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ABSTRACT

This thesis involves the characterisation of metal-
metal.interactiohslin éomplexes of the type [L3M{(u-X)3;ML, 0%t
where M = Ru, Os; L = terminal ligand e.g. PMe,Ph; X =
bridging ligand e.g. C17; n =1, 2, 3.

These complexés are all prepéred in- the n = 1 oxidation

state. All undergo two one-electron oxidations [LSM(U—X)aMLa]+

= [L3M(u-X)3;ML; )%t

[L3M(u-X) sML3]3%,

Of particular interest is the n = 2 oxidatién state which
is the "mixed-valence" state. The mixed-valence species
[L3Ru(u-X) 3RuL; 12" are unstable. They can however be studied
and characterised by spectroelectochemical techniques as they
are indefinitely stable under a suitable applied electro-
generation potential. The technique involves studying the
species formed by controlled potential electrolysis inside
‘the cavity of a UV/VIS/NIR spectrophotometer using an
optically transparent thin layer electrode (O.T.T.L.E.) cell.
Avdetailed spectroelectrochemical study of . |
[ (PMe>Ph) ;Ru (u=Cl) 3Ru(PMe,Ph) 3]2% indicates that there is a
-strong metal-metal interaction between the two ﬁetal centres.
The complex is considered as a Class II1 species acéording
to the Robin and Day classification.‘ Systematic aiterations
of M, X, n and L changes the extent of this interaction but it
must always be considered to be strong.

In order to Qbserve Cléss II behaviour we considered
two possibilities, introduction'of asymmetry and altering the
number of bridging ligands. We“studied,the triple bridged

asymmetric complex [(CS) (PPhj;) 2Ru(p-Cl) 3RuCl (PPhs), ]* and



ii

single cyano-bridged complexes of the general type
[CpLzRq—CN—RuLZCp]2+ where L = soft neutral ligand. The
triple chloro bridged asymmetric complex does indeed

exhibit Class II behaviour; the cyano-bridged species however
all exhibit Class III behavidur.except for the complex

[Cp(PPhg)zRu—CN-Ru(CO)(PPh3)Cp]2+ which is a Class II species.
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CHAPTER 1

INTRODUCTION OF BINUCLEAR COMPLEXES

AN EXTENDED SPECTROSCOPIC STUDY OF
[(PMe,Ph) ;M{(u-Cl) ;M (PMe,Ph) 3] 2+

WHERE M = Ru, Os



1.1 INTRODUCTION

This thesis is concerned with the électronic character-
isation of metal-metal interactions in complexes containing
two transition metal centres. Binuclear complexes where the
two metal centres have different formal oxidation states are
of considerable current interest because they represent the
simplest systems in which to study these metal-metal inter-
actions and also intramolecular electron transfer.reactions.
Complexes of this type are termed mixed-valence compounds.
Their properties are rarely just the sum of the two metal
ions taken éeparately. Uéually there is an interaction
between the metal ions which results in dramatic changes in
the physical properties of the system e.g. K“Fe(iI)(CN)s
and Fe, (III) (SO,)s; are both pale yellow complexes;
KFe (II)Fe(III) (CN)g is however deep blue.1

The properties of mixed-valence compounds are related
very closély to the similarity or difference in symmetry
between the ligand fields of the ions of differing valency.
Mixed-valence compounds have been placed into three categories

by Robin and Day.2

Class 1 species have metal centres in different
coordinatién environments e.g. one may be in an octahedral
ligand field and the other a tetrahedral ligand field. 1In
complexes of this type there is no interaqtion between the
metal centres. They are termed "trapped" valence complexes.
Class II complexes contain metal centres whose ligand fields
are of nearly identical symmetry; they are however crystallo-
graphically distinguishable. 1In this case there is a weak

interaction between the metal centres. Class III complexes



contain metal ions in identical coordination environments
and are thus crystallographically equivalent. There is a
strong interaction between the metal centres.

The absorption spectra of Class I species exhibit a
superposition of the electronic spectra of their constituent
ions. C(Class II species show the electronic spectra of their
constituent ions at similar energy values. The spectra of
the constituent iqns is not however evident in the electronic
spectrum of Class III species.

The assignment of bands in an absorption spectrum to
specific electronic transitions is notoriously difficult.

It is often helpful, however, though not entirely rigorous,
to categorise the electronic excitations in quite a simple -
way as "metal based", charge transfer or "ligand based" in

.. 3
origin.

A. "Metal-based" or d-d bands

Such bands arise due to the excitation of an electron
from one d orbital on the central metal to another d orbital
e.g. in the case of an octahedral complex with a 4!
configuration . the following transition occurs on absorption

of light of the correct ffequency.
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This type of absorption tends to occur in the near infra
red or visible region of»the electronic spectrum for first
row transition metals and is chafacteristically weak. The -
intensity of a band is measured by the extinction coefficient,
€, where ¢ = A/cl; A = absorbance; ¢ = concentration, mol
dm~?® and i = pathlength, cm, and is usually of the order of
1-10 mol~!'cm~'dm"?® for d-d bands. The intensity of a band
is a measure of the probability of a transition and d-d bands
are formally forbidden in a strict octahedral environment by
Laportes rule which states that Al = 1. They are only
~ observed because of vibronic coupling. 1In tetrahedral complexes
there is breakdown of Laportes rule since the p subshell also
“has t, symmetry and hence can mix with the d t, set leading
to the upper level acquiring some p charécter. Thus Al = *1
holds and the e>t, transition is allowed. However it must be
stressed that the bands are still relatively weak. d-d bands

are independent of the nature of solvent.

B. Charge Transfer Bands

Absorption bands due to charge transfer transitions

involve the transfer of an electron from a molecular orbital
centred mainly on the ligand to one centred>mainly on the
metal (LMCT) or vice versa (MLCT).

They are 6ften of higher energy than d-d transitions and
are ugually observed at the extreme blue end of the spectruﬁ
or in the ultra-violet region. Nearly all charge transfer
processes are fully allowed and hence they tend to be very

strong, sometimes masking the weak d-d bands (€ is usually of

the order 10*10*mol~'cm~!'dm®). LMCT and MLCT processes can



be distinguished by the contrasting behaviour of the energy
of the band upon oxidation or reduction of the metai centre.
If the absorption band arises due to a LMCT transition then
on oxidation of the metal centre, the LMCT absorption band
will move to a lower energy and vice versa for MLCT, e.g. in
the absorption spectrum of [OsCl;;(py)g]-'4 the band at
22,000 cm ! is assigned as a MLCT transition, on oxidation to
0sCls; (py) s this band shifts to 31,600 cm . [0sCle]” ? has
two bands at 29,600 cm ® and 35,100 cm ! which are assigned
as LMCT transitions. On oxidation these shift to 26,400 cm @
and 29,200 cm ' respectively.

The energy of a charge transfer process is dependent on
thé solveht used for study, because the dipole of the excited
state is different from thaﬁ of the ground state. Thus the
orientation of the solvent molecules will not be the same for
both the ground state and for the excited state. It is’assumed
that the electronic transition is a Franck-Condon type transi-
tion and therefore takes place many orders of magnitude faster
than molecular rearrangements. Depending on the solvent used
and the change in dipole, the excited state may be either
stabilised or destabilised, that is, the absorpfion band will

_move to lower or higher energy respectively.

C. "Ligand based" or Intraligand Bands

Some ligands have low-lying empty orbitals, which are
usually antibonding in character. An electronic transition
1 occupied level also localised

primarily on the ligand, leading to characteristic absorption



_ spectra. The ligand-ligand transition will depend on the
nature of the metal centre since the metal-ligand band will
involve the occupied ligand based orbital and hence the
position of the band will be sensitive to the oxidation state
of the metal. Usually when the metal centre is oxidised the

transition will move to a lower energy, e.g.

v(cm !) for bipy m>m* transition

2+

Ru (bipy) ;3 34,000
3+

Ru (bipy) 3 32,300

(free bipy shows the m>m* transition at 35,400 cm 1)

It can be seen that the change in energy of intraligand
transitions observed on oxidation is not as large as those for
MLCT/LMCT processes.

These transitions usually occur in the higher energy region
of the electronic spectrum, in the ultra-violet region, and are
fully allowed (¢ ~ 10%® - 10°® mol '‘cm 'dm’®) as are the me;surable
charge transfer transitions.

The intensity of a band is determined largely from selec-
tion rules, with more intense bands arising from transitions
which are both spin and orbitally allowed. For an allowed
charge transfer transition to show an appreciable intensity it
must have significant "one centre character". This is expected
on thé basis of commonplace understanding of the linear
combination of atomic orbitals to form molecular orbitals or
the "covalency" of coordinate bonds. A further point regarding
band intensities is that strictly it is not the'extinction

coefficient of a band which is the meaningful parameter; rather
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it is the oscillator sﬁrength, f. This parameter can be
approximated by the area unéer the peak or € x Aé where Ai
is the band halfwidth.

In addition to these electronic transitions discussed
above the mixed-valence Class II and Class III species exhibit
a low energy absorption(s) in the electronic spectrum which
have beén termed intervalence charge transfer transitions,
IVCT. Class I species show no such absorption. The potential
energy diagrams for Class I, II and III complexes showing the
origin of this transition are illustrated in Figure 1.1.1.6

In the case of Class II species this low energy absorption
occurs due to true intervalence charge transfer, vIT' This is
attributed to an electron transfer from one metal site to

another and can be represented as follows:

Vir

M(II)M! (1I1) M(III)M! (I1)=*

This light induced process generates a M(III) ion in the
coordination $nvironment of M(II) and vice versa. The excited
species reverts back to the ground state configuration by
vibrational relaxation. Bands which arise from this process
‘tend to be fairly weak with € v 10-10° mol™'cm™'dm?®. e.g.

[(bipy)2ClRu(pyz)RuCl(bipy)2]3+ 7 shows an intervalence charge
transfer band at 7700 cm ', € = 450 mol ‘cm 'dm’. IVCT bands
are broad and the band halfwidth, Ai' for symmetrical complexes
such as that given above is usually around 5000 cm ‘. The
band halfwidth is commonly evaluated as the band width when
A/Amax = 4, where A is the absorbance. They rarely show

vibrational structure, however with third row metals such as

osmium the band may be split due to a spin coupling effect.



Figure 1.1.1: Potential Energy versus Nuclear
Configuration for Class I, II and III

Complexes

Class I

Class 1]
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This effect, which occurs for heaviér elements, can 1lift
the degeneracy of otherwise degenerate states leading to
more absorption bands than expected and can cause states of
different spin to mix which results in the borrowing of
intensity by spin forbidden bands from spin allowed bands.
Examples of this occur with [(bipy).Cl10s(PPh,CH,Ph,P)0OsCl-
(bipy) . 1%t 8 and [ (bipy) 2C1lRu(pyz)0sCl(bipy),]3* 9 where
the respective IVCT bands are observed at 10,000 cm™! (broad),
6000 cm~!(broad) and 10,900 cm~! (broad), 5900 cm™! (narrow).
In Class III complexes the metal centres are strongly
interacting and each metal centre should be considered to
have equal charge or averége Qalency. It is necessary in
these strongly interacting-systems to invoke molecular
orbital models in which the low energy bands arise due to
transitions within this molecular orbital framework. These
bands are often wrongly referred to as IVCT bands also.
Class IiI low energy bands tend to be more intense than
Class II IVCT bands, e.g. the extinction coefficient, e, for
the near infra-red (NIR) band (6370 cm~!) observed for the
Creutz-Taube complexlo, deSignated as a Class III species is
5000 mol'icm‘léma; The band halfwidth, A3, is much narrower.
The measured Ay value for the NIR band in the Creutz-Taube
ion is 1500 cm~™!. The narrow bands of Class III complexes
follows from Figure 1.1.1 as transitions from the turning
point of the zero point vibration of the lower potential
eﬁergy surface fall very close to the corresponding tufning
points on the upper surface. There may be more than one
low energy transition depending on the number which are

symmetry allowed. They often show vibrational structure.
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Hush11 has proposed several parameters to distinguish

further between Class II and Class III species. Hush theory
for species with the two metal centres having the same
terminal ligand sets; termed symmetric complexes, will be
considered here.

Figure'1l.1.1 shows that for a Class II species the
vertical process Eop corresponds to the intervalence charge

transfer process, Vv The energy barrier for thermal

IT °

electron transfer is:

Eih

14 By (1)

(2)

where | E = E, + EOut

op in
E. is the Franck-Condon term and Eoutis associated with the
reorganisation of the solvent molecules around the metal
centres after electron transfer occurs. Directly after
electron transfer i.e. M(II)M'(iII) - M(III)M'(II), M(III)
"will have the solvent environment of M(II) and M (II) will

have that of M'(III), thus energy is required to reorganise

the solvent molecules.

= e2 [ 1 1 _ 1 L__l_)
fout T € ( 2a, ' Za, @ )( Dop  Ds (3)
where a;,. = radii of the two coordination spheres

d = metal-metal distance in g

Dop = optical dielectric constant (equal
to the square of the refractive
index, n)

Dg = static dielectric constant

The energy of the intervalence charge transfer band is

therefore dependent on the  solvent used. A plot of Vi

versus 1/Dop - 1/DS should be a straight line. The value of
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the intercept gives an indication of Ejp.

The low energy bands observed for Class III species
'show no solvent dependence as both metal centres have the
same charge and coordination environment.

The band halfwidth, A}, for an intervalence charge

transfer band can be calculated using

Ay (calc) = [ 2310 vip 1% cm™! (4)

If the species is a Class II complex then agreemeht to
within 10% of the experimentally observed band halfwidth
should be obtained.

The bandhalfwidth for Class II complexes is dependent
on temperature tending to decrease as the temperature is
lowered. The absorption bands of Class III complexes show
no such behaviour.

The degree of delocalisation, a, can be obtained from

the intervalence charge transfer band by:

-t
a? = 4.24 x 10 e'Ai (5)
VIT a2
where € = extinction coefficient, mol='cm~!dm?
d = distance between the metal centres

in g

For a Class II complex O < a <A0.25.

From the above discussion it is apparent that by
examination of the low energy region of the electronic
spectrum the class of the mixed-valence binuclear complex
can be determined. There are many examples of mixed-valence
'complexes in the literature, particularly for Ruthenium and

Osmium.
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The most frequent combination of oxidation states is
M(II)M'(III) which corresponds to the low spin d¢-d°
configuration. Examples of complexes of this type'include
[(NH;) sRu-NC-Ru(CN) 5]~ 12 and [(NH;) sRu(4 4-bipy)Ru (NH;)s)5+.13

There are two main methods that are used for preparing
mixed-valence compelxes.

1. Diréct combination of two mononuclear species,

one of which has a labile coordination site.

2. Electrochemical reduction or oxidation of a

binuclear species where the metal centres are

M(III)M'(III) or M(II)M'(II) respectively.

The binuclear species we chose to extensively investi-
gate all have three identical bridging ligands (x) and a

confacial bioctahedral structure as shown below:
~ e
L\ X\

L X/
/x”\

—
~ F‘

—

The mixed-valence compounds were generated from stable
parent complexes by a one—electfon exhaustive electrolysis
as in method 2 above. |

The monocationic species M=Ru, X=Ci and L=PMe,Ph was
first pfepared by Chatt in 196114 by the interaction of
RuCl;.3H,C and PMe;Ph in agueocus methancl.

The complex HPMezPh)3Ru(u—C1)3Ru(PMe2Ph)3]+, undergoes
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two reversible one-electron oxidations at +1.23V and +1.75V

15 The two oxidation processes are thus

(versus Ag/AgCl).
separated by 0.5V. It has been previously suggested that
this is indicafive of electron delocalisation.16 Figure
1.1.2 shows the cyclic voltammogram and ac voltammogram-for
[(PMe,Ph) ;Ru(u-Cl) Ru(PMe,Ph) ; ]PFg¢. The mixed-valence
species [(PMe;Ph) ;Ru(u-Cl) 3;Ru(PMe,Ph);]?* cannot be prepared
chemically. It can however be studied and characterised by
in situ ;echniques such as spectroelectrochemistry as it
is indefinitely stable at a suitable elect:ogeneration
potential. The spectroelectrochemical technique involves
studying the species formed by controlled potential electrol-
ysis inside the cavity of a UV/VIS/NIR spectrophotometer
using an optically transparent thin layer electrode cell.
Preliminary spquroelectrochémical studies17 on the
analogous complex where L=PEt,Ph, X7=Cl~ showed that the
mixed-valence species had one low energy band at 4350 cm~!.
Initial investigations assigned this complex as a delocalised,
Class III, system. 1In this work the species where L=PMe,Ph,

X~=Cl~ and M=Ru has been thoroughly studied using spectro-

electrochemical techniques.

1.2 RESULTS AND DISCUSSION
[(PMe,Ph) ;Ru(u-Cl) ;Ru(PMe,Ph) 3 ]Cl was prepared according
to the method of ChattJ]? The counterion was exchanged for

PF¢ by metathesis because Cl has a facile oxidative process

g

which would mask the redox processes of the binuclear species.



Figure 1.1.2:

Electrochemistry of [(PMe,Ph)3;Ru(u~Cl)sRu(PMe,Ph);]* in
Methylene Chloride / 0.5M TBABF,

dc.

Ru, 11 /11

0.0V 05V 1.0V 15V vs Ag/AgC)
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1.2.1 Spectroelectrochemical Studies

The mixed-valence species [(PMezPh)3Ru(u-ClgRu(PMe2Ph)3]ﬁ'.
was electrogenerated in situ in dichloromethane/0.5M TBABF,
at +1.40V using the O.T.T.L.E. cell. The temperature was
maintained at 267K throughout the'experiment. Spectra were
recorded over the range 3125-50,000 cm~!. After recording
the change in the spectrum from [(PMezPh)gRu(u—Cl)3Ru(PMe2Ph)3]+
to [(PMe,Ph)sRu(u-Cl);Ru(PMe,Ph); ]2 as a function of time
the spectrum of the latter species was recorded. It was
then reduced back to [(PMezPh)3Ru(UfCl)3Ru(PMezPh)3]+. ‘A
requirement of a successful spectroelectrochemical experiment
is that the spectrum of the final [(PMe,Ph) 3;Ru(u-Cl) ;Ru-
(PMe,Ph);!* species is the samé in every regard as the starting
spectrum. This is indicative of the system being chemically
reversible and hence that the spectrum we héve observed is
a direct consequence of the oxidation process generating the
[(PMe,Ph) ;Ru(pu-Cl) sRu(PMe,Ph) ;]%* species. This procedure
was followed for every spectroelectrochemical experiment
reported in this thesis. Only the near infra-red region of
the‘spegtrum will be discussed within this. Chapter. Figure
1.2.1. shows the conversion of [(PMe;Ph) ;Ru(u-Cl) ;Ru(PMe,Ph);]™*
+ [(PMe,Ph) ;Ru(u-Cl) 3Ri1(PMe2Ph) 3]1%2%T together with the final
spectrum of the latter species.

Two bands are observed in the near infra-red region of
the spectrum at 7770 cm™! K€=2864.mol'1cm'1dm3) and 5000 cm™ ‘!
(e=2613 mol~-'cm~'dm?). We note that only one near infra-red
band was observed in the preliminary study. No éuch bands
were observed for related monomeric species as shown in the

UV/VIS/NIR spectra of RuCl; (P(OMe)Ph;), and RuClj; (PMe,Ph); in
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Figure 1.2.1: Spectrum showing conversion of
[(PMezPh)aRu(u-Cl)3Ru(PMe2Ph)3]+->[(PMezPh)3Ru(u-Cl)3Ru(PMe2Ph)3]2+
together with Final Spectrum of [(PMe,Ph) ;Ru(p-Cl) ;Ru(PMe,Ph) ;] 2%
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Figure 1.2.2. The monomer, RuCl, (PMe.Ph), dimerises
rapidly in polar media so we were unable to obtain its
electronic spectrum whereas RuCl,; (P(OMe)Ph;). requires
heating to dimerise. We therefore report the spectrum of
the RuCl, (P (OMe)Ph:). specieé (Chapter 4 discusses the
behaviour of binuclear complexes with different tertiary
phosphine ligands. [ (P(OMe)Ph;) ;Ru(u-Cl);Ru(P(OMe)Ph,);]2%*
does however exhibit two low energy bands.). The parent
complex [(PMe,Ph) jRu(u-Cl) ;Ru(PMe,Ph) ;] T shows no near infra-
red bands. Unfortunately [(PMe,Ph);Ru(u-Cl);Ru(PMe,Ph) 3 3+
could not be successfully electrogenerated. This will be
discussed further in Chapter 4.

The band halfwidth, A}, of the high energy band (taken
as twice the energy measure at half height from the high
energy side of the band to its centre) at T=300K was measured
at 3400 cm~!. Applying Hush theory (equation (4) in section
1.1) to this band gives a 4} (calc) of 4240 cm™'. Further-
more, A} does not vary significantly with temperature, being
3400 cm~™! from 300-253K. Further lowering of the tempefature
to between 243 and 220K causes 4} to decrease by only 100 cm™!
to 3300 cm™!.

The related Osmium complex [(PMezPh)3Os(u—Cl)3Os(PMe2Ph)3]+
which will be discussed iﬂ more detail in Chapter 2 also
undergoes two one-electron oxidatioﬁ processes. The absorp-
 tion spectrum of [(PMe,Ph);0s(u-Cl};0s(PMe,Ph);]%+ also
exhibits two near infra-red bands at 4991 cm=' and 9000 _cm‘i
neither of which show any temperature‘dependence. ~ Figure
2.2.z in Chapter 2 show the spectrum of [(PMe,Ph) 30s (p-C1) 5-

Os (PMe;Ph) ;3 ]2t in methylene chloride/0.5M TBABF,. The



Figure 1.2.2: Spectra of (a) RuClj;(PMe,Ph); and

(b) RuCl, (P(OMe)Ph;), in Methylene Chloride
T = 290K
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diosmium species has a more accessible first oxidation process
as expected (see'Chapter 2, Section 2.1); occurring at +1.03V
compared with +1.23V in the case of the Ruthenium complex
(both are versus Ag/AgCl). Thus a study of the behaviour of
the near infra-red absorption band in various'solvents was
carried out oﬁ [(PMe,Ph) 30s (u-Cl) 30s (PMe,Ph) 3]2*. The solvents
used were:-

1. Methylene Chloride / 0.5M TBABF,

2. Chloroform / 0.5M TBABF,

3. Dimethylformamide / 0O.1M TBABF,

4. Acetone / 0.1M TBABF,

5. Acetonitrile / 0.1M TBABF,

The [(PMezéh)gos(u-Cl)3Os(PMe2Ph)3]2+ species was
generated in each solvent as previously described; Table
1.2.1 gives the values of vpzx observed for the most intense
band in each solvent together with relevant 1/DOp - l/pg
values.

Figure 1.2.3 shows the plot of vpsx Vversus l/Dop - 1/DS
 for [(PMezPh)aos(u;Cl)3Os(PMe2Ph)3]2+. On the same graph a
plot of vpax versus l/DOp - 1/pDg for the well established
“Class II species [(bipy)ZClRu(4141-bip§})RuCl(bipy)z]3+ 18 ;s
shown. ' |

A summary of the observed behaviour for the near-infra
red absorption bands of [(PMe,Ph);M(u-Cl)3;M(PMe,Ph) ;] 2T,
where M=Ru, Os is as follows:

1. The most intense near infré-red band shows

no solvent or temperature dependence.
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Table 1.2.1 Positions of the most intense low Energy
Band in [(PMe,Ph) ;0s(u-Cl) ;0s(PMe,Ph);]1%*

in Different Solvents

Vmax (cm™!) Dop Dg Solvent

4,991 2.028 8.9 Methylene Chloride

0.5M TBABF,

5,003 2.085 4.7 .Chloroform

0.5M TBABF,

5,000 , 2.0458 36.7 Dimethyl Formamide

0.1M TBABF,

4,990 1.8413 20.7 Acetone

0.1M TBABF,

5,010 1.8066 36.2 Acetonitrile

0.1M TBABF,
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Figure 1.2.3: Graph of vpsx versus 1/Dop - l/pg for

complexes A and B in various solvents
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2. A} is narrower than predicted ‘by Hush theory.
3. The band is more intense than expected for an

intervalence charge transfer band.

These results suggest that these complexes belong to
Class III-type species, that is they must be considered to
have strong metal-metal interactions.

The'dbservation of two near infra-red bands must now be
addressed.

The molecular orbital scheme for the interaction of
metal based d-orbitals within a confacial bioctahedral Dj3p
~structure has been described in the literature by Hoffman

19

and others. If the threefold metal-metal aXis is taken

as the z-axis then the d;2 orbitals interact to form ¢ and

o* orbitals with a)' and a,' symmetries respectively. The dxy .

and dx2_y2 orbitals interact, presumably weakly, producing

§ and §* orbitals which have e' and e" symmetries respectively.
A qualitative molecular orbital diagram is shown in

20 For the Ru(II),Ru(II) parent complex all

Figure 1.2.4.
these orbitals will be full. The related mixed-valence
complex [(NHj3) ;Ru(u-Cl);Ru(NH;);]2* has been studied by

Hush.20

The electronic spectrum of this species displayed
one band in the near infra-red region of the spectrum and
one in the visible region. The electronic character of this
species was then discussed using the above molecular orbital
scheme. The [(NH;)3;Ru(p-Cl)s;Ru(NH;) 312t species has a

formal metal d°d® configuration which leaves the a," orbital

singly occupied, thus electronic transitions from the lower
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Figure 1.2.4: Molecular orbital scheme for the Interaction

of d-orbitals in D3 symmetry

Ru1 . , Ru?2

(From reference 20)
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levels to the partially occupied a," orbital can be envisaged.
Symmetry considerations determine that only two transitions
are electronically allowed and will thus carry measurable

intensities.

e" > a," (x,y polarised)

a;' > a," (z polarised)

The transition from e' > a," is symmetry forbidden and will
therefore be weak and will probably not be observed.
Electronic selection rules state that for a transition

to have appreciable and measurable intensity we must apply

the following relationship

/D o= Jy; oMoy ac (6)

where /D is the transition moment for a transition between
two states of a molecule which are described by the wave
functions ¢ (initial level) and ygf (finél level). M is
the dipole moment vector with components Mx=2ejxj; My=zejyj
and MZ=Zeij where e is the charge of a particle j having
coordinates X5, Yj and zy.

For a transition to be allowed the integrand must
contain the totally symmetric symmetry label A,'Al, Ag or A'
of the appropriate point group i.e. have_a character of +1
for each symmetry operation.

We can apply this to the system under study, where there

are three possible ‘transitions to consider:
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The symmetry of each of the initial and final wave

functions .and the components of M are known, so for

1. : a;' > az"

vi = a", Yvg = a', MXy = e' and M; = a;

Thus ¢j M yf transforms as e" for Myy and a,' for M, which

means that the a;' - a," transition is electronically

. allowed.
2. e" > azll
wl = a2"I wf = e"
Product = a;' + a;' + e" (xy)
e" (z)
3. e' > a,"
Vi = a,", Vf = e
Product = a;" + a;" + e" (xy)
e" (z)
so e" > a;" is allowed in the x,y direction and e' - a,"

is forbidden.
Hush therefore assigned the visible absorption band to

the ¢ - o *

transition (a;' > a;") and the near infra-red
band to the 8* > ¢* transition (e" » a,").
Intensity arguments also bear this assignment out. The

visible band is far more intense than the near infra-red band

(€ = 4300 mol~'cm~'dm?® compared to € 230 mol~'cm~!dm?®) and
it is exactly this transition which will have greater amount

of "one-centre" character since both the bonding and
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antibonding ¢ orbitals are derived from the same metal
based d-orbital.

In order to determine if this explanation is applicable.
to the system under study extended Hiickel molecular orbital
(E.H.M.0O.) calculations were carried out.

1.2.2 E.H.M.O. Calculations 21

[(PMe,Ph) ;Ru (p-Cl) ;Ru(PMe,Ph) ;]2* was modeled to give
ideal D3y symmetry. It was assumed that the Cl-Ru-Cl angle
is 90°, Cl-Ru-Ru is 54.74° and P-Ru-P is 90°; with the
Ru--Ru distance of 3.163 and Ru-Cl of 2.748. (Assuming'the
above values for the angles and using an Ru--Ru distance of
3.408, which is observed in the monocationic species, would
imply that the Ru-Cl bond is 2.942 which is very long
compared to the actual value.of 2.503, thﬁs the Ru-Ru
distance was modified.)

Atomic coordinates for the framework

P , P
were calculated from average crystallographic data for
[(PMe;Ph) ;jRu(u-Cl) 3Ru(PMe,Ph) ; ]PFs. The alkfl/aryl groups
were replaced by H atoms for simplicity. These were generatéd

using the program CALC22 and the remaining atoms were obtained

using the program ROTATION.22
The energies of the orbitals were calculated using the

ICONS8 program22 and by symmetry considerations they were

assigned as follows:
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y" Axy

The most obvious difference between our molecﬁlar orbital
scheme and that of Hush (see Figure 1.2.4) is that the e"
pair are lower in energy than e'. The explanation for this
switch over and further discussion of the scheme is given in
Chapter 4. Once again there is the possibility of thfee
transiﬁions a;' +» a,", e" » a," and e' > a," of which iny
the first two will cafry any measurable intensity.

Theoretically, we predict two allowed intense electronic

transitions which agrees with experimental results. The band
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at 7770 cm~! is assigned as the a,' =+ a," transition and

that at 5000 cm™' as the e" -+ a," transition. The a,' - a,"
transition is likely to be the most intense as this has
considerable one-centre character being the bonding and
antibonding combination of the d,? orbital on the metal
centres. The e" orbital is composed primarily of the'dxy
and dx2-.y2 orbitals which will therefore have a much smaller
spacial overlap with the partially occupied a," orbital than
the a;' orbital. Thus as the metal-metal interaction
increases we would expect a concomittant increase in the
overlap of the metal based‘d—orbitals. This should be
reflected in the position of the near infra-red band and its
intensity; that is as the metal-metal interaction increases
so the absorption band will shift to higher energy and
increase in intensity. " We therefore suggest usmﬁ ~ the
energy of the most intense near infra-red band as a measure
of the metal-metal interaction.

Furthermore the calculations predict a strong metal-

metal interaction which is observed experimentally.

1.3 .. CONCLUSIONS

[ (PMe>Ph) jRu(u-Cl) ;Ru{PMe,Ph);]2* is a Class III species
with the two metal centres strongly interacting. The E.H.M.O.
calculations give qualitative results that agree well with
those observed experimentally.

The remainder of this thesis will concentrate on sysfem—
atically introducing variations into complexes of this type

to determine the effect on the metal-metal interaction. The



variations which will be considered in turn are:
1. Metal Centre
2. Oxidation State
3. Bridging Ligand
4. Introduction of Asymmetry

5. Number of Bridging Ligands

1.4 EXPERIMENTAL

Spectroelectrochemical studies were carried out using
the O0.T.T.L.E. cell. The O.T.T.L.E. cell consists of a fine
Pt/Rh gauze working electrode (transparency " 40%) fitted
into a quértz UV/VIS/NIR cell of 0.05 cm pathlength. At the
top of the cell there is a quartz extension which functions
as a reservoir for the solution. Into this reservoir a Pt
wire cqunter electrode and Ag/AgCl reference are placed,
both protected from the bulk solution by a porous frit.

The cell, together with the electrodes and solution
containing the species of interest are fitted into a gas
tight PTFE block which is shown in Figure 1.4.1. Temperature
control is maintained by passing dry, pre-cooled nitrogen
gas between the inner pair of quartz windows and the quartz
cell. Monitoring of the temperature is achieved by use of
a thermocouple and digital thermometer. To prevent the
inner pair of quartz windows from fogging, dry N, gas is
passed between the inner ana outer windows.’

The Perkin-Elmer Lambda 9 Spectrophotometer was

employed.



-29-

Materials
RuCl;.3H,0 (Aldrich)
PMe,Ph 23 was made according to the literature method.
Methylene chloride was éurified by storing over KOH
for two weeks, then distilling over P,0s. All other
solvents were used as obtained. |
[ (PMe,Ph) ;Ru(u-Cl) ;Ru(PMe,Ph);]Cl was made according

to the method of Chatt.q‘;x

Cl™ was exchanged for PFG-
by dissolving the complex in methylene chloride then
adding methanol/excess NH,PFs and allowing the methylene

chloride to evaporate under Nz:

Tetrabutylammonium-tetrafluoroborate (TBABF,) was
prepared as follows:

Tetrafluoroboric acid (30 ml, 30% solution) was added
slowly to tetrabutylammonium hydroxide (100 ml, 40% by
weight), stirring and diluting as reéuired. The pH of the
solution was monitored throughout this process using pH
. paper. At a pH of between 5 and 7 the white so0lid material
was filtered and washed with distilled water (4 x 30 ml).
The product was then récrYstallised from a water/methanol
mixture. A hot filtration was performed and the solution
was left to cool. The resulting white needle crystals were

then filtered and dried in vacuo at 80°C for 2-3 days.
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CHAPTER 2

VARIATION OF METAL CENTRE (M), M = Ru, Os

AND OXIDATION STATE (n), M =0s, n=1, 2, 3
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2.1 INTRODUCTION

The chemistries of complexes of ruthenium and osmium
have many similarities. Ruthenium has been more widely
studied but its reactions are often typical of both metals.
They may be found in a wide range of oxidation states in
their complexes. The principal oxidation states of ruthenium
in its complexes are O, II and III whereas for osmium they
are 0O, II, IIT and IV.1

1. Oxidation State O - This has a d electron

configuration of d®. It tends to occur only for
mononuclear and ﬁolynuc;ear carbonyls and tertiary
phosphine complexes, e.g. Rh(CO)a(PPha)z and
Os(P(OR) ;) 5, where R = alkyl or aryl.

2. Oxidation State II - This has a d electron con-

figuration of d®. It occurs for a wide range of
complexes incorporating both.w-acceptor and
lo/ﬂ—donor ligands; examples include RuCl; (NO) (PRj) 5,
R = alkyl or aryl and [Os(CN)g¢]"~. All Ru(II)

and Os(II) complexes are low spin, diamagnetic

and octahedral.

3. Oxidation State III - This has a d electron

configuration of d°®. This oxidation state is also
found in complexes with a wide range of ligands,
that is both m-acid and o-donor ligands, e.g.

mer RuCl; (PR3), R = alkyl or aryl together with
its osmium analogue mer OsCl; (PR3;), R = alkyl or
~aryl. Ru(III) complexes tehd to be more common
than O0s(III). They are all low spin with one

unpaired electron.
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4. Oxidation State IV - This has a d electron
configuration of d*. It is more common for
osmium to be in this oxidation state. The most

well known example being the hexahaléosmate
dianions, [0sX¢}?~, X = Cl, Br, I. Similar
ruthenium species are also known. Moét compounds
tend to be neutral or anionic (as above), a few
cationic species are however known, e.g.

[Os (diars) ;X, ]1°t where X = halide, diars =

_O_"CGH:., (AsMe,) > .

The wide variety of oxidation states which are
found in both ruthenium and osmium compounds generally results
in their complexeé having a rich redox chemistry. A good
‘ekample of this occurs with the hexachlorometallates, [MClg] D~
where the II, III, IV and V oxidation states may be observed ’
electréchemically.2 Electrochemical studies on [MClg] D™
have shown that the redox couples for 2nd row transition
metal complexes are more anodic than for the corresponding

third row species; for example:

[0sClg] D™ [RuCle] B~
n
2,1 +1.28 +1.61
3,2 -0.64 -0.05
4,3 -2.0 -1.6 (V versus S.C.E.)

The difference in redox behaviour for analogous 2nd and
3rd row transition metal complexes is at first inspection
puzzlingf The ionic radii of the 2nd and 3rd row metal ions
is roughly equivalent but the nuclear charge of the 3rd row

is of course much greater than the 2nd row. Naively, then,
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we might-expect electrons in Sd'orbitals to be more tightly
held than electrons in 44 orbitals which would be reflected
in the potential required to oxidise or remove an electron
from a 5d metal centre being greater than for a 4d metal
centre. Experimentally this is not observed.

We can however explaih the observations using relativis-
tic arguments.3 The probability of electrons in s orbitals
(and to a lesser extent those in p-orbitals) being in the
vicinity of the nucleus is high whereas electrons in'd and £
orbitals rarely descend to the region near the nucleus. The
s and p electrons therefore experience a considerably
stronger attractive force than the d and f electrons and
the greater the force the greater the velocity of the electrons.
Thus the speed of the s and p electrons close to the nucleus
is dependent on the mass of the nucleus. We can then use
equation 1 which equates the mass of an electron (M) with
its speed (V)_f4

M =M, / /i-(v/C)?) ()
where Mgy = rest mass and C = velocity of light. This
relationship means that.the faster the electron travels the
larger its apparent mass. The resulting higher mass of the
s and p electrons screens the nuclear attraction more
efficiently from the 4 electrons which therefore experience
a weaker effective nuclear charge than might be expected.

The hiéher atomic number of the 3rd row transition metals
compared to the 2nd row means that the electrons in the s
and p orbitals will all travel faster. Thus the 5d electrons
will be befter shielded than the 44 electrons from the nucleus

and will consequently experience a weaker attractive force.
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The 5d electrons will therefore be destabilised energetically
and will expand radially compared to electrohs in the 4d
orbitals. Thus it will be easier to remove electrons from
3rd row transition metals than 2nd row transition metals.
Exactly the same arguﬁents apply to explain the easier reduc-
tion of the 2nd row transition metal complexes compared with
those of the 3rd row; namely, that the effective nuclear
charge of 2nd row metals is greater than the corresponding
.3rd row metals.

In this study two triple-chloro bridged complexes of
the type [(PMe;Ph);3;M(u-Cl);M(PMe;Ph); ]t are studied where
M= Ru, Os; n = 1,2 3. Species where n = 1 undergo two

. . 5
one-electron oxidations.

[LiM(II) (u=C1l)sM(II)Ls]* == [LyM(II) (u1-C1l)sM(III)L;]%+ =&

[LsM(II) (u=Cl)sM(III)Ls]°*

The osmium complex being oxidised at less positive
potentials than the ruthenium species in accord with the
previous discussion.

We have shown in Chapter 1 that when n = 2 the mefél
centres iﬁ the ruthenium complex are strqngly interacting.
This Chapter addresses the questions of:

1. Does changing ruthenium for osmium in these

complexes influence the metal-metal interaction?

and - 2f What is the effect of changing the oxidation
state fromn = 1 ton = 2 then ton = 3 in the
case of the osmium complex?

The techniques used to probe thevmetal?metal interacfion
are spectroelectrochemistry, X-ray crystallography and kinetic

studies.
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When an electron transfer ;eaction takes place, in
this case from the complex to an electrode, it is expected
that at the very least there will be some change in the
structure of the reactant molecule. If this change is not
particularly large then the redox process will appear to be
a simple one with fast charge transfer kinetics. However
sometimes there are mére apparent changes taking place e.g.
isomerisation.

There are many examples cited in the literature where
binuclear species show a change in metal-metal distance on
oxidation or reduction. ,

The complexes 1. [szFegCO)2(1hSMe)z]n+; 6 n=20,1
and 2. [Cp;FefCO),(u-PPh ), 10*; n =0, 1, 2;’ have been
structurally characterised. It has been shown by Dah16'7 and

others that significant shortening of the metal-metal distance

“occurs on oxidation to the cationic species.

Metal-Metal Distance (pm)

Complex Neutral Cation - Dication
1 339 293 -
2 349.8 314 - - "7276.4

The shortening of the metal-metal distance is attributed
to electron loss from an antibonding molecular orbital.
The related molybdenum complex 3. szMoz(uSMe)u8 was

found to show no change in metal-metal distance on oxidation.

All have well established electron transfer processegflo'll

The Marcus-Hush theory predicts that the rate of electron

19
1

transfer in the reaction:

Ox +e7 _—— red
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should depend upon the extent of accompanyiﬁg changes in
the internal structures of the oxidised and reduced species.
It has been suggested that larger structural changes
will give rise to smaller rates of electron transfer.
Geiger13 attempted to determine valﬁes for the heterogeneous
electron transfer rate conétants (kg) of the three compounds
discussed above. All species studied showed similar values
of kg which on the basis of the structural data is unexpected,
since both 1 and 2 would be expected to have lower valueé of
kg than 3.
The method of Nicholson14 was used to calculate kg
which is given in equation (2):

kg = W(ﬂaDo)5/>Ya _ (2)

where- a = nFv/RT
Y& =1
Do = Diffugion Coefficient in cm?s~!
n = number of electrons
v = Scan rate in Vs~!
F = Faradays Constant (96487 Cmol-!)
R = Gas constant (8.314)

The value WAis'dependent én scan rate v and is obtained
for a particular AEp value (where AEp = Epc - Epg) from the
curve shown in Fig. 2.1.1.

Do, the diffusion coefficient, must be obtained for the

system under study. It is calculated from the Ilkovic

equation (3):

Dot = ig / 706nCom?/3tl/¢® (3)

where ig limiting current, A



13
Figure 2.1.1: Graph of Y versus AEp
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Co = m molar concentration of compound
m = rate of flow from dropping mercury
electrode in mgs~!
t = drop lifetime in s
This equation is limited to use with the dropping mercury
electrode. In systems where this cannot be used Dy can be

obtained using the Levich equation (4) which involves the

use of the rotating disc electrode (see Appendix 1):

ij,c = 0.260 nFADG2/ 3w /2y /8 Cf (4)
where w = angular frequency of rotation in s~!
(2m x rotation rafe)

F = Faradays Constant (96487 Cmol~!)
v, = kinematic viscosity in cm?s~!
A = area of electrode in cm?

Co* = initial bulk concentration in mol

cm™ 3.

From a plot of i versus ml/% the value of Dy can be obtained.
It was concluded in the previous systems studied that
caiculated rate constants for heterogeneous electron transfer,

kg, are independent of any structural change occurring. It
was suggested that the rates were dépendent only on the energy
of solvent reorganisation as changing the solvent caused the
kg values to be qﬁite different.

There are many other examples of binuclear species where

structural characterisations have been undertaken for more

than one oxidation state.

metal-metal distance, a decreasing distance or very little

. change at all.
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(a) Increasing Metal-Metal Distance

Binuclear species of the type Fez(CO)su-Xz15 where
X = PR,, AsR,, SR , TeR; contain a metal-metal bond in the
neutral Compound. On reduction to the diénion when X = PPh,,
the Fe--Fe distance increases from 262.3 pm to 363.0 pm.
This implies that the lowest unoccupied molecular orBital
is antibonding and largely metal based. The metal-~based
reduction is found to be a reversible two-electron process
suggesting that fast electron transfer is occurring even
though there is a large structural change in the molecule.

In complexes without bridging ligands similar behaviour
has been observed. On reduction of [Pt, (NHj3) ., (CsH4NO),]3%t
to Pt (NH;3) 4 (CsH4NO) , an increase in the Pt-Pt bond distance
from 254.7 pm to 289.9 pm is observed.16

(b) Decreasing Metal-Metal Distance

The complex (CsHs)zCrz(udppm)(C014.2C6H617 has a metal-
metal distance of 482.8 pm. On oxidation to the mixed
valence cation [(CsHs)ZCrz(udppm)(CO)q]+ the distance is
found to shorten to 437.4 pm. This complex has been
categorised as a delocalised system.

(c) Little Change in Metal-Metal Distance

In some species behaviour similar to that in ﬁhe
Cp:Mo; (1SMe) 4+ complex is observed where no structural change
accompanies a redox process. There are three structurally
characterised oxidation states of the species [Re,Cl, (PR;),] 0t

where n = 0, 1, 218 and R

PMe,Ph. This system has no
bridging ligands. When n = 0 the Re-Re distance is 224.1 pm.
A one electron oxidation of the complex involves removal of

an electron from an antibonding molecular orbital to give the
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complex with a Re-Re distance of 221.8 pm. On further
oxidation to [Re,Cl, (PR;3)4]%7% the metal-metal distance only
decreases by 0.3 pm to 221.5 pm. On removal of electrons
the metal centres require to form metal-metal bonds to
satisfy their need for electrons. This effect which will
bring the metal centres closer together is however balanced
by thé fact the higher metal charge on oxidation causes
contraction of the metal based orbitals thus leading to

]3"19 on oxidation to [ Tc,Clg]%~

poorer overlap. [Tc,Cls
shows an increase in metal-metal distance. This is also
thought to be a consequence of the higher charge at the
metal centres. Wieghardt20 recently observed similar
behaviour in the complex [LRu(p0) (#CH3CO,) ;RuL]®* where
L =1,4,7 trimethyl-1,4,7-triazacyclononone. On oxidation
this showed an increase of 8.4 pm in metal-metal distance.
Effects other than changes in metal-metal distance can .
occur. In the complex Fez(CO)e(uPth)215 the Fe,P, core is
- puckered. On reduction.to [ Fe, (CO) ¢ (WPPh;) 2 1°~ the Fe:2P:
core becomes planar. |
Rh, (CO) 4 (utBu,P), 21 in its neutral/state has one h
tetrahedral and one planar metal environment but on reduction
both are tetrahedral.

The results obtained for the [LiM(p-X)3sML,] D+ systems

under study in this work will now be discussed.
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2.2 RESULTS AND DISCUSSION

2.2.1 Variation of the Metal Centre

The influence of the metal centre on the extent of
metal-metal interaction in the [(PMe,;Ph) ;M(pu-Cl);M(PMe,Ph) ]2+

. 22,23
species,

M = Ru, Os, has been studied using spectro-
electrochemical methods.
| In order to determine if there are differences in the
structure of the complexes when n = i, crystallographic
studies of [(PMe,Ph) ;0s(u=-Cl) 3:0s(PMe,Ph) 3]PF; were carried
out. The equivalent ruthenium complex has been previously
strucfurally characterised.

Attempts were made to chemically prepare the mixed
metal complex. Electrochemical and FAB masé spectroscopic

results indicate that this was in fact prepared, however we

were unable to obtain a pure sample for further studies.

(a) Spectroelectrochemistry

The electrochemical and spectroelectrochemical results
are shown in Table 2.2.1‘for [ (PMe,Ph) ;M(u-Cl) sM(PMe,Ph) ;] PFg
where M = Ru, Os.

Electrochemical studies using cyclic voltammetry-(c.v.)‘
and a.c. voltammetry were carried out in methylene chloride/
0.5M TBABF, using Pt working and counter electrodes and an
Ag/AgCl reference electrode. Electrochemical techniques are
discussed in detail in Appendix 1. Figure 2.2.1 shows the
cyclic voltammogram obtained for [(PMe,Ph) ;0s(u-Cl) ;0s-
(PMe,Ph) ; ]PF;.

Spectroelectrochemic;l studies were carried out as

described in Chapter 1. The mixed-valence
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Table 2.2.1: Electrochemical and Spectroelectrochemical
Results for [ (PMe,Ph)3;M(u-Cl);M(PMe,Ph),]t

in Methylene Chloride / 0.5M TBABF,

a _
Vmax €

M Ey (V versus Ag/AgCl)
: (cm™!) (mol~tcm™'dm?)

I1,I1/I1,I1I1 Ir,111/111,II1II II,IIT

Ru b 1.23(0.070) € 1.75(0.100) 5,000 2,613
7,770 2,864

Os b 1.05(0.060) 1.57(0.080) 5,000 4,868
9,200 650

a. Ferrocene / Ferrocinium at +0.56V

b. T = 290K (electrbchemistry)

T = 266K (spectroelectrochemistry)
Cc. EpF - EpR values are shown in brackets in V

(where EpF and EpR are the potentials at the

maximum of the forward and reverse scans).
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[(PMe2Ph) 30s (u1-Cl) ;0s (PMe,Ph) ;]** species was generated at

a potential of +1.26V. Only the ﬂear infra-red region of
the spectrum of the mixed-valence species will be discussed
in this Chapter. The osmium species showed two near“infra-
red bands. The position of the bands, vpayx, was found to

be independent of solvent uged and the band halfwidth, Dy,
independent of temperéture; indicatihg a strong metal-metal
interaction as in the ruthenium complex. On changing the
metal centre from ruthenium to osmium there is little differ-
ence in the positions of the bands. Figure 2.2.2 shows the
spectrum obtained for each. It must be noted that the most
intense band is the high energy band in the case of the
ruthenium complex and vice versa for the osmium complex.

In Chapter 1 the intense band was assigned as the a,' -+ a;"
transition and is used as a measure of M-M interaction;

thus we assign the intense, lower energy near infra-red band
(4991 cm™!) in the spectrum of [(PMe,Ph! ;0s(u-Cl) ;0s(PMe,Ph!; 2+
to the a;' + a;" transition and the less intense band at
higher energy (9000 cm~™!) to the e" -+ a," transition.

Considering only the a;' - a,"

transitions then the metal-
metal interaction in the case of the osmium species is less

than in the ruthenium complex.

(b) - Single Crystal X-Ray Structure of

[(PMezPh) 3OS(U-C1) 3OS(PM62Ph) 3]PF5

Details of the structure solution are given in the
experimental section.
Small, yellow needles were grown by vapour diffusion in

methylene chloride and diethylether. A summary of selected
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bond lengths and angles are given in Table 2.2.2.

A view of the [(PMe,Ph) ;0s(u-Cl) 30s(PMe,Ph);]*
cation' is shown in Figure 2.2.3 (without H atoms).

The metal-metal distances, average M-éi-M and P-M-P
angles are compared below for the two complexes
[ (PMe,Ph) ;0s (u-Cl) ;0s (PMe,Ph) ;}J* and [(PMe,Ph) ;Ru(u-Cl) ;Ru-

PMe,Ph),;]t.

M--M () M-C1-M (°) p-fi-p (°)
M
os  3,440(1) 87.0 1 95.6
<~ Ru . 3.39 86.0 95.3

The data indicate that a weaker M--M interaction would
be expected in [(PMe,Ph) ;0s(u-Cl) ;0s(PMe,Ph);]1%2* +than in

[ (PMe,Ph) ;Ru(u-Cl) ;Ru(PMe,Ph) ;]2+.

(c) Conclusions

We observe a decrease in the metal-metal interaction on .
changing the metal centre from ruthenium to osmium.

This result can be understood in the light of the
discussion at the beginning of this chapter (section 2.1).
We have argued that on relativistic grounds we wquld expect
metal-based oxidations of osmium complexes to be at less
positive poténtials than corresponding complexes containing
ruthenium. This is indeed observed with these binuclear
species. A further consequence of the discussion was that
the d-orbitals should be more radially diffuse on 3rd row
transition metals than 2nd row and hence we might expéct
there to be poorer overlap of the d-orbitals of‘osmium than

ruthenium.



Table 2.2.2:

Os(1l)
Os(1)
Os(1l)
Os(1l)
Os(1l)
Os(1l)
Os(2)
Os(2)
0s(2)
0s(2)
0s(2)
0s(2)

P(1)

P(1l)

P(1)

-C1(1)
-C1(2)
-C1(3)
- P(1)
- P(2)
- P(3)
-C1(1)
-C1(2)
-C1(3)
- P(4)
- P(5)
- P(6)
-C(11)
-C(17)
-C(18)
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Selected Bond Lenths and Angles for

[ (PMe,Ph) ;0s (u-Cl) ;0s (PMe,Ph) ;] *

Bond Lengths(A) with standard deviations

2

NN NNNN

2
2
2
2
2
1
1
1

.4811(20)
.5060(21)
.4974(20)
.2878(24)
.2738(24)
.2909(25)
.4680(20)
.5042(21)
.5287(20)
.2854(25)
.276( 3)

.2959(25)
.843( 6)

.842(10)

-810(11)

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

-C(21)
=C(27)
-C(28)
-C(31)
-C(37)
-C(38)
-C(41)
-C(47)
-C(48)
=C(51)
-C(57)
~-C(58)
-C(61)
-C(67)
-C(68)

1.849( 6)
1.829(10)
1.813(11)
1.842( 6)
1.807(10)
1.835(11)
1.852( 7)
1.837(11)
1.839(11)
1.841( 6)
1.824(12)
1.825(12)
1.845( 6)
1.819(11)
1.832(11)

Angles(degrees) with standard deviations

Os(1l) -Cl(l) -0s(2)
Os(l) -C1(2) -0s(2)
Os(l) -C1(3) -0s(2)
P(l) -0s(l) - P(2)
P(l) -0s(l) - P(3)
P(2) -0Os(1l) - P(3)
P(4) -0s(2) - P(5)
P(4) -0s(2) - P(6)
P(5) -0s(2) - P(6)

88.07(
86.72¢(
86.38(¢(

98.06¢(

194.28¢(

95.12¢
98.49(
94.42(
93.49¢(

6)
6)
6)

9)
9)
9)
9)
9)
9)
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.Figure 2.2.3: View of the HPMezPh)3Os(u-Cl)3Os(PMe2Ph)3]+

Cation
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2.2.2 Variation of the Oxidatidn State, n

The effect of varying the oxidation state of the complex

on the metal-metal interaction was studied using:

(a) Spectroelectrochemistry
(b) Kinetics
(c) X-ray Crystallography

(a) Spectfoelectrochemistry

The spectroelectrochemical results for M = Os are shown
in Table 2.2.3. The absorption spectrum of the
[ (PMe,Ph) ;Ru(u-Cl) sRu(PMe,Ph) 3] %" species was not observed.
The reasons for this wiil be discussed in Chapter 4. The‘
effect of changing n will therefore only be discussed for
osmium.

The n = 3 state was electrogenerated in a similar manner
ton =2 at a potential.of E = +1.84V (versus Ag/AgCl). The_
temperature used was 233K. After electrogeneration the n = 3
state was reduced back to the n = 2 state to check on the
chemical stability of the oxidised product. Figure 2.2.4

shows the changes observed in the UV/VIS/NIR spectrum on

oxidation from n =1 ton =2 and n =2 ton = 3.
When n =1, no near infra-red bands are observed. By
increasing the oxidation state from n = 1 to n = 2, we

observe two bands in the near infra-red region of the spectrum.
As previously discussed these are due to absorpﬁions within
the molecular orbital framework of the two strongly inter-
acting metal centres. The low energy d-orbitals interact to
giﬁe molecular orbitals with symmetry labels as shown on _

‘E%jesyg An electron has been removed from antibonding
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Table 2.2.3: Positions of the Bands (vpax) in the
Low Energy Region of the Electronic Spectrum
of [(PMe,Ph) ;0s(u-Cl) ;0s(PMe,Ph) 3]t (where

n=1,2,3) in Methylene Chloride / 0.5M TBABF,

n Vmax (cm™1!) € (mol™'cm™'dm?)

1 No low energy -
bands observed

2 8 4,991 4,875
9,000 670
3 b ' 11,480 7,220
15,000 2,116

a. T = 243K, Electrogeneration Potential = +1.26V

(versus Ag/AgCl at which ferrocene is oxidised

at- +0.56Vv)

b. T = 233K, Electrogeneration Potential = +1.84V

(versus Ag/AgCl)



-53-

e (molcm 'dm®)

3e000 T ozenan 13000

(2)

(b)

V&M )

2.2.4: Spectra showing (a) the oxidation of

Figure
[(PMezPh)gOs(u-Cl)3Os(PMezPh)3]+->[(PMezPh)3Os(u-Cl)3Os(PMezPh)3]2+
and (b) [(PMe.Ph) ;0s(u-Cl);0s(PMe2Ph)s 1*¥ _,

[(PMe,Ph) ;0s (,-C1) ;0s (PMe,Ph) ;]13% in Methylene Chloride/0.5M
TBABF,



-54 -

molecular orbital a," to give:

The electronic selection rules result in only the

e transitions having appreciable intensity.

+ a," and a;' » a,’
In going from n = 2 to n = 3 we still only observe two
bands in the low energy region of the electronic spectrum
which have moved to higher energy and become more intense.
Both these observations indicate an increasing metal-metal
interaction as a further electron has been removed from the

complex. This electron has been removed from an antibonding

molecular orbital to give: (see over page)

Once again the electronic selection rules indicate
only two fully allowed transitions, namely e" + a," and
a,;' - a,".

These studies suggest that we are seeing an increase in
metal-metal interaction on removal of antibonding electrons.

It is therefore likely that the metal-metal separation is

decreasing, i.e. we are seeing a structural change upon
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oxidation. 1In order to probe the suggested structural change
we undertook kinetic studies of the first oxidation process

of the osmium species.

(b) Kinetic Studies - Determination of the Heterogeneous

Electron Transfer Rate Constant, kg,

Foliowing the method of Nicholson14 where,

kg = ¥ (TaDg) }
yo

(1)

the differences in forward and reverse peak potentials, AEp,
were obtained at high scan rates, 30-70Vs~! for the
[(PMeéPh)3Os(u-Cl)3Os(PMe2fh)3]+/2+couple and the ferrocene/
ferrocinium couple in methylene chloride/0.5M TBABF,.
Values of § were 6btained from the graph of ¥ versus AEp
shown in Figure 2.1.1. This was carried out at 286.6K.

The diffusion coefficient, Dy, for each system was

obtained from the Levich equation:
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i = 0.620nFAD,2/3w!/2y=1/8c * (3)

using the rotating disc electrode on the same solvent system
és was used in the preceding kinetic study.

The graph of i versus ®Y?is shown in Figure 2.2.5
for [(PMe;Ph) ;0s (p-Cl) 30s(PMe;Ph); 1t/ ?Yand in Figure 2.2.6
for ferrocene/ferrocinium. The slopes, i/w ?were found to
be 0.3x10"° and 67.5x10"°AsY? respectively.

So for [(PMe,Ph) ;0s(u-Cl) ;0s (PMe,Ph) ;] +/2+

Do = 0.87x10"° cm?s™!
and for ferrocene/ferrocinium
Do = 2.20x10"° cm?s~!

Values of kg at different scan rates for both
,[(PMezPh);Os(u-Cl)3Os(PMe2Ph)3]+/2+ aﬁd ferrocene/ferrocinium
are shown in Table 2.2.4.

The average value for the heterogeneous electron transfer
rate of the osmium complex is lower than for ferrocene/
ferrocinium.

ks [(PMe,Ph) ;0s (p-Cl) 30s (PMe,Ph) ;]1*/2+ = 0.031 cms~!

kg Ferrocene / Ferrocinium = 0.438 cms™!

This result suggests that we are seeing.a structural
change taking place on oxidation of
[(PMe,Ph) ;0s (u~Cl) ;0s (PMe,Ph) ;1% to
[(PMe,Ph) ;0s (u=Cl) 30s (PMe,Ph) ;] 2.

In order to investigate this further X-ray crystallo-

graphic studies were carried out.
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Figure 2.2.5: Graph of i(A) versus w!'/2(s"1/2) to
determine Dy for

[(PMe,Ph) ;0s (u~-C1) ;0s (PMe,Ph) 5] */2+

i(a)x106

10

10«)7/2 (5.1/ 2) 15
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Figure 2.2.6: Graph of i(A) versus w!/2(s"!'/?) to

determine D, for Ferrocene/Ferrocinium

i(A) <105

500

100 A

O - - 6 172 12

w N (5-”2’)
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Table 2.2.4: Heterogeneous Rate Constant Values (ks5,
for (a) [(PMe,Ph) ;0s(u-Cl) ;0s (PMe,Ph) 5]+/2+
and (b) Ferrocene/Ferrocinium at diffefent
Scan Rates (v) in Methylene Chloride/0.5M

TBABF, at 286.6K

(a) HPMezph)30s(u-c1)3oS(PMe2Ph)§]+/2+

v(vs~!) ‘ AEp (mV) ¥ kg (cms™1)
30 86 1.375 0.079
40 95 0.750 0.050
50 : 125 0.356° 0.026
60 - 154 0.250 0.020

(b) Ferrocene/Ferrocinium

v(vs™?!) AEp (mV) ¥ ks(cms'l)
30 84 1.96 ~ 0.568
40 _ 89 | 1.00 0.335
50 | 85 1.85 0.692
60 85 ~1.85 0.758

70 97 0.625 0.276
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(c) X-ray Crystallographic Studies

[(PMeiPh)3Os(u-Cl)3Os(PMe2Ph)3]+ on oxidation to
[ (PMe,Ph) ;0s (u-Cl) 30s (PMe,Ph) 3]%% on the basis of speCtro-
electrochemical and kinetic studies is expected to undergo a
structural change. This is thought to occﬁr as a decrease
in metal-metal distance together with changes in M~C1-M
angles etc. Crystallographic studies would obviously confirm
this. The compound can be oxidised electrochemically but
separation from the vast excess of inert electrolyte is a
problem. Oxidation was therefore carried out chemically
using a variety of oxidants; 60% HClO,, concentrated HNO,
and NOBF,. The resulting purple complex was'shown to be

[ (PMe,Ph) 30s (u-Cl) 30s (PMe,Ph) ;1 2t by UV/VIS/NIR spectroscopy.
Unfortunately it was found to be unstable unless in the
presence of excess oxidant. Crystals were grown in the
presence of oxidising agent and methylene chloride and
attempts were made to mount the crystals in Lindemann tubes
with4oxidant and then to seal the tubeé. They were however
found to be too small for crystallographic. studies.

The [(PEt;) ;0s(u-Cl) 30s(PEt;) 3]t complex was prepared22
as it was expected tq have a more accessible first oxidation
(see Chapter 4). This was found to be the case, Ey = +0.90V
versus Ag/AgCl where ferrocene/ferrocinium is at 0.56V.

It shows similar spectroelectrochemical behaviour to the

[(PMe;Ph) 30s (u-Cl) 30s (PMe,Ph) 3]t species and is discussed
in more detail in Chapter 4. Oxidation of this species in
methylene chloride with 60% HC10, yielded an orange material.

The UV/VIS/NIR spectrum confirmed it to be the

[(PEt;) 30s (u-Cl) 30s (PEt3) 3 ]°* species. Fig. 2.2.7 shows



Figure 2.2.7: Spectra showing (a) [(PEtg)3Os(u-Cl)3Os(PEt3)3]2+ generated cheﬁically using
60% HClO, .and (b) [(PEta)aOS(U—Cl)3OS(PEt3)3]2+ generated electrochemically
in Methylene Chloride / 0.5M TBABF,

e( rr]zgv!:lcrﬁldrr‘io?u 1ains ' 340 R Larune
P S S S S S S T S i e i:
(a) T=293K (b) E=112V !;
T=267K g
!
!
cedga|
g | |
/ ‘1 ‘
|'-. ! |
| vmax(cm')

_’[9_
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the spectrum obtained together with that of the electro-
generated [(PEtj3) 30s(u-Cl)3;0s(PEt;);] %t species. This was
~found to be stable in the absence of oxidant. Crystals were
gfown from methylene chloride/diethyl ether. They appeared
to be single, but attempts to photograph them failed. It
was eventually decided after using different solvents that
the crystals were in fact layers of crystals on top of each
other.

Finally different counterions were used:
1. 0sCl¢?”, 2. B(Ce¢Fs)s~ and 3. CH;3-(CgH4)=-S05~ .
The monocationic complex was oxidised as described previously
then the anions 1, 2 and 3 were added respectively to
méthylene chloride solutions containing the dicationic species.
Using 2 single crystals were obtained suitable for X-ray
crYstallographic studies. The X-ray crystal structure of
the monocationic species ﬁad also to be carried out in order

to make a direct comparison. These will now be discussed.

Single Crystal Structures of the Binuclear Monocationic

species (A) [ (PEt;) ;0s (u-Cl) 50s (PEt;) 3] PFs and

(B) [(PEt3)30s(u-Cl) 30s(PEt;) 3] (B(CsFs)u) (C1Oy) -3CH,C1,

Single crystals of species B were obtained as described
previously from a methylene chloride/diethyl ether solution.
Complex A was prepared by literature methods;22 crystéls
were obtained from a methylene chloride/methanol solution by
slow evaporation of methylene chloride.

Crystal data and the method of solving and refining
each structure is detailed in the experimental section

(section 2.3).
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A view of the monocation is shown in Figure 2.2.8 and
that of the dication in Figure 2.2.9. Tables 2.2.5 and
2.2.6 give a selection of bond lengths and angles.

On oxidation the Os--0Os distance decreases from
3.473(1)2 to 3.406(1)8. The average Os-Cl bond length
decreases (from 2.492 to 2.4723) and the average Os-P bond
length increases (2.304 to 2.3502). The average 0s-C1-0s
angle decreases by 1.24° from 88.25° to 87.01°.

Spectroelectrochemical studies on [(PEts) 30s(pu-Cl) 30s-
(PEts)31®" have shown the metal centres to be strongly
interacting i.e. Class III species with strong delocalisation
(see Chapter 4). The two metal centres are indistinguishable
crystallographically in the [(PEtj3) ;0s(u-Cl)3;0s(PEt;)3]2%%
species supporting delocalisation.

On oxidation of [(PEt;);0s(u-Cl);0s(PEt;)s]*  to
[ (PEt;) 30s (u-Cl) 30s (PEt3) 3] 2T an electron is removed from
a metal based antibonding molecular orbital, thus a decrease
in metal-metal distance would be expected which is indeed
observed. The average 0Os-Cl bond length decreases as
expected for a m-donating ligand-metal boﬁd. The average
Os-P distance increases which would be expected for a metal-
m—acceptor ligand bond but PEt; is a o/m donor (see Chapter 4).
We therefore suggest that the reason for the M-P bonds
increasing is steric. The steric effect occurs across the
bridge (see Chapter 4). As the metal centres move closer
toééther due to the increasing interaction upon oxidation
the PEt; ligénds can only pack efficiently with minimal
steric crowding and retention of the confacial bioctahedral

structure if the M-P bond lengths increase. This has the



Figure 2.2.8:

View of the [(PEtj)3;0s(p-Cl)30s(PEts)3;]*T monocation

_vg_



Figure 2.2.9:

View of the [(PEt;)3;0s(u-Cl)3;0s(PEts)s] 2+ dication

-Sg_



-—66-—-

Table 2.2.5: Selected Bond Lenths and Angles for

Os(l)
Os(l)
Os (1)
Os(1l)
Os(1l)
Os(1l)
Os(2)
Os(2)
0s(2)
0s(2)
Os(2)
Os(2)
CP(1)

P(1l)

P(l)

[(PEts3) 308 (u-Cl) 30s (PEt;) 51+

Bond Lengths(ﬂ) with standard deviations

-Cl(1)
-C1(2)
-C1(3)
- P(1)
- P(2)
- P(3)
-C1(1)
-C1(2)
-C1(3)
- P(4)
- P(5)
- P(6)
-C(111)
-C(121)
-C(131)

.484( 5)
.463( 5)
.486( 6)
.344( 6)
.354( 6)
2.356( 6)
2.458( 5)
2.486( 5)
2.464( 6)
2.348( 6)
2.344( 6)
2.356( 6)
1.83( 3)
1.88( 3)
1.782(25)

N NN NN

P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)

P(5)
P(5)
P(5)
P(6)
P(6)
P(6)

-C{211)
=-C(221)
-C(231)
-C(311)
=-C(321)
-C(331)
-C(411)
~C(421)
-C(431)

-C(511)
-C(521)
-C(531)
-C(611)
-C(621)
-C(631)

1.830(25)
1.868(23)
1.81( 3)
1.87( 3)
1.843(23)
1.89( 3)
1.860(24)
1.828(23)
1.840(25)

1.825(23)
1.845(24)
1.88( 3)
1.877(25)
1.82( 3)
1.851(24)

Angles(degrees) with standard deviations

Os(1l)
Os(1l)
Os(1l)

P(1l)
P(1)
P(2)
P(4)
P(4)
P(5)

-Cl(1)
-Cl(2)
-C1(3)
-0Os(1)
-0s (1)
-0s(1)
-0s(2)
-0s(2)
-0s(2)

-0s(2)

-0s(2)
-0s(2)

- P(2)
- P(3)
= P(3)
= P(5)
- P(6)
= P(6)

87.12(17)
86.96(17)
- 86.96(18)

94.16(22)
95.93(22)
97.88(22)
98.13(21)

193.72(21)
96.22(21)



Table 2.2.6

Os(1l)
Os(l)
Os(1)
Os(1l)
Os(1l)
Os(l)
0s(2)
Os(2)
0s(2)
0s(2)
0s(2)
0s(2)

P(1l)

P(1l)

P(1l)
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[(PEt3) 30s (u-Cl) ;0s (PEt;) 3] 2+

Bond Lengths(&) with standard deviations

-Cl(1)
-C1(2)
-C1(3)
- P(1)
- P(2)
- P(3)
-Cl(1)
~C1(2)
-C1(3)
- P(4)
= P(5)
- P(6)
-C(111)
-C(121)
-C(131)

Angles(dégrees) with standard deviations

P(1)
P(1)
P(2)
P(4)
P(4)
2(S)
Os(1l)
Os(1l)
Os(1l)

2.487(
2.501(
2.489¢
2.301(
2.300(
2.306(
2.499(
2.511¢(
2.477(
2.319¢
2.304¢
2.291(

4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)
4)

1.861(18)

'1.818(17)

1.845(17)

-=0s (1)
-0s(1)
-0s(1)
-0s(2)
-0s(2)
-0s(2)
-Cl(1l)
-Cl(2)
—Cl(})

P(2)
P(3)
P(3)
P(5S)
- P(6)
- P(6)
-0s(2)
-0s(2)
-0s(2)

P(2) -C(211)

P(2) -C(221) -

P(2) -C(231)
P(3) -C(311)
P(3) -C(321)
P(3) -C(331)
P(4) -C(411)
P(4) -C(421)
P(4) -C(431)

P(5)
P(5)
P(5)
P(6)
P(6)
P(6)

97.

96

97

-C(511)
-C(521)
-C(531)
-C(611)
-C(621)
-C(631)

87(14)

.21(14)
96.
94.

88(14)
61(15)

.92(15)
96.
88.
87.
88.

59(15)
29(12)

71(12) .

76(12)

NN el el i e

Selected Bond Lengths and Angles for

.883(18)
.839(17)
.828(17)
.839(22)
.861(19)
.837(23)
.856(18)
.850(18)
.851(20)

.855(19)
.877(19)
.854(20)
.821(17)
.863(20)
.851(20)
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effect of relieving steric crowding across the bridge.
Space filling diagrams24 illustrate this, as shown in

Figures 2.2.10 and 2.2.11.

Conclusions

Changing the oxidation state, n, from 1 to 2 to 3
causes the metal centres to become more strongly interacting.
Kinetic studies support the idea that we are seeing a
structural change faking place. This is indeed observed in
the X-ray crystallographic studies of the monocationic and
dicationic species where changes in the metal-metal distance

M-P and M-Cl bond lengths are observed.

2.3 EXPERIMENTAL

Electrochemical studies were performed using the PAR
model 170 potentiostét and programmer with provision fdr iR
compensation. A platinum working and counter electrode
were employed together with an Ag/AgCl reference electrode
against which ferrocene is oxidised at E = +0.56V. Scan
rates used were from 20-500 mVs~! (c.v.) and 20 mVs~!(a.c.v.).
The temperature was controlled using thé Haake F3 temperatﬁre
controller and Haake Q bath.

Kinetic studies were performed using the PAR model 170
potentiostat and programmer with provision for iR compensa-
tion, HITEK transient store, Tektronix Oscilloscope model
D66A and Hewlett-Packard XY recorder model 7035B. The Haake
bath and temperature controllarwereﬁsed to control the

temperature as above. Scan rates used were from 30-70 Vs~!.

Do was determined by use of the rotating disc electrode,
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where A = 0.3848 cm?. The temperature was controlled as
abové.

Spectroelectochemical studies were carried out using
the optically transparent thin layer electrode as described
previously. Temperature control was achieved as described
previously. The Perkin Elmer Lambda 9 spectrophotometer
was employed for these studies. Spectra were recorded over

the range 3,125-50,000 cm~'.

Materials
RuCl;-3H,0 and K,0sClg were obtained from Aldrich.
Methylene Chloride was purified as described previously.
All other solvents were used as supplied without
further purification.
TBABF, was prepared as described previously.
PMe;Ph was prepared according to the literature
method.z-5
[ (PMe,Ph) 3 M . (u=Cl) 3°M (PMe,Ph) ; ]PF¢ were prepared
according to literature methods.22f23,M=Ru,Os
[(PEtg)sos(u—Cl)3O§(PEt3)3]PF6was prepared.

according to the, literature met-hod.22

Reaction of Cis 0sCl, (PMe,Ph), with Cis RuCl, (PMe,Ph) ,

To a warm degassed butan-2-ol solution (20ml) of -
cis 0sCl,(PMe,Ph) 23(0.085q), cis RuCl, (PMe,Ph) 26 (0.076g) in
degassed butan-2-o0l (10ml) was added dropwise.

This mixture was heated to reflux under N, for 24 hours.
On cooling yellow crystals formed. These were filtered and

washed with methanol and diethyl ether and dried in vacuo.
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Assﬁming the presence of the ionic dimer

[ (PMe ;Ph) sM(u-Cl) sM(PMe,Ph) 3]Cl; the Cl~ anion was exchanged
for PF¢~ as previously described. Experimental results
suggest that a mixture of [ (PMe:Ph) ;Ru(p-Cl) ;Ru(PMesPh) 3]PFg,
[(PMezPﬁ)aRu(u—Cl)3Os(PMe2Ph)3]PFs \ and

[ (PMe ,Ph) 50s (u~Cl) 30s (PMe ,Ph) ; ]JPFs were obtained.

FAB Mass Spectrum: Found Mt = 1316 (20%)
Mt = 1228 (100%)
Mt = 1139 (25%)

Calculated for [(PMe, Ph) ;0s (u-Cl) ;0s (PMe,Ph) ;] *

Mt = 1314.35
[(PMe,Ph) 3Ru(u-Cl) ;0s (PMe,Ph) ;] +
Mt = 1225.35 |

and HPMezPh)3Ru(u—Cl)3Ru(PMe2Ph’3]+

Mt = 1136.35

Electrochemistry

Cyclic voltammetry (c.v.) and a.c. voltammetry studies

(a.c.) showed peaks at:-
1. +1.07V
2. +1.29V
3. %1.59V
4. +1.82V

(versus Ag/AgCl on which ferrocene is oxidised at +0.56V)

Peaks 1 and 4 are twice as intense as those of 2 and 3.
This is consistent with there being the three species present.
The diosmium complex shows two one-electron oxidations at
'1.07V and 1.59V; the diruthenium at +1.29V and +1.82V. The

mixed osmium/ruthenium complex would be expected to show two



-73-

oxidations; the osmium centre being oxidised first at
+1.07V and then ruthenium centre being oxidised at +1.89V.
Attempts to separate the complexes failed due to

similarities in solubility and mass.

Single Crystal Structure of [(PMe,Ph) ;0s(u-Cl) ;0s(PMe,Ph) 3]PFg

This complex was prepared as described previously.
Crystal Data: [CygHgsCl30s,P¢ JPFe, M = 1460.56, monoclinic,
space group P /c, a = 14.4399 (9), b = 16.3484(11),

c = 23.9188(20)%, B = 97.048(7)°, V = 5616.38° (from setting
angles for 43 reflections with 26 = 25-26, X = 0.710732),
z = 4, Dcale = 1.727g em™®, T = 293K, pale yellow needles,

0.77x0.13x0.077 mm, u = 49.19 cm~!, F(000) = 2864.

Data Collection and Processing

Stbe STADI-4 diffractometer, graphite monochromated
Mo-K, X-radiation, T = 293K, w/20 scans using learnt profile
methbd?76683 reflections measured (26p3% 45°, h-15-+7 k=0-17,

1l 0+25), 5685 unique data (Riﬁt = 0.0292), giving 4710 with
F > 60(F) for use in all calculations. No significant cryétal
decay or movement. Initial corrections for absorption based
on ¥ scans were applied, minimum and maximum transmission

factors are 0.0454 and 0.0736 respectively.

Structure Solution and Refinement

Using the fractional coordinates of the isostructural
[(PMe>Ph) ;Ru(p-Cl) ;Ru(PMe,Ph) ;]PFs species the positions of
all non hydrogen atoms were located. These were refined
with anisotropic thermal parameters. H atoms were fixed in
calculated positioné using AFIX. DIFAES28 absorption

correction was carried out with minimum correction = 0.804



-74-

and maximum correction = 1.534.

At final convefgence R =0.0303, Ry = 0.0374,
S = 1.076 for 460 refined pérametefs and the final AF
synthesis showed no peak above 0.831e£;3<n:below —0.48eg;3.
The weighting scheme W~! = o2 (F) + 0.000386F? gave satis-

factory agreement analyses and in the final cycle (A4/0)pax

= 0.118.
Atomic scattering factors were inlaidz..9 or taken from
reference 30. The figure was obtained using ORTEP.31

Single Crystal X-Ray Structure of [(PEta)sos(u-Cl)3Os(PEt3)3]PF5
This complex was prepared and crystallised as described

previously.

Crystal Data: [C4gHooCli0Os,Pg]PFg, M = 1340.62, triclinic,

space group PT, a = 11.1820(14), b = 13.8689(17), c =

18.5669(23)8. o = 84.601(6), B = 82.421(8), vy = 67.194(7)°,

vV = 2631.028% (from setting angles for 63 reflections with

31 < 26 < 32° A = 0.710733), z = 3, Deale = 2.538g cm™3,

T = 293K, pale yellow tablet, 0.77x0.27x0.12 mm, py = 78.62

cm~!, F(000) = 2004.

Data Collection and Processing

Stbe STADI-4 diffractometer graphite monochromated
Mo - K, X-radiation, T = 293K, w/26 scans With width (0.99
+ 0.347 tan6)°, 6850 data collected (28p5x 90°, h-11-12,
k-14~14, 1 0+19, 6289 unique data (Rjpt = 0.0000 ), giving
5290 with F > 60(F) for use in all calculations. No
significant crystal decay or movement. Initial corrections
for absorption based on Yy scans were applied, minimum and

maximum transmission factors are respectively 0.051 and 0.129.
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Structure Solution and Refinement

A Patterson synthesis located the Os atoms and subse-
quent iterative cycles of least squares refinement and
difference Fourier synthesis located all non-H atoms.

These were then refined using SHELX-76 with anisotropic
thermal parameters for Os, Cl and P.. H atoms were fixed in
calculated positions using AFIX. DIFABS28 absorption
correction was carried out with minimum correction = 0.804
and maximum correction = 1.534. At final convergence

R = 0.0518, Ry = 0.0717, S = 1.027 for 311 refined parameters
and the final AF synthesis showed no peak above‘0.632eg“3.
The weighting scheme W~™! = g?(F) + 0.00634F2 gave satisfactory
agreement analyses and in the final cycle (A/o)pax was 0.101.

Atomic scattering factors were inlaid29 or taken from

reference 30. The figure was obtained using ORTEP.31

Single Crystal Structure of

[(PEt;) 30s (u-Cl) 305 (PEt3) 3] [ B(CsFs) 4][ C10,]-3(CH,C1,)

This species was prepared as previously described.
Crystal Data: [CusgHesCl30s,Ps][C24ByF20] [C10,]  3(CH,C1,),

M

2010.44, monoclinic, space group Cy/¢; a = 38.9930(120),

b 16.3694(39), c = 26.6316(28)%, B = 106.140(13) ,

3 .
v 16328.72 (from setting angles for 29 reflections with
43 < 26 < 45, X = 1.51348), z = 8, Doglc = 1.635g cm=?
T = 293K, orange plates, 0.46x0146x0.16 mm,/u = 92.32 cm™!},

F(000) = 7960.
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Data Collection and Processing

Stde STADI-4 diffractometer, graphite monochromated
Cu-g& X-radiation, T = 293K, w/26 scans with width (0.99
+ 0.347 tan6)°, 9173 data collected (20pzx = 100°, h-38-34,
k-0-+16, 1-0+26), 7545 unique data (Ript 0.0163), giving
5849 with F > 60(F) for use in all calculations. No
significant crystal movement or decay. Initial corrections
for absorption based on ¥ scans were applied, the minimum
and maximum transmission factors are 0.0073 and 0.0895

respectively.

Structure Solution and Refinement

A Patterson synthesis located the Os atoms and subsequent
iterative cycles of least squares refinement and difference

Fourier synthesis located all non H-atoms. These were then

29 with anisotropic

thermal parameters for Os, P, Cl. DIFABS28 absorption

32

refined by least squares using SHELX-76
correction using SHELX-86 was carried out with minimum
correction = 0.687 and maximum correction = 1.334. H atoms
were fixed in calculated positions using AFIX. The -C¢Fs
rings were fixed as rigid groups. At final cdnvergence

R = 0.0747, Ry = 0.0980, '§ = 1.097 for 364 refined parameters
and the final AF synthesis showed no peak above 0.845eg‘3.
The weighting scheme W~! = o2 (F) + 0.000578F2 gave satis-
factory agreement analyses and in the finél cycle (A/0)pax

= 0.034.
29

or taken from
31

Atomic scattering factors were inlaid

reference 30. The figure was obtained using ORTEP.
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CHAPTEHR 3

VARIATION OF BRIDGING LIGAND, X7

X =0+, <€1©, Br-, I; M = Ru

X =C1°, Br~, 1I~; M = Os
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3.1 INTRODUCTION

Triply-bridged species of the type [L;M(u-Cl)3;ML,]0D*
have been known for some time where M = Ru, Os; L = PMe,Ph,
PMePh,, PEt,Ph, PEtPh,; n = 1. These were first prepared

1 by the interaction of RuC13-3H20 or

by Chatt in 1961
(NH,) ,0sClg in aqueous methanol or ethanol with the appro-
priate tertiary phosphine ligand. Non-chlorobridged
complexes, [LiM(u-X) sML3] 2t are much rarer. In 1968 Shaw
gg_gi.z reported the first synthesis of complexes of this
type where n = 1; X~ = Br~, I7; L = PMe:Ph. The
[L3Ru(u-Br) sRuLs;]* complex was ,P¢f¢mii by the interaction
of RuCl;-xH,0 and PMe,Ph in isopropyl alcohol with an excess
of LiBr. The iodo bridged complex was made by the reaction
of [L3zRu(p=-Cl) ;RuL;]* and NaI in isopropyl alcohol.

The range of complexes of this type has been greatly
extended since these studies by using other methods of

preparation. Robinson et al.3'4

reported the preparation

of [LiRu(py=X) ;Rul;}[ BPh,] where X~ = Br~; L = P(OEt); from
the reaction between [RuBr; (norb)] , and P(OEt); in refluxing
methanol. Stephenson prepared triply-bromo bridged complexes
by thg reactioﬁ of RuBr, (PPh;); and the appropriate tertiary
P(III) ligand in methanol.5 Ashworth6 further extended the
range of ruthenium triplg—bridged species to X~ = OH™;

L = PMe,Ph, PMePh,, P(OMe)Ph,; X~ = F~, SH™, SMe~™; L =
PMe,Ph and in our laboratories his method was used to
prepare the complex where X~ = SEt™; L = PMezPh.7 His method
involved first preparing the trip%j—hydroxy bridged complex
by the reaction of [RuH(COD) (NH;NMe,) 5]PFe¢ in a 2:1 mixture

of acetone and methanol with the appropriate tertiary
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phosphine ligand. By the action of the appropriate ‘acid,
HX, on the triply-hydroxy bridged complex the above range

of complexes were obtained. It was also found that this
method was more satisfactory than that of Shaw for'preparing
the species where X~ = Br~ .and I7; L = PMezPh.7 Triply-
methylene8 and hydrido—bridgedg'10 complexes are also known.
Wilkinson8 reported the complex [ (PMej3) sRu(u-CH;) sRu(PMe3y) ;3] .
This was prepared by the reaction of [Ru30(0,CMe)s (H,0) 3] -
(0O,CMe) with dimethylmagnesium and PMe; in tetrahydrofuran.
Both the osmium and ruthenium triply-hydrido bridged species
are known. The osmium10 complex where L = PMe,Ph is
prepared by the reaction of Os;H.L¢ and HBF,-Et,0. The
ruthenium9 complex is made in a similar manner by the inter-
action of Ru,H, (PMe3)s with HBF, in tetrahydrofuran.

There are many examples of tripL5<bridged complexes
where the terminal ligands are not tertiary phosphine ligands.
The related complexes [(NHj3);Ru(u-X);Ru(NH;) ;]2%t where X~ =
Cl™ and Br~ are kﬁown. These are prepared by the reaction
of [Ru(NH;)¢] X, and HX.ll’12

‘Stephenson prepared complexes of the type

[ArM(u—X);MAr ]t where M = Os; Ar = Cg¢Hg, pMe-C¢H,CHMe,
X = Cl-; M = Ru; Ar = C5H5, C5H3M€3, pb_’leCsHuCHMez, CsMes;
X~ = OPh~, OMe~, OEt~, OH~, Cl1—, Br-—, :[_.13'14

The [(n-C¢Hg)Ru(p-Cl) ;Ru(nCsHg)]PFs complex is prepared
by the reaction of [Ru(nCe¢Hg)Cl,] in methanol at ambient
temperatures with excess NH,PF¢. The other trip%j:halide
bridged species could not be prepared in this way due tb the
insoluble nature of the starting complexes. It is thought

that the mechanism of forming the trip%g—chloro bridged
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species involves intermolecular coupling of the weakly

solvated monomers Ru(nCgHg)Cl, (MeOH) and [Ru(nCgHg)Cl(MeOH) ;1%

The reaction of the corresponding pyridine complexes also

led to the formation of the triply-bridged complex. The
analogous Br~ and I~ monomers give the triply-bridged bromide
and iodide complexes respectively. The osmium complexes

are prepared in a similar manner. There is spectroscopic
evidence to show that by using these methods mixed-bridged
complexes have been prepared. The. hydroxy- and alkoxo-liridged
species are prepared by the reaction of [M(nCe¢Hg)Cl,] 2

M = Ru, Os with an excess of NaOH or Na,CO3; for X = OH™ and
NaOR for X = OR~.

Wieghardt has prepared many triply-bridged ruthenium
complexes where the terminal'ligand set at each metal centre
is the macrocyclic ligand; 1,4,7 trimethyl-1,4,7 triaza-
cyclononane, L, of which examples include:

1. [LRu(u-0) (u=CH3CO,) ;RuL 1°+,1® 2. [LRu(10H) ; (L-CH,CO,) RuL]?# 7
and 3. [LRU(U—O)3RUL}+.18 1 and 2 are both formed by the

" reaction of RuLCl; and Na(O0,CCH3j).. 3 is obtained from the
reaction of the triply-hydroxy bridged complex

[LRu (u-OH) 3RuL ]** and NaOH.

Recently'Meyer19 reported the preparation of related
ruthenium complexes of the type [(tpm)Ru(u-0) (p-L)2 Ru(tpm)] 0t
where 1.L =0,P(0) (OH), n = 1; 2L = 0,CCH;, n = 2 and tpm
is the tridentate; facial ligand tris(l-pyrazolyl)methane.
Thesé are prepared using an analogous method to Wieghardt
i.e. by the reaction of [(tpm)RuCl;]-1.5H,0 in phosphate
buffer with sodium carbonate and sodium acetate solutions

respectively.
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Another class of triplg-bridged binuclear complexes

i 2
are: [(C3N2R2¢3Ru(u—XhRu(C3N2R2)3]X; 0.

XT. = ClT, I7;

R = Me, Et. These are formed by the reaction of the mono-
meric RuCl,; (C3N;R;), complex in methylene chloride at 40°C
for X~ = Cl1l- and in acetone at 40°C with NaI for X~ = I~.

The reaction of 1,2 bis (isopropylseleno)ethane,
C3;H7;SeCH,CH,;SeC4H; with ruthenium(III) halides gives complexes
which have been formulated as triply-bridged cbmplexes of
the type hexahalo-tris-u(1,2 bis(isopropylseleno)ethane)-
diruthenium (III).21

A triply bridging -Me,Ge- structure has been proposed
for the minor products of the pyrolysis of (Me;Ge) ,M(CO),
where M = Ru, Os. The prodﬁct,is thought to be

(CO) 3M(u-GeMe; JM(CO) 5. %% The [(PMe;) sRu(u-X)sRu(PMes) ] *

complexes where X~ = oHT,?> H-,? c1-%% ana cu3- 8

have

been characterised crystallographically. The tripls—bﬁdgai
hydroxy-, hydrido- and chloro-complexes are all formally
ruthenium (II) species. The metal-metal distance in the
case of the hydroxy-bridged species is 3.0042. On changing
the ligand to chloride the metal-metal distance increases

by 0.142 to 3.282. These distances are indicative of there
being no or very little metal-metal interaction. The friély
hydrido-bridged complex has a much smaller metal-metal
distance of 2.5402. It is clear that the overlap require-
ments of the three bridges will pull the two metal atoms
closer together. Since the hydrido-bridging ligand can
only be a two-electron donor as opposed to the four-electron
donor Cl~ and OH~™ bridging ligands, the possibility arises

" that the metal atoms might be linked by a triple RuzRu bond.

This would give a formal 18-electron configuration at each

J((cs N Ry = CN(RYCH, CH,NR )
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metal atom and would account fof the short Ru--Ru distance.
The decreased M-M distance may also arise because H™ has a
smaller ionic radius than Cl~ or OH™.

The trip%ﬂrmethylene-bridged complex, however, has
two Ru(III) centres. The metal-metal distance is 2.5408.
The short metal-metal distance has been explained by a
metal-metal bond. This suggestion is reinforced by the
. observed diamagnetism of the complex.

Halogen containing compounds tend to change progres-
sively with increasing size. As in other groups there is
a much greater change between the first row element, F, and
the second row element, Cl,vthan between the other elements.

Spectroscopic studies on [ (NHj3) ;Ru(u-X) ;Ru(NH;) ;]2%,
X~ = ClW, Br—, have shown the ruthenium centres to be
strongly interacting.25 In the case of the smaller bridging
ligand, Cl7, the interaction is stronger. Bands due.to the
0 » o* and 6* » o* transitions are observed at 17,000 cm™!
(strong) and 7150 cm™ (weak) respectively, in the case of
X = Cl” and 15,790 cm™! (strong) and 6870 cm™! (weak)
respectively for X~ = Br-~. |

Crystallographic studies of these complexes support

the spectroscopic data. When X~ = Cl~ the Ru--Ru distance
is 2.7532.26 On changing Cl~ for Br~ the distance increases
to 2.8528.2%7 |

) Thé range of complexes where M = Ru, X~ = Cl-, Br~, 1I-,

OH™, SEt™; L = PMe,Ph have been studied electrochemically.6
It has been discussed previously that the [(PMe,Ph) ;Ru({u-Cl)
Ru (PMe,Ph) ; ]* complex undergoes two reversible one electron

oxidations:

3~



[ (PMe; Ph) 3Ru (1=C1) sRu(PMe ,Ph)3 ]+ === [(PMe,Ph); Ru(u—Cl); Ru(PMe; Ph) 512+

Ru(II)Ru(II) '"Ru(II)Ru(III)’

=== [(PMe,Ph)3Ru(p-Cl);Ru(PMe,Phs)s *+

Ru(III)Ru(III)

The other halogen containing compounds were found to
have similar redox behaviour i.e. they show the expected
two one-electron oxidations with V0.5V separation. The
oxidations all occur at similar potentials versus the
_Ag/AgCl reference regardless of the bridging halide. The
I containing complex is oxidised at slightly less positive
potentials compared to the Cl~ and Br~ complexes and the
second oxidation is irreversible. The trip13 hydroxy-bridged
species also shows two one-electron oxidations, the second
being irreversible. The oxidation.potentials are approxi-
mately Q.4V less positive than the equivalent halogen
containing species. Presumably this differencé is in part
due to the hydroxy ligand being a better m-donor than the
halogens. The u-SEt complex only undergoes one oxidation
at +0.67V (versus Ag/AgCl). This is reversible only.at low
temperatures (T = 233K).

The colour of each complex is dependent on the bridging
ligand. When X~ = OH~ the complex is pale yeilow; XT = Br—,
orange-yellow and X~ = I~, .orange.

We have shown in the previous chapters that complexes
of the type [L3M(u-Cl);ML; ]*t where M = Ru, Os; L = PMe,Ph
have a strong metal-metal interaction. The aim of this
study is to vary the bridging ligands to determine the effect

this has on the metal-metal interactions.
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Crystallographic studies of [(PMezPh)aRu(u-X)3Ru—
(PMe,Ph) 3 ]* where X~ = Cl-",28 OH',6 in which there is
probably no metal-metal interaction present, have been
carried out. These show that for the larger Cl- ligand
the Ru--Ru distance is 3.392, 0.312 greater than in thg
case of the smaller OH; ligand, c.f. the data fér the related
complexes where L = PMe; discussed previously.

The decreasing Ru--Ru distance on going from bridging
Cl™ to OH™ is believedvto reflect the differing ruthenium
to'bridging ligand distances and angles rather than an

increased metal-metal interaction. No data are available

for binuclear osmium complexes.

3.2 RESULTS AND DISCUSSION

3.2.1 M = Ruthenium

The complexes where L = PMe,Ph; X~ = OH™, I™; n = 1
were made according to the method of Ashworth,6 where
L = PMezPh,‘X‘ = Cl7, n = 1 using the method of Chattl and
where L = PMe,;Ph; X~ = Br';'n = 1 by the method of Stephenson.5

The electrochemical and spectroelectrochemical
results ére shown in Table 3.2.1. A crystallographic study
of the species where X~ = 17, L = PMe,Ph, n = 1 was undertaken
to determine the differences in-this structure from that
where X~ = C1-.

Electrochemical studies were carried out in methylene
chloride/0.5M TBABF, when X~ = 'Cl- and acetone/0.1M TBABF,
when X~ = OH~, Br~, I~, to avoid halogen exchange, using
Pt working and counter electrodes and an Ag/AgCl reference

electrode (as described previously).



-87~-

Table 3.2.1: Electrochemical and Spectroelectrochemical

OH‘b

c1-¢

Results for [(PMe,Ph) ;Ru(u-X);Ru(PMe,Ph);]t

E1 /2 (V versus Ag/AgCl)a Vmax €
(cm~1) (mol~'cm~'dm?)

Ir,11/11,111  11,III/III,III I1,III

0.86(0.060)° 1.374 8,640 5,625 .
1.23(0.07) 1.75(0.100) 5,000 2,613
7,770 2,864
1.24(0.060) 1.75(0.070) 5,000 1,917
7,330 1,534
1.21(0.060) 1.829 4,850 2,511
7,000 1,076

Ferrocene/Ferrocinium at +0.56V

In acetone/0.1M TBABF, at T = 290K (for electro-
chemistry) and T = 243K (for spectroelectrochemistry)

In Methylene Chloride at T = 290K (for electro-
chemistry) and T = 243K (for spectroelectrochemistry)

Irreversible even at low temperatures (T = 243K)

EpF - EpR (where EPF and EpR are potentials at the
maximum of the forward and reverse scans respectively)

are shown in brackets in V.

i
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Spectroelectrochemical studies were carried out by
generating the [(PMe;Ph);Ru(p-X);Ru(PMe; Ph)s] 2+ mixed-
valence species in situ at a suitable electrogeneration
potential using the O.T.T.L.E: cell (usually 0.2V beyond the
redox process) as described previousli. The temperature was
maintained at 243K for each experiment. Only the near
infra-red region will be discussed.

The electrochemical results have been discussed in
Section 3.1. The spectroelectrochemical results will now

be discussed.

(a) Spectroelectrochemistry

The complexes where X~ = Cl1-, Bf‘, I all showed two
bands in the near infra-red region of the electronic spectrum.
When X~ = OH™ one broad asymmetric band is observed. The
near infra-red bands occur due to the a;' - a," and e" > a,"
transitions discussed previously. The ultimate spectra of
the [(PMe;Ph) 3Ru(u-X);Ru(PMe,Ph); ]** species where X~ = OH-,
Cl~=, Br~ and I~ are shown in Figures 3.2.1 - 3.2.4. The
positions of the bands, vpzx, wére found to be independent
of the solvent used and the band halfwidth, Ay, was found to be
independent<jfthe temperature and is less than 5000 cm™!. |

This indicates that all species have strongly interact-
ing metal centres. The extent of the interaction varies as
monitored by the near infra-red absorption spectrum. The
positions of the near infra-red bands move to iower enefgy
as the size of the bridging ligand increases which we would
argue is . reflecting a decreasing metal-metal interaction. -

In the case where X~ = Cl~, the highest energy band is

the most intense, however when X~ = Br=, I, it is the lowest




Figure 3.2.1:
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VIS/NIR Absorption Spectrum of

[(PMe,Ph) ;Ru (p-OH) 3Ru (PMe,Ph) ;]2 in

Acetone / 0.1M TBABF,
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'Figure 3.2.2: VIS/NIR Absorption Spectrum of
[(PMe,Ph) ;Ru(u-Cl) sRu(PMe,Ph) ;]2% in
Methylene Chloride / 0.5M TBABF, at

T = 243K
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Figure 3.2.3:
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VIS/NIR Absorption Spectrum of
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Figure 3.2.4:
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energy band that is the most intense. This band is assigned
to the a;' » a," transition (see Chapter 1). This impl%es
that as the metal-metal interaction decreases the a'
orbital is destabilsied compared to the e" orbital. This

effect was also observed when the nature of the terminal

tertiary P(III) ligand was varied and is discussed in more

detail in Chapter 4. This was not however observed in the

related [(NH3)3Ru(u-X)3Ru(NH3)3]2*'25 complexes where X~ =

Cl‘; Br~. These complexes both have the most intense band

at higher energy. This is discussed further in Chapter 4.

(b) Single Crystal X-ray Structure of

[(PMezPh)3Ru(u—I)3Ru(PMe2Ph)3]PF6

Details of the structure solution are given in the
exXpérimental section.

The only solvent system which gave single crystals
suitable for an X-ray crystallographic study of this species
was a methanol/methylene chloride mixture. This unfortunately
caused .exchange of I~ by Cl~ from HC1 present in the methylene
chloride thus leading to the formation of [ (PMe,Ph) 3Ru(p-Cl) 5-
Ru (PMe,Ph) ;] 1 and HI. The érystals did not contain any mixed
bridged species, that is u=-Cl,I or u-ClI,, as shown by FAB
mass spectroscopy data which showed only parent ion peaks
for the p-Cl; and up-I, speciés (at 1136 and 1411 amu
respectively).

The crystal used for data collection thus contained a
mixture of the two species and led to problems with the
solution. Refinement showed that there was a 3:1 mixture

of uy-Cl to u-I in the crystal. The e.s.d.'s on each I atom
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and each Cl atom were low confirming that there are no
mixed bridged species present.

A view of the ([(PMe;Ph)3;Ru(u-I)3;Ru(PMe,Ph);]t cation
is shown in Figure 3.2.5 (without H atoms). Table 3.2.2
gives a selection of bond lengths and angles.

The Ru--Ru distance is 3.499(1)R%. This is 0.109%
longer than in the analogous u-Cl; species.28 The average
Ru-I-Ru angle is 82° which is smaller than in the case of
the p-Clg species (Ru—éi—Ru = 86°). The Ru-Cl-Ru angle in
the [(PMe;Ph) 3;Ru(pu-Cl)3;Ru(PMe,Ph); ]t cation present in the
crystal is 87° which compares with that in the crystal
structure of the pure u-Cl; complex. For X = OH , the
average Ru-0-Ru angle is 90°. It appears that as the size
of the bridging ligand increases the Ru-X-Ru angle decreases.

A similar effect is observed in the related
[(NH3)3Ru(u—X)3Ru(NH3)3}2+ complexes where X~ = Cl1~, Br~
Cl~, the average Ru-X-Ru angle is 70.2°; whereas

o ) 57
Cl™, the angle is 68.5 ?6’

When X~

when X~
‘ o)
The average Ru-I distance is 2.68A, and the average
o
Ru-Cl distance is 2.54A, slightly longer than in the crystal

structure of the pure complex.

(c) Conclusions

As the size of the bridging ligand increases the metal-
metal interaction decreases. However, in Robin and Day's29
classification the interaction must always be regarded as
strong.

The crystal structure of [(PMe;Ph);Ru(u-I);Ru(PMe,PH) ;] ™

shows the expected larger metal-metal distance than when
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Figure 3.2.5: View of the [(PMezPh)3Ru(u-I)3Ru(PMe2Ph)3]+

Cation




Table 3.2.2:

Ru(l)
Ru(l)
Ru(l)
Ru(l)
Ru(l)
Ru(l)
Ru(l)
Ru(l)
Ru(l)
Ru(2)
Ru(2)
Ru(2)
<Ru(2)
Ru(2)
Ru(2)
Ru(2)
Ru(2)
Ru(2)

-9¢6 -

Selected Bond Lengths and Angles for

[(PMe,Ph) ;Ru(u-I) ;Ru(PMe,Ph) 5]+

Bond Lengthé(A) with

- I(1)
- I(2)
- I(3)
-C1(1)
-C1(2)
-C1(3)
- P(1)
- P(2)
- P(3)
- I(1)
- I(2)
- I(3)

-Cl(1l)

-Cl(2)
-C1l(3)
- P(4)
- P(5)
- P(6)

2.591(10)
2.599( 9)
2.736( 7)
2.604( 9)
2.562(10)
2.545( 9)
2.319( 4)
2.297( 4)
2.291( 4)
2.668(10)
2.738( 9)
2.740( 7)
2.562( 9)
2.483(10)
2.504( 9)
2.297( 4)
2.308( 4)
2.279( 4)

standard deviations

P(1l) -C(1l1ll)
P(l) -C(1l21)
P(1) -C(131)
P(2) -C(211)
P(2) -C(221)
P(2) -C(231)
P(3) -C(311)
P(3) -C(321)
P(3) -C(331)
P(4) -C(41ll1)
P(4) -C(421)
P(4) -C(431)
P(5) -C(511)
P(5) -C(521)
P(5) -C(531)
P(6) -C(611)
P(6) -C(621)
P{(6) -C(631)

.827( 8)
.802(14)
.831(14)
:845( 8)
.796(15)
.829(15)
.843( 8)
.816(16)
.810(15)
.845( 8)
.815(13)
.848(14)
.844( 8)
.818(14)
.817(16)
.842( 8)
.818(14)

.821(14)

O N = o B R Rl ol o o

e e

Angles(degrees) with standard deviations

Ru(l) - I(l)

Ru(l) - I(2) -Ru(2) 81
Ru(l) - I(3)

Ru(l)

Ru(l) -Cl(2)
Ru(l) -Cl1l(3)
P(1l) —Ru(l)
P(1l) -Ru(l)
P(2) -Ru(l)
P(4) -Ru(2)
P(4) -Ru(2)
P(5) -Ru(2)

-Ru(2) 83.

~Ru(2) 79

-Cl(l)l-Ru(2) 85

-Ru(2) 87.
~Ru(2) 87

- P(2) 94.
- P(3) 92.
- P(3) 97.
- P(5) 94.
- P(6) 94.
- P(6) 97

4( 3)

.86(25)
.41(18)
L2( 3)

8( 3)

.70 3)

21(13)
81(13)
84(13)
49(13)
37(13)

.70(12)
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X~ = C17. The metal-metal distances increase as the size
of the bridging ligand increases but the average M-X-M

angle decreases.

3.2.2 M = Osmium

The complexes where L = PMe,Ph; X~ = Cl~, Br~; n =1
were made according to the method of Coombe and Stephenson.zs(b)
When L = PMe;Ph, X~ = I7; n = 1; a variation of this method

was used.

Electrochemical and spectroelectrochemical studies
were carried out as in Section 3.2.1. 1In this case the
[ (PMe,Ph) ;0s (1-X) ;0s (PMe,Ph) 3 3% specieé could be observed
by spectroelectrochemical methods. The oxidation state was
not available for study'in the case of the ruthenium contain-
ing complexes. This enabled the extended study of the
dependence of metal-metal interactions on both the nature
of the bridging ligand and the overall oxidation stéte of

the complex. The results are shown in Table 3.2.3.

(a) Electrochemistry

All species have similar electrochemical behaviour.

All show two reversible one-electron oxidations. The
complex where X~ = I~ is oxidised at slightly less positive
potentials than when X~ = Cl1~, Br~. This behaviour is

analogous to that observed for the ruthenium compounds.

(b) Spectroelectrochemistry

- - - > . . -_— - - -~ - - am ~— ——— B o oy as
When X© = C17, Br™; n = 2 two near infra-red bands are

observed in the electronic spectrum. As in the case of the

ruthenium complexes the band halfwidth, Ay, was found to be
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Table 3.2.3: Electrochemical and Spectroelectrochemical

Results for [(PMe,Ph) ;0s(u-X)3;0s(PMe,Ph),]*t

X E1/2 (V versus Ag/AgCl)? Vpax (cm™ ) e (mol~'cm™'dm?)

Ir,11/11,1I11 11,III/ITII,III I1,IIT ITI,ITI IT,IIT IiI,III

Cl'b +1.05(O.060)d +1.57(0.080) 5000 11480 4875 7220
9200 15000 650 2116

Br=C +1.06(0.060) +1.56(0.080) 4870 10730 4252 6888
8350 14501 425 1871

1-¢ +0.99(0.060) +1.44(0.080) 4970 9640 2416 2348
7840 11400 470 1510
11000 17400 403 839

a. Ferrocene/Ferrocinium at +0.56V

b. In Methylene Chloride/0.5M TBABF, at T = 290K (for

electrochemistry) and T = 243K (for spectroelectrochemistry)
c. In Acetone/0.1M TBABF at T = 290K (for electrochemistry)
~and T = 243K (for spectroelectrochemistry)

d. EpF - EpR values are shown in brackets
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independent of temperature and the peak position, vpgx. is
independent of the solvent used. Both of these factors
indicate a strong metal-metal interaction in

[(PMe,Ph) ;0s (u=-X) 30s (PMe,Ph) 5] 2t. 1In the case of X~ = I~
three bands are observed in the near infra-red region of the
electronic spectrum. This is presumed to be due to a spin
orbit coupling effect which has been discussed in Chapter 1,
section 1.1. Figures 3.2.6 - 3.2.8 show the spectrum
observed for X~ = Cl~, Br~ and I~ respectively.

The most intense band observed in the near infra-red
region is always the low energy band. On changing the
bridging ligand the energy of the intense band does not
change significantly. The energy of the weaker band does
however decrease as the size of the bridging ligand increases.
The extinction coefficients of all the bands decrease as the
size of the bridging ligand increases. Both of these
observations indicate a decrease in metal-metal interaction

as X~ increases in size.

Spectroelectrochemical monitoring of the n = 3 oxidation
state, [(PMe,Ph)3;0s(u-X)3;0s(PMe,Ph);]3t, shows the near
infra-red bands moving to higher energy for X~ = Cl-, Br~, I~

indicating an increase in metal-metal interaction as a
further electron is removed from the complexes. Figures

3.2.9 - 3.2.11 show the observed spectra for X~ = Cl-, Br~,

I” respectively. Thus we are suggesting that as the complexes
are oxidised to the n = 3 oxidation state so the metal centres
move closer together. To date we have been unsuccessful in
growing crystals of [LgOs(u-X)gosL3]3+, where L = tertiary

phosphine ligand, suitable for an X-ray crystallographic study.
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VIS/NIR Absorption Spectrum of
[ (PMe;Ph) ;0s (u-C1) ;0s (PMe,Ph) 5] 2%

in Methylene Chloride / 0.5M TBABF,

at T = 243K
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Figure 3.2.7:
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VIS/NIR Absorption Spectrum of
[ (PMe, Ph) 30s (p=Br) 30s (PMe,Ph) ;127

in acetone / 0.1M TBABF, at T = 243K
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Figure 3.2.8: VIS/NIR Absorption Spectrum of
[(PMe,Ph) ;0s (u-I) ;0s (PMe,Ph) 5] 27
in Acetone / 0.1M TBABF,
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UV/VIS/NIR Absorption spectrum of
[ (PMe,Ph) 30s (u=Cl) 50s (PMe,Ph) 3137
in Methylene Chloride at T = 243K

Figure 3.2.9:
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Figure 3.2.10: VIS/NIR Absorption Spectrum of

[(PMe,Ph) ;0s (u-Br) 3;0s (PMe,Ph) ; 137

in Acetone / 0.1M TBABF, at T = 240K
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Figure 3.2.11: VIS/NIR Absorption Spectrum of
[(PMe,Ph) 30s (u-I)3;0s(PMe,Ph);]3%

in Acetone / 0.1M TBABF,
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The electronic absorption spectrum shows more extreme

differences in the n = 3 oxidation state as the bridging
ligand is changed than in the n = 2 state. All near infra-
red bands decrease in energy as X increases in size. This

is probably due to the faqt that the metal centres are
closer together than in the n = 2 oxidation state. Again
the extinction coefficient of the near infra-red bands
decrease as the size of X increases.

In the ruthenium complexes the most intense band
observed was not always the low energy one; as X decreased
in size the high energy band became more intense until at
X~ = le the most intense band is that at high energy.
Thié effect is not observed in the case of osmium complexes.

This observation will be discussed more fully in Chapter 4.

(c) Conclusions

We conclude for the diosmium species that increasing
the size of the bridging ligand decreases the extent of

metal-metal interaction which is in agreement with the

ruthenium complexes. This effect is more apparent in the
oxidation state n = 3 than n = 2.
3.3 EXPERIMENTAL

Electrochemical studies were performed using a PAR
model 170 potentiostat and programmer as described previously.
Temperature control was achieved as previously described.
Spectroelectrochemical studies were carried out as
described previously using the O.T.T.L.E. cell. The tempera-

ture was controlled as described previously. The Perkin-Elmer
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Lambda 9 Spectrophotometer was employed for these studies.

Spectra were recorded over the range 3,125-50,000 cm™!.

Elemental analyses were performed by the Chemistry Department,

Universify of Edinburgh. FAB mass spectra were recorded by

the Chemistry Department, University of Edinburgh, using

the Kratos-50TC Spectrometer, using 3-nitrobenzylalcohol

(3-NOBA) as the matrix.

Materials

Methylene dhloride was purified as described previously.
All other solvents were used as supplied without further
purification.

RuCl;+3H,0, K,0sClgs and 0OsO, were obtained from
Johnson Matthey.

TBABF, was prepared as previously described. PMezPh30
was prepared accofding to the literature method.
[(PMezPh)3M(u—X)3M(PMe2Ph)3]PFs where M = Ru, X~ = OH~,

11’6; M = 0s, X~ =Cl1-, Br‘5 were prepared

5

Cl-, Br—,

according to literature methods.

Preparation of Tri-u-iodohexakis (dimethylphenylphosphine)

diosmium (II,II) hexafluorophosphate

.0sI;(PMe:Ph)3; (0.1g) (see 2. for preparation of this.

complex) and PMe,Ph (0.0625 ml) were stirred together
for a short while in degassed 2-methoxyethanol under N,.
The colour remained dark green/blue. The mixture was
warmed to 50°C. After 30 minutes the solution was
yellow in colour. The solution was maintained at this

level of heating for a further hour. No further change
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in colour occurred. - It was expected that the yellow
solution contained the OsI, (PMe,Ph), complex on .the
basis of the known reaction of 0sCl;(PMe,Ph); and

PMe,Ph in 2-methoxyethanol giving dsClz(PMezPh)u.
Following this method, the volume of the solution was
reduced and acetone was added. No solid however formed.The
solukion s left overnight with no formation 6flsolid.

The volume of the solution was reduced to dryness and
diethylether was added. A yellow solid then formed.

A FAB mass spectrum suggested that this complex was

the desired triple iodo-bridged complex.

The counterion was exchanged for PF¢~ by dissolving

. the compound in acetone and adding methanol/exceés
NH,PF¢ to this. Slow evaporation yielded yellow/

orange crystals. These were washed with water, methanol

and -diethylether and dried in vacuo (0.052g, 59% yield).

Elemental Analysis Found C: 33.51%, H: 4.02%, N: 0%

Calculated for [ngHeeI3OSzP5]PF5

C: 33.22%, H: 3.81%, N: 0%

FAB mass spectrum Found Mt = 1591 (100%)
1450 (5%)
1315 (15%)
Calculated for [(PMe,Ph) 3;0s(u~ 1) ;0s(PMe,Ph);]+
Mt = 1589

[(PMe,Ph) ;0s (u- I ) ;0s (PMe,Ph),]*

Mt = 1451

[(PMe,Ph) ;0s (u~ I ) ;0s(PMe,Ph)]+

Mt = 1313




Elemental Analysis

FAB mass spectrum
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Preparation of Tris(dimethylphenylphosphine) tri-iodo

osmium(III)

To a mixture of 0sO,

(0.1g), ethanol (5 ml)

and concen-

trated HI (0.71 ml), PMe,Ph (0.3 ml) was added. The

red/brown solution immediately turned blue/black.

This

was left stirring for 1 hour andihﬁs+kﬂ;left for a few

hours after which blue/black solid formed.

filtered and washed with water,

"and; was dried in vacuo

Found

Calculated for

Found

Calculated for

and

(0.22g, 57% yield).

C: 28.92%, H;

Cqu33IgP3OS

C: 29.23%, H: 3.35%,
M+ = 985  (4%)

860 (100%)

846  (5%)

734 (100%)

OsI; (PMe,Ph) ;
Mt = 985
OsI, (PMe,Ph) ;
Mt = 860
OsI; (PMe,Ph),

Mt = 846

OsI(PMezPh)3

Mt = 734

3.24%,

This was

N:

‘N:

0

0

%

%

cold ethanol and hexane
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Single Crystal X-Ray Structure of [(PMe,Ph) ;Ru(u-I) 3;Ru-

(PMeZPh) 3 ]PFS

This complex was prepared as described previously.

Crystal Data: [CygHgeIg.s1Cla.19PgRu]PFg, M = 1355.46,

monoclinic, space group]szgf a = 14.510(6), b = 16.493(6),
c = 23.949(10)&, 8 = 97.026(33), V = 5694.18% (from setting
angles for 11 reflections with 30 < 26 < 35, X = 1.541842),
2 = 4, Dcale = 1.581g cm™3, T = 293K, orange tapered plate,

0.693 x 0.154 x 0.015 mm, p = 111.654 cm™!, F(000) = 2723.

Data Collection and Processing: StOe STADI-4 diffractometer,

graphite monochromated Cu-K, X-radiation, T = 293K, w/28
scans with scan width (0.99 + 0.347 tan®9)°, 8303 data
collected (Zémax 120°, h-16->16, k-0-+26, 1 0+26), 7322 unique
data (Rjpt = 0.0521), giving 5744 with F > 60(F) for use in

all calculations. No significant crystal decay or movement.

Structure Solution and Refinement: A Patterson synthesis

located the heavy atoms and subsequent iterative cycles of
least—squafes refinement using SHELX—7631 and difference
Fourier synthesis located aii non-H atoms. Refinement
showed that there was 72% [(PMe,Ph) ;Ru(u-Cl) ;Ru(PMe,Ph) ;] PFe
and 28% of [(PMe;Ph) ;Ru(u-I);Ru(PMe,Ph);]PF¢ in the crystal
used for data collection. All non-H atoms were refined (by
least squares on F'°) with anisotropic thermal parameters.
The phenyl rings were fixed to be rigid hexagons. H atoms
were fixed in calculated positions using AFIX. DIFABS32

absorption correction was carried out with minimum correction

= 0.881 and maximum correction = 1.056. At final convergence
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R = 0.0711, Ry = 0.0968, S = 1.005 for 309 refined para-
meters and the final AF synthesis showed no peak above
0.714eR~° or below 0.624eA~3. The weighting scheme W~! =
o?(F) + 0.001329F? gave satisfactory agreement ahalyses and

in the final cycle (A/0)pax was 0.144.

31

Atomic scattering factors were inlaid or taken from

reference 3I. Molecular geometry calculations utilised

34

CALC. The figure shown in section 3.2.1 was produced

using ORTEP.35
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CHAPTEHR 4

VARIATION OF TERMINAL LIGAND, L

L = TERTIARY PHOSPHINE LIGAND
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4.1 INTRODUCTION

It has been widely observed that altering the substi-
tuents on P(III) ligands‘markedly changes the behaviour of‘
the ligands themselves and their transition metal complexés,
in particular in their structural, spectroscopic and
chemical properties. This was originally rationalized
entifely in terms of electronic effects.

A general view of how PX; ligands, X=halide, bind to
transition metals was proposed by Chatt.1 He suggested
that the lone pair on the phosphorous forms a o-bond with
the metal and that unfilled phosphorous 34 orbitals accept
electron density from the metal to forma m-bond. This can

be represented as follows:

-
()

This view excludes PRy and PHj;, R=alkyl group, as only
strongly electronegative atoms can cause sufficient contrac-
tion of the phosphorous 34 o:bitals to make them suitable
for nm-bonding thus; PH; and PR; were originally classified
as strong g-donors énd weak m-acceptors; whereas P(OR); and
PF; were considered to be weaker o-donors and very strong
T-acceptors.

This explanation of transition metal-phosphorous bonding

has been a subject of much controversy over the years. The
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guestion being whether phosphorous can actually be involved
in m-back bonding and if so does it use its d-orbitals.

The m-acceptor theory above has been used to explain the
properties of the transition metal-phosphorous bond.

It was however widely accepted that the extent of
m-back bonding varied from ligand to ligand. Many groups
have been involved in determining the extent of m-acceptance
in tertiary P(III) ligands by measuring the v (CO) stretching
vibration iﬁ complexes such as Mo(CO)3L32 and CO(CO)3(NO)L,3
where L=tertia¥y P(III) ligand. The v (CO) stretching
vibration is used as a measure of m-acceptance because the
bonding of CO to a metal céntre can be viewed in a similar
manner to that described for tertiary P(III) ligands except
that in CO the acceptor Qrbital is an unfilled rn*-orbital.
When both CO and P are bound to the same metal they compete
for the electron density in theﬂfilled metal d-orbital.

Weak m-accepting tertiary P(III) ligands allow more donation
to the CO n*-orbital hence causing the v (CO) stretching
vvibration‘to be lowered and vice versa for strongly
m-accepting tertiary P(III) ligands. The following order of
m-acidity resulted from these studies: ‘

NO > CO > PF; > PCly; > P(OPh),; > P(OMe); > PPh; >

PMe; > PEt; > P(NCsH;,) 3 |

Cotton4 stated that measuring differences in the v (CO)
stretching vibration was not as good a method of measuring
m—acidity as using force constant changes following the
development of the Cotton-Kraihanzel force technique.5 This
gave a slightly different order of w-acidity. A major

difference being that PF; was found to be a better m-acceptor
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than CO. This observation was later reinforced by photo-
electronspectroscopy studies on Ni(CO), and Ni(PF3)“.6

Bigorgne7 opposed the idea that the P(III) ligands
could be involved in any form of mn-back bonding. He
measured the B; v(CO) stretching vibration for a series of
Ni(CO) ;L and Ni(CO),L, complexes where L=PMe;, PEt;, PPh,,
P(CECPh)3, P(CF3) 3 and PF3; and plotted this as a function
of the Taft inductive constant, o, and obtained a straight
line correlation. Tolman8 repeated this work using a
larger set of ligands and used the A; v(CO) stretching
vibration as a measure of the electronic effect. Tolman
refers to the stretching vibration parameter, v(CO), as a
measure of the electron donor-acceptor property of the
-tertiary P(III) ligand rather than the T-acceptor strength.
The results.shéwed that the values for alkyl, aryl, alkoxy
and aryloxy P(III) ligands tend to correlate with g,
however those for PF;, PH; and P(CF;); do not.

The oxidation state of the metal is also important
regarding the nature of the bonding present between the
metal and the P(III) ligand. When the metal centre is in a
low(oxidation state the ligand may be involved in mw-back
bonding whereas if the oxidation state is high then it is
likely to be‘involved only in o-donation.

From the above discussion it is apparent that it is
not necessary to explain the bonding characteristics of all
P(III) ligands in terms of m-back bonding.

Attempts have been made to separate quantitatively o-
and m-effects. Angelici9 studied a series of cis-Mn(CO) ;L,

complexes where L=tertiary P(III) ligand, amine. A linear
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10 and the V(CO) stretching vibra-

correlation between pKa
tion for all P(III) ligands was observed. Essentially pK,

is a measure of the o-donicity of the ligand. Thus it was
concluded that all the P(III) ligands studied showed no
n—effects. Graham11 and then Treichel12 used force constants
to separate o- and m-effects. Their results were however
debatable as they showed PNBu; to be as good a m-acceptor

as P(OPh);. On the whole these earlier studies have‘been
unsatisfactory, mainly due to the limited range of compounds
studied. More recent studies by Golovin13 have proved more
successful and will be discussed later.

Molecular orbital calculations have been carried out to
determine the electronic nature of the frontier.molecﬁlar
orbitals of PH;, PMe; and PF3.14 As expected the LUMO of
PF; was found to have_ﬂ—accepting properties whereas PMe;
did not. Surprisingly however the results showed that the
low-lying m-acceptor orbitals consisted primarily of
phosphorous orbitals with substantial 3p character and the
ordering of the LUMOs in energy terms is:

PF3; < PH3; < PMej;
Thus calculations predict back bonding to PF; is enhanced
over PMe; due.to the character of the LUMO and its more
favourable energy. Further theoretical work has also shown
that the d-orbitals on phosphorous are not necessary for a

quantitative description of m-bonding effects.15

The
m-acceptor orbitals in this study were also shown to consist
mainly of phosphorous 3p character.

So far only the electronic effects of P(III) ligands

have been discussed. In addition to these it has been
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observed that steric effects are at least as importarit.16

Steric effects are the result of non-bonding forces
between different parts of a molecule and may be altered by
changing the angle between parts of a molecule either by
repulsive interactions or by structural constraints.
Electronic effects are transmitted along a chemical bond and
may be altered by changing the electronégativity of the

substituents on the ligand.]”’lt

17

This can be represented as

follows:

Electronic Steric

18

For example,
P(CH3 ) 3 and PL@J‘) 3 have

different electronic effects but are sterically similar

whereas the opposite holds for

PF<:::>FOCH3)3 and P(<::j> )3

These effects are often difficult to sepérate. Tolman
has however quantified both steric and electronic parameters

for a wide range of P(III) ligands.
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Steric effects have been éuantified as the ligand cone
angle, 6. 6 is defined as "the angle of the cone with the
apex at the metal which just-encloses the Van der Waals
surface of all the substituent atoms on the P(III) ligands,
assuming that the bond length TM-P = 2.288".

This can be shown as follows:

These have been measured using molecular models. There
has been SOngEggéfpvéfsy over the method used to measure 6
for bulky ligands such aS»tricyclohexylphosphine and ligands
of the type PR;R' and PRR'R".

For bulky ligands Alyea19

introduced the concept of ligand

profiles which are plots of 6/2 versus ¢, where ¢ is the angle

of rotation about the M-P bond:

M 0/2 RTY S
¢ ,
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This allows visualization of ligand sizes. It was

observed that the P(III) ligands do not behave like regular_

- solid cones.

For ligands of the type PR;R' and PRR'R" Tolman20 used

the following method for calculation of 6.

(93/2
85/2

3
where ©=2/3 Z 612
=1

1/ 2 e

De Santo21 et al. used the method of ligand profiles

together with molecular orbital calculations to calculate cone .
angles. They calculate 6 for all low energy conformations of
some P(III) ligands and consider these individually and as a
contribution to overall weighted average cone angles rather
than choosing the single conformer which minimizes 6 as Tolman
did. Tolman has however measued 6 values for a much wider
range of ligands and these are more widely accepted. Tolman's
16,17

8 values will therefore be used in this work.

Electronic properties have been quantified as discussed

~
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. 8,17
previously,

that is by measuring the A, carbonyl mode of
a range of Ni(CO) ;L complexes, where L=P(III) ligand. When
L=PtBu3,-the lowest value of the v (CO) stretching vibration
was observed, v=2056.1 cm™!. It was observed that successive
replacement of one substituent on phosphorous by another

causes the v(CO) stretching vibration to change by almost

constant increments. Tolman stated that for PX;X;X3s:

. 3
v = 2056.1 + I Xi

=1
where Xj is a measure of the substituent contribution to the
electronic effect of the ligand. Xj is obtained for species
.of the type PR3 by (v(CO) - 2056.1)/3 = Xi. For ligands of
the type PR;R' and PRR'R" an overall X value can therefore
be obtained by adding substituent contributions or unknown
v (CO) stretching vibration values can be predicted.

Bodner22 determined electronic parametefs for a number
of tertiary P(III) ligands using '°C n.m.r. chemical shifts.
These were found to be in close agreement with those of
Tolman. In this work the electronic parameter, X, of a
particular P(III) ligand is taken to be:

v (CO) (for Ni(CO)3;L) - 2056.1 = ¥, L=P(III) ligand
using the v(CO) stretching vibration values obtained by Tolman.

There are many examples where the behaviour of a

iparticular series of TM-P complexes can be attributed to one

or other of these effects.

1. Electronic effects

There are many cases where electronic effects can dominate.

For a series of NiL, complexes, where L=tertiary P(III) ligand,
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it was found that as the electronic parameter of the ligand
increased the observed band maximum in the electronic
spectrum moved to higher energy.20 Electrochemical results
also correlate with the electronic properties of the phosphine

23 complexes, where

ligand. In a group of Mn(nCngMe)(CO)zL
L=P(OPh) 3, PPh; and PEt;, there is a linear relationship
betwéen the v(CO) stretching vibration (i.e. electronic
parameter) and their oxidation potentials. The redox properties
bf a series of[Mn(CO)51J+24 complexes, which undergo a one-
electron reduction also vary with the electronic parameter

of L, the tertiary phosphine ligand, with the reduction
becoming easier as L becomes more electron withdrawing.

13 have shown that the

Extensive studies by Golovin
oxidation potential for complexes of the type of MeCp(CO),MnL
varies linearly with Tolman's electronic parameter of the
tertiary phosphine ligand, L. He has classified the ligands

studied into three groups to give more satisfactory results

than the earlier work of Graham.

Class 1: o-donor / mw-donor
PR3, R%Et, Bﬁ, Cy
Class 2: g-donor
PMe,, PR,_yxPhy
x=1,2 R=Et, Me
(pXPh) 3P, X=H, Me, OMe

Class 3 oc-donor / m-acceptor
P (pClPh) 5, P (OR) 3

R = Ph, Me, Et, iPr, P (OMe)Ph,
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This classification was drawn up on the basis of a
correlation of the oxidation potential, ES', with the PK,
values of R3;PHt. Complexes with Class II ligands give a
straight line correlation for pK, versus E?' ; Class III
ligands lie to the right of the line and Class I ligands to
the left. | |

For Class II compounds the ease of oxidation must depend
entirely on the o-donicity of the ligand. For Class I, the
complexes are easier to oxidise than implied by the PK,
values of the P(III) ligands. This is thought to be due to
the m-basicities of the ligands. Members of Class III show
the opposite effec£ i.e. the ligands are péorer overali
electron donors than expected by their PK, values; this is
attributed to the onset of w-acidity.

It is important to note that pKé values are dependent
upon interactions between P and the hard acid, Ht, rather
than a soft acid such as a low valent metal.

More recent studies by the same group have attempted
to separate ¢- and ﬂ-effectg without relying on PK, values.25
The electronic properties of tertiary phosphines were
analysed using the v (CO) stretching vibrations and ES
(reduction potential) values of the family of complexes
nCpFe (CO)LCOMe, nCpFe(CO)LMe and nCp'FeL(CQ)COMe where
Cp' = MeCsH,~ and L = tertiary phosphine. A linear correla-
tion of E? versus the v (CO) stretching vibration was
obtained for pure o-donors (Class 2 ligands); when m-effects
are present there is cénsiderable scatter (Class 1 or 3 |

ligands).
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2. Steric Effects

Steric.effects dominate in many cases, for example,
rates of reaction, equilibrium constants, UV/VIS spectra,
electrochemistry and molecular structures can all be
correlated with 6.

The monomeric family of complexes, RuX,Lj, where
X= halogen, n = 3 or 4 and L = tertiary phosphine ligand,
when dissolved in polar solvents such as methanol participate
in several equilibria to form binuclear4species of the type
[L3Ru(u-X);Rul; ]*.

However, for bulky.ligands such as PPh; only the mono-
nuclear species is observed.26

It has been obéerved in a series of NiBrsz27 complexes
where L = PMePh,, PEtPh, and PPh, (tBu), that as the size of
the tertiary phosphine ligand increases the lowest frequency
transitién in the electronic spectrum shifts to lower energy;
being at 11,680 cm~! for L=PMePh, and 10,800vcm'1 for
L = PPh, (tBu).

Electrochemical results have also been explained using
steric effects. [Co(éalen)Lz]+ and [Co(DH)2L2]+,28 where
salen = N,N'-ethylene bissalicylidene-iminato: and DH =
dimethylgloximato, L = tertiary phosphine, both underéo a
one-electron reduction, which shifts anodically as the size
of L increases. For [Co(DH),L,]%, when L = PPh; the
reduction of Co(III) to Co(II) occurs at Ei = -0.14V versus
SCE; when L = PMePh, the same reduction process occurs at

-0.61V {(also versus SCE).
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We set out to explore the effects of varying the

terminal tertiary P(III) ligand on a series of compounds

of type I, which were first made by Chatt,29

— T n“'
L
\\\‘ ///
Li::;bA —X— N{\\\ L
L \ / L
I
. where M=Ru, Os; X~ = Cl7; n = oxidation state and L is a

variety of tertiary P(III) ligands. Species of this type
undergo two reversible one-electron oxidations as previously

discussed, i.e.

(M(II)M(1II)] \i— (M(II)M(III) %t ;—L—’ [M(III)M(III)] 3t

As before the M(II)M(III) state is of particular interest as
this is the mixed-valence state. All species of this type
studied to date by spectroelectrochemical methods have been
shown to be delocalised systems i.e. the metal centres are
strongly interactiné. We wanted to determine whether varying
the tertiary P(III) ligand could alter the extent of the
metal-metal interaction.

Crystal structures of the species [LiM(p-X);ML;] Dt
where L = PEt,Ph, 30 PMeZPh31 and PMe332; X=Cl; n=1
and M = Ru have been determined previously. The metal-metal
distances and'ku—Cl-Ru_angles in these complexes vary; both
are smallest when L = PMe3(3;283, 82°) and largest with
PEt,Ph (3.44R], 87.9°). This suggested to us that different

P(III) ligands may show different degrees of metal-metal
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interaction. We wished to probe this interaction‘for many
different terminal tertiary phosphine ligands by spectro-
electrochemical techniques.

A spectroelectrochemical study of the related complex
[ (NH3) sRu(pu-Cl) sRu(NH3) 3 ]1** in acetonitrile gave two

absorption bands at 17,150 cm™! (strong) and 7,140 cm™!

33

(weak) . This result was compared with [(PEtzPh)3Ru(u—Cl)3-

Ru(PEt,Ph); ]2 which exhibited one band at 4350 m-133/,34

It was suggested on the basis of these results that the
greater the degree of m-basicity exhibited by the terminal
ligands then the greater the extent of electron delocalisa-
tion between the two metal centres i.e. the metal-metal
interaction increases. A similar argument has been applied
to explain the crystal structure data i.e. the more basic
the P(III) ligand then the shorter the metal-metal distance.
The results can be correléted with the steric parameter,ve,
of the ligand. The data available were extremely limited
and it was therefore difficult to say if the observed effects
were due to m-basicity, steric parameter or a combination of

the two factors.

No data are available for Osmium complexes.

4.2 RESULTS AND DISCUSSION
A range of binuclear ruthenium and osmium species

[L3_M(u-X)3ML3]+ has been prepared using sténdard literature
26,29,35,36

preparations where L = PMePh,, PMe,Ph, PMegj; PEtPh,,
PEt,;, PDPr,;, P(OMe)Ph,, P(OMe),Ph, P(OMe),; X~ = Cl~;.
M = Ru; L = PMe,Ph, PEtPh,, P(OMe)Ph,, P(OMe)zPh, P(OMe) 3;

X = Br~; M= Ru and L = PMePh,, PM,Ph, PEtPh,, PEt,Ph, PEt,,
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PNPr;, P(OMe)Ph,; X~ = Cl7; M = Os. The counterion used
in every case was PFg~ except when L = PEt,Ph; X~ = Cl17;
M = Ru, where BF,” was used.

Several new binuclear species were prepared M = Ru;

L

P(OMe)3; X =Cl5, Br5 M = Ru, L = P(OMe)Ph,, P(OMe) ,;Ph,
X~=Br~; M = Os, L = P(OMe)Ph,, X7™=Cl7; using the standard

26,35,36 The complex where L = PMej;,

preparations available.
M = Ru, X~=Cl~ had been previously prepared by Wilkinson32
involving the reaction of cis-RuClMe (PMe;), with AgBF,. We

6,36 could be

however found that the method of Stephenson2
used with better results. This method involves thé inter-
action of RuCl, (PPh3)3; with PMe; in methanol. Wilkinsoh had
previously stated that [(PMe;) sRu(u-Cl) sRu(PMej) ;3 ]t was
stable in air over a period of several days. However using
our preparation the PMe; containing complex was found to be
indefinitely stable. Schemes 4.2.1 and 4.2.2 detail the
methods used for preparing the ruthenium and osmium complexes
respectively.

It should be noted that the binuclear osmium complexes
proved much more difficult to make than those of ruthenium
thereby limiting the range available for study.

The electrochemical, spectroelectrochemical and

theoretical results will now be discussed.

4.2.1 Electrochemistry

(a) M Ruthenium

Electrochemical studies were carried out as previously
described in methylene chloride/0.5M TBABF, when X~ = Cl-~

and acetone/0.1M TBABF, when X~ = Br~. All complexes studied
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Scheme 4.2.1: Methods used for Preparation of Complexes
of the Type [L3Ru(u-X)3;RuL;]* where
L = tertiary phosphine ligand and X~ = Cl17,
Br~

[RuclicoD),,

jEtOH, NH2NM€32

[RuH(COD)(NH2NMez)3]

JL P(OMe)Ph2 P(OMe),Ph, POMe)y 35

+

L\ /H\ /

L L

L/ H/ \L

Me2CO/MeO HX, X=ClL B o
211 L= P(OMe)Ph P(OMe) oPh P(OMe)

MeOH/MH,O /2‘9 , MeOH 26

Ru X 3'3H20 + L Ru X2(PPh3)3+ L
- —4 Y = I ‘ - PN loy Npea
L= PCLPnZ, P.._t2pﬂ, L= Pn\/l\,B. F‘L’t}P P13 |
PMePh2 PMEZPh _ P(OMe)Ph2.P(OMe)2Ph

X=CrI | X=Cl~

L= PMeQPh, PEt Ph2

X=Br
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Scheme 4.2.2: Methods used for Preparation of Compléxes
of the Type [L3Os(p-Cl)PsLi;]t where
L = tertiary phosphine ligand

*

[al,Loscie] « L L A=NHy K |
L= PEL, . P"Pr, , PMePh

3 3 2'
2 | PEtPho
MeOH/H >0
L
] N / Cl \ {_
/)S N Cl/ \ L
33(b) /sobutanol MeOH
cns'OsCI trans- OsC12L4
L |sopropyl alcohol hexane
. L=P(OMe)Ph >
mer()s(:l3L3 Q§C12(PPh3)3 + L
L =PMeo Ph, PE‘czPh MeOH

[?ﬂz[Osas] + HCl+ L [I\Ja]Q[bsCIG] « PPN_
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undergo two one-electron oxidations. The cyclic voltammo-
gram and a.c. voltammogram for L = PEt;, X =Cl7, M = Ru
are shown in Figure 4.2.1.

The oxidation potential values for [Ls;Ru(u-Cl)s;RuL;]*t
are given in Table 4.2.1 which also includes the difference
in anodic and cathod%c peak potentials for each redox
process (AEp). It is immediately obvious from the results
that the terminal ligand L greatly influences the potentials
of the metal-based redox steps. The potential of the first
oxidation process [L3Ru(u-Cl);RuL3]+/2+ can be shifted 470V
more negative by replacing L = P(OMe)s; by PEt;. The AEp
values for the first oxidation process range from 60-70mV
indicating eleétrochemical reversibility; those for the
second oxidation process are larger ranging from 80-120mvV.
This may be due to a larger structural change occurring in
the complex on further oxidation or due to the fact that
these oxidations occur close to the breakdown of the solution..

It can be shown that the first oxidation potential of
each species is direcﬁly dependeﬂt on the electronic para-
meter of the tertiary phosphine ligand. This is shown in
Figure 4.2.2. There is no simple linear felationship
between the redox behaviour and the steric parameter, 6,
of the phosphine ligand.

The electrochemical results for the species where
X~ = Br~ display the same behaviour, that is, we observe two
one-electron oxidation process whose potential is dependent
upen L. This is shown in Table 4.2.2 and Figure 4.2.3.

Studies carried out in this laboratory37 on monomeric



Figure 4.2.1: Cyclic Voltammogram (c.v.) and a.c. Voltammogram of [(PEtj3)s;Ru(u-Cl)s;Ru(PEt;);] 7t
in Methylene Chloride / 0.5M TBABF,. T = 290K.

E4/o (V versus Ag/AgCl)

1.0

o4

o =Ct1l-



Table 4.2.1:

PMePh,
PMe, Ph
PMe
PEtPh, "
PEt,Ph
PEt;
PNPr,

P (OMe) Ph,
,P(QMe)zPh

P(OMe) 3
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Ey (V) values for [L3;Ru(u-Cl) ;RuL,;]* in

Methylene Chloride / 0.5M TBABF,

Ei /2 (V versus Ag/AgCl)a’b
I1,11 / 1II,III IT,III / III,III
1.36  (0.070) 1.78 (0.100)
1.23 (0.070) : 1.75 (0.100)
1.21  (0.060) 1.74¢
1.23 (0.060) 1.79 (0.080)
1.20 (0.070) 1.74 (0.100)
1.12 (0.060) 1.71 (0.080)
1.20 (0.070) 1.80 (0.090)
1.41  (0.070) 1.91°
1.48 (0.080) 1.85 (0.100)
'1.59 (0.060) 1.94 (0.100)
Ferrocene/Ferrocinium = +0.56V
T = 290K

EpF - EpR values are shown in brackets in

V (where EpF and EpR are the potentials at

the maximum of the forward and reverse

curves respectively).

[(PMe 3) ; Ru(p-Cl); Ru(PMe ;)3 ]° T coats the

(
lectrode

Irreversible even at low temperatures

(T=233K)



Figure 4.2.2: Graph of x(cm~!) versus E1/2(V) for
[LgRu(u—Cl)3RuL3]+ in Methylene Chloride /
X(Cm"1) 0.5M TBABF, at T = 290K.
T
25
P(OM:—;)3
207
F«kaﬂ2F%ﬁ
OFDKDBAGQF*WQ
15
PEtPhy / oPMePh,,
10
O;Mej:h
e
o7 3
FDEﬁjjh
PERB _
s{° o PMPrg
1 '
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E1/2(V versus Ag/Ag.C‘}.)5
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Table 4.2.2: E; (V) values for [L3Ru(u-Br) sRuL,] *

in acetone / (0.1M TBABF,

L . Eyn (V versus Ag/AgCl)a’b
11,11 / 11,111 I1,I1I11 / III,III
PEtPh, 1.8 (0.060) © 1.75 (0.080)
PMe,Ph 1.22 (0.060) 1.23 (0.080)
P (OMe) Ph, 1.39 (0.070) 1.88 9
P (OMe) , Ph 1.45 (0.070) 1.79 (0.090)
P (OMe), 1.51 (0.060) 1.86 (0.080)
a. Ferrocene/Ferrocinium at +0.56V
b. T = 290K
C. EPF - EpR values are shown in brackefs

d. Irreversible even at T = 233K
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Figure 4.2.3: Graph of Xem™') versus E;,;, (V versus Ag/AgCl)
for [Ls;Ru(u-Br)sRuLs;] /2%, at T = 290K in

-1 Acetone / 0.1M TBABF,
xX(cm ')
291
POMe),
o633
F«Dﬁ4eX2F*1
o)
S 4
:1 | 4 v L 4 Ls
12 Eq/o(Vversss 15
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complexes of the type RuCl;L; where L = PEtj;, PMe,Ph,

PEt,Ph showed that the metal based reduction potential was
dependent on the pKy value of the tertiary phosphine ligand
i.e. as the pK; value increases the reduction became more
difficult. In our studies of the binuclear complexes an
attempted correlation between the redox potential and the
pKa10 value is shown in Figure 4.2.4. On the basis of the
studies by Golovin et al. discussed previously we would
expect the Ei values for the complexes with L = PM2,, PMe,Ph,
PMePh,, PEt,Ph and PEtPh; to show a stréight line correlation
with the pKy; values. The complex with L = PEt; would be
expected to lie to the left of the line and those with

L = P(OMe)Ph,, P(OMe),Ph and P(OMe); to the right. We
observe that the complexes where L = P(OMe),;Ph and P (OMe) ;
show the greatest deviation from the straight line indicating
that these ligands exhibit a degree of mw-character in their
bonding. The other ligands are behaving purely as o donors.
The use of pKy values as a measure of o-donicity is however
suspect as discussed in Section 4.1. We maintain that a
more meaningful relationship is obtained using the electronic
parameter versus the electrode potential.

It has been previously stated (see Chapter 1) that the
separation between the first and second oxidation for
symmetric binuclear complexes is approximately 0.5V for
X~ = Cl7, Br~. Table 4.2.3 gives the values for X~ = Cl-.

It can be seen, however, that the separation variés with
different terminal tertiary phosphine ligands being 0.6V
when L = PNPr; and only 0.35V when L = P(OMe)3;. A plot of

the electronic parameter, ¥, against the separation in
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" Figure 4.2.4: Graph of pKy versus E,/, (V) for

[L3Ru(u=-Cl) ;RuL;]* in Methylene Chloride /
0.5M TBABF, at T = 290K
PKa
107
FDEI3
FDEzﬁquﬁo
F’Me2F’h
2

10 Eq/2(V versus Ag/iAgd! 5
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Table 4.2.3: Separation (AE (V)) Between the First and
Second Oxidation Potentials for
[L3Ru(u-Cl) ;RuL;]* in Methylene Chloride /

0.5M TBABF, at T = 290K

L AE (V)
PMePh, ) 0.42
PMe, Ph 0.52
PMe, 0.53
PEtPh, 0.56
PEt,Ph 0.54
PEt; 0.59
PNPr, 0.60
P (OMe) Ph, 0.50
P (OMe) , Ph | 6137

P (OMe) ; 0.35
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Figure 4.2.5: Graph of x(cm™') versus the Separation

251

between the Two Oxidation Potentials (AE)
in V of [L3Ru(u-Cl);RuL;]* in Methylene
Chloride / 0.5M TBABF, at T = 290K

Xem™) -

OROMQ)B

oP(OMe)Ph

P (OoMe) Ph2

0.3 | AE(V versusAgiagCO-5



-141-

oxidation potentials is given in Figure 4.2.5 which shows
that the separation tends to decrease as the ligand becomes
more electron withdrawing. We conclude that a 0.5V separa-
tion between the two redox processes is not necessarily
indicative of electron delocalisation between the two metal

centres.

(b) M = Osmium
Electrochemical studies on the binuclear osmium
complexes were carried ouﬁ in the same manner as in (a).
The osmium species all showed similar electrochemical
behaviour to that of equivalent ruthenium complexes.
Table 4.2.4 shows the redox potentials and Figure 4.2.6
shows the correlation of the redox potentials with the
electronic paraﬁeter, x, of the tertiary phosphine ligand.
We observe once again a linear relationship between the
electronic parameter and the oxidation potential with a
similar gradient as for the ruthenium analogues. All
oxidations occurred at V0.2V less positive than the

analogous ruthenium complexes (see Chapter 2).

(c) Conclusions

The redox behaviour of the binuclear ruthenium and
osmium complexes studied is dependent on the electronic
properties of the tertiary phosphine terminal ligand present.
A good correlation between the electronic parameter, ¥ and
the first metal-based oxidation potential has been achieved.
Thus by altering M, L and x we can fine tune the redox

chemistry of these binuclear complexes over a 0.69V range



Table 4.2.4:

PMeth

PMe, Ph

PEtPh,

PEt,Ph

PEt;

PnPr3

P(OMe)th
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Ey (V) values for [L3;Os(u-Cl);0sL;]*

in Methylene Chloride / 0.5M TBABF,

Ey (V versus Ag/Agél) a,b
II,II / II,III 11,111 / I1I,II1I
1.18 (0.060) € 1.51 (0.080)
1.06 (0.060) 1.56 (0.080)
1.04 (0.060) 1.58 (0.060)
1.02 (0.070) ~ 1.58 _ (0.080)
0.90 (0.060) 1.46 (0.070)
0.95 (0.060) 1.53 (0.070)
1.26 (0.060) 1.78 (0,080)

Ferrocene/Ferrocinium. at +0.56V
T = 290K

Epf - EpR values are shown in brackets
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Figure 4.2.6: Graph of x(cm™') versus E /., (V) for

[L3;O0s (u-Cl) 30sL3]* in Methylene Chloride /
0.5M TBABF, at T = 290K

x( cm)
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POMe)Ph, ¢
PVePh o,
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PEt>Ph
N
OP F%B
0.9 12
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for the first oxidation process and 0.48V for the second

oxidation.

4.2.2 Spectroelectrochemistry

In order to probe the metal-metal interactions in the
symmetric binuclear complexes further we studied, by
spectroelectrochemical techniques, the one-electron oxidation
product of all the compounds discussed in section 4.2.1.

The [L;3M(p-X)3ML3]?t mixed-valence state was electro-
generated in situ for each species in methylene chloride/
0.5M TBABFu: when X~ = Cl1l- and acetone/0.1M TBABF: when X~ =
Br~, at a suitable potential using the O.T.T.L.E. cell as
déscribed previously (usually 0.2V beyond the redox process).
The temperature was kept constant for each experimeht,
within the range 263-269K depending on the complex under
study. (A typical study is shown in Figure 4.2.7.)

The only species where [L3Ru(u-X)3:RuL;]®**t could be
observed was when X~ = Br~ and L = P(OMe);. This was shown

to be reversible for:

[(P(OMe) ;) sRu (u-Br) sRu (P (OMe) 3)s] +<;-_z-§ [(P(OMe) 3),Ru(u-Br) 3=
Ru(P(OMe)s) 3]2* S==  [(P(OMe) ) sRu (4-Br) sRu (P (OMe) )5 I°*

(T = 265K)

Several attempts were made to observe the

[LiyRu(p-X) 3RuL,; ] ** species for complexes containing other
tertiary phosphine ligands. However decomposition took
place even at very low temperatures (T = 223K) as observed
by a failure to regenerate the starting material spectrum.
All [Laos(u—Cl)gosL3]3+.species could be reversibly generated.

Initially we thought the difference in behaviour between
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Figure 4.2.7: Electronic Absorption Spectrum showing
the Conversion of
[((PEtPh;) sRu(u-Cl) 3Ru(PEtPh,); ]+t -
[(PEtPh;) sRu(u-Cl) ;Ru(PEtPh,);12% - in
Methylene Chloride / 0.5M TBABF,

e (Mol'em dm?) x10™

23904 138050
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analogous ruthenium and osmium binuclear complexes was due
to the more accessible oxidation potentials of the osmium
complexes. However when M = Os, L = P(OMe)Ph; and X7= Cl1~
the second oxidation occurs at +1.78V thch is similar to
the ruthenium species for L = PMe,Ph and X~ = Cl~ (E=+1.75V)
and in this case [LjRu(py-Cl;RulL;]3*t could not be observed. .
Furthermore in the [(P(OMe) ;) sRu(u-Br) ;Ru(P(OMe) ;) 3]t
complex the first and second oxidation potentials are at
+1.51 and 1.86V respectively. Thus there must be some other
factor governing the stability of the [L3iM(u-X)3;MLj3]3t
(vide infra).

The oxidation states will now be discussed in turn.

(@) [L3M(u-X) MLy} 7

Tﬁe spectra for analogous [LiRu(u-X);RuL;]t and
[L30s (u-X) 30sL;]" species are vefy similar. All spectra
are dominated by a high energy band at approximately 30,000
cm™! (en5000 mol~'cm~'dm?®) which .in most cases has a shoulder
at lower energy. Tables 4.2.5 - 4.2.7 give the position of
the observed‘bands. Figure 4.2.8 shows the spectrum of
[ (PEtPh,) ;Ru(p-Cl) ;Ru(PEtPh,) 5]+ which is typical of all
species.

We assign the band as an intraligand transition of the
tertiary phosphine ligand for the following reasons.

1. It does not chanée significantly in either

position or intensity upon oxidation which would‘

be expected if it were due to a charge transfer

transition.



Table 4.2.5:

PMePh,
‘PMe ; Ph
PMe ;
?Etth
PEt,Ph
PEt;
PNPr,
P(OMe)th
P(OMe)zPh

P(OMe) 3
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Positions of Bands

(Vmax) in the Electronic

Absorption Spectrum of [LzRu(u-Cl);RuL;]*

in Methylene Chloride / 0.5M TBABF, at

T

266K t 3K

-1
Vmax f(cm™")

25,600
27,965
27,000
29,551
29,241
32,100
24,400
27,473
25,700
28,936
27,000
30,000
26,900

30,267

27,778

31,000

33,335

(sh)

(sh)

(sh)

(sh)

(sh)

(sh)

e (mol='cm~'dm?)

3,548
- 4,489
3,484
4,057
2,330
2,282
1,766
4,010
1,431
2,294
1,709
2,279
2,047
2,831

5,878

6,946

2,460
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Table 4.2.6: Positions of Bands (Vmax) in the
Electronic Absorption Spectrum of
[L3Ru(u-Br)3RuL3]+ in acetone / 0.1M

TBABFy, at T = 266K = 3K

L Vmax  (em™!) e (mol~'cm™'dm?)
PMe, Ph 26,700 (sh) 3,247
28,736 3,477
PEtPh, 27,262 4,448
P (OMe) Ph, 26,882 4,984
P (OMe) , Ph 30,340 2 : 7,965
P (OMe) ; 32,176 2 4,733

a. In Methylene Chloride / 0.5M TBABF, at T = 266K

- to observe high energy band.
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Table 4.2.7: Position of Bands (vupax) in the Electronic
Absorption Spectrum of [L;Os(u-Cl)3;0sLj;]™t
in Methylene Chloride / 0.5M TBABF, at

T = 266K * 3K

L Vmax (cm™!) £ (mol~'cm~'dm?)

PMePh, 25,000 (sh) 992
31,018 - 5,705

PMe, Ph 32,638 | 5,703
PEtPh2, 24,400 (sh) ‘ 1,033
30,230 7,573

PEt,Ph 32,342 6,987
PEt; 31,500 (sh) 3,163
32,200 4,486

PNPr, 31,800 (sh) | 3,274
| 34,200 . 5,135

°

P (OMe) Ph; 33,000 13,246
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Figure 4.2.8:

Electronic Absorption Spectrum of

[ (PEtPh,) sRu(pu-Cl) sRu (PEtPh,) ;] +
Methylene Chloride at T

in
= 293K
e( molcm” ldm3)
}
\\
\
\\
\\\
\ ¢= 4010
\
\\
\
\
R I i B! | 1‘ T t : ==t
30 20

v (e —')><1C)_3,
ax .

é.___



-151-

2. Monomeric species of the type MX,L,, where
M = Os, X7=Cl™ and L = tertiary phosphine ligand
show a band at a similar energy with similar
intensity, which also behaves in an analogous

manner on oxidation.

There are three points to note about this band:
1. As the ligand becomes bulkier i.e. the
size of the cone angle, 6, increases the band
tends to move to lower energy.

In a series of CrLz(NCS)q38 complexes,
where L is a tertiary phosphine ligand, the
positidn of the L, ligand field band shows .a
similar effect. When L = PMe, (6=118°) it is
observed at 19,950 cm;l, L = PEt,; (6=132°) at

19,500 cm™ and L = PEt,Ph (6=136°) at 19,050 cm™

2. The positions of the bands are found to
~ be lower in energy when X~ = Br~ than when
X~ = Cl” for the same tertiary phosphine ligand.

Studies on some NiX2L239 complexes where L =
tertiary phosphine ligand, X~ = Br~, Cl~ show

a band at 25,000 cm™' which decreases in energy
on replacing C1l~ by Br~. For exémple, a band is
observed at 25,000 cm~™! for X~= Cl~; when

X~ = Br~ this band shifts to 24,650 cm™!.

3. The bands move to higher energy.when the

metal centre changes from Ru to Os.

We observe no other bands in this region of the

’

1

spectrum.
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(b) [L3M(u-X) ML,;]2%*

' For all [L3;M(p-X) 3ML; ]?t species studied there are:
1. Two bands observed in the near infra-red
region of the electronic spectrum. |
2. A weak broad band in the visible region
which is displayed by most complexes.

3. A more intense band at higher energy.

Tables 4.2.8 - 4.2.10 show the positions of these bands.

Figure 4.2.9 shows a typical [L3M(p=-X) sML; ]2t spectrum.

1. Near Infra-Red Bands

In all cases the band positions, vpgx, do not vary
with solvent, the band halfwidth values, 43, are 5000 cm™!
and are insensitive to altering the temperature. It was
therefore concluded that all systems studied are delocalised
"i.e. there is a strong metal-metal interaction and the
bands are due to transitions within the molecular orbital
framework (Chapter 1) . The two bands are expected on the
basis of the molecular orbital calculations discussed
previously (Chapter 1). They arise from the following
transitions

a;' - a; z allowed

and e" - a," x;y allowed

' As discussed in Chapter 1 the a,;' + a," transition is likely
to be the most intense and this is taken as a measure of the
metal-metal interaction.

The results for each metal will be discussed in turn.
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Table 4.2.8: Positions of Bands (vpax) in the Electronic
Absorption Spectrum of [LjRu(p-Cl);RuLj]?*
in Methylene Chloride / 0.5M TBABF, at

T = 266K * 3K

L Vmax (cm™!) € (mol~'cm~'dm?)
PMePh, 4,500 4,917
4,920 4,276
14,600 1,283
16,000 1,496
24,000 5,815
'PMe, Ph 5,000 2,613
7,770 2,864
17,000 955
27,200 4,869
PMe ; 6,000 | 1,997
9,340 6,610 |
17,000 237
24,000 (sh) 1,189
28,400 ' 4,042
PEtPh, 4,958 3,679
7,000 1,987
16,700 - 809
23,992 . 3,863
PEt,Ph 4,675 | 1,780
7,000 995
15,000 (sh) | 404
17,000 587
26,179 2,569
29,800 ' 2,358

/ continued
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Table 4.2.8: continued
L Vmax (cm™1!) e (mol~'cm™'dm?)
PEt , : 4,700 3,052
7,246 . 2,523
15,300 : 353
26,969 | 4,988
pPNpr, 4,700 3,463
7,032 2,797
16,000 478
27,203 5,015
P (OMe) Ph, 5,500 . 1,641
8,460 1,383
14,800 926
27,400 5,839
P (OMe) , Ph 6,500 ' 597
10,350 3,231
16,600 1,050
22,000 ' 727
31,300 11,134
P (OMe) 5 7,000 469
11,350 ‘ 2,460

34,400 2,152
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Table 4.2.9:  Positions of Bands (vpax) for
[L3Ru(u-Br) sRuL;] >t in acetone / 0.1M

TBABF, at T = 266K = 3K

L Vmax (cm™!) ' € (mol~'cm~™'dm?)

PEtPh, 4,997 3,674
7,000 1,412
17,100 1,431
23,946 : 4,564
‘PMe , Ph 5,000 1,917
) 7,330 1,534
17,000 630
27,100 3,746
P (OMe) Ph, 4,500 3,410
‘ 7,500 1,311
15,200 1,407
26,970 4,827
P (OMe) , Ph 6,600 2 1,210
' 10,468 3,632
31,686 6,690
P (OMe) ; 7,400 2 1,017
12,007 4,733
25,000 4,379
33,378 , 1,636

a. In Methylene Chloride / 0.5M TBABF, to observe high

energy bands at T = 266K.



Table 4.2.10:

PMeth

PMe, Ph

PEtPh,

" PEt,Ph

PEt;

/ continued’

Positions of Bands
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(Vmax) in the Electronic

Absorption Spectrum of [L;Os(u-Cl);0sLj;]??

in Methylene Chloride / 0.5M TBABF: at

T

266K + 3K

-1
Vmax (cm™")

4,938
7,716
18,643
24,300
30,377

4,991
9,000
18,000
32,000

4,712
7,718
18,600
29,275

5,100
8,700
18,200
32,300

4,895
7,800
19,201
25,600

31,889

(sh)

€ (mol~ 'cm~'dm?)

3,522
1,091
1,208
1,510
5,384

4,87
650
810

5,062

4,062
1,377
1,377
5,577

2,717
621
776

6,404

4,831
805
748

1,553
4,946
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Table 4.2.10: continued
L Vmax (cm™!) e (mol-'cm~'dm?)
PNPr, 4,902 . 4,762
7,708 832
19,040 832
25,100 1,844
31,848 5,608
8,400 1,491
16,046 2,047

32,217 2,276
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Figure 4.2.9: Electronic Absorption Spectrum of
[ (PEtPh,) ;Ru(u-Cl) ;Ru(PEtPh,), 1** in
Methylene Chloride / 0.5M TBABF,

e (mol'em™dm?®) x 1072

23@3a 132003603 5880

P
- Rt
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(1) M=Ruthenium

All the complexes [L3Ru(p-X) sRuLj3] %t studied have been
~determined to be delocalised systems, however the degree of

the strohg metal-metal interaction can be altered by using

different tertiary phosphine ligands. For X~ = Cl1l~ , the
energy of the most intense band (a,' - a.;") varies over a
wide range from 4,500 cm~'- 11,350 cm™' (see Table 4.2.8

on pl153/4) as L is altered. If the position of this band,
Vmaxs 1S plotted as a function of the electronic parameter,
X, of the tertiary phosphine ligand as in section 4.2.1 no
direct correlation is observed as shown in Figure 4.2.10.

If however vpax is plotted as a function of the steric
parameter, 6, of the ligand then a straight line correlation
is observed. This is shown in Figure 4.2.11. This indicates
that the extent of metal—métal interaction is governed by
tﬁe size of the ligand. 1In addition as the size of the
ligand increases the separation between the bands decreases
(there are some anomalies e.g. with L=PEtPh, which has the
largest 8, but this is a general trend).

It has been previously suggested that the degree of
metal-metal interaction in ruthenium complexes is dependent
on the degree of m-basicity of the terminal ligand, L.

Our evidence does not bear this out e.g. PEt; and PMe;
have similar basicities; their pK5; values being 8.69 and
8.65 respectively. When L=PEt;, bands are observed at 4700
(e = 3052 mol~'cm™'dm?®) and 7246 cm~! (2523 mol~'cm™'dm?)
whereas when L=PMe; the bands are observed at 6000 (g =
1997 mol~'cm~'dm?®) and 9340 cm~!(e = 6610 mol~'cm™'dm?).

Thus we would argue that there are different amounts of



Figure 4.2.10: Graph of vpayx({cm™') versus y(cm™') for [Li;Ru(u-Cl);RuL,;]?% at T = 266K in

Methylene Chloride / 0.5M TBABF,
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Figure 4.2.11: Graph of vpax (cm™!) versus 6(°) for
[L3Ru(u-Cl) sRuL;] 2t at T = 266K in
Methylene Chloride / 0.5M TBABF.
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delocalisation for these two compounds; the greatest being
for the slightly less basic L=PMe;. When L=P(OMe) s, which
is the least basic ligand used in the study, the most

intense near infra-red absorption lies at the highest energy

observed (11,350 cm~!). There is a correlation within the
group of PR;_y4Phy, x = 0, 1, 2 ligands which is shown in
Figure 4.2.12; the interaction decreasing as the basicity

decreases as suggested (c.f. relation of vpzx to electronic
parameter). The steric parameter does howevér also decrease’
as the basicity decreases within these groups of ligands.

We conclude therefore tha£ the steric parameter, 6,
of the tertiary phosphine ligand 1is ﬁhe major factor contribut-
ing to the extent of metal-metal interaction in these
éomplexes. Interestingly, the spectrum of the related
complex HNH3)3Ru(u—Cl)3Ru(NH3)3]2+ 33 can now be re-examined -
and interpreted on steric grounds rather than mw-basicity.
Thus for L=NH; we would expect 6 to be small and hence the

intense a;' - a," transition to be at high enérgy with a
large separation to the much weaker e" - a," transition at
lower ehergy. Experimentally [(NH3)3Ru(qul)3Ru(NH3)3]?+
is observed to have an intehse transition at 17,150 cm~! and
a weaker transition at 7140 cm™!'.

A further point to note regarding the spectra of the
[L3Ru(u—x)3RuL3]2+ species is that the most intense band
which we assign as a a;' > a," transition is not always the
higher energy band. For ligands with small 6, then the most
intense band is at highest energy. However as 86 increases

so the bands become almost equal in intensity and for the.

largest values of 6 the low energy band has greatest intensity.
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Figure 4.2.12: Graph of vpax(cm™!) versus pKy for
[L3Ru(p-Cl) sRuLs;] 2% in Methylene Chloride
/ 0.5M TBABF, at T = 266K
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Figure 4.2.13 illustrates this, showing the spectra
obse;ved for the'épecies where L=PMe; (6=118°), PMe,Ph
(6=122°) and PEt,Ph (6=136°). The molecular orbital scheme
discussed in Chapter 1 shows the following order of energy

levéls

e ——=

2

which suggests that the intense a;' - a," transition should
be higher in energy than the e" - a," transition. ’

40 on the triple chloro—bridged

The work of Hoffman
species [Cl3M(U‘Cl)3MCl3]n and [(CO) sM(pu-Cl) ;M(CO) z]Mm where.
M=Fe, Re; n, m = charge of complex, calculated that as the
M-Cl-M angle increases the e" and a, orbitals cross over
in energy. See Figure 4.2.14. We therefore considered that
a similar crossing of  orbitals might be occurring in our
systems, thus explaining the phenomenon noted.above.

The crystal structures of several [L;Ru(u-Cl);RuL,] *
species where L=PEt,Ph, PMe,Ph and PMe; show that as the
size of the ligand increases,-the Ru-C1l-Ru angle and the
metal-metal distance also increase reinforcing the abéve
suggestion.

Thus for tertiary phosphine ligands with small values

of 6 and hence an overall structure close to the model

system, we would predict the intense a,' -+ a," transition at
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Electronic Absorption Spectra of
[L3;Ru(u-Cl) ;RuL;] 2¥ where L = PMe,,
PMe,Ph and PEt,Ph in Methylene

Chloride / 0.5M TBABF,
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Figurel4.2.l4: Difference in Energy between Some Energy
Levels of (CO);M(u—-Cl);M(CO); and
(CO) 3MM(CO) ; as a Function of M-Cl-M

angle
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(from Hoffman, 1979,
reference 40)
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higher energy than the weaker e" » a, transition; As ¢
increases so the two transitions become energetically more
equivalent until for large values of 8 the weaker e" - a,"
transition is higher in:energy than the a,' =+ a," transition.

A similar argument can be applied to the complexes

studied in Chapter 3 where as the size of the bridging

A
11

ligand increased the a,;' > a," transition decreased in

' transition increased.

energy and the e" - a,'
When X~ = Br~ we observe analogous behaviour. The

results are given in Table 4.2.9. Figure 4.2.15 shows the

graph of vpax versus 6. For L=PEtPh,, PMe,Ph and P(OMe)Ph,

' transition)

the most intense near infra-red band (a,' =+ a,'
is at lower energy than when X~ = Cl~ (or approximately the
same) indicating weaker metal-metal interaction (or approxi-
mately the same). Rather surprisingly, however when L =
P(OMe) ,Ph and P(OMe); the most intense near infra-red band
is observed at higher energy tham when X~ = Cl- indicating
stronger metal-metal interaction. This may be a consequence
of the smaller size of these terminal ligands together with

the larger size of the bridging ligand Br~ giving rise to

more efficient packing.

(1i) M=Osmium

In contrast with the ruthenium compounds the position
of the most intense near infra-red band in the diosmium
species shows no correlation with either the electronic
parameter, X, or the steric parameter, 6, of the phosphine
ligand. This is shown in Figures 4.2.16 and 4.2.17 i.e. the

extent of metal-metal interaction is not dependent on either
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Graph 4.2.15: Graph of Vmax (cm™!) versus 6(°) for
[L3Ru(p-Br) sRuLs;]2% at T = 267K in

Acetone / 0.1M TBABF,
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7

Figure 4.2.16: Graph of vpax(cm™!) versus x(cm™!)
for [L3;Os(u-Cl)3;0sL;] 2% where L = tertiary

phosphine ligand at T'= 266K in Methylene

T Chloride / 0.5M TBABF,
e )
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Figure 4.2.17: Graph of vpax(cm™') versus 6(°) for
[L3Os (u-Cl) ;0sL; 121, where L = tertiary
phosphine ligand, at T = 266K in

v (emagS T |
max Methylene Chloride / 0.5M TBABF,
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the electronic or steric effect of the terminal tertiary
phosphine ligand. It was also observed that the most
intense band is always at lower energy régardless of the
‘'size of the tertiary phosphine ligand. This is shown in
Figure 4.2.18. The range in energy of this band is very
small from 4700-5300 cm™'.

The triple bridged species all have a confacial
bioctahedral structure but the angles and distances are
dependent on the tertiary phosphine ligand present. As the
iigand geometry departs from that bf an ideal octahedron
then the amount of oveflap of the d-orbitals will decrease.
Since the 5d orbitals of ésmium are more diffuse than the 44
ruthenium orbitals the difference in geometry will be more
obviously felt in the diruthenium species.

The cryétal structure of the osmium species where
L=PEt; has been discussed in Chapter 2. The Os;-Os distance,
the average 0s-C1-0s andIL654>angles are shown below together

with those of the related species where L=PMe, Ph.

L Os-—Os(g) Os—éi—Os(°) P—dE—P(°)
PEt, 3.473 (1) 88.25 96.68
PMe,Ph 3.440 (1) 87.00 '95.64

Similar trends to those present in the ruthenium systems
are apparent i.e. as the terminal ligand becomes bulkier the
Os--0Os distance, the Os<€1-0Os and B-Os-P angles all increase.

The P{ﬁrPangles show a greatér effect than in the ruthenium
complexes (see section 4.3). Thus in the solid state when
M=0s, we do see geometric changes on altering the terminal

ligand, L.



Figure 4.2.18: Electronic Absorption Spectra of [L3OS(U'C1)3OSL3]2+ where L = PMe,;Ph and

PEtPh, in Methylene Chloride / 0.5M TBABF,
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2. Visible and UV Bands

The weak broad band (Av8000 cm~') between 15,000 -
18,000 cm~! which in some compounds is split into more than
one band is assigned as a tertiary phosphineln +~ a;"
transition. The band position shifts on changing the
tertiéry phosphine ligand but there is no relation between
the position and the steric or electronic parameter of the
ligand.

The higher energy band centred around 25,000 cm~! is
thought to be due to a tertiary phosphine intraligand
absorption similarly assigned in the [L;3;M(u-X)3;ML;]* species.
As mentioned previously this does not shift appreciably upon
oxidation as expected for intraligand absorption (see

Chapter 1, section 1.1).

.(c) [LsM(u-X) sML, 13+

On oxidation to the +3 oxidation state all osmium
complexes showed a shift of the two near infra-red bands
to higher energy. The spectra are once again almost
invariant with téfminal ligand, L. The values ére shown
'in Table 4.2.11. 1In most cases the bands become morev
intense as the complex is oxidised from [L3;Os(u-Cl);OsL;]?%t
to [L3Os(p-Cl);0sL;])%*, see Figure 4.2.19. Both of these
factors ;ndicate an increase in metal-metal interaction
upon oxidation. The positions of the bands exhibit no
direct correlation with either the steric parameter, 6, or
the electronic parameter, x, of the tertiary phosphine
ligand. The increased metal-metal interaction will probably

result in a smaller metal-metal distance which may have caused
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Table 4.2.11: Positions of Bands (Vmax) in the Electronic
Absorption Spectrum of [L3;Os(u-Cl);OsL;]3*

in-Methylene Chloride / 0.5M TBABF. at

T = 243K
L Vmax (cm™!) € (mol”'cm™'dm?)

PMePh, 10,955 7,441
15,075 2,113

30,600 5,635

PMe,; Ph 11,483 7,220
14,934 2,116

32,051 5,421

PEtPh, 10,753 12,463
14,863 ' 2,654

29,400 ’ 6,433

PEt,Ph 11,343 3,478
' 17,000 3,043

PEt, 11,939 10,575
14,900 : 770

18,464 ‘ 1,030

20,200 858

21,600 , 927

31,606 ' 4,669

PNPr, 11,814 10,273
15,000 8,504

18,200 1,276

20,000 1,276

21,132 1,343

31,929 5,237

/ continued
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-Table 4.2.11: continued

L Vmax (cm™!) € (mol™'cm™'dm?)
P (OMe) Ph; 10,965 6,788
14,277 3,674
31,800 9,424
Table 4.2.12: Positions of Bands (Vhax) in the

Electronic Absorption Spectrum of
[ (P(OMe) 3) sRu(u-Br) ;Ru(P(OMe) ;) 3] °+

in CH;Cl, / 0.5M TBABF, at T = 267K

L Vmax (cm™!) e (mol~'cm~'dm?)

P (OMe) ;3 25,330 5,794
33,400 5,142
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Figure 4.2.19: Electronic Absorption Spectrum showing
Conversion of [(PMePh,) ;0s(u-Cl) 30s (PMePh;) ]2t
> [(PMePh;) ;0s (u-Cl) ;0s (PMePh,) 3] % in
Methylene Chloride / 0.5M TBABF,

€ ( mol e 'dm?®)x10™

22004 130068
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the steric effect to become important but this does not
seem to be the case. .

Oxidation of -[(P(OMe) ;) 3Ru(u-Br) ;Ru(P(OMe) 3) 312t to
[ (P(OMe) 3) 3Ru(u-Br); Ru(P(OMe) ;]°" showed a similar effect
to that in the osmium complexes, but only one broad band was
observed.This was however found to shift to a greater extent
than in the osmium cumplexes, shifting by 13,000 cm™'for:M=Ru,
but only 6,000 cm~! for M=Os. See Figure 4.2.20 and Table 4.2.12
The related [(NH;) ;Ru(u—-Cl) 3;Ru(NH3) 3] 3t species has been
observed and shows analogous behaviour. The shift in Vmax
in this case is 11,000 cm-t.33(P)

The fact that no other species of the type
[L;Ru(pu-X) sRuL;3;]**, where L = tertiary phosphine ligahd, was
observed is significant. P(OMe); is the smallest tertiary
phosphine ligand used in our studies and only
[ (P(OMe) 3) sRu(u-Br) ;Ru(P(OMe) 3) 3]°t is stable on a timescale
long enough for study. All other ruthenium species decomposed
in the +3 oxidation state even when L=P(OMe)3; and X7=Cl~.
However we note that [(NH;);Ru(u-Cl);Ru(NH;);]%*t, which
contains a smaller terminal ligand than P(OMe) ;, is stable.
This suggests £hat steric influences are important in
determining the stability of the +3 oxidation state when
M=Ru. In addition the increased size of the bridging
ligand, Br~ rather than Cl~ is a further factor in stabilis-
ing the [(P(OMe)g)3Ru(u—Bf)3Ru(P(OMe)3)3]3+ species. Thus
oxidation to [LizRu(u-X)3;RuL; ]®**, which is accompanied by
increased metal-metal interaction, will result in the metal
centfes becoming too close together to allow the bridging

halides and terminal tertiary phosphine ligands sufficient
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‘Figure 4.2.20: Electronic Ab;orption Spectrum showing
(a) Conversion of
[(P(OMe) 3Ru (u-Br) sRu (P (OMe) 5) 5] 2* -
[(P(OMe) ;Ru (u-Br) sRu (P (OMe) 3) 31 °F
and Final Spectrum of

-1 -1
€ (mol cm dmy ) [ (P(OMe) ;) sRu (u-Br) ;Ru (P (OMe) 3) 5 13+
in Methylene Chloride / 0.5M TBABF,
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space té retain the confacial bioctahedral environment and
hence decomposition takes place. A further point to note
is that in the crystal structures of [(PEt;) ;0s(u-Cl) 30s-
(PEt;) ;3 1¥/2% discussed in Chapter 2, the average M-P bond
length increaséd on oxidation of the monocation to the
dication. It is possible that in the ruthenium binuclear
species an oxidation to [L3;M(u-X)3ML3;]3t the M-P bond has
to be very long for bulkier ligands in order to retain the
confacial bioctahedral structure and thus leads to decomposi-
tion.

It is unfortuﬁate ﬁhat the second oxidations of the

bridging iodide species are all irreversible.

(d) Conclusions

Every symmetric triple bridged binuclear species studied of
general formula [L3;M(u-X)3;ML;]12%/3+ is delocalised with
strong metal-metal interactions. The extent of metal-metal
interaction in ruthenium complexes is dependent on the
‘bulk of the terminal tef%iary phosphine ligand. In osmium
complexes the metal-metal interaction is independent of the

terminal tertiary phosphine ligand.

4.3 EXTENDED HUCKEL MOLECULAR ORBITAL CALCULATIONS

These were carried out using the ICON 841Aprogram. The
atomic coordinates for the three known [L3Ru(u-Cl)3RuL_3]+
crystal structures where L=PMej, PMezPh, PEt,Ph were used to
model ideal D3n systems for each of the above species
(details are given in section 4.4). Each tertiary P(III)

ligand had H atoms attached to it rather than the aikyl/aryl
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groups actually present as the main limitation of the ICON 8
program is that it can only be used for compounds df.up to
fifty atoms of which only férty can be non-hydrogen. The
replacement of PR;R' or PR3 by PH; is not considered to be a
simplification in the first instance since we have already
shown that the electronic properties of the terminal ligand
do not significantly influence the metal-metal interaction.
The geometric orientation of the ligands is important and we
have taken this into account by imposing real experimental
values on the system rather than model ones as was the case
in the molecular orbital calculations described in Chapter 1.
In each idealised system thé'average of the Ru—di—Rﬁ and
P-Ru-P angles and the Ru--Ru distance had the same values as
those found crystallographically. The molecule was given a
charge of +2 in the program. It is important to note that
thé'coordinates used are for the [L3Ru(p-Cl) sRuL;]* so it
is unlikely that accurate results can be obtained but trends
should become apparent.

| The energies of the molecular orbitals were calculated
and the orbitals were assigned using symmetry consideration
for a complex with overall D3i symmetry. The results are
shown in Table 4.3.1.

Experimentally we observe two NIR bands. The intense
band was assigned to the a,;' » a," transition and the
weaker band to the e" »> a," transition. For ligands with
small 6 the intense band is at high energy and for large 6
it is at low energy comparéd to the weaker band. Thus we
hoped to observe a cross over in energy of the a;' and e"

orbitals in the calculations for the three real éxamples



PEt,Ph

PMe, Ph

PMe;

Theoretical
Model

Table 4.3.1:

-13.63170

-13,63648 -

-13.63493

~13.53675

-13.

-13.

-13.

-13.

Energies of the Orbital Sets from

E.H.M.0O. Calculations for

[L3Ru(HM-Cl) sRuLs]?+

35850

41356

49574

76855

E (eV)

el

-13.30378

-13.32350

-13.32887

-13.24585

azll

-13.31467

-13.27932

-13.17470

-12.93602

AvaéLRuP)

87.9
86.0
82.8

76.0

-I81-
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above with the a,' orbitals moving to higher energy as the
size of L increases and vice versa for e". The calculations
are in good agreement with this (see Figure 4.3.1). However
they predict that the e" orbital should be lower in energy
than a,' .for all systems studied. The e" - a,' difference
does however decrease as L becomes smaller indicating the
possibiiity of a cross over at a smaller Ru-Cl-Ru angle.

' differences increase in the

Both the a;' - a;" and e" -+ a,'
order PEt,Ph<PMe,Ph<PMe;.

In these systems the Ru--Ru distance is found to be
directly proportional to the Ru-C1l-Ru angie (see Figure 4.3.2).
We decided to extrapolate from this and hence model a‘system
with a smaller Ru--Ru distance and Ru-Cl-Ru angle. Again it
must be stressed that our model is based on the species
[L3Ru(p-Cl) 3RuL;]* where each ruthenium centre has the
oxidation state II and they are not interacting. ~ For the
[L;Ru(p-Cl) 3RuL;] 2+ species both the ruthenium centres have
an oxidation state of 2.5 and there is a strong interaction
present. The related complex [ (PEtj;) ;0s(u-Cl);0s(PEt;3) ;17
has been shown to have analogous behaviour. We have shown
in Chapter 2 that the oxidation of [(PEt;) 30s(u-Cl)3;0s(PEt;);]*t
to [(PEta)gOS(U_Cl)3OS(PEt3j3]2+ leads to a decrease of 6pm
in the metal-metal distance. The extrapolation is therefore

valid.

The related mixed-valence complexes

42 +43

Cl(PNBuj) ,Ru(u—-Cl) ;Ru(PNBu,;)Cl, [(NH;) 3Ru (p=C1l) sRu (NH;) 3] 2
and [(NH3)3Ru(u-Br)3Ru(NH3)3]2+44 have been characterised
crystallographically and the Ru--Ru distances and Ru-X-Ru

angles are respectively: 3.122, 79.3°; 2.7532, 70.2° and
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Figure 4.3.1: Walsh Diagram showing the variation in the

Energies (eV) of the Orbitals as the

ElV) Ru-Cl-Ru angle(°) increases
Theoretical model

-14-01

Ru-Cl-Ru( °) 80
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Figure 4.3.2: Graph of Ru-Cl-Ru angle (°) versus Ru--Ru
Distance for Three Structurally Characterised
Species of the type [LiRu(u-Cl);RuL;]t where
L. = PEt,Ph, PMe;Ph and PEt;

Ru-Cl-Ru( °)

PEt,Ph

B5]

- 30  Ru--Ru(R) 34
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2.8522, 68.5°, thus reinforcing the above arguﬁent.

On extrapolation an Ru-Cl-Ru angle of 78° was obtained
for an Ru--Ru distance of 3.092. A model was constructed to
obtain atomic coordinates for an ideal D3h system with these
geometfic parameters. The energies obtained are shown in
Table 4.3.1. The aj energf level is now lower in energy
than the e" i.e. we have observed a cross over of the e" and
a,' orbitals. A Walsh diagram was constructed for all four
species to show this effect. This is shown in Figure 4.3.1.
Drawings of the orbitals are shown in Figure 4.3.3. From
the Walsh diagram the e" and a,' orbitals cross over when
Ru-Cl-Ru = 79.5° and Ru--Ru = 3.14R.

Further points of interest from the Walsh diagram
together with the drawings of the orbitals are:

1. "~ The a;' and a,"

orbitals are metal-based and represent
the bonding and;antibonding interactions of the d,:2
orbitals respectively along the metal-metal axis.

The a,' increases dramatically in energy i.e. becomes
less stable as the Ru-Cl-Ru angle increases (or as

the Ru--Ru distance increasés). This effect is

expected, as the overlap between the atomic orbitals

is decreasing. The opposite effect occurs for the
antibonding a," orbital.
2. The e' and e" bonding and antibonding orbitals consist

mainly of contributions from the dx2-y2 and dgy atomic
orbitals on each ruthenium centre. The e' and e"

orbitals vary only slightly in energy as the Ru-Cl-Ru
angle alters. This is as expected because the extént

of orbital overlap is smaller than with the .a set.
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Figure 4.3.3: Drawing of the Frontier Molecular Orbitals

of [L3Ru(u-Cl);L;]27
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The molecular orbitals of a symmetry result due

to o-overlap wheréas the e set -result pom § overlap.

The e' pair is primarily metal-based with an antibonding
Cl™ Py contributidn; the e" pair however were shown by
symmetry to be entirely metal-based. This accounts for the
higher energy of the e' pair compared to the e" pair. The
e" orbital becomes more stable as the metal-metal distance
increases as expected for an antibonding molecular orbital.
The e' set however decreasethenincreaseagainandbecomeeven
higher in energy than'the a " orbital. This is thought to
be a consequence of two interacting factors which result
from increasing the metal-metal distance.
(i) The C17Py antibonding interaction decreases,

hence the e' orbital is stabilised.
(ii) The metal bonding interaction decreases so the

e' orbital is destabilised.

Finally in all systems studied the P-Ru-P angle does

not vary by much.

P - P-Ru-P P-Ru-P (models)
(form crystal structure)
PEt,Ph 96.8° 96.6°
PMe,Ph 95.3° 95.9°
PMe; 95.4° 95.4°
Theoretical - 94, 2°
Model '

The calculations therefore suggested that the steric effect
results from the terminal ligands at one metal centre inter-
acting with those of the other end Space filling diagrams45

.were constructed for the three known systems. These are
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shown in Figures 4.3.4 - 4.3.6. It ig clear from the
diagrams that this effect is indeed occurring and that for
bulky ligands as the species are oxidised and the metal-
metal distance becomes smaller we would expect there to be.
severe crowding of the terminal ligands between the metal
centre or for the M-P bond lenéths to increase to counteract
this effect; thus accounting for the lack of success in

generating the [L3;Ru(u-X)3;RuLj;]’t species.

Conclusions

The EHMO calculations give support to the trends
obtained experimentally. The steric effect results from the
interaction of the terminal ligands across the bridge rather

than at the metal centre.

4.4 EXPERIMENTAL

Electrochemical studies were carried out as described
previousiy using the PAR model 170 potentiostat and programmer.

Spectroelectrochemical studies were carried out using
the O.T.T.L.E. cell as previously described. The Perkin-
Elmer Lambda 9 spectrophotometer was employed for thesé
studies. vSpectra were recorded over the range 3125-50000 cm™}.
The temperature was controlled as described previously.
Elemental analyses were performed by the Chemistry Department,
University of Edinburgh;

F.A.B. mass séectra were recorded by the Chemistry
Department, University of Edinburgh, using the Kratos-50TC
Spectrcmeter, usingA3—nitrobenzylalcohol (3-NOBA) és the

matrix.









—————
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Materials

Methylene chloride was purified as deséribed previously.
All other solvents were used as supplied without further
purification.

RuCl;-3H,0, K;0sClg, Na,0sClg were obtained from

JohnsonIMatthey.

TBABF, was prepared as previously described.

PPh,;, PEt;, PnPrg, PMe;, P(OMe)Ph,, P(OMe) ,Ph and

P(OMe) ; were obtained from Aldrich.

PEtPh,, PEt;Ph, PMePh,, PMe,Ph were prepared

according to the literature method.

The compounds where M=Ru, X~ =Cl~, L=PMe,Ph,

PMePﬁz, PEt,Ph, PEtPh,; M=0s, X~=Cl~, L=PMePh,,

PEtPh,, PEtgj, PnPr3‘were prepared according to
the methéd of Chatt.29
M=Ru, X"=Cl~, L=PMe;, PEt;, PPPr,;, P(OMe)Ph,,
P(OMe) ,Ph; M=Ru, X™=Br~, L=PMe,Ph, PEtPh,
using the method of Stephenson.26’36
M=Ru, X"=Cl~, L=P(OMe);; M=Ru, X~=Br-,
L=f(OMe)Ph2, P(OMe) ,Ph, P(OMe)3; by extension
of the method of Ashworth.35
M=0s, X7=Cl~, L=PMe,Ph, PEt,;Ph by the method
of Coombe and Stephenson.33(b)
M=0s, X7=Cl~, L=P(OMe)Ph, by extension of the

method of Stephenson.26’36
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Preparation of Tri-u-Chlorohexakis(trimethyl phosphite)
diruthenium (II,II) hexafluorophosphate. '
This complex is prepared via the triply hydroxy-
bridged species.
(a) Preparation of Tri-u—hydroxyhexakis(trimethyl
phosphite) diruthenium (II,II) hexafluorophosphate.
[RuH (COD) (NH,NMe,) 3] PFs (0.35g) was added to a
degassed . mixture..0f acetone (36.8ml) and methanol
(18.4ml). To this PMe,Ph (0.212ml) was added. This
was heated to reflux under N;. After 30 minutes
degassed water (10ml) was added to the pale yellow
solution. No change in colour of the solution occurred.
After a short while a precipitate formed. The reaction
was éontinued for a further two hours then the solution
was cooled and filtered. The white compound resulting‘
was washed with cold methanol then diethyl ether and

dried in vacuo (0.310g, 83%).

Elemental Analysis: Found C: 18.43%, H: 4.50%, N: 0%
calculated for ClgH;3021P7FGRu2
C: 18.96%, H: 4.74%, N: 0%
FAB Mass Spectrum: Found Mt = 996 (100%)
calcﬁlated for ([(P(OMe) ;) 3Ru(~(OH) 3) Ru(P (OMe)3);]t

Mt = 994

(b) Tri-u—hydroxyhexakis(trimethylphosphite)diruthenium
(IT,II) hexafluorophosphate (0.1g) was dissolved in
acetone (5ml). To this an excess of conceﬁtrated HC1l

was added. This was shaken for ten minutes then left for
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2-3 days, after which colourless crystals formed.
These were filtered and washed with cold methanol and
diethylether. Due to the vast excess of Cl~ present
the white crystals were dissolved in methylene chloride
and methanol/excess NH,PFg was added. Colourless
crystals formed after slow evaporation of the methylene
chloride. These were filtered and washed with cold
methanol and diethylether and dried in vacuo (0.083g,
79%) .
Elémental Analysis: Found C: 17.80%, H: 4.45%, N: 0%
Calculated for C;gHs5,0;,8P;F¢Cl;Ru,

C: 18.01%, H+ 4.51%, N: 0%

- FAB Mass Spectrum: Found Mt = 1054 (100%)

Calculated for [(E(OMe)3,3Ru(u-Cl)3Ru(P(OMehh]+

M* = 1049

Preparation of Tri-p-bromohexakis (methyldiphenyl
phosphonite) diruthenium (II,II) hexafluorophosphate
As 1, but using the appropriate phosphine,

P (OMe) Ph, and HBr (0.072g, 65%).

Elemental Analysis: Found C: 48.91%, H: 4.05%, N: 0%
Calculated for C;gH;304P7F¢Br;Ru;
C: 49.79%, H: 4.15%, N: 0%
FAB Mass Spectrum: Found Mt = 1886 (0.5%), 1741 (100%)
Calculated for [P(OMe)Ph;) ;Ru(u~-Br) ;Ru-
(P (OMe) Ph;) ;] PFg
Mt = 1883
and KP(OMeth)gRu(ﬁlBr)aRu-

(P(OMe)Ph,) 5 1t
Mt = 1738
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Preparation of Tri-p-bromohexakis (dimethylphenyl

phosphinite) diruthenium (II,II) hexafluorophosphate.

As 1, but using the appropriate phosphine,

P (OMe) ,Ph and HBr (0.08lg, 72%).

Elemental Analysis: Found

Calculated for

FAB Mass Spectrum: Found

Calculated for

and

C: 35.25%, H: 4.00%, N:

CyusHgs012P7F¢BriRu,
C: 35.84%, H: 4.11%, N;

Mt = 1607 (0.1%), 1466

0%

0%

(100%)

[(P (OMe) zph) 3RU.(LI-BI') sRu-

(P (OMe) ,Ph) ;] PFg

Mt = 1607

[ (P(OMe) ,Ph) sRu(u-Br) ;Ru-

(P (OMe) ,Ph) ;1%

Mt = 1466

Preparation of Tri-upy-bromohexakis(trimethylphosphite)

diruthenium (II,II)

hexafluorophosphate.

As 1 using the appropriate phosphihe, P (OMe);

and HBr (0.082g, 70%).
Found

Calculated for

FAB Mass Spectrum: Found

Calculated for

and for

C: 15.70%, H:
C1 aHu 3013P7F§Br2Ru2
C: 16.27%, H: 4.07%, N:

M+t = 1335 (0.5%), 1188

[(P(OMe) 3) sRu{u-Br! ;Ru-
(P (OMe) 3] PFs

Mt = 1333 -

4.11%, N:

0%

0%

(100%)

[(P(OMe) 3) sRu (p~Br) ;Ru (P (OMe's);]*

Mt = 1188
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Preparation of Tri-u-Chlorohexakis(methyldiphenyl

phosphonite) diosmium (II,II) hexafluorophosphater

trans OsCl, (P(OMe)Ph:)y (0.3g), prepared as in Appendix
2, was heated to reflux in degassed methanol (40ml)
under N, for 6 hours. During this time a number of
colour changes took place. The initial pale green
colour changed to orange then to deep orange/red after
v10 minutes. After a further 20 minutes the colour was
golden brown. Finally the colour was green. After 6
hours the solution was cooled. On reduction of the
volume of solvent a green solid formed. This was
filtered to yield a yellow solution which on further
evaporation of solvent gave a yellow/brown solid. Thié
was dried in vacuo (0.151g, 65%). Elemental analysis
suggested that this species was the expected binuclear
complex so the Cl™ counterion was exchanged for PF¢~

as described previously (see 1).

Elemental Analysis: Found C: 49.10%, H: 4.29%, N: 0%
Calculated for C78H78Pg0sCl40s,
C: 51.5%, H: 4.49%, N: 0%
and Found C: 47.80%, H: 4.08%, N:0%
Calculated for C78H78P70¢FCl30s,
C:‘48.47%, H: 4.04%, N: 0%
FAB Mass Spectrum: Found Mt = 1786
Calculated for [(P(OMe)Ph2)3OS(U—Cl)305-
| (P(OMe) Ph,) 5] 7

M+t = 1782
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6. Preparation of Tri-u-chlorohexakis(trimethylphosphiné)

diruthenium (II,II) hexafluorophosphate.

A suspension of RuClz(PPh353 (0.15g) was heated
to reflux in degassed methanol (0.30ml) with PMes; (0.1
ml) under N; for 3 hours. On warming RuCl, (PPhj) ;
dissolves gradually and reacts with PMe;. The colour
of the solution becomes golden yellow. NH,PFg (excess)
was added after 2.5 hours. After cooling the volume
of methanol was reduéed then diethylether was added.
A péle yvellow precipitate formed. This was filtered
and washed with cold methanol, diethylethef and hexane

and dried in vacuo (0.055g, 77%).

Elemental Analysis: Found C: 23.24%, H: 5.50%, N: 0

oP

Calculated for C,ygHs4P;F¢Cli;Ru,
C: 23.75%, H: 5.94%, N: 0%
FAB Mass Spectrum: Found M%* = 764 (100%)
Calculated for [(PMe;)3;Ru(u-Cl)s;Ru(PMe;)s]t

MY = 764

Method Used for E.i{.M.O. Calculations

The structures were first idealised as D3y systems.

This was achieved used the FORTRAN programs CALC47 and
ROTATE48 by the following method:
(1) CALC was used on the X-ray determined model to calculate

the following distances and angles.

Ru--Ru
Average Ru-Cl
Average Ru-P

Average P-Ru-P
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Having obtained these parameters, the Ru-Cl-Ru,
Cl—ﬁh-Ru, Cl-Ru-Cl and P—ﬁh-Cl angles can all be

calculated.

(2) Rul, Ru2 and Cll were set up trigonometrically with
both ruthenium centres lying on the z-axis and Cl1l on
the x-axis. . This leads to Rul and Ru2 having coordinates

0, 0, +z and 0, 0, -z respectively and ClL x, 0, O.

(3) By using CALC, Pl was generated. From this the atoms
H11-H13 were obtained (torsion angle Ru2-Rul-Pl-H is

186°).

(4) The program ROTATE was then used to generate Cl2, C13,

P2H; and P3Hj;.

(5) The z= coordinates are then inverted to generate the

remainder of the molecule; P4Hj3;, P5H3; and P6Hj;.

The theoretical model was constructed as follows:

(1) By extrapolation of the graph of Ru--Ru distance versus
the average Ru-Cl-Ru angle shown in Figure 4.3.2
an Ru-Cl-Ru angle of 78° was obtained for an Ru--Ru

distance of 3.09%.
(2) The Ru-Cl distance was calculated using trigonometry.

(3) The difference in Ru--Ru distance for L=PEt,Ph and
L=PMe; is approximately the same as that between |
L=PMe; and the theoretical model. The Ru-P distances
follow similar trends so using this assumption, Ru-P

distances and Ru-Ru-P angles were calculated using CALC.
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Once the above parameters are obtained the method
described for the X-ray determined models can be followed.

After setting up the models, charge iteration was
carried out on the model obtained from the species where
L=PMe;Ph. This uses the Hji's for rutﬁenium and refines
them to give the best values appropriate for systems of
this type i.e. those of lowest enerqgy. These were then
used for the other compounds. The initial and corrected
Hji's are given below for ruthenium in eV

s P | d
Initial -10.4 -6.87 - -14.9

Corrected -9.9760 -4.9571 -13.3355
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CHAPTETR 5

SPECTROELECTROCHEMICAL STUDIES OF AN

ASYMMETRIC BINUCLEAR RUTHENIUM COMPLEX
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5.1 INTRODUCTION

This thesis has so far concentrated on symmetric,
cationic, binuclear species of the type [L3iM(u-X)3;ML;]D*
where L = tertiary phosphine ligand; x = bridging ligand
e.g. C1’ ; M=Ru, Os and n = 1,2,3.

A wide range of asymmetric triply chloro-bridged.
complexes are also known, mainly for M=Ru, although there

are some examples for M=0Os.

A. M(II)M(ITI)

The neutral species (PEt,Ph) ;Ru(u-Cl);RuCl(PEt,Ph), was

first prepared by Alcock et al.,l

by the pyrolysis of the
symmetric binuclear complex [(PEt,;Ph) ;Ru(y-Cl);Ru(PEt,Ph) ;] Cl
in methylacetate or n-propylpropionate. An X-ray crystallo-
graphic study has been carried out on this coﬁplex by
ARaspinz confirming the confacial bioctahedral, trip%ﬁ
chloro-bridged structure. The Ru--Ru distance was found to
be 3.3678% compared to 3.44g_in the related ionic binuclear
complex from which it is formed. Since the preparation of
this complex species of the type where L=PMePh, and PEtth3
have also been prepared by this.method. Other methods of
preparation have since been developed, mainly by Stephenson
et al. For L=PEt2Ph anleClth,4 the reaction of L with |
RuCl, (PPh;3;) ;3 in a non-polar solvent such as hexane gives the
required species. When L=PEtPh2,4 the monomeric species,
RuCl, (PEtPh;); is isolated first. By dissolving this in
cold degassed methylené chloride and adding petroleum ether

(B.P. 60-80°C) the neutral binuclear (PEtPh,) ;Ru(u-Cl) 3;RuCl-

(PEtPh;) ; complex is obtained. The chemical reduction of
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of mer—RuC13L35 where L=PMe,Ph, PEt; affords the appropriate
Li;Ru(u-Cl) 3sRuL,Cl complex, thus extending the series of
complexes of this type to the more basic phosphines. A
further method involves the use of UV light (A = 254nm) on
cis RuCl,;L, (L=PMe,Ph) in benzéne.6

A related complex where L=Me,SO is known.7 Tayim gE_gl,8
reported that the only product obtained from heating
RuCl, (Me,S0), in toluene was the binuclear species
Ru,Cl, (Me,SO) 5. They proposed that the complex had two
bridging chloride ligands and one bridging Me,SO group.
Further studies in our laboratory8 however revealed this to
have the familiar triple-chloro bfidged structure with all
the Me;S0 groups bonded through the sulphur atom.

The reaction of (PEt;Ph)s;Ru(u-Cl);RuCl(PEt,;Ph), with a
l:1 molar ratio of acetonitrile and sodium tetraphenylborate

in methylene chloride leads to the replacement of the terminal

C1” ligand giving [(PEt;Ph);Ru(u-Cl)sRu(PEt,Ph), (MeCN)] BPh, .’
A number of complexes of the type L;YRu(uCl);RuL;Cl

have been prepared where (a) ¥Y=CO, CS; L=PPhj;, P(B—tol)ag’lo’11

and (b) Y=N2,12 NZBIOHBSM@213; L=PPh;. Complexes of type (a)

are prepared by the direct reaction of the apéropriate
monomeric species RuCl,Lj; and RuCl,YL, (DMF) in refluxing
acetoné or ethanol where L and Y are as before. This method
can be extended to prepare mixed ligand or mixed metal
complexes14 i.e. (PPha)ZClRu(u—Cl)3RuY(P(B-tol)3)2; YQCO, CS
and (PPh3)2ClRu(u-Cl)3OS(CO)(PPhg)z. (PPh;) ,ClRu(u-Cl);Ru-
(CS) (PPh3), has also been prepared in low yield by the direct
15

reaction of RuCl,; (PPhi)3; and CS»,. The structure of this

complex has been carried out thus confirming that the species
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16 The Ru--Ru distance in this

is. triply-chloro bridged;
case was found to be 3.353, slightly shorter than that
observed for the related (PEt,Ph) ;Ru(urCl);RuCl(PEt.Ph).
complex.

To obtain the species where Y=N,, L=PPhj; (type b)
reverse osmosis of RuCl, (PPh;)3; and N, in THF is carried out.
Reaction bf this with N,B,(HgSMe, gives (PPhj;)ClRu(u-Cl);Ru-
(NzBlﬁﬁeSMez)(PPhs)zo

Complexes of the type RuCl,YL, (MeOH); L= PEtPh,, PPhjy,
P(B—tol)3} Y=CO, CS have been found to undergo a self-
condensation reaction in non-polar media giving a mixture

10,11

of three geometric isomers, L, YRu(u~-Cl);RuYClL. The

isomeric forms are:-

C'\ SN C'\ cxl\ /L
L—Ru—Cl —Ru—L Y Ru Cl —Ru —L
v / Cli \ L / \CI \Y
I II
Y Cl
L——Ru/C|\R/,L';
o No \v
IIT

This class of complexes can also be prepared by the

17 H18

reaction of RuX, (CO) (PPh;)s:, X = Cl, with gaseous HCl

in benzene or by the reaction of PhCH,;PPhj; [RuCl; (CO) norb]
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in methylene chloride with an excess of PPh3.10

A related hydrido speéies to that mentioned above,
RuH; (PF;) (PPh3) 3, has been found to react with HC1l to give
an isomeric mixture of Cl(PPh3)(PF3)RU(U‘C1)3RU(PPh3)2(PF3)}8
This compound can be prepared by a number of other methods.
These are detailed in scheme.S.l.l. The analogous PF;,;NMe;
complex can be prepared using methods 3, 4 and 5 in this
scheme. These species can be compared directly with
Cl (PPh;) YRu(p-Cl); (PPh;) Y, Y=CO, CS, discussed previously.

Other related complexes where L=PF3 can be prepared;
for example mono—PF3 cgmplex,18 (PPh;) > (PF3) Ru(p=Cl);RuCl (PPh3j) »
is obtained from the reaction of RuCl,; (PPh;3); with PF; in a
2:1 molar ratio. The mixed complex18 (PF3)(PPh;)ClRu(u-Cl)sRu-
(PPh3) 2 (CO) is prepared by the 1:1 reaction of
(CO)(PPhg,)2Ru(u—Cl)3Ru(PPh3)2Cl and PF;.

(PPh;) , (CO)Ru(1-C1) sRu(SnCl;) (PPh,) (cO) 1°  and
(SnClg)(CO)ZRu(u-Cl)3Ru(CO)320 are reported to be formed by

a rearrangement reaction of the monomeric species

RuCl(ShCls)(CO)(PPhaxz(acetbne)-acetone and RuCl(SnCl;) (CO) .,

respectively.

(SnCl;) (CO)2Ru(u=Cl) 3Ru(CO) ; 20 has been characterised

crystallographically confirming the triple chloro-bridged

structure. The Ru--Ru distance in this species is 3.1578.

B. M(II)M(III)

A characteristic reaction of complexes of the type
L,CiIRu(u-Cl) 3RuL; where L=PEt,Ph, PMe,Ph, PEtPh,, PMePh,
and L,YRuli-Cl);RuClL; where L=PPhj;, P(p-tolyl)s:; Y=CO, CS;

is aerial oxidation in the presence of concentrated hydrochloric
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Scheme 5.1.1: Methods of Preparing
[CL{PPh;)LRu(u-Cl) ;RuL(PPh3), ] . where

L = PF;, PF,NMe;

R
| uCl(OCMe,)(PPh ), ] RUCL,L(PPh_) (DMF)
L=P |
| (4) ‘
A PFaNMe,
- (3)
CI{(PPh3)LRUCH3RUL(PPh3)y  e—— RuCly(PPhy),
HClg) T3
/L -PF, " PF,NMe,
(1 5 v
L=PF3,PFoNMes(excess)

cis RuCIQLZ(PPh3)2
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acid to give mixed-valence complexes of the type -
L,Ru (u=C1);RuCl,L> and L, YRu (u-Cl) sRuCl,L respectively.’?

Related mixgd—valence asymmetric complexes of the
above form are known where M=Ru, L=As(p-tolyl);, As(p-ClPh);
and M=0Os, L=PPh;, As(p-tolyl), AsPh3.5 These are made by
the direct reaction of RuCl;+<3H,0 and Na,0sClg respectively
with the ligand, L, in an abpropriate solvent.

The complex (PEt,Ph);Ru(u-Cl);RuCl,; (PEt,;Ph) has been
characterised crystallographically by Gould g&_gi.zl The
Ru--Ru distance was found to be 3.28R. This is shorter than
in the related (PEt,Ph);Ru(p-Cl);RuCl(PEt,Ph), complex. As
the degree of asymmetry increases the metal-metal distance
decreases. In the mixed-valence complex the oxidation state
of one of the metal centres has been increased; this may be

an additional factor causing the decrease of metal-metal

distance.

C. M(III)M(III)

Cotton et al.2_2 have recently isolated and characterised

the complex Cl, (PMBujs)Ru(u-Cl);Ru(PPBu;),Cl. This was
obtained by the reaction of RuCl;+3H,0 and PIBuj; in ethano;.
An X-ray crystal structurelshowed the complex to have a Ru--Ru
distance of 3.1762;22 c.f. those observed for the related
Ru(II)Ru(II) and Ru(II)Ru(III) species discussed previously.
The fact that a contraction in the metal-metal distance has
been observed even though the éharge on the metal centres has
increased suggests that a single metal-metal band has been

formed.

There is a wide range of triple chloro-bridged
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asymmetric'binuclear complexes available where M=Ru. The
nature of the metal-metal interaction in the mixed-valence
state in these species has not been studied to any extent.
In the symmetric species studied in this work the
mixed-valence state has been extensively studied and it has
been found that the metal-metal interaction can be altered
by varying M, X and L but it is always a strong interaction
i.e. the complexes are Class III according to the Robin and
Day classification.23 |
By electrochemical synthesis several sequences of triple
chloro-bridged diruthenium complexes of the general type
[L,_xClyRu(p-Cl) ;RuClyL,_,]12/2+1/2+2 where x=0, 1, 2;
y=0, 1, 2; z;-l, 0, +1 and L = soft neutral ligand, have
been generated.24. Preliminary studies on the behaviour of
the metal centres in the mixed-valence state of these
complexes using spectroelectrochemical techniques have
suggested that as the asymmetry increases the degree of
metal-metal interaction decreases; going from completely
delocalised (Class III) with the symﬁetric complex to
localised (Class II) with the most asymmetric species.24
Replacing tertiary P(III) ligands wuith m—acid ligands
such as CO and CS reduces the metal-metal interaction further.
We have investigated the complex (PPhj); (CS) (Ru(II) (u-Cl) ;-
Ru(II) (PPh;3),Cl. This species undergoes a reversible one-
electron oxidation at +0.74V (versus Ag/Agl at which
ferrocene is oxidised at +0.60V in O.SM @iCqu/THF) to give
[(PPhg);(CS)Ru(II)m—Cl)3Ru(III)Cl(PPh3)2ﬁ+= We believe that
A ! it

it is the ruthenium centre containing Cl™ rather than CS

that is oxidised first due to the m-donating character of Cl~



-210-

which will tend to make the Ru(II) centre more susceptible
to oxidation than if only tertiary phosphine ligands are
present. in contrast to this, the w-accepting nature of the
'CS ligand will make the Ru(II) centre less likely to be
oxidised than when surrounded by only tertiary phosphine
ligands.

Spectroelectrochemical studies24 on [ (PPh3), (CS)Ru(u-Cl) 3-
RuCl (PPh;),]* showed the oxidised species to have a weak band
at 14,800 cm~™! in THF (£=100 mol~'cm~'dm?®) which was absent
in the parent complex spectrum. This was assigned as an
intervalence charge transfer band i.e. the complex is a true
Class IIVspecies with weakly interacting metal centres. 1In
this work an in-depth study of this complex has been carried

out.
5.2 RESULTS AND DISCUSSION
Cl (PPh;),Ru(u-Cl) 3Ru(PPh;) ,CS was prepared as described

in Section 5.1.

5.2.1 Electrochemical studies .

Electrochemical studies were carried out as previously
described in methylene chloride/0.5M TBABF.,. The results
are as previously obtained; Ej = +0.74V versus Ag/AgCl

where ferrocene/ferrocinium =.+0.56V at T=293K.

5.2.2 Spectroelectrochemical Studies

_ These were carried out as described previously. The

oxidation of Cl(PPh;) Ru(p-Cl);Ru(PPh3), (CS) to [Cl(PPhs)z—

Ru(III) (p-Cl);Ru(II) (PPh3),(CS)]t was monitored over a period
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of time at a temperature of T=258K.
Spectra were recorded over the range 4,000-44,000 cm™!
in £he following solvents
(1) Methylene Chloride / 0.5M TBABF,
(2) Chloroform / 0.5M TBABF,
(3) Propylene carbonate / 0.1M TBABF,

(4) Dimethylformamide / 0.1M TBABF,

It would have been advantageous to study the complex in
more solvent systems, however the solubility of the compound
prevented this. Tabie 5.2.1 gives the results obtained for
each solvent.

Figure 5.2.1 shows the spectrum of [Cl(PPh;),Ru(u=-Cl) ;-
Ru (PPhj3) . (CS)]1* in methylene chloride/0.5M TBABF,.

Three weak low energy bands are observed (e‘ranging
from 710 mol~'cm~™'dm® to 470 mol~'cm~'dm®. We can compare
these bands with the low energy bands in the spectrum of
[ (PMe,Ph) ;Ru(u-Cl) ;Ru(PMe;,Ph);]?2* where €=2864 mol~'cm~'dm?
for the band observed at 7700 cm™!.)

In a less polar solvent (CHCl;) the bands will move to
a lower energy and vice versa for a more polar solvent.

Hush25 theory for Class II mixed-valence species was
introduced in Chapter 1. Application of Hush's theory to
the observed spectrum of [Cl(PPhj)Ru(u=Cli;)Ru(PPh;),(CS)]*
enables us to test further the nature of the band at .14,500
cm~! in methylene chloride which had previously been observed
at 14,800 cm~! and is assigned as an intervalence charge
transfer band.

For symmetric complexes the following equations result

from Hush theory:
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Table 5.2.1: Positions of Bands (vyzx) in the Low Energy
Region of the Eelctronic Absorption Spectrum
for [C1(PPh;)2Ru(u-Cl);Ru(CS) (PPh;),]+t @ in

Different Solvents at T = 258K

Solvent : Vmax (cm™ 1) (mol='cm™!'dm?) Dop Dg
Methylene Chloride 14,500 470 2.028 8.9
0.5M TBABF, 17,100 : 550

20,000 710
Chloroform 12,600 - 450 2.085 4.7
0.5M TBABF, 15,400 536

18,100 685
Dimethylformamide 16,000 470 2.0458 36.7
0.1M TBABF, 19,000 572

22,000 724
Propylene Carbonate 15,600 484 2.0133 65.1
0.1M TBABF, 18,400 546

21,200 - 714
a. The electrogenerating potential used in each

case Egen = +0.94V (versus Ag/AgCl on which

ferrocene is oxidised at E = +0.56V)
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Figure 5.2.1: Spectrum showing (a) conversion of
[(CS) (PPh3) Ru(u-Cl) ;RuCl (PPh3) ] -~
[(CS) (PPh;) Ru(u-Cl) 3RuCL (PPh;) 2] *

and (b) the Final Spectrum of
[(CS) (PPh3) ;Ru(pu-Cl) sRuCl (PPhs),] *

in Methylene Chloride./ 0.5M TBABF,

e (molcm dm?)

135300

(a)
E =004V
T =258K

(b)
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where vpax is the position of the band maximum in cm~t.

AGth* is the free energy barrier for thermal electron

transfer.

Ay (calc) = [2310 vpaxl? (2)

Ay (calc) is the calculated band halfwidth in cm™}!.

Ai(calc) is equal to the experimental band halfwidth,
Ay (exp) (within 10% error) for an intervalence charge

transfer band (43 > 5000 cm™!).

a? = 4.24x107"* [(e8y) /vpaxd?] (3)
where a is the degree of delocalisation and 0< o < 0.25
for a Class II system. |
¢ is the molar extinction coefficient,.mol‘lcm'ldma.

d is the distance between the metal centres, R.

Eop = Vmax = Ein * Eout (4)
where Eip and Egyt are the inner sphere and outer sphere

reorganisation energies respectively.

_ a2 1 1 _1y/_1 _ 1
Eout = e ( 2a; | 2a, 4 )(Dop Do ) (5)

where a,,; are the radii of the two coordination spheres.
. ) o)
d - is the metal--metal distance in A.
Dop is the optical dielectric constant, and

Dg 1is the static dielectric constant.

Thus a plot of vpax versus 1/DOp - 1/pg will give a
straight line with intercept Ejp if the species is a Class

IT system.
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By applying the above equations to the complex under
study here we can obtain more information regarding the

nature of the band observed at 14,500 cm™!.

(a) Band halfwidth

Ay (calc) = [2310 vpaxl? . (2)
The observed Aj(exp) value is 5200 cm™'. The calculated
value of Ay given by equation (2) is Aj(calc) = 5780 cm™!?

and is therefore within the allowed percentage error so

A3 (exp) = Aj(calc)

(b) Degree of Delocalisation (a)

a? = 4.24x%107"[ (€44)/Vpaxd’l
using da = 3.35%
a = 0.07

The metal--metal distance, 4, in Cl(PPhj3),Ru(p-Cl) ;-
Ru (PPh3), (CS) is 3.353. It would be éxpected that on
oxidation this would decrease thus the value of o obtained

is likely to be slightly greater.

(c) Solvent Dependence

A graph of vpax versus l/Dop - 1/pg was plotted. This
is shown in Figure 5.2.2. A straight line correlation is
obtained. Dgp and Dg values for the various solvents used
are given in'Table 5.2.1 togethef with the vpax values.

It can be concluded therefore that the 14,500 cm™!
band in [(PPh3;) ;ClRu(p-Cl) 3Ru(PPh;) (CS)]*t is indeed due to

an intervalence charge transfer transition i.e.
: , v
[(PPhj;) , {CS)Ru(II) (u=Cl) ;Ru(III) (PPh;),Cl]+ —1a&X
[(PPhj3) 2 (CS)RU(III) (u=Cl) ;Ru(II)C1l(PPhj),] **
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Figure 5.2.2: 'Graph of vmax (cm~!) versus 1/DOp - l/Ds

for [(PPh;)»(CS)Ru(p-Cl)sRuCl(PPh;),]1" at

T = 258K in various solvents
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™ ’
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ax(cm )’JO 3
dimethyiforrmamide
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As mentioned previously a further two weak bands are
observed at higher energy than the band at 14,500 cm™!
studied above. These bands are also thought to arise from
intervalence charge transfer transitions and are a consequence
of the asymmetry of the complex. Both ruthenium centres
have an octahedral environment. One metal centre has the
T-accepting ligand CS attached to it whereas the other has
the m-donating Cl1~ 1ligand present. This leads to the "tzg"
levels of each ruthenium being non-degenerate. Thus the

following processes can occur:

111

Rugm o’

" "

tpqorbitals’ "t orbitals”

29

giving rise to three intervalence charge transfer bands
rather than one.

,Hushzs

has devéloped his theory further so that a number
of parameters regarding the electron transfer from one
ruthenium centre to anéther can be calculated in asymmetric
mixed-valence complexes. For asymmetric éystems tﬁere is an
energy difference, AEg, between the HOMO's on the two metal

sites. The potential energy diagram for an asymmetric

species is shown in Figure 5.2.3.
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Figure 5.2.3: Potential Energy versus Nuclear
Configuration for an Asymmetric Mixed

Valence Complex

HA8=0

a
Fo BEG:0.3)

PE.
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Hush Treatment for Asymmetric Species

'For an asymmetric complex

Eop = Vmax = A * 8Eg = 2(AEtph) (6a)
= Etp = (A + AEQ) 2/4A " (6b)
Vmax — 8Eo = Ein * Eout (7)

A plot of vpayx - AEg versus 1/Dop - 1/pg should give
a straight line of gradient Egyt and intercept Ejp for a
Class II transition.

The value AE5 can be calculated from equation 8:

Vmax — (83 (exp)?/2310 = AEg (cm™!) (8)
i.e. it can be estimated from the intervalence charge
. transfer band. However, in practice this often leads to an
underestimation of AEg,.
A more frequently used method of obtaining AEy is

given in equation (9):
/

AEg = 8.067 (E,©'- E, )  (kK) (9)

where E,©9' is the electrode potential for the process:

M(II)M '(II) —:Eé—a [M(II)M' (III)]

and E;© 1is the electrode potential for the process:

M(II)M "(II) ——— [M(III)M'(II)]*

AG{E, the free energy barrier for thermal electron transfer

is obtained from the relationship

*

8GEn = ((4AG,

+ AGO) ?/16AGY) - Hap (10)

where AG; = (Eip * Eout)/4 and AGO is given by AEC.

Hag is the degree of electronic coupling between the metal



-220-

centres and is given by equation (11):

! Ay }
Hap =(2.05x10"2 (imai-) Vmax)/ r (cm™!) (11)

where € is the extinction coefficient at the band maximum
and r is the distance between the two metal centres.
Combining equations 1, 6b and 10 gives
AGéh = Eth - Hap (12)
The rate constant for the thermal electron transfer, kgh.

can be calculated using equation (13).

(2mHap?/h) (1/kgTA)? exp (~AGH/RT) (13)

Kth

VET exp (- AG{h/RT)
where vgp is the frequency factor for electron transfer
kp is the Boltzmann constant and

T is the temperature in K.

Thus the intervalence charge transfer band profile
allows us to calculate AE©, AGgh and Hag and finally to
arrive at a value for the rate df an intramolecular electron.
tfansfer reaction. The above treatment will now be applied
to the system under study namely [(CS) (PPhj)Ru(u-Cl);Ru- .

(PPh;) ,Cl]t.

(a) Calculation of AE® (in Methylene Chloride)

Using equation (8) AE® was calculated where E,;©' is
the electrode potential for the process:
C1(PPhs);Ru(II) (u1=Cl)sRu(II) (PPhs)2(CS) —=> [C1(PPhs),Ru(III)-

(u=Cl) 3Ru(II) (PPh3) . (CS) 17

Electrochemically this is measured at +0.74V (versus Ag/AgCl
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reference electrode on which ferrocene is oxidised at
+0.56V in methylene chloride/0.5M TBABF,). E,O' is the

electrode potential for the hypothetical process:

C1(PPhs) 2 Ru(II) (u=Cl) sRu(II) (PPh3)s (CS) =S5 [CL(PPh;),Ru(II)-

(u=Cl) 3Ru(III) (PPh,),(CS) ]+

The value of E,©' is often taken from the second oxidation
potential which in this case would be:
[C1(PPhs) ,Ru(III) (u-Cl) ;Ru(II) (PPh;), (CS) * —==

C1 (PPhs) ;RU(III) (u-Cl) 3Ru(III) (PPhj;),(CS)]2*

however this is not a good approximation as the Ru(II)/Ru(III)
couple is attached to a Ru(III) centre and not a Ru(II) centre
as required. The related complex [(CS) (PPh3)2Ru(II) (u-Cl);-
Ru(II) (CS) (PPh3) ]t 7 undergoes a one electron oxidation at
+1.50V (versus Ag/AgCl reference electrode on which ferrocene
is oxidised at + O.SGV) to give the species
[(CS)(PPh3)2Ru(II)(u-Cl)3Ru(III)(CS)(PPh3)2]2+. This
oxidation process gives a Ru(III) centre with the same
coordination environment as that of the hypothetical process.
E,©O' was therefore taken to be 1.50V.

A similar method has been used by Meyer26 for the species
[(NH3) sRu(III) (pyr)Ru(III)Cl(bipy).]1°*. This undergoes a one
electron reduction to give [(NH3)5Ru(III)(pyr)Ru(II)Cl(bipy)z]"+
and a further reduction to give [(NH;) sRu(II) (pyr)Ru(II)-
Cl(bipy).]%*. E;°' is taken to be the reduction potential
for the first reduction process. E,©' is however esﬁimated
to have the wvalue cf the reducticn potential for the process:
[(bipy) ;C1Ru(III) (pyr)Ru(III) (bipy).Cl]*+ ==—>

[(bipy) 2C1lRu(II) (pyr)Ru(III) (bipy).Cl]1%t
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Again tﬁis was chosen rather than the second reduction
potential of the complex under study as this measures the
reduction potential of a Ru(III) site adjacent to a Ru(II)
site.

The lack of solubility of [(CS) (PPhj)Ru(u-Cl) ;Ru(CS)-
(PPh;3), ]t in most solvents results in E,°9' being measured
onlf in methylene chloride which was then used to calculate
AE© from equation 9. This value of AE© has been used for
all solvents as it was deémed to be the most accurate method

of determination.

AE® = 6131 cm™!
The values of Ejp and Egyt Will not be strictly correct
since AEC is calculated only for methylene chloride and will

vary slightly with solvent.

From AEC, other parameters can now be calculated. These
are tabulated in Table 5.2.2. A graph of vpax - AEC versus
1/DOp - 1/Ds is shown in Figure 5.2.4. From this Ejp and

Eout are obtained. These are shown in Table 5.2.3.
Calculations of this type have been carried out on a series
of ruthenium binuclear mixed—valénée complexes with a single
conjugated bridging ligand of the type L = pyrazine,
4,4 bipyridine and 1,2 bis (4 - pyridyl)ethene.27 In order
to make comparisons with our triple chloro-bridged binuclear
species these values have been included in Table 5.2.2.

In the triple chléro-bridged species under study both
Vmax and AGéh, the free energy barrier to the thermal process,

are greater than in the single bridged complexes. This is

thought to be a consequence of the greater asymmetry of the



Table 5.2.2: Electron Transfer Parameters Calculated from Intervalence Charge Transfer Bands

Complex vmax(cm_l) A(ecm™ )

1. [C1(PPh3),Ru(p-Cl)3Ru(CS) (PPhs) o]t & 14,500 8,369
2. [LyClRu(pyz)RuClL P+ 22¢ 7,340 7,340
3. [(NHa)sRu(pyz)RuClL,]"t P*¢ 10,406 8,417
4. [L L1Ru(bpe)RuClL, | ¥t B2€ 10, 809 10,809

Vs 3+ b,c
5. [LyClRu(4,4'bipy)RuClL ;] 10,163 10,163

a. In methylene chloride

b. In acetonitrile

c. L = 2,2'"-bipyridine, pyz = pyrazine,

4,4'bipy = 4,4'-bipyridine

HAB(Cm_ 1)

1,135

129

573

129-185

137-214

Ver(s™)

2.08x10'°
2.5 x10'*
5.2 x10**
(2.3-4.8)x10’

(2.7-5.9)x10 3

1,2 bis(bipyridyl)ethene

A GER (V)

0.64

0.23

0.41

0.34

0.32

k(s‘l)

2.9x10"

3.9x10%°

5.7x107
5.1-10x16’

(1.0-2.8)x10°

-€cc-
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Table 5.2.3: 1Inner and Outer Sphere Electron Transfer
Energies
Complex Ein(eV) Eout (eV)

[(NH;) sRu(4,4bipy)Ru(NH;) s 15+ & 2° 0.43 0.67
[ (bipy) 2ClRu(pyz) RuCl (bipy) .1 3% & 28 0.73 _0.26
[ (NH;) sRu(4,4 bipy)RuCl(bipy).1** 239 o0.s6 0.43
[(NHa)sRu_(pyz)RuCl(bipy)2]“+ a 28 0.56 0.43
[CL(PPh,) Ru(u-Cl);Ru(CS) (PPhs).1* ®  0.30 2.0

a. In acetonitrile

b. In methylene chloride
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Figure 5.2.4: Graph of vpax (cm™!) - AE°(cm™') versus
[(PPh;) 2 (CS)Ru(p-Cl) sRuCl (PPhj3) .1t at

T = 258K, in various solvents
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~

two metal Eentres in the triply bridged species than in

the singly bridged compounds. The singly bridged species
are known to undergo electron transfer via an inner sphere
mechanism via the bridge. 1In the triply-chloro bridged
complex, the thermal electron transfer rate constant is
smaller than those calcuiated for the singly bridged species.
The electron transfer is thought to occur by an inner sphere
mechanism, but through direct d-orbital overlap rather than
via the bridge in the singly bridged species.

The Ejp value calculated for the triple chloro-bridged
complex is comparable with those calculated for the N-donor
bridged complexes, 0.3eV compared with range of 0.43-0.73eV.
Table 5.2.3 shows the Ejn and Epyt values for four complexes
where the bridging ligand is pyrazinez%n?4,4' bipyridingg’30
together with the values for the complex under study. Egut
however is much greater than in these complexes, 2.0eV
compared with 0.26-067eV. We believe that this may be the
result of a greater amount of solvent reorganisation being

required.

5.3 CONCLUSIONS

The mixed—vélence compound [ C1(PPhs)2Ru{(u-Cl) ;Ru(PPh;) -
(Cs) 1t is a Class II complex with weak interaction between
the metal centres whether it be light or thermally induced.
Electron transfer occurs via an inner sphere mechanism.
The magnitude of the electron transfer rate makes it ameﬁable
to study by variable temperature e.p.r. methods and thereby
allow us to probe the electron transfer reaction by two

independent techniques.
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It would have been interesting to study a wider range
of complexes of this type to enable the above type of
calculations to be carried out and compared. The related
complex where CS is replaced by CO proved to be too unstable
in solution to enable spectroelectrochemical studies.

The mixed-valence complex Cl, (PPh3)Ru(III) (p-Cl) 3Ru(II)-
(PPhg)z(CS) was prepared, as determined by an electrochemical
study, buE we were unable to obtain pure samples. The start-
ing complex C1l(PPhj;),Ru(II) (p~-Cl)3;Ru(II) (PPh;),CS was always
present in the mixtﬁre. The mixed-valence species
Cl,; (PPh3)Ru(p=Cl) ;Ru(PPh;), (CS) was previously reported to
have a reversible one-electron reduction at -0.02V (versus
an Ag/Agl reference electrode) at which ferrocene is
oxidised at +0.56V).7 We also obsefved this redox process
together with two previously unreported oxidations at
(a) +1.58V and (b) +1.78V (versus an Ag/AgCl reference
electrode at which ferrocene is oxidised at +0.56V). We

believe that these oxidation proceSses may be formulated as

follows:
(@)  Cl, (PPh;)Ru(III) (u-Cl)3Ru(II) (PPhs), (CS) -8

[Clz (PPh3)Ru(III) (u-Cl) 3Ru(III) (PPhj3),(CS)]+
(b)  Cl,(PPh;)Ru(III) (u-Cl);Ru(III) (PPh;),(CS) + —= 5

[Cl: (PPh3) Ru(IV) (u-Cl);Ru(III) (PPh;),(CS)]2+
This mixed-valence complex is therefore worthy of further
extended spectroelectrochemical study since it should provide

two mixed-valence oxidation states of the same complex.
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5.4 EXPERIMENTAL

Electrochemical studies were performed as described
previously using the PAR model 170 potentiostat and
programmer.

Spectroelectrochemical studies were carried out as
previously described using the Perkin-Elmer Lambda 9
spectrophotometer. Temperature control was achieved as
previously described. C1l(PPhj;),Ru(p-Cl) 3;Ru(PPh;),CS was

prepared as described in the literature.10

Materials
PPh; and CS, were obtained from Aldrich.
RuCl;+3H,0 from Johnson Matthey.
Methylene chloride was purified as described
previously.
All other solvents were used as obtained without
further purification.

TBABF, was made as described previously.
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CHAPTER 6

ELECTROCHEMICAL AND SPECTROELECTROCHEMICAL
STUDIES OF SINGLE CN BRIDGED

BIRUTHENIUM COMPLEXES
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6.1 INTRODUCTION

The emphasis in this thesis has been on triply-bridged
Ruthenium and Osmium binuclear complexes. Only by introduc-
ing asymmetry into the terminal ligand sets of the complexes
of this type did we obser&e'Class II type behaviour in the
mixed-valence, M(II)M(III), M=Ru, state. An alternative
approach to binuclear species with weak metal-metal inter-
actions is to consider complexes with a singly bridging
ligand rather than three. Much work has beeh carried out
on Ruthenium mixed-valence complexes of this type and Class

I, II and III species have all been observed.

A. Pyrazine Bridged Species

The Creutz-Taube ion,l [(NH3) sRu(pyz)Ru(NH;) s][C7H;S03 ]s
-3H,0, pyz = pyrazine, has been a subject of much controversy
over the years. vThe-complex is prepared by the reaction of
[(NH3) sRu(H20) 1+ with pyrazine in a 2:1 mole ratio. This
gives the [(NHs)sRu(pyz)Ru(NHa)s]L'+ complex which on oxida-
tion with either Ce(IV) or Ag(I)‘yields the mixed-valence
complex of interest.

This species was originally considered to be a Class II
complex by Creutz and Taube on the basis of ﬁhe electronic
spectrum obtained. An absorption band is observed at 6350
cm™! (e=5000mol~'cm~'dm?®) and was assigned as an intervalence
charge transfer band on the basis that it was not observed in
either the [Ru(II)Ru(II)]*t or [RU(III)Ru(III)]®* species.
Sinée this eariy study ﬁhe complex has been the subject of

intensive'investigations. Studies by Hush® opposed the

original conclusions and suggested that the complex is in
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fact a Class III species. He observed that the low energy
band under study is very intense and the band halfwidth is
six times narrower than predicted by theory. The position
of the band, vpax, was found to be independent of the solvent
used. ,

Crystallographic studies by Ludi3 of [(NH3) sRu(pyz)Ru-
(NH;) 5 ]°t are consistent with there being two equivalent
Ruthenium centres thus supporting the conclusions made by
Hush.

Substituted derivatives of the Creutz-Taube ion have
been prepared.4 These are of the general type
((NH3) ,LRu(pyz) Ru(NH;) s}t where L=D,0, pyridine and pyrazine
n=5; LéCl‘, n=4. All these complexes also show a band in
the low energy region of the electronic spectrum. For L=D,0
this band is at a slightly lower energy (6540 cm~!) than for
L=NH; whereas the other ligands L=pyridine, pyrazine, Cl~
all cause the band to move to higﬁer energy.

Substitution of the NHj; ligands at both ends of £he
molecule to give complexes of the type [(NH;) ,LRu(pyz)RulL-
(NH3) 4 1°* and [(NH;) ;L,'Ru(pyz)Rul,' (NH;);]°t where
L=pyridine and L,'=2,2'-bipyridine cause the near_infra—red

1

band to move to lower energy, 6060 cm™" in the case of

L=pyridine and 5810 cm™'

in the case of'L=2,2'-bipyridine.
~In all the pyrgzine bridged complexes these bands were |
initially assigned as intervalence charge transfer bands
i.e. the mixed-valence pyrazine bridged complexes all
exhibit Class II type behaviour.
Related complexes of the type [(bipy)g(Ru(pyz)RuY(bipy)z]n+

and [(bipy) ,XRu(pyz)Ru(NH,) 1%, n=2,3,4,5, have been
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pi‘eparedl’4 where X,¥Y=Cl, NO,; bipy=2,2'-bipyridine.

These are prepared by routes detailed in scheme 6.1.1.

The mixed-valence Ru(II)Ru(III) state has been studied

in detail for these complexes. The electronic spectrum of
the symmetric [(bipy):ClRu(pyz)RuCl(bipy).]%t complex shows

! in acetonitrile. This band

a low energy band at 7690 cm™
can be assigned as occurring due to an intervalence charge
transfer transition by application of Hush Theory.5 The
complex has thus been designated as a Class II species. A
similar treatment was applied to the complex
[(biéY)zClRu(pyz)Ru(NHa)5]"+ which confirmed that the

observed band at 10,400 cm~! in acetonitrile is also due to

an intervalence charge transfer transition.

B. Other N-donor Bridging Ligands

A similar series of complexes where the bridging ligand .

is 4,4' -bipyridine have been prepared by Meyer et al.§

The
complex [(bipy) . (py)Ru(4,4tbipy)Rul(py) (bipy);]®** has been
prepared by the oxidation of the tetrapositive species,
[(bipy)(py)Ru(4,4lbipy)Ru(py)(bipy)z]“+. The parent‘complex
is prepared by the reaction of [Ru (bipy) 2 (NO) (py)] (PF¢) s

in an acetone/methanol mixture with KN; and 4,4ﬁ-bipyridine.
The low energy region of the absorption spectrum of the
oxidised species [(bipy). (py)Ru(4,4"bipy)Rul(py) (bipy),]°*

in acetonitrile is dominated by a band at 7,900 cm~!. The
band successfully fits Hush;s criteria for an intervalence
charge transfer transition and thus this species is

categorised as a Class II complex.

Several related complexes have been synthesised and



| o
[ Rubipy),NOIX] X=CT,NO3

l N; . Solvent,S:Me,CO, MeOH

[ Ru(5ipy)2(S)X] '
x"=CI‘NO'2/excess Pyz \?y z, %Cl

o+

[Ru(bnpy)QX(pyz)% | [(blpy)zRu(pyz)Ru(bxpy) ] [(bipy)QFiu(pyz)Fiu(bimz]

[Ru(NH H, 0)/ | YDIW)Q(SXNOZ)] Cl Cel) - ¢
X=CI"

. 3¢ , ,
[(blpy)gFTU(DYZ)Ru(Nde [<bipy>2R|u(pyz)R|u(bipy)2]2

: | cl NO, .
x=cr / \ X=NOp [(blpy)gRlu(pyZ)RllJ(bipy)g]
Bry H c o« «

[(b]MZRfJ(pyz)Ru( NH3)5] & [ ( bipy)gﬁ’u(pyz)Ru( NH3)s ] >
NO

Scheme 6:1.1: Routes for Preparation of Some Ruthenium Binuclear Complexes with Pyrazine as a

Bridging Ligand

-vec-
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studied. They broadly fall into four main categories as

follows:
(a) [(bipy) ;RuLM (bipy) , 1**
M = Ru, Os
L = 2,2'-bipyrimidine (bpym), 1.
(b) [(bipy) 2ClRuUL'M(bipy) » 1%+
M = Ru, Os
L'= pyrazinecarboxylate anion (pyzc), 2.
(c) . [(bipy) 2C1RUL"RuCl (bipy) 212+ B
L" = pyrimidine (pym), 3; trans 1,2 bis
(4-bipyridyl) ethane (bpe), 4; 1,2 bis
(4-pyridyl) ethane (bpea), 5.

(d) [(NH3) sRuL™ Ru(NH3) s]"7F
| "= 3,5; 1,2 bis (4-pyridyl) methane
(bpm), 6; 3,3'-dimethyl-4,4'-bipyridine
(3,3'-Me,=-4,4"'-bipy), 7;-bis (4-pyridyl)
sulphide (bps), 8; diazapyrene (dap)g, 9;
cyanogen (NC-CN)lO, 10; tetrabutylmalo-
nitrile (bmnH)ll, 11; p-benzogquinonedimmine

The structures of the bridging ligands 1-12 are shown
in figure 6.1.1.

Complexes of type‘(a), (b) and (c) are prepared in
‘general by ailowing a monomeric complek of the bfidging
ligand e.g. [{bipy)M{pyzc) ](PFg¢), M=Ru, Os to react with

.3

1 equivalerts of cis(bipy),Cl,Ru-2H,0 in ar ethanol/water
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Structures of Bridging Ligands
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Figure 6.1.1: Structures of Bridging ligands
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mixture for a period of 12-48 hours. The mixed-valence
species are all prepared by electrochemical oxidation of
the parent species.-

Type (d) complexes where L" =pym, bpea, bpm,

3,3 '-Me,-4,4'-bipy, bps, dap, NC-CN, bmnH, are prepared

by analogous routes to the related pyrazine bridged complex
preyiously discussed. Mixed-valence complexes of the type
[(NH;) sRuLRu (NH;) 5] °t are prepared by reduction of

[(NH;) sRuULRu(NH;) 51 %+ to [(NH;) sRuLRu(NH;3)s]** by zinc
amalgam and then mixing equimolar amounts of the tetrapositive
and hexapositive ions.

Where L™ =bgd, [(NH;)sRuLRu(NH;)s ]°t is prepared by the
oxidation of Ru(NH;)s(H,0)?% in the presence of p-phenylene-
dihydrochloride, keeping the pH at 7%0.5.

All mixed-valence species discussed above with the
exception of L"=bpea, L'"'=bpea, bpm exhibit an absorption in
thg low energy region of the electronic.spectrum. The
absorption spectrum of the complexes where L"=bpea, L"'=
bpm and bpea show no low energy band and have thus been
assigned as Class I species.

Analysis of the observed low energy bands according to
Hush theory of the complexes where'L=bpym, L' =pyzc, L"=pym,
bpe, and L'"' =bpe, 3,3'-Me,-4,4'-bipy, bps, dap, show that
they arise due to an intervalence charge transfer process
and are thus Claés II species. Complexes with asymmetric
terminal ligation tend to have intervalence charge transfer
bands at higﬁer energy than the corresponding symmetric

species. Replacing one ruthenium centre for osmium shifts



-239-

the band to higher energy. Both of these observations are
a consequence of the energy difference, AEg5, increasing
between the two sites (see Chapter 5).

When L' = NC-CN, the low energy transition is observed
at 6990 cm™! in acetonitrile. The position of the low
energy band does not vary with solvent. Only one v (CN)
stretching vibration is observed in the infra-red spectrum
at 2330 cm~! which is 50 cm~! higher than in the case of the

! lower than for the oxidised

reduced complex and 120 cm”
species. These observations suggest that this complex is
a Class III species i.e. the metal centres are strongly

interacting. It is thought that complexes with L'"' = bdg and

bmnh are also of the Class III type.

cC. Other Bridging Ligands

Recently complexes where L=NCX; x=S, Se have been
13,14,15

prepared. There are two Classes of these complexes:
(a) [C1(bipy) ;Ru (NCX) Ru (bipy) ,z 10+ 13714
Z = Cl-, NO,”, NCS™
n=1, 2, 3
X =8, Se
w4+ 15
(b) [(NH3) sRu(NCX)Ru(NH3) s ]

X =5 /

Scheme 6.1.2 details the syntheses of type (a) complexes.
Complex (b) is prepared by the reaction of [Ru(NH3)5N21Br2
with [Ru(NH;)sSCN]Br, in water. |

Studies have shown that complex (b) is a Class III

species. By changing the terminal ligands from NHj; to bipy
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Scheme 6.1.2: Routes for Preparation of Some Binuclear

Ruthenium Complexes of the type [Cl(bipy),RuXRu(bipy).¥]3®"

where X~ = NCS~™, NCSe~ and Y = Cl-, NCSf, NO, "~
: | (b 3 (from 13 14)
[CItbipyIoRUNCX Rutbipy)C] n 13;
. ,

l 2Ce( 1V)

[CIbipy)oRUNCXRu(bipy), Cl]

~N

[ (bipy)oRUNCXICI]- 2H50 (A)
EtOH . X =S,Se

cis [(biw)zRuClz l2H0
o 2()\“[(bipy)Rp(H20)Cl]+

cis{(bipy)oRUNCS)5 ]
EtOH

[ Ci(bipy)oRUNCS Ru(bipy)o (NCS)] -

2 Ce(1V)

3+

[Cilbipy)o RUNCSRUbIDY HNCS)]

+

' O+ .,
[(bipy,RUNOXND), ) —— (i), RutMe CONO,) ]
> 2 (N, 2 2 ol
Me,CO kA EtOH/Me O
: 2Ce(1V)

[C1(bipy),RUNCXRu(bipy), (N |
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as in Type (a) species leads to the extent of metal-metal
interaction decreasing in the mixed-valence state. Thus
these complexes have been determined to exhibit Class II
type behaviour.

This present study involves cyano-bridged complexes
of the type [CpLzRu(II)—CEN—Ru(II)LZCp]PFa16 where L is a

soft neutral ligand. The complexes are shown below:

(1) [Cp(PPhj;) ;Ru-C=N-Ru(PPhs),Cp]PFg

(2) [Cp(PPh;),Ru-C=N-Ru(Ph,P(CH,) ,PPh;)Cp]PF;
(3) [Cp(Ph,P(CHz),PPh;)Ru-C=N-Ru(PPh;),Cp]PF¢
(4) [Cp(PPhj) (YBuNC) Ru-C=N-Ru (PPh3j) ,Cp |PFs
(5) [Cp(PPh;),Ru-C=N-Ru(PPh;) (CO)Cp] PFs

Cyano-bridged mixed valence complexes of the type

17

[(NH3) sRu-N=C-M(CN) s ]~ where M=Fe, Os and

[(CN) sFe-C=N-Fe (CN) 5 ]®~ 18 have been studied previously
~and all were shown to exhibit Class II behaviour.

Complexes (1)-(5) are prepared by the reaction of the
monomeric cyano-species CpRuL,CN with the relevant monomer
CpRuClL; where L is as before.

Complex (3) has been characterised crystallographically
confirming the binuclear structure with a bridging cyano
group.16 The central four atoms Ru(l), N(1l), C(l) and Ru(2)
are almost colinear with an angle of 168° at N(1l) and 175°
at C(l1). The Ru-C(l) bond length of 2.038 is longer than
that found in monomeric ruthenium isonitrile complexes e.g.
[RuCl; (CO) (PPh3) , (CNC;H,Cl-p)]-EtOH has a Ru-C distance of
1.94A.19 The Ru-N distance is however shorter than observed
for typical Ru-N donor complexes, being 2.073 compared with

20

o
2.165A in [Ru(n2CgH;,)Cl, (CO) (NCMe) ]. This observation
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suggests that the positive charge is localised on the
ruthenium centre bearing the nitrogen. An electrochemical
study of these cyano-bridged complexes was carried out to
determine the redox processes available in these'complexes.
Any mixed-valence Ru(II)Ru(III) state at accessible
poteﬁtial will be probed by spectroelectrochemical methods

to determine the nature of the metal-metal interactions.

6.2 RESULTS AND DISCUSSION
Complexes (1)-(5) were supplied by Dr. S.J. Simpson,

University of Salford.

(a) Results:

6.2.1 Electrochemistry

Electrochemicél studies were carried out as previously
described. The results are shown in Table 6.2.1. Figure
6.2.1 shows the cyclic voltammogram obtained for complex (1).

Complex (1) unaergoes two one-electron oxidations in
methylene chloride/0.5M TBABF,. The first is reversible at
290K; the second however is only reversible at T=243K.

Complexes (2), (3) and (4)* also show two oxidations.
The first one-electron process is reversible whereas the
second in every case 1is irreversible regardless of the
temperature and scan rate used. l

Complex (5) shows only one, one-electron oxidation

at +1.22V which is more positive than the other first

* Complex (4) shows an additicnal oxidation at +0.88V

as a shoulder of that at 1.03V. It is thought that

. . . . 21
thls occurs due to cis/trans isomerism.
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Table 6.2.1: E} (V) values for Complexes (1) - (5) in

Methylene Chloride / 0.5M TBABF, (T = 290K)

)
b4
d

Ey (V versus Ag/AgCl) a
Compound | I1,I1 / II,III I1,I1I1 / III,III
1 1.00  (0.060) d  1.58 2 (0.060)
2 0.86  (0.060) 1.44 €
3 0.93  (0.060) 1.49 €
4 1.03 (0.070) 1.56 ©
5 i.22 ’(0.060)A -

Ferrocene/Ferrocinium at  +0.56V
Reversible at T = 243K
Irreversible even at low temperatures

EpF - EpR values are shown in brackets (where
EpF and EPR are potentials at the maximum of

the forward and reverse scans respectively.
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Figure 6.2.1: Electrochemistry of [1] in Methylene

Chloride / 0.5M TBABF,. at T = 243K
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oxidation processes observed. No other redox processes
were observed. We note that the oxidation at +1.22V is
fully reversible which is unusual in transition metal
complexes with coo;dinated Co.

The separation between the first and second oxidation
processes is between 0.5 and 0.6V which is similar to that
observed for the symmetric triply bridged complexes discussed

in Chapters 1-4.

6.2.2 Spectroelectrochemistry

Spectroelectrochemical studies were carried out as
described previously for complexes (1)-(5).

The mixed-valencelRu(II)Ru(III) [ A]*, where A=complexes
(1)-(5), state was electrogenerated in situ for each species
in methylene chloride/0.5M TBABFs at a suitable potential
using the O.T.T.L.E. cell (v 0.2V beyond the redox process).
The temperature was maintained at T=243K for complexes (1)-(4)
and 272K for complex (5). The absorption spectra were
recorded over the range 4000-40,000 cm™}.

iny complex (1) displayed a reversible second oxida-
tion, therefore the épecies [1]1%* was electrogenerated using
the O.T.T.L.E. cell.at a potential of E=+1.85V. 1In this
case the temperature was maintained at T=233K. |

Of interest to us is the low energy region of the
spectrum, since it is this region which is diagﬁostic of
mixed-valence behaviour. Therefore, only the near infra-red

region of the absorption spectrum will be discussed.
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1. [A] , where A = Complexes (1)-(5)

All species, [A] show no bands in the low energy

region of the electronic spectrum.

2. a1t

On oxidation to [A]t when A=complexes (1)-(4) a very
intense band forms in the low energy region of the electronic
spectrum with extinction coefficients ranging from 5704 to
7332 mol~'cm™'dm®., The results are shown in Table 6.2.2.
Figure 6.2.2 shows the spectrum obtained for the oxidation
of [1] »~ [1]1*%.

In the cases of complexes (2) and (3) this band is
asymmetric. Complex (2) has a shoulder at low energy and
(3) one at higher energy; Figure 6.2.3 shows the spectra
obtained for [2]* and (31 .

In complexes [1]1*, [2]* and [3]" the position of this
band, Vpax: was found fo be independent of the solvent used.
Figure 6.2.4 shows the graph of Vs versus l/Dop - l/pg
for t1]+. The solvents used were:-

(1) Chloroform / 0.5M TBABF,

(2) Methylene Chloride / 0.5M TBABF,

(3) Aéetone / 0.1M TBABF,

(4) Acetonitrile / 0.1M TBABF,
Vmax varies from 10,024 cm~'in the least polar solvent,
chloroform, to 9952 cﬁ'l in the most polar solvent, aceto-
nitrile. The band halfwidth, A}, which in all cases is
< 5000 cm™! varies from 3200 cm™! for complex (3) to 4200
‘cm'1 for complex (2) and does not Véry with temperature.

Both indicate that the metal centres are strongly interacting



Table 6.2.2: Band Positions (vyax) in the Near Infra-Red
Region of the Electronic Absorption Spectrum
for Complexes (1) - (5) in Methylene Chloride

/ 0.5M TBABF,

IT,1T ' IT,III ITI,III
Compound Vmax (cm™') e(mol™'em~'dm®)  vpax(em™!')  e(mol='cm~!dm®)  vpax(cm~') | € (mol='cm='dm?)

1@ - . Co= 9,773 7,332 12,309 3,503

a .
2 - - 11,568 5,704 - -
;a . . 9,994 7,320 - -

a
4 - - 10,052 6,677 - ;

b A
5 - : - 15,200 1,344 : - -

a. T = 243K

b. T = 272K

-/Vv7-
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Figure 6.2.2: Spectrum showing the Conversion of [1] - [1]%

in Methylene Chloride / 0.5M TBABF,
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Figure 6.2.3: Spectra of [2]* and [3]" in Methylene Chloride / 0.5M TBABF, at T = 243K
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Figure 6.2.4: Graph of vpax (cm~!) versus 1/DOp - 1/Ds
for [1]t in Methylene Chloride / 0.5M

TBABF, at T = 243K
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and that the species are Class III compounds.

The largest extinction coefficient is observed with
complex [i]+ i.e. that of lowest energy and the smallest
with complex [2]*, which has the highest energy band. The
bénds with larger extinction coefficients tend to have lower
Ay values and vice versa for those with smaller extinction
coefficients. All bands will therefore have similar values
of oscillator strength, f (f=4.6x107epsx44), which is a
measure of the integrated intensity under the absorption
profile.

Complex (5) shows very different behaviour from (1)-(4).
The results are shown in Table 6.2.2. A much weaker band
(e=1344 mol~'cm~'dm®) is observed at 15,200 cm~!in methylene
chloride/0.5M TBABF,. The band halfwidth does vary with
temperature, decreasing from 2900 cm™! at 282K to 2200 cm™'®
at 203K. Figure 6.2.5 shows the observed spectrum for
(5] - [51t.

Attempts were made to study this complex in other
solvents. 1In acetonitrile and chloroform the species
decomposed to give an unknown compound. In acetone a band
was observed at 15,200 cm™! for [5]%*. From this very
limited information it appears that the position of the
band, vpax, is independent of the solvent used. Further
studies in other solvents are therefore required providing
suitable ones can be found in which the complex in either
.oxidation state does not decompose. Temperature and solvent
studies therefore give conflicting results. On the basis
of the extinction coefficient, compared with those for

complexes (1)-(4), the fact that it is higher in energy than
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Figure 6.2.5: (a) Electronic Absorption Spectrum of the
conversion of {5] - [5]% and (b) Final Spectrum
of [5]%t in Methylene Chloride / 0.5M TBABF,
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those observed for complexes (1)-(4) and that [5] shows no
such band suggests we may be observing an intervalence

charge transfer band.

3. [A]%*

This was only observed for complex (1). The position
of the bands are given in Table 6.2.2. Figure 6;2.6 shows
the spectrum obtained for the oxidation of [1]% + [1] 2%
together with the final spectrum of [1]2%%.

Two bands are observed at 12,309 cm™! and 16,015 cm™!,
which are weaker than that observed in [1]T (£=3503 and

3113 mol~'cm™!'dm?® respectively).

(b) Discussion

Spectroelectrochemical results of the oxidised speéies
{A]1t, A=(1)-(4) indicate that the two Ru centres are strongly
interacting. The X-ray crystallographic study of [3] shows
that the Ru-C=N-Ru linkage is almost linear which suggests
that the metal-metal interaction is either through direct
d-d orbital overlap or involves orbitals on the CN bridging
ligand. The electrochemical results would tend to favour
the first suggestion since the oxidation potential of the
process [A] -+ [A]* occurs at very simiiér vélues to those
of the triply bridged complexes discussed in Chapters 1-4.
The qualitative molecular orbital calculations on the
triple chloro-bridged binuclear species (Chapter 4) showed
that the HOMO orbital had no ;ontribution from the bridging
ligands and was solely metal based. We therefore propose a

similar interaction in these CN bridged complexes. Further

consideration of the structure of [3] indicated that the
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important orbital overlap between the two ruthenium centres
will be via the d,? orbitals giving a ¢ and o* molecular
orbital.

Cbmplexes (1)-(4) all involve some degree of asymmetry
and therefore there will be an energy difference between both
ruthenium centres. It has been argued that in (3] the
positive charge of the complex ié localised on the ruthenium
centre attached to the nitrogen end of the CN bridging
ligand (henceforth referred to as the Ru-N end).

Thus we would expect the Ru(II) centre attached to the
carbon of the CN ligand (the Ru-C end) to be stabilised
towards Ru(III) compared with the Ru-N end. The electronic
influence of négatively charéed ligands in stabilising the
Ru(III) centre is well documented. For example if we
compare the potentials for the Ru(II) > Ru(III) process oOn
[Ru(bipy)z(py)Cl]+ at +0.76V and [Ru(bipy).Cl; at +0.31V

22 then the

(both versus S.C.E. reference electrode),
latter complex oxidises at less positive potentials than
the formsr.

A gqualitative molecular orbital diagram for [1]7% is
shown over page. B

The molecular orbital ¢* which is the HOMO of the
complex has predominantly d-orbital character .at the Ru-C end
and the ¢ orbital will have predominantly d-orbital chafacter
.af the Ru-N end.  Upon oxidation of [1] > [1]+, we envisage
removal of one electron from the o* orbitél and the near
infra-red absorption is assigned to the o + o* transition.

In order to rationalise the electrochemical and spectro-

electrochemical results for complexes (1)-(5) we have
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E=0
~(versus Ag/AgCI)

Eq/2

Ru-C end Ru-N end

constructed a molecular orbital diagram. This is shown in
Figure 6.2.7 in which complexes (2)-(5) are energetically
related to complex (1). In compléx (2) the Ru-N end has

the bidentate Ph,P(CH;):PPh, ligand replacing two monodentatg
PPh; ligands in [1]. Although there are no literature values
for tﬁe electronic parameter of the bidentate phosphiﬁe
ligand we would expect it to be more electron releasing than
the two PPh; ligands as it has only four electron withdrawing
phenyl groups as opposed to six. This should stabilise the
Ru-N end towards oxidation thereby making the two ruthenium
centres energetically more équivalent which will result in

a stronger interaction in [2]% than [1]7. This is indeed
observed experimentally as Vmax in [2]7 is at higher energy
‘than [1]Y . Furthermore the stronger interaction should
result iﬂ a smaller Ei value for [2]* compared to [1] 7

which is in agreement with experiment.



E =0 (assumption)

Ru-C Ru-C Ru-C Ru-C Ru-C
a”
.
= v
)
Ru-N Ru-N Ru-N Ru-N Ru-N

(1) (2) . (3) (4) | (5)

Figure 6.2.7: Molecular Orbital Diagram Energetically Relating Complexes 2 - 5 to 1
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A similar argument applies to complex [3] in which
the bidentate phosphine ligand is attached to the Ru-C end
thereby making it more accessible to oxidation than in [1].
In £his case the two ruthenium centres are less favourably
energetically matched than in [1]. Experimenﬁal results
indicate that the energy mismatch between the ruthenium
centres is such that the oxidation process is easier than
in [l1] and we therefore conclude that the degree of inter-
action is less in [3]% than [1] *; it is still however a
" strong interaction.

In complex [4], one PPhj; group, at the Ru-C end of [1],
has been replaced by the m-accepting ligand tBuNC (n50%
effective as the CO ligand).23 This would be expected to
destabilise the Ru-C end towards oxidation and therefore
lead to a stronger interaction between the two ruthenium
centres. This is observed spectroelectrochemically as Vpax
for [4]* is higher in energy than for [1]*. The oxidation
potential for [4] - [4]% is similar to that for 1] - [(11+*
which indicates that the strong interaction in [4]7% is
almost negated by the "lowering" of the Ru-C end.

In complex [5], one of the PPhs.ligands of the Ru-K end
of [1] is replacéd by the strongly m-accepting CO ligand.
The spectroelectrochemical results were best explained using
Class II type behaviour, that is a weakly interécting system.
The electronic effect of the CO ligand is such that the
energy mismatch between the two ruthenium centres is
sufficient for the o*orbital to have little or no contribution
from the orbital on the Ru-N end, and the ¢ orbital has a

similar contribution from the orbital on the Ru-C end.
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The results and molecuiar orbital discussion combine
to suggest that complexes [2]% and [4]1 have the strongest
metal-metal interaction and [5]% has the weakest.

A further one electron oxidétion involves removal of
an electron from an antibonding o* orbital which should
result in the ¢ orbitals moving to lower energy and Vpax
to higher energy as is observed. The work in previous
Chapters showed that oxidation of, for example, the mixed-
valence [(P(OMe) ;) ;Rulu-Br)Ru(P(OMe),) ; ]2+ to
4[kP(OMe)g)3Ru(u-Br)3Ru(P(OMe)3)3]3+ led to an increase in
metal-metal interaction. The bands observed in the low
energy region of the electronic spectrum of
[ (P(OMe) 3) sRu(u-Br) ;Ru(P(OMe) 3) 3]%F move to higher energy
and become more intense upon oxidation to
[ (P(OMe) ;3) sRu(p=-Br) ;Ru(P(OMe) 5) ;13 F. The band observed
in the low energy region of the electronic spectrum of |
'[1]17% is however weaker. It is important to remember that
in the single CN bridged complexes the geometry of the
bridge prevents the two ruthenium centres becoming much
closer to one another. Thus, although electronic considera-
tions favour an increased metal-métal interaction, steric

considerations do not.

6.3 CONCLUSIONS
Complexes (1)-(4) are all Class III complexes with
strongly interacting metal centres. Changing the ligands

at each ruthenium centre alters the energy difference
between the two metal centres which is feflected in the

differing degree of metal-metal interactions observed.
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Complex (5) is a Class II complex with weakly inter-
acting metal centres.

It would be interesting to study a wider range of

complexes—of this type. Examples are shown below.
c S
Ph FE):RU -C=N - Ru{—Pph3
1
C

_—Cp

| th p>w CEN—RU<PP}‘1'L:}
Ph : Phss
2 2 z

C - Cp
p\
PhP— u—CEN—F\lJéPPh3

t BuNC 3 CNtBu

6.4 EXPERIMENTAL
Electrochemical studies were performed using the PAR
model 170 potentiostat and programmer as described previously.
Spectroelectrochemical studies were carried out using
the optically transparent thin layer electrode of the
previously described design. The Perkin-Elmer Lambda 9

spectrophotometer was employed for these studies. Spectra
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were recorded over the range 4000 cm™! - 40,000 cm™'.

Temperature control was achieved as previously described.

Materials
Complexes (1)-(5) were supplied by Dr. S.J. Simpson,
University of Salford.
Methylene chloride was purified as described previously.
All other solvents were used as obtained, without
further purification. |

TBABF, was prepared as described previously.
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A.l ELECTROCHEMICAL TECHNIQUES

- Electrochemical studies have been carried out through-
out this work. A brief outline of the apparatus and
techniques used will now be given.1 Electrodes, cell
design, solvent and supporting electrolyte will be considered

first.

A.l1.1 Electrodes

In all the systems studied organic solvents were used,
which all have a high intrinsic solution resistance. A
three electrode configuration is commonly employed under
such conditions: a working electrode (w.e.), a reference
electrode (r.e.) and a counter (auxiliary) electrode (c.e.).
A potential difference is measured between the r.e. and the
w.e. and a current is monitored between the w.e. and c.e.
The r.e. maintains a constant reference potential throdghout
the experiment and any change in applied potential appears
across the w.e. solution interface. No current flows to the
r.e.,vwhich is therefore left unpolarised and stable.

The reference electrode must meet certain requirements:
1. Be reversible and obey tﬁe Nernst equation.

2. The potential must not change with time and
temperature and the resistance of this component

must be relatively high.

3. It must not cause contamination of the test solution.

(In experiments a Salt bridge is employed to avoid

this effect).

The most commonly used'reference electrodes are Ag/Agt where

polar solvents such as acetonitrile are the solvent and
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Ag/AgCl in non polar solvents, for example, methylene
chloride.

In organic media, Pt is the most commonly used w.e. as
it is stable over a wide potential range. The c.e. is
usually made of an inert material such as Pt and should have

a large area compared with the w.e.

A.l.2 Solvent

The solvent used is dictated by the sample solubility
and stability. There are however a number of other important
features to cbnsider. These are: usable potential range,
dielectric constant, accessible temperéture range, vapour
pressure, viscosity, toxicity, donor or coordinating properties
and ease of purification. For spectroeleetrochemical

experiments the onset of absorption of the solvent in the

UV region is also important.

A.1.3 Supporting Electrolyte

The electrolyte is present to increase the conductivity
of the solution and is present in concentrations of between
0.1 and O.SM. This decreases the resistance between the w.e.
and c.e. and also minimizes theverror in potential measure-
ment due to the uncompensated solution resistance, iRy. It
largely determines the structure of the double layer
immediately adjacent to the electrode. The vast excess of
ions present in the electrolyte compared with the test species
eliminates migration as a mode of mass transport for the

electroactive species.
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Cell

A suitable cell must satisfy the following requirements:
It must have as low a resistance as possible which

is particularly important with organic solvents and
high currents. In order to achieve this the three
electrodes are placed reasonably close to each

other and the w.e. is kept small (so that all points

on the surface of the electrode will be essentially
equidistant from the much larger counter electrode).

A symmetric electical field must be established at

the w.e. by optimizing the electrode geometry.

The temperature must be controlled.

It must be protected from air, water etc.

It must be easily dismantled.
The facility for separation of w.e. and c.e. during
bulk electrosynthesis must be easily incorporated

(in practice use a different cell design).

Figure A.l1.1 shows a typical cell arrangement for conventional

electrochemistry and Figure A.l1.2 shows a three compartment

cell for bulk electrosynthesis experiments.

Before discussing the techniques used to study electrode

processes it is important to define certain terms used to

describe types of charge transfer processes.

1.

Reversible: The electron transfer to or from the

electrode occurs more rapidly than the rate of

diffusion of the redox active material to the

Quasi-Reversible: The electron transfer process is
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Figure A.1.1: Typical Cell Arrangement for Conventional

Electrochemistry
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Figure A.1.2: Three Compartment Cell for Controlled

Potential Electrolysis
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governed by both diffusion and charge transfer
kinetics.

3. Irreversible: The charge transfer process is much

slower than the diffusion rate.

A.1.5 Cyclic Voltammetry

In cyclic voltammetry a stationary electrode is used
in a quiet (unstirred) solution. The vast concentration of
supporting electrolyte in solution and the thermostatically
controlled cell means that the effects of mass transport
due to convection and migrétion can be eliminated from further
discussion. Diffusion is therefore the only means of mass
transport of reactants and products between the bulk solution
and the solution/electrode interface.

The potential of the electrode is varied linearly
with time; the rate at which the potential is changed being
the scan rate, v (typically 20-500 mVs~!). The current, i,
is measured as a function of potential, E.

A typical cyclic voltammogram for a reversible process
is shown in Figure A.1.3.

The current response is.of an asymmetric peaked form,
the increase in current occurring when the potential of the
electrode is scanned into the range where the reactant begins
to be reduced (or oxidised) at the electrode. The rate of
this reaction increases rapidly as E increases. This leads
to most of the reactant near to the surface of the electrode
being consumed. The current is therefore limited by the rate
at which additional reactant can diffuse to the electrode

from the bulk solution. The current maximum occurs when the
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tendency towards increasing current, because of the increas-
ingly favourable potential, is just matched by the trend
towards decreasing current which is imposed by the depletion
of reactént near the electrode. Beyond the peak the latter
of these effects occurs. Upon reaching a pre-set value,
the "switching potential", the voltage scan is revérsed to
the starting value using the same scan rate, v, as in the
forward scan. The reversal current has a shape much like
that of the forward peak for essentially the same reasons
but in the opposite direction. The position of the peak of
the reverse wave is not at the same potential as the forward
peak and is shifted to more positive potentials in the case
iof a reduction and vice versa for an oxidation.

The parametéfs obtained from the cyclic voltammogram
of most interest are the peak current, ipF, thé potential
at the maximum of the forward curve, EpF and the correspond-
ing parameters for the reverse curve (ipR and EpR). By
using these parameters we can determine the nature of a
charge transfer process as shown in Table A.1.1. Figure A.1.3
indicates hbw'the parameters are obtained from a cyclic

voltammogram.

A.1.6 @ Voltammetry in a Stirred Solution

In order to determine if a redox process is an oxidation
or a reduction stirred linear voltammetfy can be used.
Figure A.l.4 shows a typical stirred and unstirred voltammo-
gram for a complex that undergoes both a reduction and

oxidation. Conventionally processes with current traces
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Table A.l1.1: Cyclic Voltammetric Criteria for Reversible,

Quasi-Reversible, Partially Reversible and

Irreversible Charge Transfer Processes at 298K

Reversible Ep is independent of v

EpF - EPR = 59/n mV and is independent

of v
i[EpF+ EPR] = E1/2, independent of
concentration

ip/\)l/2 (current function) is independent
of v

ipR/ipF = 1 and independent of v

Quasi-reversible Ep shifts with v
EpF - EPR increases as v increases
ip/\)l/2 is independent of v

igﬁﬁpF generally = 1

Partially-reversible Ep increases by 30/n mV for a ten fold

(i.e. irreversible increase in v, at low v
.chemical reaction ip/\)l/2 is independent of v
following charge ipR/ipF increases towards 1 as v
transfer) increases

Irreversible Ep shifts with v

ip/\)l/2 is independent of v

There is no current on reverse scan.

1

<
I

sweep rate in mVs~

o]
I

‘number of electrons involved in the redox process



Figure A.1.4: Typical Stirred and Unstirred Voltammogram
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above the i = 0 line are reductions and those below are.
oxidations. In this type of voltammetry the mass tfansport
is carriéd out by both convection and diffusion. For
efficient stirring a rotating disc electrode (R.D.E.) and a
slow scan rate should be used.

The RDE consists of a disc of the electrode material
imbedded.into a rod of insulating material. For example a
Pt wire is surrounded by teflon or epoxy resin. The shaft
of the RDE is linked directly to-a motor and an electrical
contact. The variable parameter of intérest is the angular
velocity, w(s~!) where w = 2nf. A typical RDE is shown in

the diagram below.

~ electrical contact

Disk

Access of the solution to dll the electrode surface is
uniform if the electrode radius is small compared with the
_insulating surround. The rate of mass tranéport to the
electrode can be varied over a wide range and in a controlled

way. For potentials where the surface concentration of
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>

electroactive species is zero, the equation that relates
the limiting current density and the rotation rate has been

derived by Levich:

iy, = 0.620nFADG2/? w!'/2 y=1/% c *
where n = number of electrons
F = Faradays constant (96487 Cmol~™!)
A = area of electrode, cm?
Do = diffusion coefficient, cm?s™!
v = kinematic viscosity, cm?s~!
w = angular frequency of rotation
s~! (27 x rotation rate)
Co* = initial bulk concentration mol cm™3

This equation is often used to test that the current
is entirely mass transport contfolled. A plot of i versus
w '/?2 should be linear and pass through the origin. The
slope ﬁay be used to determine the diffusion coefficient

for the electroactive species.

A.1.7 a.c. Voltammetry

Alternating current (a.c.) voltammetry essenfially
involves the superposition of a small amplitude, relatively
high frequency alternating potential upon a linearly scanning
d.c. potential. The superimposed voltage is usually periodic
in time such as a sinusoidal wave. Thus in addition to the
d.c. potential an alternating current also flows. The net
alternating current component is recorded as a function of
the linear d.c. potential. For a reversible redox step the

output current signal recorded is a symmetric peak centred
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upon E,/, of the corresponding d.c. polarogram. Figure
A.1.5 shows a typical reversible a.c. voltammogram.

A range of frequencies, w, from about 10Hz-1000Hz can
be used.

In a simple model, if the cell is considered as a
capacitor-resistor network to which the sinusoidal voltage
superimposed on a linear potential ramp is applied, the
shape of the a.c. wave follows straightforwardly from
considering it as the "first derivative" of the d.c. wave.
However, although this argument gives an understanding of
the shape of the wave, it should be treated with caution.

It would be misleading to regard the a.c. voltammogram as
merely a first derivative presentation. The a.c. experiment
contains additional information; a new experimental variable,
w, is available which effectively controls the "timescale"

of the experiment thus making the experiment a more sensitive
test of the departure from reversibility than the d.c. mode.
Similarly, the model fails to explain the dependence of peak
height on the frequency of the a.c. voltage.

An additional advantage with a.c. is that under normal
conditions the technique disqriminates against the béckground
"residual" or capacitive current. This is possible because
of the differing phése relationships which the two current
components, faradaic and capacitive currents, have with the
applied voltage. Thus by phase sensitive detection the
faradaic current can be measured exclusively, thus increasing
the sensitivity to analyte concentrations of 107° - 107'M
(the d.c. mode requires concentrations of 10~* - 10-°M).

A further advantage of using a.c. is that it is possible
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Typical a.c. Voltammogram for a Reversible

Process
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to resolve waves which are separated by as little as
40mV (150mV separation is required for d.c. voltammetry).
Reversibility criteria for a.c. voltammetry are:

(a) Potential

"Ep" is independent "w".

Wi/2 = 90/n mV at 25° and independent of "w".

(b) Current

J 2

A plot of "ip" versus w!/? gives a straight line

through the origin.

A.1.8 Electrosynthesis - Coulometry

Preparative scale electrolyses fall into two classes:
(a) Controlled Current (galvanostatic)

(b) Controlled Potential (potentiostatic)

The controlled potential method is the more often used.
It consists‘simply of an experiment in which an electro-
chemical reaction is allowed to proceed at an electrode, the
potential of which is held constant. The fixed potential-
must be more than 60mV past Ei/2 for 100% conversion;

Thé currents passing through the solution are relatively
large and it is therefore necessary to work with a three
électrode cell. A typical cell is shown in Figure A.1.2.

Thevw.e. and c.e. must be separated in this type of
éxperiment otherwise products formed at each electrode would
self cancel.

The current is measured as a function of time, with the
solution stirred throughout. Figure A.1.6 shows a typical
i versus t graph. The area under the curve gives the total

qﬁantity of electrical charge which has passed during
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electrolysis (Q). Thus:
t
o = { iat
e}
but Q = nFM

where m = number of moles of product,

electrons and F = Faradays constant.

(1)

(2)
n = number of

Thus from an electro-

synthesis experiment, assuming 100% efficiency, we can

determine n, the number of electrons involved in the redox

step.

A.1.9 REFERENCES
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A.2.1 STUDIES ON TWO MONOMERIC OSMIUM COMPLEXES

Attempts were made to prepare [(PMe,Ph) 3;0s(u-Cl) ;0s-
(PMe,Ph) ; ]JC1 by Chatt's methodl i.e. by the interaction of
[0sCls] 2~ with PMe,Ph in methanol. A yellow solid was
always obtained which was initially assumed to be the
binuclear species. Addition of methanol/excess NH4PFs to a
dichloromethane solution of this in order to exchange the Cl-~
anion yielded some yellow solid material together with a
purple solution, from which purple crystals formed. The
vyellow material analysed as the expected [(PMezPh)3Os(u—Clh -
Os (PMe,Ph) 3] PF¢ species.

Microanalysis and the FAB mass spectrum of the purple
crystals suggested that this complex was [OsCiz(PMezPh)g]PFs.
Electrochemical studies showed that it had the trans
isomeric form. The neutral monomeric species, trans
OsClz(PMezPh)“2 unaergoes two one-electron oxidations at
+0.28V and +1.55V (versus Ag/AgCl) whereas cis 0sCl; (PMe,Ph),
undergoes one, one-electron oxidation at +0.74V. The
complex under study showed a one—eleétron reduction at +0.28V
and a one-electron oxidation at +1.55V (détermined using
stirréd cyclic voltammetry. Appendix 1 gives details of
this technique). Thus it was assigned to be |
[Os(III)Cl, (PMe,Ph),]PFs. |

The related complex OsCl, (P(OMe)Ph,), was prepared as
an intermediate in the preparation of [(P(OMe)Ph,) 30s(u-Cl) ;-
Os(P(OMe)Ph2)3]PF5 by the reaction of 0sCl, (PPh;); and
P(OMe)Ph; in degassed hexane. This complex.was confirmed to
have trans chloride ligands by a 'p{H} n.m.r. study which

showed a singlet at 85.3 ppm over a range of temperatures.
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Electrochemical studies showed this complex to have
two one-electron oxidations at +0.35V and +1.53V (versus
Ag/AgCl). The first oxidation being slightly more difficult
than in the case of the species where L = PMe,Ph; this is
likely to be an effect of the electronic properties of the
P(III) ligands as discussed in Chapter 4.

Spectroelectrochemical studies were carried out as
previously described. The generation of the Os(III) species
from Os(II) was carried out at a suitable electrogeneration
potential. The temperature was maintained at 243K. The
spectra were recorded over the range 4,000-40,000 cm™!.

The positions of the bands observed and their extinction
coefficients are given in Table A.2.1. Figure A.2.1 a, b
and c shows the spectra of Os(II)Cl, (P(OMe)Ph;), ,
Os(II)Cl,(P(OMe)Ph,), > [0Os(III)Cl,(P(OMe)Ph,).]t and
[Os(III)Clz(P(OMe)th)q]+ respectively.

The electronic spectrum of trans.{OsClz(PMezPh)g]PFG
is very similar to that of trans [OsClz(P(OMe)th)d‘* (see
Figure A.2.2).

The major bands in the oxidised species are at higher
energy when L = PMe,Ph than when L = P(OMe)Ph,. It is

" is due

"thought that the band at approximately 30,000 cm~™
ﬁo an intraligand transition because of its intensity

(e ¥2000 mol‘lcméqdm3) and its very small energy éhift on
oxidation. The lower energy band is only present in the

Os (III) state and is assigned to a Cl~ - Os(III) ligand to
metal charge transfer transition since it varies little with

changing phosphine ligand. We note that in neither case is

there a NIR absorption band similar to that observed in the
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Figure A.2.2: Electronic Absorption Spectrum of

{OsCl, (PMe,Ph) 4+ }]PF¢ in Methylene

Chloride at T = 293K
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Table A.2.1: Values of vpax for OsCl (P(OMe)Ph,). and

[0sCl, (P(OMe)Ph,) 4]t in Methylene Chloride

/0.5M TBABF at T = 243K

Vmax (cm™!) e (mol~'cm™'dm?)
0sCl, (P (OMe) Ph,) 4 26,700 1578
29,600 2665
[OsCl, (P(OMe)Ph,),] " 13,000 68
17,000 1518
26,700 1585

29,600 1856
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related binuclear species.

OSClz (PMezPh) Yy

Earlier studies2 into the behaviour of trans

trans [OsCl, (PMe,Ph) 4] complex but had only three of its

suggested that the species was not a genuine

phosphine ligands bound conventionally to the Os(II) centre

with the further phosphine ligand being only loosely bound.

This was concluded on the basis of:

1. n.m.r. studies

2. Electrochemical Studies

The trans isomer would be expected to exhibit a
singlet in the *!'P{H} n.m.r. spectrum as all P
nuclei are equivalent. At room temperature a
broad singlét is observed. As the temperature is
reduced another resonance becomes apparent until
at 193K the spectrum exhibits a very sharp singlet
superimposed on a complex pattern of resonances.
This suggests that more than one P environment

is present in the molecule.

All other trans OsCl, (PMe,Ph) ;L complexes, where

L = MeCN, dmf, dmso, PhCN, C,H,, N,, studied

showed redox potentials almost superimposable on
those of the cis complexes. The redox couples of
the first oxidation of cis and trans OsCl, (PMe,Ph) .,

are however separated by 0.46V.

Unfortunately attempts to obtain a single crystal,

suitable for X-ray structural studies, of the trans

OsCl,; (PMe,Ph) 4, species failed. It was therefore decided

to
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carry out a structural study of [0sCl:(PMe:2Ph)u4] PFe to
determine if this exhibits any differences in Os-P bond
lengths.

A view of the cation (without H-atoms) is shown in
Figure A.2.3. Table A.2.2 gives a seléction of bond lengths
énd angles.

The X-ray crystal structure confirms the trans arrange-
ment of the chloride ligands. Both Os-Cl distances are
identical. Two of tﬁe trans Os-P distances are very similar
2.436 and 2.4413 whereas the other two show a greater
difference being 2.4162 and 2.4602. The complex trans
[Os(II)(CHO)(CO)(dppe)z]SbFe,3 where dppe = diphenylphos-
phinoethane, also has two such Os-P pairs. The first. having
bqnd lengths'of 2.429 and 2.3802 and the other 2.414 and
2.3893. The observation of one longer Os-P bond in
[ OsCl2 (PMe2Ph) « ¥ suggests that one phosphine ligand is in
fact more loosely bound aﬂd hence is easily displaced by
other ligands. The phenyl rings attached to Pi-and Pu
~are separated by only 3.832 and the angle between the two
phenyl planes i; 8.79°. This suggests that there may‘be
an interaction between the two rings. No such interaction

is evident between the other phenyl rings.

A.2.2 EXPERIMENTAL -

Electro;hemical studies were performed using the PAR
model 170 potentiostat and programmer as described previously.
The temperature was controlled as described previously.

Spectroelectrochemical studies were carried out as

described previously using the O.T.T.L.E. cell and the Perkin
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View of the [0sCl, (PMe,Ph).,]t Cation

Figure A.2.3:




Table A.2.2:

Os
Os
Os
Os
Os
Os
P(Ll)
P(l)
P(1l)
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Selected Bond Lengths and Angles for

[0sCl, (PMe,Ph) , |+

Bond Lengths(A) with standard deviations

-Cl(1)
-C1(2)
- P(1)
- P(2)
- P(3)
- P(4)

-C(1l1ll)
-C(121)
-C(131)

Angles({degrees) with standard

Cl(l)
Cl(1)
Cl(l)
Ccl(1l)
Cl(l)
Cl(2)
C1(2)
cl(2)
Cl(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(1l)

2.340¢
2.340¢
2.416(
2.
2
2

460(

.441¢(
-436¢(

3)
3)
3)
3)
3)
3)

1.845( 7)
1.807(11)
1.802(11)

Os -Cl(2)
Os - P(3)
0Os - P(4)
O0s - P(1)
Os - P(2)
Os - P(3)
Os - P(4)
0Os - P(1l)
Os - P(2)
Os - P(4)
Os - P(l)
Os - P(2)
Os - P(l)
Os - P(2)
Os - P(2)

P(2)
P(2)
P(2)
P(3)
P(3)
P(3)
P(4)
P(4)
P(4)

177

84.
85.
96.
92.
94.
95.

86

85.
169.
89.
90.
90.
91.

171

-C(211)
-C(221)
-C(231)
-C(311)
-C(321)
-C(331)
-C(411)
-C(421)
-C(431)

.06( 9)
00( 9)
48( 9)
52( 9)
02( 9)
95( 9)
62( 9)
.21( 9)
24(10)
40( 9)
82( 9)
59(10)
15( 9)
00(10)
.45( 9)

1.844( 7)
1.811(12)
1.810(14)
1.844( 7)
1.801(11)
1.839(12)
1.842( 7)
1.805(11)
1.829(12)

deviations
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Elmer Lambda 9 Spectrophotometer. The temperature was
controlled as previously described.

Elemental analyses were carried out by the Department
of Chemistry, University of Edinburgh.

FAB mass spectra were recorded by the Department of
Chemistry, University of Edinburgh, using the Kratos 50-TC

spectrometer and 3-nitrobenzylalcohol (3-NOBA) as the matrix.

Materials

Na,0sClg, K,0sClg were obtained from Johnson Matthey.

PMezPh4 was made according to the literature prepara-

tion.
P(OMe) Ph, was obtained from Aldrich.

Methylene chloride was purified as described previously.
All other solvents were used as obtained without

further purification.

1. Preparation of [0OsCl; (PMe,Ph),]PF¢

K,0sClg (0.15g) in degassed water (3.5ml) and PMe,Ph
(0.18ml) in degassed ethanol (15.8ml) were mixed together
and heated under N,. After 30 minutes yellow solia formed.
There was no change after a further 30 minutes so the
mixture was cooled and filtered. The yellow solid was
washed with ethanol and diethylether. This was then dissolved
in methylene chloride and to this methahol/NHgPFs were added.
After a short while yellow solid formed. This was filtered
and the remaining solution set aside. On leaving-overnight,
purple crystals formed. These were filtered and washed with

cold methanol and diethylether and dried in vacuo (0.113g, 38%).
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Elemental Analysis: Found C:40.7%, H: 4.79%, N: 0%
Calculated for C;3,;H,,FegPsCl,0s

C: 40.1%, H: 4.59%, N: 0%

FAB Mass Spectrum: Found Mt 814 (100%)

M+

676 (90%)
Calculated for [OsCl,(PMe,Ph)]™

Mt = 812.9

[ 0sCl,; (PMe,Ph) ;] *

Mt = 675.

Single Crystal Structure of [OsCl; (PMe,Ph),]PFs

Crystal Data: [C3;;H44Cl,0s P,]PFs , M

958.61, monoclinic

space group Py, /c, & = 11.4149(13), b 26.5376(21),

12.6375(8), B = 92.580(7), V = 3824.33 (from setting

c

) 0
angles for 38 reflections with 27 < 28 < 28 , X = 0.7107337),
%z = 4, Decale = 1.995g cm™?, T = 293K, purple plates,

0.12 x 0.23 x 0.62mm, u = 70.48 cm™', F(000) = 1900.

Data Collection and Processing: Stbe STADI-4 diffractometer,

graphite monochromated Mo - K, X-radiation, T = 293K, ‘w/26
scans uéing learnt profiie méthod,5 5113 data collected
(26max = 45° h -12 -11, 1 0 28, 1 -8 -8), 5113 unique
data (Rjpt = 0.0000) giving 4913 with F > 60(F) for use in
all calculations. No significant crystal decay or movement..
Initial corrections for absorption based on ¥ scans were

applied, minimum and maximum transmission factors are 0.1021

and 0.2179 respectively.
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Structure Solution and Refinement: A Patterson synthesis

located the 0Os atom and subsequent iterative cycles of

least squares refinement and differénce Fourier synthesis
located the positions of all non-H atoms. These were refined
by least squares refinement using SHELX-76 with anisotropic
thermal parameters for Os, P, Cl and F. DIFABS6 absorption
correction was carried out with minimum correction = 0.898
and maximum correction = 1.168. The H atoms were fixed in
calculated positions by AFIX. Phenyl rings were constrained
to be rigid hexagons. At final convergence R = 0.0488,

Ry = 0.0608, S = 1.036 for 207 refined parameters and the

final AF synthesis showed no peak above 0.887eA~3%. The

weighting scheme W~ = o¢?(F) + 0.000063F2 gave satisfactory

analyses and in the final cycle (A/0)pax = 0.039. Atomic

scattering factors were inlaid7'or taken from reference 8.
9

The figure was produced using ORTEP.

2. Preparation of 0sCl, (P (OMe)Ph,),

OsCl; (PPh;3;)3 (0.140g) and P(OMe)Ph, (0.127g) were heated
under reflux in degassed hexane (30ml) under N,. The initial
dark green solution gradually became paler in colour. After
heating for 1 hour the colour was pale green. After 3 hours
the pale green solution was cooled. Pale green crystals
formed on cooling. This was filtered and washed with hexane
and diethylether and dried in vacuo (0.102g, 68%).

Elemental Analysis: Found C: 55.47%, H: 4.62%, N: 0%
Calculated for Cs;Hs52P404,Cl,0s

C: 56.23%, H; 4.93%, N: 0%



FAB Mass Spectrum: Found M+
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1126 (10%)

mt 910 (100%)

Calculated for OsCl, (P(OMe) Ph,) 4

Mt = 1124.9

0sCl, (P (OMe) Ph,) ;
Mt = 909

31p{'H} n.m.r. 85.33 ppm - singlet
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Et
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FAB
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ABBREVIATIONS AND NOTES

. antibonding molecular orbital

2,2'-bipyridine
4,4'-bipyridine

1,2. bis (4-pyridyl)ethane
1,2 bis (4-pyridyl)methane
bis (4-pyridyl) sulphide
2,2'-bipyrimidine
p-benzoquinonedimmine
normal butyl

tertiary butyl

1,5 cyclooctadiene
cyclohexyl

diazapyrene
dimethylformamide
diffusion coefficient

(1,2-diphenylphosphino)ethane

extended Hiickel molecular orbital

estimated standérd deviation
ethyl
electron paramagnetic resonance

fast atom bombardment

highest occupied molecular orbital

cm~! x 10-3

lowest unoccupied molecular orbital

molecular ion peak

methyl
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3,3'-Me,-4,4"'-bipy 3,3'-dimethyl-4,4'bipyridine

NIR near infra-red
n.m.r. nuclear magnetic resonance
3-NOBA 3-nitrobenzylalcohol
norb ‘norbornadiene
OMe methoxy
0.T.T.L.E. optically transparent thin layer
electrode
Ph phenyl
120 pyridine
pym pyrimidine
pPYZz pyrazine
sh shoulder
TBABF, tetrabutylammonium tetrafluoroborate
THF tetrahydrofuran
ppm parts per million
p-tol 4-methylphenyl
uv ultra violet
VIS visible
o charge transfér coefficient
Y . (DO/DR)l/z
£ ‘ - extinction coefficient (mql‘lcm‘ldm3)
Vmax v wavenumber of band maximum
Vi wavenumber of iﬁtervalence charge

transfer band

All E values quoted are versus Ag/AgCl on which ferrocene

is oxidised at +0.56V unless otherwise stated.
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