followed by the addition of DMF-I16

The extension of this synthetic method was achieved using a Sonogashira coupling

between TMSC:CH and 31. After chromatography (silica gel) eluting with CHzClz :

hexane (l:1) yielded 9-trimethylsilytethynyl-10-formylanthracene (32) in 94% yreld.

Like that shown above, TIPSC=CH can be treated with'BuLi in THF to produce

TIPSC=CLi, which was further reacted with 32 to yield TMSC{Cr¿HgCH(OH)C{

TIpS (33) in 97Yo yield after chromatography (silica gel) eluting with CHzClz : hexane

(1:1). The difference in rate of desilylation of TMS and TIPS allowed treatment of 33

with potassium carbonate in methanol to yield the mono-deprotected organic fragment

HC:CCr+H8CH(OH)C:CTIPS (3a) in 94% yield.

H
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TMSC2H
CuI, PdCl2(PPh3)2

THF: NEt.

31

TIPSC2H

'Bul-i 32

THF

TIPS33

34

u-v v-

TIPS
35

Scheme 4.7 . Synthesß of (-C 4C t ¿IIaCH (OH) C ITIPS) z.
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Oxidative-coupling of 34 was achieved through the Sonogashira coupling in the presence

of CuI, PdClzGPh¡)z and PPhs in a mixture of NEt¡ and MeCN. The desired product (-

C{Cr+H'CH(OH)C=CTIPS)z (35) was isolated in 70o/o yield after chromatography

(silica gel) eluting with CHzCl2 : heptane (4:1). Unfortunately removal of both TIPS

protecting groups with [Bu'+lr{]F in THF resulted in complete decomposition of the

starting material and therefore isolation of (-CzCr+H8CH(OH)C2H)2 was not achieved.

To overcome this problem a one-pot synthesis was devised (see Scheme 4.8), as has been

previously reported for TMS-containing compounds.r08 Reaction of TIPSC=CLi with 9-

formylanthracene gave Cr+HqCH(OH)C{TIPS (36) ín97%o yield, after chromatography

(silica gel) eluting with CHzCl2 : heptane (1:1). Several attempts were made at a one-pot

synthesis from 36 to yield [cp*(dppe)Fe:c:c:cHCr+Hq]* using different desilylating

reagents, which resulted in either no reaction, recovery of starting organic compound or

decomposition of the starting materials. Considering the problems encountered with the

mono-iron allenylidene complex this one-pot synthesis was not attempted with the bis-

anthracene organic compound 35.

TIPS -TIPS

l. Desilylating agent

2. FeCl(dppe)Cp*,Na[BPfu]

lBPh4l2

H

Scheme 4.8. Devised one-pot synthesis of [Cp*(dppe)Fe:C:Ç:CH(CuIIùClCAGtcHe)

HC : C- C: F e (dppe) Cp *J IB P h 4] 2.

35

H
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To overcome the problem with the TIPS protecting group and the success that has been

reported with the TMS protecting group,tot u orr"-pot synthesis was attempted starting

from 28. Compound 28 was first treated with potassium carbonate in methanol for four

hours, after which time 23, amberlyst-l5 and Na[BPtu] were added to the solution. The

desired product, 30, was then isolated by precipitation and recrystallised from CHzClz :

pentane in 65Yo yield. This yield is lower than that found previously starting from 29, but

offers a direct route to the desired complex.

Direct replacement of TIPS for TMS in 33 would result in both termini containing the

TMS protecting group. Treatment with potassium carbonate, as done previously, would

afford desilylation of both TMS groups. The resulting compound would not undergo the

controlled àxidative-coupling, seen above, due to the two acetylenic hydrogens. Also

direct addition of TMSC=CLi to 9-ethynyl-10-anthracenealdehyde may participate in

side reactions due to the acidic acetylenic proton.

Treatment of 32 with potassium carbonate in methanol yielded 9-ethynyl-10-

anthraldehyde (37) in 98% yield. Initially this reaction was carried out in a THF /

methanol mixture, which resulted in poor yields and required purification by

chromatography (silica gel). Under these conditions the THF stabilises the intermediate,

-CzCr¿HsCHO, which can then undergo electrophilic attack of the aldehyde carbon.

A previously reported source of TMSC=C- is [(TMSC:C)zCuLi],rr7 this compound is

nucleophilic and non-basic thus opening up a new synthetic route to the organic bridged

anthracenyl complex containing TMS protecting groups (see Scheme 4.9).
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K2CO3

MeOH

32
(TMSC2)2Cul-i

37
Et2O

38 \rus

CuI
Pdcl2(PPh3)2

PPh3

NEt3, THF

39
TMS

Scheme 4.9. Synthetic route to (-ClCtÃfaCH(OH)ClTMS)2-

Treatment of 37 with [(TMSC{)zCuLi] (from the reaction of TMSC=CH with'BuLi in

EtzO, which is then added to a solution of copper(I) iodide in EtzO resulting in a yellow

milky suspension) yielded HC:ccr+HscH(oH)C{TMS (38) in 98% yield. The

oxidative coupling of this product was performed under previously reported conditions,

all resulting in average yields (see Table 4.1).ttt The best yield 43% of (-

czcr+HscH(oH)czTMsÞ (39) was achieved using cuI (l2o/o), Pdclz(PPhr)z (12%) and

PPfu (36%) in a THF / NEt3 (1:1) mixture.

T]MS/
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Reagents

o/o of reagent to

starting material
Solvent Yield

CuI

Pdcl2(PPh3)2

PPh3

aJ

3

9

NEt¡ / THF

1:1

2sYo

CUI

PdClz(PPh¡)z

PPhr

3

J

9

NEt¡ / MeCN

1:1

23%

CUI

Pdc12(PPh3)2

PPh¡

2 additions of 3

2 additions of 3

2 additions of 9

NEtr / MeCN

1:1

40%

CuI

PdClzGPh¡)z

PPhr

I2

t2

36

NEt¡ / THF

1:1

43%

CuI

Pdc12(PPh3)2

PPh¡

t2

l2

36

NEt¡ / THF

1:1

600c

t8%

CuI

Pdc12(PPh3)2

PPhr

3

100

0

NEt¡ / THF

1:1

0%

Table 4.1. Reaction conditionsfor the homo coupling of HCIC\4H|CHOHC{TMS.
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A different approach might use the possibility of the gold coupling reaction,ttt to isolate

the desired organo-iron complex (see Scheme 4.10), but this has not yet been attempted.

re-L-u-(, + Ph3PAu-C:C-C:C-AuPPh3

CuI
Pd(PPh3)4

THF

H

Scheme 4.10. Proposed synthesis using the gold coupling reaction.

1¡4gÇ=CLi reacts with 3L to yield BrCr+HgCH(OH)C=CTMS (40) after chromatography

(silica gel) eluting with CHzCb I hexane (1:1) in 65%o yieId. The decrease in yield is a

result of the bromine group on the anthracene, which can undergo attack by the organo-

lithium reagent in solution similar to that found in the conversion of 9,10-dibromo-

anthracene to 31. Compound 40 was then treated directly with potassium carbonate for

18 h before the product was extracted and used without further purification in a reaction

with 23 in the presence of sodium tetraphenylborate to yield the desired iron allenylidene,

[Cp*(dppe)Fe:C:C:CHCr¿HsBr]tBPh4l (41), after precipitation and recrystallisation in

650/o yield.

,H

4l
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4.3.2.1. Spectral properties of allenylidene complexes.

The IR spectra for 30 and 4l contained a diagnostic band at 1888 cm-l assigned to

v(:Ç:6:ç) which is similar to that found previously for allenylidene complexes such as

lCp 
*(dppe)Fe:C:C:CPh2l [BPtu] ( 1 S 8 8 

"-- 
t 

). 
t t t

The organic bridges also showed diagnostic bands in their IR spectra. For compounds 28

36 and 40, which are all closely related, broad peaks at 3418, 3424 arrd 3314 cm-r

respectively can be assigned to v(OH). The other distinctive peaks were at 2II5,2168,

and2ITl 
"--t, 

r"rp"ctively, assigned to v(C=C). The deprotected compound 29 has an

IR spectrum containing peaks at3396v(OH), 2115 v(C=C) and 3292v(=Cl/l) "--t.

Compound 32 displayed peaks in the IR spectrum at2136 and 1675 crn-t conesponding

to v(C=C) and v(CO) respectively. In 33, the band at 167 5 cm -t disappears and two new

bands at 3386 (broad) v(OH) and2136 cm-l v(C=C) appear indicating conversion from

the aldehyde to the alcohol. Removal of the TMS group with potassium carbonate to

give 34 results in a significant shift in one v(C=C) band from 2139 to 2096 cm-r and the

appearance of v(=CH) from the acetylenic proton at 3270 "tttt. 
D"ptotection of 32 to 37

results in a similar effect with an observed shift in v(C=C) from 2136 to 2079 cm-r and

the acetylenic proton giving a v(=CH) band at 3228 cm-r, with only a small shift in

v(CO) to 1673 cm-r. In 38 a similar change occurs with the disappearance of v(CO) and

appearance of v(OH) at 3418 cm-l (broad). There is however an observed shift in

v(C=C) with the two peaks at 2170 and2096 cm-t, b.rt there is only a small shift seen in

v(=CH) to3239 cm-t.

Oxidative coupling of both 34 and 38 to give 35 and 39, result in a shift of v(C=C) from

2096 to 2126 cm-r and 2096 to 2123 cm-t respectively.

The lH NMR spectra for 30 and 4l showed a peak at õ 10.28 and 10.18, respectively,

corresponding to the cumulenic proton. The anthracene and phenyl peaks fot 4l
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appeared as uffesolved multiplets between ô 8.80 and 6.85. For 30, however, the

anthracene peaks appeared as a doublet at õ 8.42 (3Jng 7 .8 lPrz) and 8.21 (j-r¡1' 7 .8 Hz), a

singlet at ô 8.92 along with a multiplet at õ 7.63-6.95 for the phenyl protons. The dppe

C¡¡zC1¿z protons appeared as two distinct multiplets at ô 3.06-3 .02,2.44-2.40 and 3.01-

2.g5,2.43-237 for 30 and 41 respectively. Also the Cp* protons gavepeaks at ô 1.52

attd 1.47.

The rH NMR spectra for 28, 29 and 36 display similar peaks with doublets at

approximately ô 8.75 (r,I11¡1 ca. 9 lHz),8.00 (i-rHH 9 lHz), a singlet at ô 8.40 and a multiplet

at õ 7.60-7.50 alt corresponding to the anthracene protons. Similar peaks are also

observed for the CHOH protons at approximately õ 7.00 (CH) and 3.20 (OH). The three

complexes display differences in the terminal protons with peaks at ô 0'37, 2.71, and

I.2B-1.04 for 28,29 and 36 respectively. The rH NMR spectrum for 40 showed two

unresolved multiplets ô 8.68-8.58 and7.58-7.50 corresponding to the anthracene protons.

The other three peaks are similar to those seen for 28 at ô 6.89 (CH), 3.31 (COH) and

0.26 (rMS).

The rH NMR spectra for 32,33,34,37 and 38 showed either two sets of doublets and a

multiplet (for 32 and 37) or two unresolved multiplets (for 33, 34 and 38) arising from

the anthracene protons. Diagnostic peaks in the tH NMR relate to the substitutions on the

anthracene moiety. The spectrum of 32 showed peaks at õ 1 1.51 for the aldehyde proton

and at ô 0.43 corresponding to the TMS group. Addition of TIPSC=C fragment resulted

in the disappearance of the aldehyde proton and the appearance of peaks at ô 6.98 (CH),

2.93 (OH) and a multiplet at 1.08-0.97 (TIPS). The deprotection of either 33 or 32

resulted in the TMS peak being replaced by peaks at ô 4.08 and 4.23, respectively,

assigned to the acetylenic proton. A similar effect is observed with the addition of the

TMSC=C fragment in 38, as seen in 33, where the aldehyde peak has been displaced by

peaks at ô 6.99, 2.74 and 0.18 assigned to the CH, COH and TMS protons respectively.
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Oxidative coupling of both 34 and 38 to give 35 and 39 resulted in only one significant

change in the tH 
NN,IR. spectra with the peak assigned to the acetylenic proton no longer

present.

In the t'C NMR spectra of 28, 36 and 29,the anthracene carbons resonate between ô 134

and 118. Differences included peaks at approximately ô 107 and 90 for both 28 and 36,

which were assigned to the C=C carbons. A peak at ð 60 was also observed which was

assigned to the CH(OH) carbon. The TMS and TIPS groups have characteristic peaks at

ô 0.43 (TMS) and ô19.1 and 11.7 (TIPS). Removal of the TMS group in 29 shows a

significant shift in only the C=C resonances peaks to ô 84.4 and75.7.

In 32 the aldehyde carbon appeared at ô 193.1 and the C=C atoms at ô 111.0 and 101.4

with the TMS group at ð 0.6. Addition of the TIPSC=C fragment sees a shift in the

related aldehyde carbon to õ 60 and new C{ peaks at ô 107.8 and 89.5, which is similar

to that observed for 36, with no significant shift in the other C=C signals. Deprotection

of either 32 or 33 resulted in an observed upfreld shift of the C{ resonances to ô 92.3,

80.2 and 89.7, 80.9, respectively. Addition of the TMSC{ fragment to 37 has a similar

effect in the t'C NN,ß. spectra of 32 with the related aldehyde carbon shifted upfreld to ô

60, along with trvo new C=C peaks at ô 106.0 and 89.8 and the TMS group at ô 0.2.

Oxidative coupling of both 34 and 38 to give 35 and 39 resulted in a shift in the C=C

resonances from ô 89.7, 80.9 to ô 86.5, 82.6 in 35 and from ð 93.0, 80.9 to õ 86.4 and

82.5 in 39.
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4.3.3. ElectrochemistrY.

The redox potentials of complexes 26 and 27 werc measured under similar conditions

(see Table 4.2).

For 26 two fully reversible waves (i,I i": 1, current proportional to (scan rate)l/2) are

observed at-0.19 V and +0.12 V and one fullynon-reversible wave (iol i":0, current

proportional to (scan rate)r/2) at +0.85 V (see Figure 3). Further analysis of the

electrochemical data allowed the thermodynamic stabilities of the oxidised species to be

determined by calculating the comproportionation constant K". Complex 26 gives rise a

significant but not large equilibrium constant of K": 1.75 x 10s, indicating considerable

thermodynamic stability for the corresponding di-cation 126l'*.

Table 4.2. Cyclic voltammetry data þr Cp*(dppe)MClCuHaClM'(dppe)Cp*,

measured in 0.IM [8u"y'{] [PF6J in CHzClz at ]00mV s-l. o Peakpotential of afully non-

reversible wave. b 
Peak potential of a quasi-reversible wave.

The cyclic voltammogram for 27 did not display intermediate waves between 26 and24,

but two fully reversible waves (iol i": 1, current proportional to (scan rate)tz) at -0.07 V

and +0.28 V and a quasi reversible wave (i" I io : 0.3, current proportional to (scan

rcte)rt2¡ at +1.08 V were observed (see Figure 4.3). Further analysis of the

electrochemical data gave a comproportionation constant of K": 8.30 x lOs.

Complex [M]/[M'ì Et Ez LEu K"(01+ll+2) Es tREFI

24 Fe/Fe -0.40 -0.04 0.36 1.22 x 106 108

26 Ru/Ru -0.19 +0.t2 0.31 1.75 x 10s +0.95u This work

27 Fe/Ru -0.07 +0.28 0.35 8.30 x 105 +1.ogb This work
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Despite the insertion of the 9,lO-anthracenediyl fragment, both complexes 26 and 27

show strong electronic interactions between the metal centres with LEw of

approximately 320 mV. This strong interaction is comparable to other straight-chain

complexes such as {Cp*(dppe)Ru}2(p-C:C)4 with LEy2:350 mV, which is considered

a Class III complex by the Robin and Day classification system.
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4.4. Conclusions.

In summary, this work has described the synthesis of two new organometallic complexes

containing the 9,lQ-anthracenediyl bridging ligand. Cyclic voltammetry has shown that

significant electronic interactions exist between the two metal termini, which are

comparable to those found for straight-chain analogues such as {Cp*(dppe)Ru}z(tt-

C=C)a. The di-cations of both 26 and27 were also prepared by two-electron oxidation of

the neutral complexes.

The di-cation 27[PFel2 was shown by tH NMR spectroscopy to have a low-lying triplet

state when compared to 24[PFel2 aîd 261Pß612 which is dominant even at low

temperatures.

This work has also described many organic compounds and organoiron complexes

obtained in work towards the synthesis of an organoiron complex with a trapped singlet

state 25. The synthetic route described has demonstrated some of the difficulties that

could be encountered through the stability or lack thereof in some compounds and

complexes. The most achievable synthetic method would be either the one-pot synthesis

from 39 or the gold coupling reaction in Scheme 4.9. The product from either reaction

could undergo a singlet (low-spin) I triplet state (high-spin) interconversion, which could

make determining the precise nature of the complex difficult. However this complex

should undergo radical abstraction of two hydrogen atoms to give the organoiron

complex 25 (see Scheme 4.ll).
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4.5. Experimental.

General experimental conditions are detailed on page 45.

Reagents: The compounds RuCl(dppe)Cp*,"'"n 9,10-

bis(trimethylsilylethynyt)anthracene,l0l Cp*(dppe)FeC=CCr+H3Ç:CTIPS,120

[FeCpz][PF61,7s TMSC:CH,eO FeCl(dppe)Cp*,t"'t" BrCr¿HsCHo,r16 PdClz(PPh¡)2r23

were all prepared using standard literature procedures. The compounds KF,

[Bu'+l.t]F.3HzO, KzCO¡, Na[BPtr+], CuI, nBuli, PPhs were all used as received from

Aldrich.

Cp* (dppe)RuC:CC r¿HsC=CRu(dppe)Cp* (26).

A solution of RuCl(dppe)Cp* (388 mg, 0.58 mmol), TMSC=CCr+H3C=CTMS (100 mg,

0.28 mmol) and KF (34 mg,0.58 mmol) in MeOH (20 mL) was heated at reflux point for

16 h. The resulting precipitate was collected, washed with MeOH and dried to yield

cp*(dppe)Ruc=ccr+Hsc:cRu(dppe)cp* (304 mg,74%o). Anal. Calcd (cqoHsoPaRu2):

C,72.37;H, 5.80. Found: C,72.39;H, 5.86. IR (nujol, 
"--t¡: 

2023 mv(C=C). tH NN'ß'

(d6-benzene): ô 8.30-6.89 (m, 48H, Ph, Cr+Hs); 3.08-2.97,2.06-I.92 (2 x m,2 x 4H,

CHzCHz); t.77 (s,30H, Cp*). t'C NMR (d6-benzene): õ I4l.l4-123.85 (m, Ph); 93.50

(s, GMes); 30.46-29.84 (m, cHzcHz);11.02 (s, c5Me5). 3tP NMR (d6-beruene): ô 82.7

(s, dppe). ES-MS þositive ion mode, MeOH, m/z): 1494, [M]+; 635, [Ru(dppe)Cp*]*'

[Cp*(dppe)f,¡:Ç:Ç:C14Hs:C:C:Ru(dppe)Cp*] [PF6] 2 (26 [PF6] 2).

A solution of Cp*(dppe)RuC=CClaHsC=CRu(dppe)Cp* (40 mg, 0.027 mmol) in THF

was cooled to -78oC before adding [FeCpz][PFø] (17 mg, 0.053 mmol) and stirring

continued at -78oC for 30 min. The solution was allowed to warm to r.t. before again

being cooled to -78oC and hexane (20 mL) was added. The resulting precipitate was
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collected washed with hexane and dried to yield

[Cp*(dppe)Ru:C:C:C14Hs:C:C:Ru(dppe)CP*][PFo]z (66 mg' 70%). Anal. Calcd

(CqoHgoPoFrzRuz): C, 60.61; H, 4.86. Found: C, 60.58; H, 4.82. IR (nujol, c--r¡: 1636 m

v(C:C); 839 s v(PF¡. lU NVIR (d6-acetone): õ 7.63-7.26 (m,48H, Ph, Cr+Hs); 3.38-2.97

(m, 8H, CHzCHz); 1.78 (s, 30H, Cp*). t'C NMR (d6-acetone): õ 277.59 (s, Co); I42-I4

(s, Cp); 136.57-128.79 (m,Ph); ô 105.43 (s, GMes); ô 10.75 (s,C5Me5). 3tP NN'ß- 1d6-

acetone): ô 78.9 (s, dppe); -143.6 (sept, /../rr 689Hz,PFe). ES-MS þositive ionmode,

MeOH, m/z):747, [M]t*; 635, [Ru(dppe)Cp*]*.

Cp* (dppe)RuC=CClaHsC=CFe(dpp e)Cp* (27).

A solution of Rucl(dppe)cp* (46 mg,0.068 mmol), cp*(dppe)Fec=ccr¿H3c=cTlPS

(60 mg, 0.062 mmol) and [BunaN]F.3HzO (22 m9,0.068 mmol) in THF (5 mL) was

heated at reflux point for 16 h. The solvent was removed under vacuum and the residue

washed with cold (0'C) MeOH and dried to yield Cp*(dppe)RuC=C

Cr¿HsC=CFe(dppe)Cp* (40 mg, 44%). IR (nujol, 
"--t¡: 

2007 m,2000 m v(C=C). tH

NMR (d6-benzene); ô 8.88-7.06 (m, 48H, Ph, Cr+He);2.9I-2.85,2.70-2.64 (2 x m,2 x

4H, CHzCH2);1.60, 1.53 (2xs,2 x 15H, Cp*). t'C NMR (d6-benzene): õ l4l.l4-

123.85 (m, Ph); 93.50 (s, GMes); 30.46-29.84 (m, CH2CHù;11.02 (s,C5Me5). 3tP NN',ß-

(d6-benzene): õ 100.4 (s, Fe-dppe); 75.5 (s, Ru-dppe). ES-MS þositive ion mode,

MeOH, m/z): l448,lMl+.

[Cp*(dppe)Ru:C:C:C14IIs:C:C:Fe(dppe)Cp*] [PFe]z Q7 lPß elù.

A solution of Cp*(dppe)RuC=CC1aH3C{Fe(dppe)Cp* (35 mg, 0.024 mmol) in THF (2

mL) was cooled to -78oC before adding [FeCpz][PFo] (15 mg, 0.046 mmol) and stirring

continued at -78oC for 30 min. The solution was allowed to warm to r.t. before again

being cooled to -78oC and adding hexane (20 mL). The resulting precipitate of

[Cp*(dppe)Ru:C:C:C14H3:C:C:Fe(dppe)Cp*][PFo]z (25 ffi*, 60%) was collected
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washed with hexane and dried. IR (nujol, 
"to,t¡: 

1948 w, 1940 w v(C:C); 839 s v(PF)'

THNMR (d6-acétone): ð 8.00-6.97 (m,48H, Ph, Cr+Hs); 4.03-3.91'2.97-2.18 (2xm'2x

4H, CHzCH2); 1.80, I.56 (2 x br s, 2 x l5H, Cp*). "P NMR (d6-acetone): ô 88.4, 86.7

(2 xbr s, dppe); -143.6 (sept, 1-Ip¡ 689 Hz, PF6). ES-MS (positive ionmode, MeoH,

m/z):724, [M]t*.

Cr¿HqCHOHC=CTMS (28).

To a stirred solution of TMSC=CH (3 .7 mL, 26-19 mmol) in THF (30 mL) at -10oC was

added 'BuLi (14.55 mL, 23.28 mmol, 1.6 M in hexane). The resulting solution was

allowed to warm to 25oC and added via a cannula to a stirred solution of Cr+HqCHO

(3.00 g, 14.55 mmol) in THF (50 mL) at -10oC. The resulting solution was stirred for a

further 18 h allowing the reaction to warm to 25oC. The solution was then neutralised

with NH¿Cl(aq), extracted with CHzCb and washed with NHaCI(aq). The organic

fractions were combined and dried over MgSOa. The solvent was then removed and the

residue submitted to silica gel column chromatography eluting with I:I CHzCb / heptane

to yield orange Cr¿HqCH(OH)C=CTMS (3.52 g,8O%o). IR (KBr/nujol, cm-l): 3418 br

v(OH); 2170 s v(C=C). tH NMR (CDCI¡): ô 8.78 (d, i./nu lO Hz,2H, Cr+He); 8.31 (s,

lH, Cr+He);7.93 (d, i./Hu 8.0 Hz,2H, Cr+Hs);7.61-7.45 (m,4H, Cr+Ha);7'00 (s, lH, C-

H); 3.69 (s, 1H, OH); 0.37 (s, 9H, TMS). t'C NMR (CDCI¡): õ 132.08, l3I-32,129.65,

129.50, 126.44, 125.38, 125.29 (two overlapping peaks, Cr¿Hs); 106.93, 92.28 (C=C);

s9.e8 (CHOH); 0.43 (TMS).

Cr¿HqCH(OIIC=CII (29).

A suspension of Cr¿HeCH(OH)C:CTMS (500 mg, 1.64 mmol) and KzCOg (272 mg' 1.97

mmol) in M9OH (50 mL) was stined for 18 h in the absence of light before removing the

solvent and extracting the residue with CHzCl2 and. washed with HzO and dried over

MgSO¿. The solvent was then removed and the residue submitted to silica gel column
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chromatography eluting with 9:l CHzClz / heptane to yield orange Cr+HqCH(OH)C=CH

(358 mg, g4%). IR (KBr/nujol, cm-r): 3396br v(OH); 3292 s v(=CH); 2II5 m v(C=C)'

tH NMR (CDClr): ô 8.66 1d, 
r./HH 8.8 Hz, 2H, Cr¿Hr); 8.45 (s, lH, Cr+Hs); 8.02 (d, i./nn

7.6H2,2H, Cr¿Hs);7.62-7.47 (m,4H, Cr+Ha); 6.93 (s, lH' CH); 3'13 (s' 1H, COH); 2'71

(s, lH, C=CH). t'C NMR (CDCþ): õ 132.01, 130.64, 129.72, 129.51, 126.73, 125.49,

124.82 (two overlapping peaks, Cr+Ha); 84-43,75.75 (C{); 59'41 (CHOH)'

[Cp*(dppe)Fe:C:Ç:CHCr¿Hsl [BPh4l (30).

Method one.

A solution of FeCl(dppe)Cp* (200 mg, 0.32 mmol)' Na[BPtr+] (120 mg, 0.35 mmol) and

Cr+HsCH(OH)C=CH (81 mg, 0.35 mmol) in MeOH (30 mL) was stirred for 18 h before

the solvent was removed, MgSOa added, and the residue extracted with CHzClz. The

crude product was precipitated from solution with the addition of pentane and the product

recystallised from CHzClz I pentane to yield [Cp*(dppe)Fe:C:C:CHCr¿Hq][BPh4] Q87

mg, 80%). IR (KBr/nujol, cnl): 1888 m V(:Ç:Ç:ç¡. tH NMR (CDCI¡): ô 10.28 (s,

lH,:CH);8.92 (s, lH, Cr+Hq);8.42 (d, r./uu 7.8Hz,2:H,CLI]HL);8.21(d, 
j./uH 

7.6H2,

2H, Cr+Ht); 7.63-6.95 (m, 44H, CuHs/dppe/BPh+); 3.06-3'02, 2'44-2'40 (2m, 4H,

CHzCHz); 1.52 (s, l5H, Cpx). "P NMR (CDCI¡): ô 90.8 (s, dppe).

Method two.

A solution of cr¿HqcH(oH)c=cTMS (55 mg, 0.18 mmol) and Kzco¡ (29 mg, 0.21

mmol) in MeOH (20 mL) was stirred for 4 h before the addition of Amberlyst 15 (250

mg), FeCl(dppe)Cp* (100 mg, 0.16 mmol) and Na[BPh ] (62 mg, 0.18 mmol). Stirring

was continued for a further 18 h. The solvent was then removed, MgSO+ added and the

residue extracted with CHzClz before the product was precipitated with the addition of

pentane to yield [Cp*(dppe)Fe:C:C:C HCr+Hq][BPh4] (117 m9,65%)'
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TMSC=CCr¿HTCHO (32).

A solution of BrCr¿H3CHO (3.00 g, 10.53 mmol), TMSC=CH (1.8 mL, 12.64 mmol),

PdCb(PPh3)z Qg5 mg,0.42 mmol) and CuI (160 mg, 0.84 mmol) in a mixture of THF

(S0 mL) and NEt¡ (20 mL) was stirred at 25oC for 18 h. The solvent was then removed

and the residue extracted with CHzClz and washed with NH+Cl(aq) and dried over

MgSO¿. The solvent was then removed and the residue submitted to silica gel column

chromatography eluting with 1:1 CHzClz / hexane to yield orange TMSC:CCr¿H3CHO

(2.98 g, g4%). IR (KBr/nujol, cm-l): 2136 m v(C=C); 1675 s v(C:O)' tH NN'ß'

(CDCþ): ô 11.51 (s, lH, CHO); 8.94 (d, '-r"n 8 Hz,2H, Cr+He); 8'70 (d, '/"" S 1g.z,2H,

Cr+Hs); 7.70-7.63 (m,4H, Cr+He); 0.43 (s,9H, TMS). t3C NMR (CDCI:): õ 193'10

(cHo);132.13,131.01, 129.05,127.87,126.86,125.32,125.19,124.03 (Cr¿He);111.05,

101.41 (C=C); 0.63 (TMS).

TMSC=CCr¿HgCH(OH)C=CTIPS (33).

To a stirred solution of TIPSC=CH (1.34 mL, 6.00 mmol) in THF (20 mL) at -1OoC was

added'BuLi (3.31 mL, 5.30 mmol, 1.6 M in hexane). The resulting solution was allowed

to waffn to 25oC and then added via a cannula to a stirred solution of

TMSC=CCr+H8CHO (1.00 g, 3.31 mmol) in THF (40 mL) at -10oC. The resulting

solution was stirred for a further 18 h allowing the reaction to warm to 25oC. The

solution was then neutralised with NH¿Cl(aq), extracted with CH2Cb and washed with

NH+Cl(aq) and dried over MgSO¿. The solvent was then removed and the residue

submitted to silica gel column chromatography eluting with I:l CHzClz/ hexane to yield

orange TMSC:CCr¿H'CH(OH)C=CTIPS (1.55 g, g7%). IR (KBr/nujol, cml): 3386 br

v(OH); 2163 m,2139 s v(C=C). tH NMR (CDCI¡): ô 8.80-8.71 (m, 4H, Cr¿Hs); 7.70-

7.58 (m,4H, Cr+Hs); 6.98 (s, 1H, CH);2.93 (s, lH, COH); 1'08-0'97 (m,2lIJ, TIPS);

0.54 (s,9H, TMS). t'C NMR (CDCI:): õ 133.21, 132.87, 129.01, 128.03, 126.75,

'a
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126.69, 125.52, 119.84 (Cr¿H¡); 108.01, 107.87, 102.19,89.54 (2 x C:C); 60'01

(CHOH); 19.0s, 11.68 (TIPS);0.73 (TMS).

HC=CCr¿HgCH(OH)C=CTIPS (34).

A suspension of TMSC=CCr¿H3CH(OH)C=CTIPS (1.60 g, 3.31 mmol) and I9CO3 (550

mg,3.97 mmol) in MeOH (70 mL) was stirred for 18 h in the absence of light. The

solvent was removed and the residue extracted with CHzClz and washed with HzO and

dried over MgSOa. The solvent was then removed and the residue submitted to silica gel

column chromatography eluting with 1:1 CHzClz / heptane to yield orange

HC=CCr¿H8CH(OH)C=CTIPS (1.29 g, g4%). IR (KBr/nujol, cm-l): 3398 br v(OH);

3270 sv(=CH); 2I7I s,2096 mv(C=C). tH NMR (CDCI¡): ô 8.80-8.65 (m, 4H, Cr+Hs);

7.65-7.53 (m,4H, Cr¿Hs);6.98 (s, lH, CH); 4.08 (s' lH, C=CH); 3.03 (s, lH, COH);

I.19-0.g7 (m,2tlH, TIPS). 13C NMR (CDCI¡): õ 133.42, 133.21, 128.90, 127.87, 126.75,

126.64, 125.52, 118.75 (Cr¿Hg); 108.01, 89.75,80.93 (two overlapping peaks at 89.75,2

C=C); 60.01 (CH(OH)); 19.07, 11.63 (TIPS).

(-C=CCøHsCH(OIÐC=CTIPS)z (35).

A solution s¡HQ=CCr+HgCH(OH)C=CTIPS (110 mg, 0.27 mmol), PdClz(PPh3)2 (7 mg,

0.01 mmol), cul (2 mg,0.01 mmol) and PPh¡ (7 mg,0.03 mmol) in NEt3 (2.5 mL) and

MeCN (1.5 mL) was stirred for 24 h at 25oC before removing the solvent and the residue

extracted with CHzClz and washed with NH+Cl(aq) and dried over MgSOa. The solvent

was then removed and the residue submitted to silica gel column chromatography eluting

with 4:1 CHzClz/ heptane to yield orange (-C:CCIaH3CH(OH)C:CTIPS)z (77 m9,70%).

IR (KBr/nujol, cm-r): 3382:rr. v(OH); 2168 s, 2126 m v(C=C). tH NMR (CDClr): ô

8.82-8.67 (m, 8H, Cr+Hs); 7.73-7.60 (m' 8H, Cr¿Hs); 7.02 (s, 2IJ, CH); 2'74 (5, 2H,

COH); 1.05-0.93 (m,42H, TIPS). t3C NMR (CDClr): õ 134.19, 133.54,128.87,121.86,
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t27.12, 126.75, 125.63, 118.34 (Cr+Ha); 107.87, 89.89, 86.54, 82.63 (2 x C=C); 60.01

(CHOH); 19.09, 11.63 (TIPS).

Cr¿HgCH(OIIC=CTIPS (36).

To a stirred solution of TIPSC=CH (1.97 mI-,8.73 mmol) in THF (20 mL) at -1OoC was

added'BuLi (4.85 mL, 7.76 mmol,l.6 M in hexane). The resulting solution was allowed

to warm to 25oC and then added via a cannula to a stirred solution of Cr¿HqCHO (1.00 g,

4.85 mmol) in THF (30 mL) at -10oC. The resulting solution was stirred for a further 18

h allowing the reaction to warm to 25oC. The solution was then neutralised with

NHaCI(aq), extracted with CHzClz and washed with NH¿Cl(aq) and dried over MgSO+.

The solvent was then removed and the residue submitted to silica gel column

chromatography eluting with 1:1 CHzClz / heptane to yield orange

Cr¿HqCH(OH)C=CTIpS (1.83 g,97Yo). IR (KBr/nujol, cm-r) 3424br v(OH); 2168 s

v(C=C). tH NN,ß. (CDClr): ô 8.80 (d,tJr" 8.0 Hz, 2H, ClaHs); 8.40 (s' lH, CruHg);7.99

(d,tJrr 8.0 Hz,2H, C1aH3);7.60-7.46 (m,4H, Cr+Hs)i 7.02 (s, 1H C-H); 3'17 (s, lH,

COH); t.2B-1.04 (m, 2lH, TIPS). t3C NMR lCDClr): ð 132.01, 131.54,129.56,129.48,

126.43, 125.32, 125.3t (two overlapping peaks, cr¿Hs); 108.56, 88.91 (C{); 60.05

(CHOH); 19.10, 11.73 (TIPS).

HC=CCr¿HICHO (37).

A suspension of TMSC:CCr+HsCHO (1.40 g,4.63 mmol) and K2co3 (768 mg, 5.56

mmol) in MeOH (100 mL) was stirred for 18 h in the absence of light before removing

the solvent, extraction into CHzClz followed by washing with HzO and drying over

MgSO¿. The solvent was then removed to yield orange HC=CCr+H3CHO (990 mg,

gB%). IR (KBr/nujol, cm-l): 3228 sv(:CH); 2079 mv(C=C); 1673 s v(C:O). tH NMR

(CDClr): õ 11.56 (s, lH, CHO);8.96 (d, i/"" 8 Hz,2H,Cr¿Hs); 8.75 (d,'/"" 8 Hz,2H,
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Cr¿He); 7 .7g-7 .66 (m, 4H, Cr+Ha); 4.23 (s, lH, C=C-H). r3C NMR (CDC13): õ 193.72

(cHo); 134.54, l2g.4I, 128.49, 127.97, 127.64, 127.36, 126.37, 124.32 (Cr+Hs); 92.31,

80.33 (C=C).

IIC=CCr¿H8CH(OH)C=CTMS (3 8).

To a solution of TMSC:CH (1.93 mL, 13.68 mmol) in EtzO (20 mL) at -1OoC was added

'BuLi (8.55 mL, 13.68 mmol, 1.6 M in hexane) and stirred for 15 min. The resulting

solution was added via a cannula to a solution of CuI (1.30 g, 6.84 mmol) in Et2O (20

mL) at -10oC. The resulting solution was then stirred for a further t h before powdered

HC{Cr+H'CHO (1.05 g, 4.65 mmol) was added and stirred for a funher 80 min. The

solution was then neutralised with NH¿Cl(aq) and extracted with EtzO and washed with

NHaCI(aq). The organic fractions where then combined and the solvent removed to yield

orange HC=CCr+HsCH(OH)C:CTMS (1.50 g, g8%). IR (KBr/nujol, cm-r): 3418 br

v(OH); 3239 sv({H); 2170 s,2096 mv(C=C). tH NMR lCDCls): ô 8.79-8.69 (m, 4H,

Cr¿Hs); 7.65-7.59 (m,4H, Cr+Hs); 6.99 (s, lH, CH);4.08 (s, lH, C=C-H);2'7a (s, 1H,

COH); 0.18 (s, 9H, TMS). t'C Ntt4R (CDC1¡): ô 133.41, 132.91, 128.95, 127.87, 126.86,

126.64, 125.54,118.83 (Cr¿Ha); 106.09, 93.05, 89.80, 80.91 (2 C{); 59'94 (CHOH);

0.23 (rMS).

(-C=CC r¿H3CH(OÐC:CTMS)2 (39).

A solution o¡I{Ç=CCr+HgCH(OH)C=CTMS (120 mg,0.37 mmol), PdClz(PPh3)2 (28 mg,

0.04 mmol), cul (8 mg, 0.04 mmol) and PPh: (34 mg,0.13 mmol) in NEt¡ (10 mL) and

THF (10 mL) was stirred for 24hat25oC before removing the solvent and extracting the

residue with CHzCb and washing with NH+Cl(aq). The residue was then submitted to

column chromatography eluting with 4:l CHzClz / hexane to yield orange C

c=ccr+HscH(oH)c=cTMS)z (52mg,43%). IR (KBr/nujol, cm-l¡ 3407 bv(oH); 2170
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s, 2123 m v(C=C). tH NMR (CDC1¡): ô 8.82-8.73 (m, 8H, Cr¿Hs); 7.72-7.58 (m, 8H,

Cr¿Hs); 6.97 (s,2H, C-H); 2.74 (s,2H, OH); 0.19 (s, 18H, TMS). t'C NMR (CDC1¡): ô

134.32, 133.38, t29.07, 127 .92, I27 .21, 126.89, 125.63, I 18.54 (Cr¿He); 105.62, 93.37,

86.42, 82.54 (2 C=C); 60.08 (CHOH); 0. 13 (TMS).

BrCr¿HrCH(OIf C=CTMS (40)

To a stirred solution of TMSC=CH (0.45 mL, 3.15 mmol) in THF (20 mL) at -10oC was

added'BuLi (L.75 mL,2.80 mmol, 1.6 M in hexane). The resulting solution was allowed

to warm to 25oC and then added via a cannula to a stirred solution of BTCIaHgCHO (500

mg, I.75 mmol) in THF (30 mL) at -10oC. The resulting solution was stirred for a

further 18 h allowing the reaction to warm to 25oC. The solution was then neutralised

with NH+Cl(aq), extracted with CHzClz and washed with NHaCI(aq) and dried over

MgSO+. The solvent was then removed and the residue submitted to silica gel column

chromatography eluting with 1:1 CHzCIz / hexane to yield yellow

BrCr¿H8CH(OH)C=CTMS (436 mg,650/o). IR (KBr/nujol, cm-r): 3314br v(OH); 2171

m v(c=c). tH NMR 1CDClr): ô 8.68-8.58 (m, 4H, Cr+Ha); 7.58-7.50 (m, 4H, Cr¿Hs);

6.89 (s, 1H, CH);3.31 (s, lH, COH);0.26 (s,9H' TMS)'

[Cp*(dppe)Fe:Ç:Ç:CHCr¿H¡Brl [BPh¿l (41).

A solution of Brcr+HacHoHC=cTMS (160 mg, 0.42 mmol) and Kzco¡ (64 mg, 0.46

mmol) in MeOH (20 mL) was stirred for 18 h in the absence of light before removing the

solvent and the residue extracted with CHzClz, washed with HzO and dried over MgSOa.

The solvent was then removed and the residue taken up in MeOH (30 mL).

FeCl(dppe)Cp* (212 mg, 0.34 mmol) and Na[BPlu] (12S mg,0.37 mmol) was added and

stirring continued for a fuither 18 h. The solvent was then removed and MgSO¿ added.

The residue was extracted with CHzClz and the crude product was precipitated from

solution with the addition of pentane. The product was then recrystallized from CHzClz I



126

EtzO to yield [Cp*(dppe)Fe:C:C:CHCr¿HsBr][BP]al (266 mg,65Yo). IR (KBr/nujol,

"m-t¡: 
1888 m V(:Ç:ç:ç). t1¡ NMR (CDC1¡): õ 10.13 (s, lH, :CH)l 8.80-8'74 (m, 2H,

cr+Ha); 8.36-8.30 (m, 2H, Cr+Ha); 7.59-6.85 (m, 44H, Cr+Hs/dppe¡gPh4); 3.07-2.95,

2.43-2.37 (2m, 4IJ, CIJzC}Jù; 1.47 (s, 1 5H, Cp*).



Chapter Five

Some ferrocenylethynyl and

ruthenocenylethynyl com Plexes
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5.L. Introduction.

While much work has centred around complexes containing all organic bridges capped

by redox-active metal termini, the focus has also shifted to the addition of ferrocenyl and

ruthenocenyl groups into these bridging ligands, as a result of the effect the redox-active

sandwich complex has over the strong electronic interactions seen in straight chain

complexes. Complexes of the general formula [ML'](p-C{)*Mc and [MLn](p-

C{)*Mc'(C=C-p)'[M'L'-] (where Mc : CpM(ps-CsH+-) M : Fc and Mc' : M([rs-

CsH+-)z M : Ru) have driven this interest.r24-126

5.1.1. Synthetic strategies for metallocenyl complexes.

Complexes containing these redox-active sandwich moieties have been prepared through

one main synthetic pathway, starting from a substituted metallocenyl and the desired

metal ligand end cap.

Both metallocenyl fragments FoC:CH and 1,1'-Rc'(C:CTMS)2 are well known and

allow a wide range of products due to the extensive number of metal ligand end caps.

Treatment of FoC=CH with RuC(PPh¡)zCp in the presence of [NH4][PF6], in a

dichloromethane I methanol solution for one hour followed by the addition of sodium

methoxide results in the formation of Ru(C=CFcXPPhr)zCp (see Scheme 5.1).t'o



t29

4
+ Fe

\
PPh3

f-otr,l"
+

\
PPh3

Fe

Fe

Scheme 5.1. Synthesis of Ru(ClFc)(PPh)zCp.

This complex can be further oxidised by treatment with [FeCpz][PFo] to

[Ru(CCFc)(PPh:)zCp][PFe]. The IR spectrum shows bands intermediate between an

acetylide or allenylidene type complex demonstrating some interaction between the two

centres (see Scheme 5.2).
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\
PPh3¡e

Scheme 5.2. Limíting structures of [Ru(CCFc)(PPh:)zCpJ [PF6]'

However the addition of ferrocenyl into {Cp(PPh¡)zRu}2(p-C=CC{) to give 1,1'-

{Cp(pph3)2ftuÇ=C}2Fc' shows different interactions than those observed above. The

cyclic voltammogram of 1,1'-{Cp(PPh¡)zRuC=C}2Fc' shows some decoupling of the two

ruthenium termini, but the UV-Vis-NIR data indicates that ferrocenyl moiety does act as

an insulator to the electronic interactions observed in {Cp(PPh3)2Ru}2(p-C:CC:C). The

synthetic method is very similar to above with a mixture of RuCl(PPh3)2Cp, 1,1'-

(TMSC=C)2Fg' and KF heated at reflux in a methanol / THF solution (see Scheme 5.3.).

Fe

PhrÈt" \rrn,

4.
\

PPhl
I

Fe'

+2 I

3

4
Fe

P\Pl 
"%'n'

Scheme 5.3. Synthesis of I, 1' -{Cp(PPh ) 2RuC{} 2Fc'
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5.2. Aims.

The primary aim of this work was to synthesise complexes containing either the

ferrocenyl or ruthenocenyl moiety within the bridging ligand. The reactivity of the

carbon chain would then be tested using the electron-dehcient compound

tetracyanoethene (TCNE), which can undergo a 12 * 2] cycloaddition with electron-rich

carbon-carbon triple bonds.

Cyclic voltammetry would also be used to determine what effect the inclusion of these

sandwich complexes have over the strong electronic interactions observed in the straight-

chain analogues.



t32

5.3. Results and Discussion.

5.3.1. Synthesis and properties of Os(C=CFc)(dppe)Cp and l,l''(CplPm'

tol¡lzRuCz)zRc.

OsC=CFc(dppe)Cp (42) was prepared by treatment of HC{Fo (43) with OsCl(dppe)Cp

(aa) in the presence of Na[BPh+], which assists in the ionisation of the Os-Cl bond,

heated at reflux in methanol. After 18 h the solution was cooled on ice before the

addition of sodium methoxide, which deprotonates the vinylidene complex, giving the

neutral complex after basic alumina column chromatography, eluting with 9/1 acetone-

hexane, in78%o yield (see Scheme 5.4).

! Fe

43
44

f-ovt"

Fe

Fe

42

Scheme 5.4. Synthetic route to OsC=CFc(dppe)Cp.
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The IR spectrum of 42 showed v(C=C) at 2078 cm-l, which is consistent with a triple

bond of this nature.

The rH NMR spectrum of 42 displayed two unresolved multiplets between õ 2.23-2.29,

2.51-2.62 corresponded to the CHzCHz in dppe. Broad signals at ô 3.85 and õ 3.90,

correspond to an overlap of the unsubstituted Cp ring and two hydrogens from the

substituted Cp ring in Fc, along with the other two hydrogens from the substituted Cp

ring respectively. The Cp on the osmium was observed as a singlet at õ 4.62, while the

aromatic hydrogens were seen between õ 6.97-8.11.

The r3C NMR spectrum of 42 displayed multiplets between ô 30.05-30.67 and 126-62-

143.89 corresponded to the ClHrzCIFrz in dppe and the aromatic carbons respectively. The

ferrocenyl carbons appeared at ô 66.66 and 70.69, which corresponded to the four

carbons containing hydrogens of the substituted Cp ring. A peak at õ 69.72 corresponded

to the unsubstituted Cp ring, along with ô 77.42 corresponding to C;'.o. The Os-Cp

carbons appeared as a triplet at õ 78.62 (2Jcp 2.3 Hz). The ethynyl carbons could be

differentiated by the splitting seen for Co a triplet at ô 83.41 (2Jcp 18.6 Hz), due to the

coupling of the phosphorus through osmium, while Cp appeared as a singlet at ô 102.15.

The 3rp NMR spectrum of 42 showed a peak at õ 47 .2 corresponding to the dppe ligand.

The mass spectrum shows a peak corresponding to [M]+ at m/z 864, which undergoes

fragmentation to give [Os(dppe)Cpf+ atm/z 655.

Due to the instability of Rc'(C{H)z the TMS protected ruthenocenyl was used. Thus

reaction with RuCl[Pm-tol]zCp in the presence of the desilylating agent KF, resulted in

the precipitation of 1,1'-{Cp[lø-tol¡P]zRuC=C]zRc' (45) from the reaction mixture in a

yield of 86%.

The IR spectrum of 45 showed v(C=C) at 2O8l cm-l and another band at 1591 cm-l

corresponding to aromatic v(C:C)



t34

The lH NMR spectrum displayed a peak at ô 2.05 corresponding to the methyl

hydrogens, along with a multiplet between õ 6.84-7.7I corresponding to the aromatic

hydrogens. A peak at ô 4.58 was found for the Ru-Cp group. While as a result of the

symmetry of the complex, looking down the carbon chain and through the ruthenocenyl

rings, the hydrogens of the ruthenocenyl rings appeared as two broad singlets at õ 4.54

and 5.12.

The 3rP NMR spectrum showed a peak corresponding to the Pz-tol¡ ligands at õ 51.8 and

the molecular ion was observed in the mass spectrum at m/z 1827 .

5.3.2. Reactions of Os(C=C)Fc(dppe)Cp and l,l'-{Cplm-tol¡PlzRuC=C}2Rc' with

tetracyanoethene.

Reactions of the electron-deficient alkene tetracyanoethene (TCNE) with electron rich

carbon-carbon triple bonds are well known.l27-t30 Reactions of these triple bonds

adjacent to metal centres can give rise to several different complexes such as tetracyano-

cyclobutenyl or -butadienyl or allylic (vinylcarbene) complexes, under various

conditions (see Figure 5.1).

(NC)rC

IL

Lllltt'

Fe
I
L

Fe

Fe

GHJ
Figure 5.1. Possible reaction products upon the addition of TCNE, G. Tetracyano-cyclobutenyl.

H. Tetrøcyano-butadienyl. J. Vinylcarbene.
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Treatment of 42 with TCNE in benzene at room temperature results in addition across the

electron-rich carbon-carbon triple bond and ring opening to give

Os{C[:C(CN)2]:CFc:C(CN)z]dppeCp (46) in37%o yield. The cyclobutenyl complex G

and the vinylcarbene complex J were not observed for this reaction. Displacement is

observed however for RuC=CFc(PPh¡)zCp due to triphenylphosphine being a more labile

ligand compared to dppe, which is bi-dentate instead of mono-dentate. A similar

displacement also occurs for RuC{Fc(dppe)Cp* to give the vinylcarbene complex J

(see Scheme 5.5).120 This is a result of the extra steric hindrance of Cp* compared to Cp,

which offers some furthèr protection against electrophilic and nucleophilic attack at Co

and Cp (also discussed in Chapter 6)'

Ru-
TCNE Fe

Scheme 5.5. Ligand displacement caused by the addition of TCNE-

The IR spectrum of 46 showed three bands at 2214,2199 cm'r corresponding to v(CN)

along with a v(C:C) band at 1508 cm-l.

The lH NMR spectrum of 46 showed one multiplet corresponding to the CHzCH2 in dppe

between ô 2.00-2.50. The aromatic hydrogens appeared as a series of multiplets between

õ 6.4I-7.95 and the two Cp peaks from the unsubstituted FeCp and OsCp groups were

observed at ô 4.13 and 5.03 respectively. With the addition of TCNE the symmetry

through carbons Co, Cp, and Cioro (see X-ray crystal structure Figure 5.3) is broken

resulting in the protons of the Fe(CsH+) ring appearing as four broad singlets at õ 2.26,

3.g8, 4.4g and 5.53 instead of the two peaks observed in 42. This addition also affects

Fe
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the 3rP NMR spectrum, which contained an AB quartet at ô 29.03 and 40.79 (d, 'r 6.8

}lr).

The mass spectrum showed [M + Na]+ at m/z 1015 along with the fragment at m/z 655

corresponding to [Os(dppe)CP]+.

Treatment of 1,1'-{Cplm-tol¡P]zRuC=C}2Rc' with TCNE in dichloromethane at room

temperature results in the displacement of one m-tolsP ligand from each ruthenium centre

to give the adducts 47 and 48 (in a ratio of 36:64) in 44o/o yield. The TCNE adducts 47

and 48 are isolated as an inseparable mixture of the two diastereomeric conformers of the

vinylcarbene form (see Figure 5.2).

Pm-tol3
Same face
47

(CN)z

m-,"lr\
I

Ru

I

Ru

(CN)z

nxtol3\ li
Opposite faces

48c(cN)2

(CN)z

Figure 5.2. Structure of the products from the reaction between I,I'-(Cp[m'

tol:Pl zRuCÐ2Rc' and TCNE.

The two diastereomers differ in the relative stereochemistries about the two-ruthenium

centres. The cyano groups in the minor conformer are on the same face, whereas for the
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major conformer they are on opposite faces. The major conformer is assigned by

comparison with the results of the previously reported reaction of I,l'-

{Cp(Ph¡P)zFeC=C}zFc' with TCNE. r20

The IR spectra o147 and 48 both show one band at 2213 cm'r corresponding to v(CN),

along with a v(CC) stretch at 1614 
"--t "oo"rponding 

to the vinylcarbene.

The rH NMR spectrum showed peaks at ô 1.30 and 2.44 corresponding to the methyl

protons of the major and minor isomer, respectively. For the major isomer the hydrogens

of the ruthenocenyl rings appeared as four broad singlets at ô 5.08, 5-23, 5.39, 6.09,

whereas for the minor isomer they appeared as only three peaks, with two overlapping

peaks at õ 5.23, along with ô 5.32 and 5.92. The Cp peaks appeared at ô 4.65 and 4-63

for the major and. minor isomer, respectively, with the aromatic hydrogens between ô

7.18-7.41.

The 3rp NMR spectra were similar with peaks at õ 39.4 and 39.4 corresponding to the

major and minor isomer, respectively.

5.3.3. Molecular Structure.

Single crystals suitable for X-ray diffraction studies of complex 46 were grown from

dichloromethane and hexane. The ORTEP plot of the complex along with relative bond

distances and angles can be seen in Figure 5.3 and Table 5.1.

The osmium-phosphorus bonds lengths are shown to be ca. 23 
^, 

with the osmium Cp

bonds (av 2.255(7) Å) and the ferrocenyl terminal (2.033(4) Ä. feCp and 2.044$) A'

FeCp').
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P1 3

301'
301

P2

Figure 5.3. ORTEP plot of 46.

Bond distance (,4,)

os-P(1) 2.2e78(e) c(3)-c(301) 1.372(s)

os-P(2) 2.3278(e) Fe-Cp 2.017-2.047(4)

Os-Cp 2.241-2.273(4) (AV) 2.033(4)

(av) 2.2ss(7) Fe-Cp' 2.022-2.0s8(7)

os-C(2) 2.06s(3) (av) 2.044(6)

c(2)-c(3) 1.4es(s) C-CN t.417-r.433(6)

c(3)-c(4) r.45e(s) (av) 1.428(6)

c(2)-c(1) 1.3e6(s)

Bond Angle (')

os-c(2)-c(3) 122.6(2) c(1)-c(2)-c(3) |fl.4(3)

c(2)-c(3)-c(301) r17.4(3) c(2)-c(3)-c(4) 1 1e.1(1)

P(1)-os-P(2) 82.2s(3)

Table 5.1. Bond distances and angles of 46.



t39

The Os-C(2) bond distance of 2.065(3) Å. is very similar to other reported Os-C single

bond distances.l3t The C(2)-C(3) and C(3)-C(301) bond distances of 1.495(5) and

1.459(5) Ä respectively indicate carbon-carbon single bonds. This is expected with both

C(2) and C(3) undergoing a conversion from C(sp) linear to C(sp2) trigonal. This change

is observed with bond angles of Os-C(2)-C(3) and C(2)-C(3)-C(301) at 122.6(2) and

tl7 .4(3)", respectively.

5.3.4. ElectrochemistrY.

The cyclic voltammogram of 42 displayed three well-separated peaks. The first two

peaks at +0.03 and +0.59 V demonstrated complete reversibllity (i"l i": l along with the

current proportional to (scan rate)tt2). These two redox events are assigned to an

oxidation at the osmium and ferrocenyl centres respectively" The third redox event at

+1.20 V appeared fully non-reversible (i" I io: 0) even at faster scan rates and is assigned

to the second oxidation of the osmium centre. The change in the f,rrst oxidation potential

for the osmium centre, when compared to that found for 43 (see Chapter 6), may be

explained by the electron-donating effect of the ferrocenyl centre. This indicates that

there is some interaction between the two metal centres (LEvz: 0.64V), which has been

fuither demonstrated by other complexes such as M(C=CFC)(LL)Cp' (where M: Ru, LL

: (PPh¡)2, dppe, dppm, Cp' : Cp, Cp* and M: Os, LL: (PPh3)2, CP ' + Cp) (see Table

5.2). Determination of the comproportionation constant K" for the mono-cation (n : l, K"

:2.95 x 106) and di-cation (n :2, Kc:2.07 x 1010) indicates high thermal stability of

both these cations with respect to disproportionation.
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Table 5.2. Cyclic voltammetry data þr IMJCzFc, measured in 0.]M [Bu'altlJ[PFd] in

CHzClz at l00mV s-t . o Peak potential of afully non-reversible wave.

Complex [M] Et Ez LE1¡2 K"(01+l/+2) Et tREFI

Ru(PPh¡)zCp +0.13 +0.82 0.69 3.5 x 10rl t20

Os(PPh3)2Cp +0.05 +0.69 0.64 6.7 x 10ro +1.404 120

Ru(dppm)Cp +0.13 +0.69 0.56 3.0 x lOe +1.40u 120

Ru(dppe)Cp +0.14 +0.72 0.58 8.0 x 10e t20

Os(dppe)Cp +0.03 +0.59 0.56 3.0 x 10e This work

Ru(dppe)Cp* +0.05 +0.68 0.63 4.6 x 10ro +1.2I^ 120



The cyclic voltammogram of 45 displayed three well-separated and fully reversible (iol i"

: 1, current proportional to (scan rate)tt2) redox events att0.l2, +0.36 and +0.69V (see

Figure 5.4).

l.l

r4t

1.3

2

0

-l

é
a

-3

-4

-5

-0'l -0.5 -0.3 -0.1 0.1 0.3

E(Ð
0.5 0.7 0.9

Figure 5.4. Cyclic voltammogram of 45 recorded in CHzClz, 0.lM [Bu"y'tlJ [PF6J at 100 mV il

Further examination of the cyclic voltammogram current ratios and peak areas indicate

that the three redox events are associated with a one-electron process. This clearly points

to there being significant interactions mediated by the bridging ruthenocenediyl moiety

(LEvz: 0.24Y), which decouples the oxidation potentials despite the identical nature of

the two metal termini. However the first redox event is assigned to an oxidation at a

ruthenium terminal, followed by an oxidation at the ruthenocenediyl centre. As a result

of the decoupling though, the third redox event can not be assigned directly from the

cyclic voltammogram. This same observation was made with other such complexes

containing the ruthenocenediyl bridging moiety (see Table 5.3)."'
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Table 5.3. Cyclic voltammetry data for 1,1'-([MJCl)2Rc" measured in 0-IM

[Bu'y'rtJ [pF6J in CHzClz at ] 00mV s-t . o Peak potential of a fully non-reversible wave.

Complex [Ml Et Ez L8112 K"(01+ll+2) Et E¿ tREFI

Ru(PPh3)2Cp +0.18 +0.44 0.26 2.5 x l0' +0.61 +0.75 t32

Ru(dppe)Cp +0.16 +0.30 0.14 23 xt}ìl +0.66 +1.21^ t32

Ru(dppe)Cp* +0.02 +0.27 0.2s 1.7 x 10* +0.59 +1.16u t32

Ru[P(ln-tol)s]zCP +0.12 +0.36 0.24 1.1 x 104 +0.69 This work
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5.4. Conclusions.

This work summarises the synthesis of novel di-metallic ferrocenyl and tri-metallic

ruthenocenediyl complexes 42 and 45. Further reactions of these complexes with the

electrophilic alkene TCNE produced either't1l-tetracyanobutadienyl or |3-vinylcarbene

complexes, which is conf,rrmed by the X-ray crystal structure of 46.

The cyclic voltammogram of 42 demonstrates signihcant interactions between the

bridging moiety and the metal termini, observed by the large value of LE1¡2, of 640 mV.

The cyclic voltammogram of 45, shows some interactions between the metal termini and

the bridging moiety, demonstrated by the decoupling of the two termini, but acts as a

total insulator when compared to straight-chain complexes such as {Cp*(dppe)Ru}z(¡t-

C=C)a.
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5.5. Experimental.

General experimental conditions are detailed on page 45.

Reagents: The compounds HC=CFc,l3l't'o RuCl[z-tolrP]rCp,t" and Rg'(C=CTMS)2136

were all prepared using standard literature procedures. The compounds Na[BPþ],

TCNE, KF were all used as received from Aldrich.

Os(C=CFc)(dppe)Cp (42).

A mixture of OsCl(dppe)Cp (62 mg,0.093 mmol), HC=CFI (32 mg, 0.152 mmol) and

Na[BPh¿] (57 mg,0.167 mmol) in MeOH (10 mL) was heated at reflux point for 18 h.

After cooling in an ice bath, NaOMe t$a (5 mg) in MeOH (2 ml.)l was added dropwise

and the mixture was stirred for 15 min. The solvent was then removed under vacuum and

the residue purified by column chromatography (basic alumina, acetone-hexane 9/1) to

give Os(C=CFc)(dppe)Cp (61 mg,78%o) as an orange powder. IR (nujol, cm-t¡: 2078 s

v(C=C). THNMR (d6-benzene):õ2.23-2.29,2.51-2.62(2xm,2x2H, dppe); 3.85 (sbr,

7H, CsH¿ + FcCp); 3.90 (s, 2H, CsH¿); 4.62 (s,5H, OsCp); 6.97-8.11 (m, 20H, Ph)' t3C

NMR (d6-bettzene): ô 30.05 -30.67 (m, CH2 of dppe); 66.66' 70.69 (CsH+ of Fc); 69.72

(FcCp); 77.42 (C¡p.o of Fc); 78.62 (t, tJ., 2.3 ¡g1z, OsCp); 83.41 (t, 2Jcp 18.6 1g,z, Co);

t02.t5 (Cs); 126.62-143.89 (m, Ph). 3rP NMR (d6-benzene): õ 47.2. ES-MS þositive

ion, MeOH , m/z);864, [M]+; 655 [Os(dppe)Cp]*.

Os{C [:C(CN)zl:CFc:C(CNI)2Xdppe)Cp (46).

A mixture of Os(C=CFc)(dppe)Cp (59 mg, 0.068 mmol) and TCNE (11 mg, 0.082 mmol)

was stirred in benzene (10 mL) at r.t. for 24h. The solvent was removed and the residue

purified by preparative TLC (2Yo acetone, dichloromethane). A dark red-brown fraction

was collected and identifred as os{c[:c(cN)2]:cFc:c(cN)2](dppe)cp (25 m9,37%).
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Anal. Calcd (C¿qH¡sFeN+OsPz.0.5CHzClz): C, 57.54; H, 3.80; N, 5.42. Found: C, 57.58;

H, 3.88; N, 4.74. IR (nujol, "--t¡: 2214 s,2199 s v(CN); 1508 s v(CC). tH NMR

(CDCI¡): ô 2.00-2.50 (m, 4H, CHzCHz); 2.26, 3.98, 4.49, 5.53 (4 x m, 4 x l}l, CsH+);

4.13 (s, 5H, FeCp); 5.03 (s, 5H, OsCp); 6.41-6.47 , 7 .04-7 .14, 7 .26-7 .58, 7 .73, 7 .89-7 .95

(6 x m, 2 + 3 + 10 + 3 + 21g.,Ph). 3tP NMR (CDCI¡): ô 29.0 (d, -/6.8 Hz); 40.7 (d, -r6.8

Hz) (AB q). ES-MS þositive ion, MeOH * NaOMe, m/z); lü5, [M + Na]+; 655,

[Os(dppe)Cp]+.

l,l' -(Cpfm-tol¡Pl zRuC=C)zRc' (45).

A degassed solution of RuCl[Pm-tol¡]zCp (I7I mg, 0.232mmol), KF (12 mg, 0.207

mmol) and Ro'(C:CTMS)z (49 mg,0.116 mmol) were heated at reflux for t8 h. The

precipitate was collected on a sinter and washed with methanol to afford l,l'-(Cplm-

tol¡PlzRuC{)2Rc' as a yellow solid (182 mg,86Yo). Anal. Calcd (CrosHrozRu3P4): C,

71.00;H,5.63, Found: C,70.93, H, 5.61. IR (nujol, 
"^-t); 

2081 s v(C=C); 1591 m

v(C:C). tH NMR (d6-beruene): ô 2.05 (s, 36H, tol);4.54 and 5.12 (s, 2 x 4H, CsH¿ of

Rc);4.58 (s, 10H, Cp);6.54-7.71 (m,48H, Ph). "P NMR (d6-benzene): ô 51.8. ES-MS

(positive ion, MeOH, m/z): 1827, Í}y'.l+.

Reaction of 1,L'-(Cp[n-tolsP]zRuCz)zRc with TCNE (47 and 48).

To a solution of I,l'-(Cplmtol¡PlzRuCz)zRc (100 h8, 0.055 mmol) in dry

dichloromethane (20 mL) was added TCNE (17 mg, 0.137 mmol) and the reaction

mixture was stirred for 24 h. The solvent was removed under vacuum and the crude

residue purifred by preparative TLC (lYo acetone / dichloromethane) to afford a mixture

of 47 and 48 as an orange solid (36 mg, 44Yo). The ratio of diastereomers was 36:64.

Anal. Calcd (CzeHoNsRu:Pz): C,65.23; H, 3.91; N, 7.25, Found: C, 65.23; H, 3.98; N,



146

7.2g. IR (nujol, c--t¡: 2213 s v(CN); 1614 m v(C:C). ES-MS þositive ion, MeOH,

mþ: 1498, [M + Na]+.

Minor isomer 47

THNMR(CDCI¡): õ2.44(s,36H, m-tol);5.23 (s,4H,CsH+of Rc),5.32,5.92(s,2x2H,

CsII¿ of Rc); a.$ (s, 10H, Cp);7.15-7.41 (m, 48H, Ph). 3tP Nlr4R (CDClr): ô 39.4.

Major isomer 48

tH NMR (cDCl¡): ô 1.30 (s, 36H, m-tol);5.08, 5.23, 5.39,6.09 (s, 2 x 4IJ, csg+ of Rc);

4.65 (s, 10H, Cp); 7.18-7.41(m, 48H, lh¡. 31r NMR (CDClr): ô 39.4.



Chapter Six

Some improved syntheses

(A) Osmium precursors

(B) Group B vinylidenes
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A. New synthetic routes into osmium precursors.

4.6.1. Introduction.

There is increasing interest in the organometallic chemistry of osmium as the nature of

the differences from its lighter congenor ruthenium becomes more apparent. The usual

precursor for these complexes is osmium(Vlll) oxide, OsO4, a pale yellow solid (m.p.

31.C) which has an appreciable vapour pressure at ambient temperatures and which can

cause severe physiological problems if appropriate care is not taken.l37'138 The use of

dilute solutions for staining or other preparation of organic samples for histological study

is well-kno*n.t'n Conversion of OsO+ to other starting materials has been documented

from the rather insoluble (NH+)z[OsBro] (by direct reduction with conc. aqueous HBr)r3e

or (NH+)z[OsClo] [by treatment with conc. HCI and Fe(II)]t40.

The difficulty in reduction of OsO¿ directly by concentrated HCI has resulted in bromo-

osmium complexes being generally prepared for use as precursors. The intermediate

Hz[OsBro] can be used for the synthesis of some cyclopentadienyl-osmium complexes,

such as OsBr(PPh3)rCp,too or OsCpz,lar the further reduction to osmium(Il) being

achieved with an excess of PPh¡ ot zinc, respectively.

Recent changes to rules covering transport of hazardous materials by air have resulted in

there being some reluctance to transport OsO¿ and other starting materials which are less

dangerous have been sought. One of these is so-called "potassium osmate" which is

formulated as the tetrahydroxo-dioxo-osmate(Vl), Kz[OsOz(OH)+]. Conversion of OsO+

to this salt is effected in ethanolic KOH.l42
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L.6.2. Aims of this work.

The primary aim of this work was to find a new synthetic route into suitable osmium

reagents for organometallic synthesis from the more readily available potassium osmate

Kz[OsOz(OH)4] (49). X-ray structure determinations of both OsCl(dppe)Cp (44) and

OsCl(dppe)Cp* (13) are reported along with their electrochemistry and comparison to

other related group 8 comPlexes.
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4.6.3. Results and Discussion.

4.6.3.1. Synthesis of organo-osmium starting materials.

Previously the synthesis of OsBr(dppe)Cp* (50) has been described through the reduction

of OsO+ by HBr.l3l Starting from potassium osmate instead, it is possible to reduce the

osmium by refluxing it in concentrated HCI ovemight. The excess HCI is removed by

distillation to leave a brick-red solid, which is assumed to be fb[OsClo]. This brick-red

osmium salt can be treated with either triphenylphosphine or pentamethylcyclopentadiene

depending on the desired product (see Scheme 6.1).

Reaction of Kz[OsClo] with PPh¡ in refluxing aqueous /-butanol for 18 h resulted in the

precipitation of green OsClz(PPh¡)¡ (51) in 99o/o yield. The PPh¡ plays an important role

in this reaction as it not only acts as a co-ordinating ligand, but as the reducing agent as

well. This complex has also been made from the reaction of (NH+)z[OsClo] with PPh: in

aqueous /-butanol. {Elliott #1 49}

Addition of the cyclopentadienyl group was achieved through the treatment of

OsCl2@Ph¡)¡ with LiCp, which was synthesised through the reaction of nBuli with CpH

for 15 min in THF. After removal of the solvent the residue was extracted into a minimal

amount of benzene and purified by column chromatography (silica gel). Excess PPh¡

was removed with elution of hexane and pure yellow OsCl(PPh¡) zCp (52),taa was eluted

with a 10olo acetone-hexane mixture.
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reflux 18 h
f-butanol lwater

K2[OsO2(OH)a] 49

reflux l8 h
HCI

K2[OsCl6]

PPh3

OsCl2(PPh3)3 51

1. reflux t h
ethanol lwater
cp*H
2. reflux l8 h
COD

54

CI

cl 52
reflux 18 h
heptane
dppe

-c1

\
PPh3

reflux 18 h
toluene
dppe

13

44

Scheme 6.1. Synthetic routes to both OsCl(dppe)Cp and OsCl(dppe)Cp*from K2[OsO2(OH)a]
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The ready exchange of PPh¡ ligands for dppe has been demonstrated before from

RuCl(PPhg)zCp (53) to RuCl(dppe)Cp (16).too The use of benzene, as described

previously, affords a mixture of the desired product and starting material However

heating both reactants (51 and dppe) in refluxing toluene overnight yielded a suspension,

which was hltered and the frltrate chromatographed to afford pure yellow 44 in 8I%o

yield. The solid which was filtered from the reaction mixture may be the dimer

[oscl(dppe)cp]2, which is observed in the ligand exchange of 53 with dppe to 16.100

The pentamethylcyclopentadienyl analogue was prepared by treatment of lh[OsClo] with

a degassed solution of pentamethylcyclopentadiene in aqueous ethanol. The mixture was

heated at reflux point for t h before the addition of l,5-cyclooctadiene and refluxing

continued for a further 18 h. After this time the solvent was evaporated under vacuum

and the residue extracted with hot diethyl ether. Again the solvent was removed to yield

an orange residue, which is most likely OsCl(COD)Cp* (5a). This residue was then

treated directly with a solution of dppe in heptane and heated at reflux for 18 h. The

resulting suspension was filtered to give 13, chromatography (silica gel) of the filtrate

afforded a further amount of pure yellow 13 (total yield of 61%).

A.6.3.2. Spectral properties.

The lH NMR spectra for 52 and 44 show multiplets between õ 7 .39-7 .15 and ô 8.02-6.84

respectively, conesponding to the aromatic protons on the phenyl groups. Multiplets for

the CHzCHz groups in dppe were found at õ 2.4I-2.33 and õ 2.22-2.14. The Cp protons

were found as singlets at õ 4.37 and, 4.52 for 52 and 44 respectively. The small shift

downfield is a result on the more electron-donating affect of the dppe in comparison to

the two PPh3 ligands.

The lH NMR spectrum of 13 shows multiplets between õ 7.82-7.05 corresponding to the

aromatic protons in dppe, while multiplets between õ 2.59-2.49 and ô 2.09-I.97 are

assigned to the CEzCÉzprotons in dppe. The lH NMR spectra of 50 showed multiplets
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in similar regions to 13 between õ 7.92-6.97, 2.62 and 2.09 all corresponding to the

relevant protons of dppe.l3l Singlets arising from the Cp* protons are found at ô 1.57 and

1.61 for L3 and 50, respectively.

The r3C NMR spectra for 44 and 13 show resonances at õ 143.56-128.07 and 140.78-

I27 .77 for the aromatic carbons on the phenyl groups in dppe. Carbons of the Cp group

appear as a triplet (2Jcp,2.5lPrz) atõ75.75. The Cpx ring carbons of 13 give a triplet at ô

86.10 (2Jcp,2.6 Hz). The CHzCHz carbons of the dppe bridge also show coupling to the

phosphorus atoms appearing as multiplets at ô 30.44-29.12 and 31.24-30.63 for 44 and

13, respectively. The other carbons in the Cp* ligand for 13 occur as a singlet at ô 10.18.

These regions are very similar to those seen for 50.

The 3rP NMR spectra show a shift from ô -1.2 to 46.6, with the ligand exchange from

PPh¡ to dppe, in 52 to 44 respectively. Exchange of Cp for Cp* has little effect with

singlets arising in the 3tP NMR spectra atõ 43.4 and 43.0 for 13 and 50, respectively.

Both 52 and 44 undergo very similar fragmentations in their mass spectra, with ions

corresponding to [M - Cl]* at m/z 781 and 655 respectively. Complex 52 also undergoes

loss of PPh3 (m/z 5I9 [OsPPh3Cpl*¡. the mass spectrum of 13 displays peaks at m/z 760

corresponding to [M]*, and atm/zT2í,whichcorresponds to loss of Cl ([M - C1]).

4.6.3.3. Molecular structures.

úr the course of this work the molecular structures of 44 and 13 (crystallised from

dichloromethane / hexane) were determined. These molecules are illustrated in Figure

6.1 and selected bond distances are presented in Table 6.1 and 6.2, together with values

previously reported for the associated ruthenium analogues. As can be seen, these are

funher examples of Group 8 complexes of the tlpe MX(PP)Cp', all having pseudo-

octahedral geometry at the metal centre.
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Figure 6.1. ORTEP diagram of Top: OsCl(dppe)Cp* and Bottom: OsCl(dppe)Cp.
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The structure of OsBr(PPh3)zCp (55) as its dichloromethane solvate has been reported

previously, together with the isomorphous and isostructural ruthenium compound.t4s't46

The present study was carried out on solvent-free crystals and shows some significant

differences in the coordination geometry around the osmium centre. As expected, the

similarity of the covalent radii of ruthenium and osmium (Ru: 1.26, Os 1.28 Ä¡147 results

in there being essentially no differences in the M-P and M-Cl bond lengths in

MCI(dppe)Cp and Mx(dppe)Cp*, with the exception of the Os-Br and Ru-Cl bonds in

the latter, which differ by 0.13 Ä 1cf. the difference in covalent radii of Cl and Br, 0.15

Å1. The M-C(cp) distances are somewhat shorter than the M-C(cp*) separations on

account of the increased bulk of the permethylated ligand. Significant differences are

found in the P-M-X angle pair between the PPh¡ and dppe complexes, contingent on the

effects of the Ru-P-C-C-P ring conformation in the latter.
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A.6.3.4. Electrochemisty.

The successful synthesis of 13 and 44 completes the Group 8 series of the general

formula MCI(dppe)Cp' (where M : Fe Cp' : Cptot / Cp*,"'M : Ru, Cp' : Cptoo /

Cp*,",t'n M : Os Cp' : Cp / Cp*). This allows the direct comparison of their redox

properties and a determination of the effect of the exchange of Cp for Cp* and the

differences that occur due to the change of metal down the group (for comparison all

CV's were remeasured using the same potentiostat and cell setup).

From the data summarised in Table 6.3 there are several interesting comparisons that can

be drawn. Looking down the series of complexes for either Cp or Cp*, the first oxidation

potential (M(II) / M(III)) does not increase uniformly on going from Fe to Os. Instead

the ease of oxidation increases as Fe > Os > Ru (see Graph 6.1). As expected on

changing of Cp for the more electron-donating Cp* ligand, the first oxidation becomes

easier by approximately 280 (Fe), 220 (Ru) atd 2lO mV (Os)(see Graph 6.1). Second

oxidation events are not observed for all complexes, which may be a result of an

electrochemical reaction occuring after the first redox event within the cell making these

processes either quasi or fully non-reversible.

Tabte 6.3. Redox potentials (V) of FeCl(dppe)Cp, 23, 17, 4' 44 and 13 recorded in 0.1 M

[Bu'y',lJ [PF6] / CH2C\2 at 100 mV s-t , 293 K using Pt electrodes. o Peak potential of afully non-

reversible process. b Peakpotential ofa quasi-reversible process.

Complex E1 Ez

FeCl(dppe)Cp +0.04 +0.69u

FeCl(dppe)Cp* -0.24

RuCl(dppe)Cp +0.46

RuCl(dppe)Cp* +0.28 +1.37u

OsCl(dppe)Cp +0.38 +1.1gb

OsCl(dppe)Cp* +0.17 +1.19b
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Graph 6.1. First oxidation potentials of the group B series MCI(dppe)Cp', where M: Fe, Ru,

Os, and Cp' : Cp / Cp*.

The first redox event for all complexes was found to be fully reversible and ranges from

4.24 V in FeCl(dppe)Cp* (22) to +0.46 V in RuCl(dppe)Cp (16) (see Table 6.3). The

osmium complexes 43 and 12 show two redox events at +0.38 V (fuIly reversible) and at

+1.18 V (quasi reversible) for 43 and at +0.17 V (fully reversible) and +1.19 (quasi

reversible) (see Figure 6.2).
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^.6.4. 
Conclusions.

The synthesis of OsCl(dppe)Cp and OsCl(dppe)Cp* was achieved starting from

potassium osmate (see Scheme 6.1). Single-crystal X-ray structure determinations

revealed marked similarities to both ruthenium analogues (see Table 6.1 and 6.2)' These

two osmium complexes have significantly lower first oxidation potentials than their

ruthenium analogues instead of a continuing increase from iron to osmium as was

expected.Ta

'a



t62

B. Improved syntheses of some Group I vinylidene complexes.

8.6.1. Introduction.

Group 8 vinylidene complexes of the general formula [Cp'(dppe)M:C:CHz][PFo]

(where M : Ru Cp' : Cp, and M : Os Cp' : Cp*) have been previously prepared in

solvents such as dichloromethane.l3l'lsO Mixtures of the halide starting material are

heated at reflux point for three days in a sealed flask in the presence of TMSC:CH,

which must be done behind a safety shield due to the possibility of explosion. However

both [Cp*(dppe)M:C:CHz][PFo] (where M : Ru and Fe)30'3t harre been synthesised

using methanol with a dramatic decrease in the reaction times.
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8.6.2. Aims of this work.

The aim of this work is to use a bulky alcohol solvent, such as 
rBuOH, for the synthesis

of several vinylidene complexes containing Group 8 metals of the general formula

[Cp'(dppe)M:C:CHz]tPF6l (where M: Ru, Fe Cp' : Cp and M: Os Cp' : Cp/Cp*)

and thereby overcome the problematic and dangerous synthesis that have been designed

previously.
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8.6.3. Results and discussion.

8.6.3.1. Synthesis of vinylidene complexes.

The vinylidene complexes [cp(dppe)M:c:cH2][PF6] (where M: Fe (56), Ru (57), Os

(58)) were prepared from the reactions of the corresponding chloro complexes and

TMSC=CH in 'BuOH, in the presence of [NH+][PF6] proceeding in 90, 9l and 56%o

yields respectively. For the cp* derivative, [cp*(dppe)os:c:cHz][PFo] (59), this same

reaction was carried out in MeOH instead with a 85% yield. These reactions proceed

quickly (within 4 h) with the products precipitating directly as the PF6 salts from the hot

reaction mixture.

Complex 57 has been previously synthesised using dichloromethane instead of 'BuOH.lsO

The use of dichloromethane not only increases the reaction time to 3 d, but also must be

done in a sealed flask to prevent evaporation of the volatile TMSC=CH. This sealed

flask was then heated to reflux, which must be done behind a safety shield for protection

against explosion. The use of the high boiling /BuOH allows the reaction to be done with

an effective condenser instead of the sealed flask because the reaction times are much

shorter than those needed when using dichloromethane.

Due to the steric protection that Cp* gives when compared to Cp, 59 was synthesised

using methanol instead of rBuOH. This lack of steric protection given by Cp prevents the

use of primary alcohols, such as MeoH, in the preparation of [cp(dppe)M:c:cHz][PFo]

(where M: Fe, Ru, Os) because the complex is rapidly converted into the corresponding

methoxy-carbene complex (see Scheme 6.2).tto

+ +

Ph--
P(

Scheme 6.2. MeOH addition to [Cp(dppe)M:C:CH2J*.
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8.6.3.2. Spectroscopic properties of vinylidene complexes.

Most informative in the IR spectra was the v(C:C) stretching bands. For complexes 56,

57, 58 and 59 this band appears at 1626, 1640, 164I, and 1633 
"rn-t, 

,"rp"ctively. A

noticeable difference can be seen in this band between iron and ruthenium, but not

between ruthenium and osmium. There is a small difference also observed with the

exchange from Cp to Cp*, as a result of the more electron-donating nature of Cp*. All

spectra contained v(PF) at ca 840 cm-I.

The rH NMR spectra of 56, 57, 58 and 59 are all similar. Multiplets are observed

between õ 7 .73-7.42, 7 .83-7 .34, 7 .91-7 .14, and 7 .63-7 .24 for 56, 57, 58 and 59

respectively, corresponding to the aromatic protons of the dppe ligand. The Cp protons

all appear at õ 5.25 (56), õ 5.65 (57), and õ 5.76 (58), while for 59 the Cp* protons appear

at õ I.74. The CHzCHz protons of dppe appear as multiplets at ô 3.37-3.06 (56), õ 3.24-

3.08 (57), õ 3.22-2.94 (58), and õ 3.06-2.86 (59). Significant differences are found in the

vinylidene protons, which are found at ô 3.99 (56),3.20 (57),0.62 (58) and 0.60 (59).

Those for 57 and 58 are triplets (alsp, I.5 Hz) and (al¡p,0.2 Hz), respectively.

In the ttc NMR spectra significant deshielding is found for Co. This is seen with a

dramatic downf,reld shift to E 354.71,342.28 and 302.9I in 56, 57 and 58 respectively.

The dramatic deshielding is a result of the large HOMO-LUMO energy gap rather than

the electron-dehcient nature of Co, which has been shown by theoretical studies.Ta The

aromatic carbons in the dppe ligand give multiplets between E 137.47-129.42, 137.27-

129.47 and õ 139.29-126.73 for 56, 57 and 58 respectively. This similarity is also seen in

the Cp carbons at ô 90.15 for 56, ô 93.19 for 57 and ô 90.79 for 58. Carbon Cp is

observed at õ 106.93 for 56, õ 96.56 for 57 and õ 95.06 for 58. The CHzCH2 bridging

carbons in dppe are not seen because of the NMR solvent (d6-acetone ca ô 30), which

masks these peaks.

The 31P NMR are very similar, all containing a peak at ca ô -142 (septet) from the PFo

anion. For the dppe ligand peaks appeared at õ 97 .9, ô 80.7, õ 42.9, and ô 40.7 for 56, 57,
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58 and 59 respectively. Only a small difference between 58 and 59 results from

exchanging Cp for Cpx.

The mass spectra for the two vinylidenes 56 and 58 contain parent ions at m/z 545 and

681, assigned to the cations [Cp(dppe)M:C:CHz]*, respectively. Both show

fragmentation by loss of :C:CHz to give [M(dppe)Cpf+ at m/z 519 and 655 for 56 and

58, respectively.
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8.6.4. Conclusions.

In summary, this work has demonstrated an improved synthetic approach to form

vinylidenes containing unprotected carbon chains, as in the cases of 56,57 and 58. The

use of tBuOH or methanol, which are higher boiling solvents than dichloromethane aids

in the ionization of the metal-halide bond.
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6.5. Experimental.

General experimental conditions are detailed on page 45.

Reagents: The compounds TMSC{H,e0 RuCl(dppe)Cp,too FeCl(dppe)Cp,tot LiCp,rsr

and dppelO8were all prepared using standard literature procedures. The compound

þ[OsO+(OH2)2] was used as received from Johnson Matthey. The compounds PPh3,

Cp*H, [NH+][PF6] were used as received from Aldrich.

OsClzGPh¡)¡ (51).

A solution of Kz[OsO+(OHÐz] (2.00 g, 5.43 mmol) in conc. HCI (300 ml) was heated at

reflux for 18 h. Excess HCI was distilled away and a degassed solution of PPh¡ (10.00 g,

38.13 mmol) in ¡BuOH (420 ml) and water (150 ml) was added to the solid residue. After

heating at reflux point for 18 h, after which time a green suspension had formed, the

mixture was cooled and the precipitate filtered off, washed with EtOH and hexane and

dried under vacuum to yield OsCl2(PPh3)3 (5.639, 99%).

OsCl(PPhs)zCp (s2).

To a solid mixture of LiCp (30 mg, 0.45 mmol: from'BuLi and CsHe in hexane, followed

by filtration of the white LiCp and drying) and OsClz(PPh¡)r (468 mg, 0.45 mmol) was

added THF (50 mL) and the solution stirred for 15 min. After removal of the solvent

under vacuum, the residue was taken up in a minimum amount of benzene and

chromatographed (silica gel). Eluting with hexane removed excess PPh¡ as the first

fraction and \0o/o acetone/hexane eluted yellow OsCl(PPh¡)zCp (279 mg,76Yo). tH Nlrß.

(CDCI:): õ7.3g-7.15 (m, 30H, PPh¡); 4.37 (s,5H, Cp). 3tP NN'ß. (CDCI¡): õ -1.2 (s, 2P,

PPh¡). ES-MS þositive ion mode, MeOH, m/z): 78I, [Os(PPh¡)zCp]+; 5lg,

lOs(PPh¡)Cpl+.
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OsCl(dppe)cp (aa).

A solution of OsCl(PPh¡)zCp (1.8 g, 2.2 mmol) and dppe (964 m9,2.42 mmol) in toluene

(100 ml) was heated at reflux point for 18 h. The mixture was filtered and the filtrate was

chromatographed on silica gel, washing off displaced PPh¡ with hexane and eluting the

product with I0o/o acetone/hexane to give yellow OsCl(dppe)Cp (1.23 g, 8l%). Anal'

Found: C,49.63 H, 4.10. Calcd (C¡oH¡qClOsPz.CHzClz): C,49.65;H,4-04- IR (nujol,

cm-t¡: 1306w, 1180w, 1095s, 1026w,998w, 791m,749m,696s,671w. tg Ntr'tR (de-

benzene): ô 8.02-6.84 (m, 20H, Ph); a.52 (s, 5H, Cp); 2.41-2.33 (m, 2H, CHzCH2);2.22-

2.I4 (m, 2H, CHzCHT). 
tt, NMR (d6-benzene): ð 143.56 -128.07 (m, Ph); 75.75 (t, tJ.r,

2.5Hz,Cp);30.44-29.12(m, CH2CHT). "PNMR (d6-benzene): ô46.6. ES-MS þositive

ion mode, MeOH, m/z):655, [Os(dppe)Cp]*.

OsCl(dppe)Cp* (13).

A solution of Kz[OsO+(OHz)z] (138 mg, 0.42 mmol) in conc. HCI (20 ml) was heated at

reflux point for 18 h. The excess HCI was then distilled away before adding a degassed

solution of pentamethylcyclopentadiene (0.1 mL, 0.62 mmol) in aqueous ethanol (2 + 15

mL). This mixture was heated at reflux point for I h, l,5-cyclooctadiene (0.26 mL,2.lO

mmol) was added and the mixture heated for a fuither 18 h. After removal of the solvent,

the residue was extracted with hot EtzO and the filtered solution was again evaporated.

After the addition of dppe (182 mg, 0.46 mmol) in heptane (20 mL) and heating at reflux

point for 18 h, the yellow precipitate which had separated was filtered off (176 mg). The

filtrate was then chromatographed (silica gel column, eluted with 1% acetone-hexane) to

give a further amount of yellow OsCl(dppe)Cp* (total yield 192 mg,6lYo). Anal. Found:

C; 56.83, H;5.23. Calcd (C36H3eP2ClOs): C; 56.95, H; 5.18. IR (nujol, 
"--t¡: 

1306w,

1155w, 1094s, 1027m,867w,788m,744s,693s,668vs, 646w. lHNMR(do-benzene): ô

7.82-7.05 (m, 20H, Ph); 2.59-2.49, 2.09-L97 (2 x m, 2 x 2IJ' CHzCHz); 1.57 (s, 15H,

Cp*). t3C NMR (d6-benzene): ô 140.78-127.77 (m, Ph); 86.10 (t,2Jcp,2.6Hz, GMes);
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31.24-30.63 (m, CH2CH2); 10.18 (s, C5Me5). 3rP NN'ß- (d6-benzene): ô 43.4. ES-MS

þositive ion mode, m/z): 7 60, lMf+ ; 7 25, [Os(dppe)Cp t]+.

lCp(dppe)Fe:C:CHzl [PF6l (56).

A solution of Fecl(dppe)cp (500 mg, 0.90 mmol), [NH+][PF 6] (294 mg, 1.80 mmol) and

TMSC=CH (0.64 mL, 4.50 mmol) in /BuOH (10 mL) was heated at reflux point for 2 h

before filtering off the resulting precipitate and washing with EtzO to yield

[Cp(dppe)Fe:C:CHz](PF6) (559 mg, 9}o/o). IR (nujol, "--t¡: 1626 w v(:C:C); 842 s

v(PF). tH NMR (d6-acetone): õ 7.73-7.42 (m, 20H, Ph); 5.25 (s, 5H, Cp); 3.99 (s, 2H,

:c:cHz)t 3.37-3.06 (m,4]H, CHzCHz). t'C NMR (d6-acetone): õ 354.71 (t,tJ"r 33 Hz,

C");137.47-t2g.42(m, Ph); 106.93 (s, Cp); 90.15 (s, Cp). 3tP NMR (d6-acetone): õ 98.0

(s, dppe); -142.4 (septet, |Jpr703 Hz, PF6). ES-MS þositive ion mode, MeOH, m/z):

545, [Fe:C:CH2(dppe)Cp]*; 5 19, [Fe(dppe)Cp]*.

lCp(dppe)Ru:C:CHzl [PF6l (57).

Similarly a solution of RuCl(dppe)Cp (500 mg, 0.83 mmol), [NH4][PF6] Q72 mg, 1.67

mmol) and TMSC=CH (0.59 ûL, 4.15 mmol) in 'BuOH (10 mL) yielded

[Cp(dppe)Ru:C:CHz]GF6) (554 mg, gIYo). IR (nujol, 
"--t¡: 

1640 w v(:C:C); 839 s

v(PF). tH NN,ß, (d6-acetone): ô 7.83-7.34 (m, 20H, Ph); 5.65 (s, 5H, Cp); 3.24-3.08 (m,

4H, CHzCHz);3.20 (t,aløv 1.5 Hz,2lH, --C:CH2). 
t3C Nlnß- (d6-acetone): õ 342.28 (t,

2Jcp t7 Hz, co); t37.27-tzg.47 (m, Ph); 96.56 (s, cp); g3.lg (s, cp). 3tP NlvR 1du-

acetone): ô 80.8 (s, dppe); -142.4(septet, IJpe703 Hz, PF6). Litvalues:1s0 IR(nujol, cm-

t¡: t6+l w v(C:C); 841 s v(PF). tH NMR (CDzClz): õ 7.57-7.16 (m, 20H, Ph); 5.37 (s,

5H, Cp); 3.19 (t, aJnp l.5lHz,2H,:C:CHz)i 2.95 (m,4H, CHzCHz).
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lcp(dppe)Os:C:CHzl [PF6] (58).

A solution of oscl(dppe)cp (100 mg,0.145 mmol), [NH+][PF6] (48 m9,0.29 mmol) and

TMSC:CH (0.1 mL, 0.725 mmol) in rBuOH (2.5 mL) was heated at reflux point for 4 h

before the solvent was removed under vacuum. The residue was dissolved in a minium

amount of CHzClz and filtered into EtzO. The resulting precipitate was collected to yield

[Cp(dppe)Os:C:CHz](PFo) (a0 mg,56Yo). The filtrate was then submitted to silica gel

column chromatography eluting with 30% acetone/hexane to recover unreacted

OsCl(dppe)Cp (a0 mg). IR (nujol, cm-t¡: 164I w v(:C:C); 837 s v(PF). tU NtVtR (du-

acetone): õ7.91-7.14 (m,20H, Ph);5.76 (s,5H, Cp);3.22-2.94(m,4H,CHzCHz);0.62

(t, oJu, 0.2 Hz,2:H, :C:CHz). t'C NMR (d6-acetone); õ 302.91 (s, Co); 139.29-126.13

(m, Ph); 95.06 (s, Cp); g}.7g (s, Cp). 3rP NMR (d6-acetone): õ 429 (s, dppe); -14I-6

(septet, tJru 703 1g1z, PFo). ES-MS (positive ion mode, MeOH, m/z): 681,

[Os:C:CHz(dppe)Cp] 
* 
; 65 5, [Os(dppe)Cp]+.

[Cp*(dppe)Os:C:CIIz] [PF6ì (59).

Similarly a solution of OsCl(dppe)Cp* (160 mg, 0.211 mmol), [NH4][PF6] (69 mg, 0.422

mmol) and TMSC:CH (0.14 mL, 1.054 mmol) in MeOH (15 mL) heated at reflux for 3 h

yielded [Cp*(dppe)Os:C:CHz]GFo) (160 mg, 85%). IR (nujol, 
"--t¡: 

1633 w v(:C:C);

836 s v(PF). tH NN{R (d6-acetone): õ 7.63-7.24 (m, 20H, Ph); 3.06-2.86 (m, 4H,

CHzCHz); I.74 (s,15H, Cp*); 0.60 (s, 2lH, CCHz). 3tP NMR (d6-acetone): ô 40.8 (s,

dppe); -142.5 (septet, IJpe703 Hz, PF6). Lit values;l" IR (nujol, c--t¡: 1633 w v(C:C),

836 s v(PF). tH NMR (CDzClù õ 7 .65-7.15 (m, 20H, Ph);2.94-2.70 (m, 4Id, CHzCHz);

t.73 (t, aúp 10.3 Hz, l5H, cp*); 0.66 (s, 2H, ccpz). "P NMR (cDclr): ô 40.8 (s,

dppe); -143.2(septet, 
I 

Jpe 7 llHz, PF6).
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General Conclusions.

In summary this Thesis describes a rich study of Group 8 alkynyl organometallic

complexes, which serves to increase the understanding of the chemistry of these

complexes. The use of electron donating ligands, such as Cp*, Cp and dppe, has

provided a wide variety of termini that are redox-active, allowing fuither investigation by

cyclic voltammetry. This process has enabled the electronic interactions between the two

metal termini along the bridge to be evaluated and comparisons to be drawn with related

complexes.

The series of complexes of the general formula [LM](C=C)'[M'L'-] (where n: l, 2)

show very strong interactions between the two metal termini. The addition of an extra

carbon-carbon triple bond (going from n : I to n : 2) decreases the electronic

interactions, however the demonstrated communication between the metal termini for

both Cz and C+ complexes does indicate their potential as one-dimensional molecular

wlres.

The synthesis of several heterometallic complexes such as

Cp*(dppe)Osç:ÇÇ=CM(dppe)Cp* (where M : Ru / Fe) has not only allowed direct

comparison to other hetero- and homo-metallic Group 8 complexes, but also completed

this series. Cyclic voltammetry of these complexes revealed four one-electron redox

events from the neutral through to the tetra-cation. Chemical oxidation and isolation of

the homo-metallic mono- and di-cation complexes proved possible with the tri-cation

being too unstable. The infrared results of these complexes allowed a relationship to be

drawn between the vibrational frequencies of the carbon-carbon bonds and the electronic

structure demonstrating a change from acetylenic to cumulenic when going from the

neutral to di-cation.

This work has examined the effect of insertion of different organic and inorganic

fragments into these straight carbon chains. It was found that despite there still being

significant interactions between the termini and the inorganic centre, such as
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ruthenocenyl, the centre still acts as an insulator. The addition of the anthracenyl

fragment, however demonstrates comparable electronic interactions when compared to

straight-chain analogues.

Work within this thesis also looked at the synthetic problems encountered in the synthesis

of several known and novel complexes. These results revealed the effect of different

solvents on the metal-halide bond. Through the synthesis of these complexes an

interesting pattern was observed as you travel down Group 8 with both osmium and iron

demonstrating very similar redox chemistry while ruthenium proved to be much more

resistant to oxidation.
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Complex Index.

{ Cp* (dppe)Fe} 2@-C:CC:C)

{ Cp * (dppe)Ru } z(p-C:CC=C)

Cp * (dppe)FeC:CC:CRu(dppe)Cp*

RuCl(dppe)Cp*

Cp*(dppe)RuC:CC:CTMS

{Cp*(dppe)Os}2(p-C=CC=C)

[Cp 
* (dppe)Os:C:CHz] [PFe]

Cp*(dppe)OsC=CH

[Cp*(dppe)Os:C:CHCH:C:Os(dppe)Cpx ] [PF6]2

Cp * (dppe)OsC=CC=CRu(dppe)Cp *

Cp * (dppe)OsC=CC=CFe(dppe)Cp *

Cp*(dppe)OsC=CC=CTMS

OsCl(dppe)Cp*

Cp* (dppe)OsC=CC¿(HÞ(TMS)C:COs(dppe)Cp*

{ Cp(dppe)Ru } z(tt-C:C)

I Cp(dppe)Ru:C:CH2] [PF6]

RuCl(dppe)Cp

lRu(THFXdppe)Cpl+

Cp(dppe)RuC=CRu(dppe)Cp *

Cp(dppe)RuC:COs(dppe)Cp *

Cp(dppe)RuC=COs(dppe) Cp

Cp(dppe)RuC=CFe(dppe) Cp

FeCl(dppe)Cp*

Cp * (dppe)FeC=CC r¿H3C=CFe(dppe)Cp*

{Cp* (dppe)Fe(¡r:C:C:C:C 14Hs: C:C:},

Cp* (dppe)RuC=CC 
1 aHsC=CRu(dppe)Cp *

Cp* (dppe)FeC:CC r¿HsC=CRu(dppe)Cp*

Cr+HgCH(OH)C=CTMS

Cr¿HqCH(OH)C=CH
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ICp* (dppe)Fe(:Q:6:CH(Cr +Hq)] tBPh4l

BrCr¿HaCHO

TMSC=CCr+HTCHO

TMSC=CCr¿H3CH(OH)C:CTIPS

HC:CC r¿HsCH(OH)C:CTIPS

(-C:CC IaHsCH(OH)C:CTIP S)2

Cr¿HqCH(OH)C=CTIPS

HC=CCr¿HsCHO

HC=CC r¿H3CH(OH)C=CTMS

(-C:CC r¿H8CH(OH)C:CTMS)z

BrCr+HaCH(OH)C=CTMS

[Cp* (dppe)Fe(:ç:ç:CH(C laHsBr)] [BPh+l

Os(C=CFc)(dppe)Cp

HC=CFc

OsCl(dppe)Cp

l,l' - {Cplm-tol3Pl 2RuC=C } zRc'

Os {C[:C(CN)2] :CFc:C(CNþ 
] dppecp

l,l' - {Cplm-tol¡PlzRuC=C}zRc' + TCNE same face

l,l' - {Cplm-tol:PlzRuC=C} zRc' + TCNE opposite face

KzlOsOz(OH)¿l

OsBr(dppe)Cp*

OsClz(PPh¡)¡

OsCl(PPh¡)zCp

RuCl(PPh:)zCp

OsCl(COD)Cpx

OsBr(PPh3)2Cp

[Cp(dppe)Fe:C:CH2] [PF6]

I Cp(dppe)Ru:C:CH2] [PF6]

[Cp(dppe)Os:C:CH2] [PF6]

[Cp*(dppe)Os:C:CHz] [PFo]




