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Abstract

In this thesis, the synthesis of the organic cyanoacetylenes NCC=CCgH;s and
NCC=CCg¢Hy4-4-NMe; and the metal cyanoacetylides Ru(C=CC=N)(PPh;),Cp,
Ru(C=CC=N)(dppe)Cp* and Fe(C=CC=N)(dppe)Cp is presented and their
coordination chemistry is explored. The structure and electrochemical behaviour of
these novel cyano-carbon complexes is investigated and spectro-electrochemical
methods are used to investigate the electronic structure of the cyanoacetylide
compounds. In addition, in order to gain a greater understanding of the metal/ligand
bonding interaction in these systems, the synthesis, structure and electrochemical
behaviour of a series of metal nitriles [Ru(N=CC¢H4X)(PPh;3),Cp][PFs] (X = NO,,
NMe;, CN) and [M(N=CCsH4X)L,Cp’][PFs] (M = Ru, L = PPh;, Cp’ = Cp; M =Ru,
L, =dppe, Cp’ = Cp*; M = Fe, L, = dppe, Cp’ = Cp) were investigated, as were the
complexes [ {Ru(PPh3),Cp}2{pu-M(CN)4}] (M = Ni, Pd, Pt) and [ {Ru(dppe)Cp*}2{p-
M(CN)4}] (M = Ni, Pd, Pt), which feature a group 10 tetracyanometallate as a

bridging moiety.



Statement of Copyright

The Copyright of this thesis rests with the author. No quotation from it should be

published without his prior written consent and information derived from it should be

acknowledged.

Declaration

The work described in this thesis was carried out at the University of Durham,

Department of Chemistry between October 2001 and September 2004. All the work

is my own unless stated otherwise and it has not been submitted previously for a

degree at this or any other university.

Financial Support

The Engineering and Physical Science Research Council (EPSRC) is gratefully

acknowledged for providing funding for the work described herein.

il



Acknowledgements

Acknowledgements

The list is too long and the space is too short to say an individual thanks to all those
who’ve been of help during the production of this thesis. However especial thanks

must be made to several people.

Firstly, thanks to all members, past and present, of “lab shack 100 whose help and
support has been invaluable. Particular thanks to Rachel Roberts, fellow potential

circus star.

Secondly, thanks to all the service staff in the Department of Chemistry for much

advice and assistance.

In the “outside world”, thanks must go to the staff at Trevelyan College for constant
support, especially Carole Laverick and Maggie Prestwich. Furthermore, thanks must
go to Lani Smales, Carl Barker and Chris Broadbent for soothing frazzled brummie

nerves with cheer, patience, beer and films.

Finally, and most importantly, I’d like to thank Dr. Paul Low, whose advice and

support has been invaluable and without whom, none of this would have been

possible.

11



Contents

Abstract

Statement of Copyright
Acknowledgements

Contents

Abbreviations

Chapter 1 - Introduction

Chapter 2 — Experimental Methods

Chapter 3 — Nitrile Complexes

Chapter 4 — Tetracyanometallate Complexes

Chapter 5 — Cyanoacetylene Complexes

Introduction
Results
Discussion
Experimental
References
Compounds List

Introduction

Results and discussion
Experimental
References
Compounds List

Introduction
Results
Discussion
Experimental
References
Compounds List

Contents

11
111
v
Vi

27

36
36
42
55
63
69
72

73
73
82
110
115
118

119
119
124
137
148
152
155

v



Chapter 6 — Cyanoacetylide Complexes

Chapter 7 — Cyanoacetylide Electrochemistry

Introduction
Results
Discussion
Experimental
References
Compounds List

Introduction
Results and Discussion
References

Contents

156
156
161
184
198
209
212

213
213
224
246



(+)-DIOP
Abs

bpy

cm-1

DCA
DCM
DFA
dippe
dmpe
dppe
dppf
dppm
DPV

€

EPR
ES(-)-MS
ES(+)-MS
Et

Fc

Abbreviations

Abbreviations

4,5 - bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxolane
Absorption

2,2' - bipyridine

Reciprocal centimetres

Cyclopentadienyl anion
Pentamethylcyclopentadienyl anion

Cyclic voltammetry

Cyclohexyl

Dicyanoacetylene

Dichloromethane

Diferrocenylacetlylene

1,2 - bis(diisopropylphosphino)ethane

1,2 - bis(dimethylphosphino)ethane

1,2 - bis(diphenylphosphino)ethane

1,1' - bis(diphenylphosphino)ferrocene

1,2 - bis(diphenylphosphino)methane
Differential pulse voltammetry

Extinction coefficient

Electron paramagnetic resonance
Negative-ion electrospray mass spectrometry

Positive-ion electrospray mass spectrometry
Ethyl

Ferrocenyl anion

vi



FT-IR

HOMO

IR

IVCT

MeOH

mg

MLCT

mM

MMCT

mmoles

NIR

NLO

NMR

ORTEP

OTTLE

Phen

Pn

ppm

PPN

Fourier transform infra-red
Highest occupied molecular orbital
Infra-red

Intervalence charge transfer
Molar

Methyl

Methanol

Milligrams

Metal-ligand charge trancfer
Millimolar

Metal-metal charge transfer
Millimoles

Wavenumber (for infra-red spectra)

Wavenumber (for electronic absorption spectra)

Near infra-red

Non-linear optics

Nanometres

Nuclear magnetic resonance

Oak-Ridge thermal ellipsoid plot
Optically-transparent thin layer electrode
1,10 Phenanthroline

Propylene diamine

parts per million

Bis(triphenylphosphine)iminium

Abbreviations

vil



Py
pyr

SCE
SHG
TBA
TCNE
THF
tol

tpy
triphos
UV-vis

Vab

Pyridine

Pyrazine

Standard calomel electrode
Second harmonic generation
tetra-butyl ammonium
Tetracyanoethylene
Tetrahydrofuran

Tolyl

1,2":6"2' -terpyridine

1,1,1 - tris(diphenylphosphinomethyl)ethane
Ultraviolet-visible

Coupling constant

Abbreviations

viii



Chapter 1 - Introduction

Introduction

Understanding electron transfer processes is vital to understanding a wide variety of

subjects such as biological photosynthetic pathways, catalytic reaction cycles and the
design of light-emitting devices through to the nascent fields of molecular electronics
and nanotechnology. The understanding of inter- and intra-molecular charge transfer

between remote sites is fundamental to the design of materials for these applications.

Possibly the most historically important example of a complex that displays charge-
transfer between two metal sites is the cyanide-bridged di-iron complex Prussian Blue
(KFe[Fe(CN)g]). Although known for some 300 years (its discovery is credited to a
Berlin painter named Diesbach, in 1704) it is only relatively recently that the physical
properties of this material have been studied with regards to its charge transfer
behaviour.! The intense blue colour of Prussian Blue arises from the metal-metal
charge transfer (MMCT) interaction between the two iron centres, one of which is
formally F e, the other being formally Fe' Being a material that contains two metal
centres in differing oxidation states, Prussian Blue is also the first example of a

“mixed valence” complex.

Mixed valence complexes can arise either from compounds where the two metal
centres are in different oxidations states as a result of the synthetic method employed
(as in the case of Prussian Blue), or can be generated from bimetallic precursors by
electrochemical or chemical redox processes. The degree of interaction between the
metal centres in mixed valence compounds can be classified using the system devised

by Robin and Day.’ Broadly speaking, those mixed-valence compounds for which
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there is no interaction between the metal centres are referred to as Class 1 compounds.
Where there is such a high degree of delocalisation across the complex that only an
average valence can be determined for the metal centres the material comes under the
Class 3 heading. All other complexes are referred to as Class 2 (or “valence trapped”)
species. Common features of mixed-valence complexes inciude the observation of
distinct oxidation potentials for each redox site by cyclic voltammetry and the
appearance of absorption bands in the near infra-red (NIR) region of the material’s
electronic absorption spectrum. The NIR bands correspond to optically-induced
charge transfer from one metal centre to another and are referred to as “metal-metal
charge transfer” (MMCT) or “inter-valence charge transfer” (IVCT) bands. In Class 3
complexes these IVCT bands tend to be narrower than those observed for Class 2
complexes (see Chapter 4 — Tetracyanometallate Complexes). There have been
numerous reviews of inter-valence electron transfer discussing various theoretical

aspects of these processes and further discussion will not be made here.*

Many mixed-valence materials of contemporary interest are derived from a common
[LxM]-B-[MLx] structure, in which two (redox-active) metal fragments MLx, featuring
a metal centre in oxidation state n, are linked by some bridging ligand, B. The mixed
valence state is generated by one-electron oxidation (or reduction) of the assembly.
One of the earliest, and most thoroughly studied examples of such a bimetallic
bridged species is the ruthenium-based mixed valence complex [{(NH3)sRu},pyr]™ (n

= 5) (Figure 1.1), also known as the “Creutz-Taube lon”.’
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n+

(HaN)sRU_N

N/ N—Ru(NH3)s

Figure 1.1. The Creutz-Taube ion

In the cases where n = 4 and 6, both the ruthenium centres are in the same oxidation
states (Ru' and Ru' respectively). However, in the case where n = 5 the mixed

valence (Ru”/Ru"I

) complex is formed. There has been much debate as to whether the
mixed-valence form of the Creutz-Taube ion falls into the Class 2 or Class 3

grouping. The electronic absorption spectrum of the mixed-valence complex reveals
a narrow, solvent-independent band in the NIR region and EPR data suggests that the
odd-electron occupies an orbital that lies along this Ru-pyr-Ru axis, all of which is
consistent with a Class 3 compound.”0 However, Mo6ssbauer spectroscopy has been
used to demonstrate that equal numbers of Ru" and Ru™ centres occur in the mixed-
valence species and the molecular structure obtained at 100 K for the tosylate salt has
shown that slightly different geometries exist at either ruthenium centre which

'L12 Whilst some recent theoretical work has concurred

suggests Class 2 behaviour,
with the Class 2 designation of the mixed-valence complex, other results suggest
Class 3."*'* The debate surrounding the Creutz-Taube ion has highlighted the
somewhat “fuzzy” distinction between the Class 2/Class 3 divide and even led to the

recent suggestion that such compounds should be given their own classification.'”

The fascination with the Creutz-Taube ion has led to a host of studies of mixed-
valence compounds featuring various combinations of metals, supporting ligands and

bridging moieties. Of particular interest to this research group are those compounds
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bearing polycarbon (C,) and cyano/nitrile (C=N) based bridging ligands. A general
description of recent work in this area will follow for the remainder of this
introduction whilst each following chapter will contain a specific discussion of

elements related to the work therein.

Cyanide Bridges

The cyanide moiety [C=N] has been used to bridge an extensive range of metal
centres and the synthesis and electrochemistry of such compounds have been

. . . . 17-21
described in a large number of review articles,'’

although it is only relatively
recently that similar investigations of yndiyl (sz 7) bridged complexes have been
undertaken in detail.”* Chapter 4 contains a discussion of the electrochemical and

mixed-valence nature of cyanide-bridged compounds but some general features of

cyanide bridges in comparison to acetylenic bridges should be made at this point.

The simple substitution of one atom for another between the cyano and alkynyl
moieties is fundamental to the differences between the [C=N] and [C=C]* ligands.
The presence of the nitrogen centre in cyanide generates a net dipole in the fragment
and means that it is no longer a symmetrical ligand in contrast to the alkyne dianion
[CEC]z' (the point group of the cyano moiety is Cy, whilst that of the acetylene
fragment is Doyp). This inherent dipole moment, combined with the differing bonding
characteristics of the carbon and nitrogen centres (see below) opens up the possibility

of differing properties between bridging isomers of the same material.
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The two ends of the ambidentate cyanide ion coordinate to metal centres in different
manners. The carbon centre coordinates to a metal centre via a o-interaction with a
metal orbital of o-symmetry as well as a n-type back-bonding interaction from the
metal d-orbitals into the n* anti-bonding orbitals of the cyano moiety. In contrast, the
interaction between the nitrogen atom and a metal centre is predominantly a o-
interaction between the o* orbital of the cyano moiety (formally located at the lone
pair on the nitrogen atom) and a o-symmetry metal orbital.> This results in the carbon
end of the cyanide bridge behaving as a strong-field ligand with an affinity for more
electron-rich metal centres whilst the nitrogen end acts as a medium-field ligand with
a preference for more electron-poor metal centres. Thus, for example, in the infinite

" network Prussian Blue structure, the carbon atom is always coordinated to the Fe'

1 17,24

centre whilst the nitrogen atom is coordinated to the Fe' centre.
Whilst the orientation of the CN moiety in Prussian Blue may be invariant (Fe'-CN-
Fe"l), the structures of some of its analogues are not. Shriver and co-workers used a
combination of spectroscopic, magnetic and X-ray methods to demonstrate thermal
CN isomerism in Fe/Cr, Fe/Mn, and Co/Cr Prussian Blue analogues whilst the first
pair of molecular compounds showing cyanide isomerism was the [ {Co(NH;3)s} (-
C=N){Co(CN)s] and [{Co(CN)s}(n-C=N){Co(NHj3)s] couple prepared by Haim and
co-workers.”>? Spontaneous isomerism of the cyanide bridge has also been
observed. For example, both the reaction of [Ag(CN),]” with [ML,]" and the reaction
of AgCN with ML,CN (ML, = Ru(PPh;),Cp, Fe(dppe)Cp) results in the formation of
[{ML,}(n-C=N)Ag(CN)] (Figure 1.2). Reaction of the product with a second metal

end cap results in the trimetallic system [{ML,}(u-C=N)Ag(u-N=C){ML,}]".
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Irrespective of the cyanide coordination in the starting materials, the products have

been shown to always contain silver-isocyanide coordination.*

Figure 1.2. Isocyanide coordination to a silver centre.

Vahrenkamp has investigated a series of bridging isomers of general type ML, (u-
C=N)M’L, and these compounds clearly demonstrate the effect of cyanide isomerism
on the physical properties of these materials. For example, the Fe-P bond lengths in
the compound [ {Fe(dppe)Cp}(u-C=N){Cr(CO)s] (2.184(1) and 2.187(1) A) are
significantly shorter than those in the bridging isomer [{Fe(dppe)Cp} (u-
N=C){Cr(CO)s] (2.200(1) and 2.204(1) A). In addition, the v(C=N) stretching
frequencies were shown to differ depending on the orientation of the cyano moiety

(Table 1.1) as well as the oxidation potentials (Table 1.2).*'
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Table 1.1. IR stretching frequencies of cyano-bridged complexes and their bridging

1somers

Metal Centre 1

Metal Centre 2

v(C=N)* (cm™)

v(C=N)® (cm™)

Cr(CO)s Fe(CO),Cp 2132 2157
Cr(CO)s Fe(dppe)Cp 2115 2103
W(CO)s Fe(CO),Cp 2134 1251
Fe(CO),Cp Mn(CO),Cp 2147 2094
Fe(dppe)Cp Mn(CO),Cp 2105 2087

*Denotes stretching frequency for complex with C-terminus bound to metal centre 1, "Denotes
stretching frequency for complex with C-terminus bound to metal centre 27!

Table 1.2. Oxidation potentials of cyano-bridged complexes and their bridging

isomers”

Metal Centre 1 Metal Centre 2 Eox” (V) Eox" (V)
Cr(CO)s Fe(COY.Cp +0.80 +0.68
Cr(CO)s Fe(dppe)Cp +0.28, +0.97 +0.46, +0.91

Fe(CO),Cp Mn(CO),Cp +0.02 10,24
Fe(dppe)Cp Mn(CO),Cp +0.18, +0.70 +0.00, +0.61

*Measured in CH,Cl; vs. Ag/AgCl, ®Denoies oxidation potentials for complex with C-terminus bound

to metal centre 1, “Denotes oxidation potentials for complex with C-terminus bound to metal centre
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Transition Metal C,-Bridged Species

There has been a great deal of interest in systems bridged by polyynyl ligands (C=C),.
A polyynyl ligand is perhaps one of the simplest forms of a “molecular wire”, being a
chain of unsaturated carbon atoms C,. Compounds bearing polyynyl bridging ligands

have been extensively reviewed of late.”

By far the most common systems are those bridged by the diyndiyl dianion
[C=CC=C]* (i.e.n=2 ), resulting in a range of bimetallic complexes bearing both
identical (Table 1.3) and differing (Table 1.4) metal end-caps. Of particular interest to
this research group are those systems bearing group 8 metal end-caps, and the

electrochemistry of the group 8 diyndiyl-bridged systems is discussed in Chapter 7.
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Table 1.3. Diydiyl bridged systems bearing identical metal end-caps

Metal end-cap Reference
Mo(CO);Cp 32
Mo(CO),Tp’ 33

W(CO):Cp 32
W(CO),Tp’ 33
W(CO);Cp* 34
W(0),Cp* 34
Mn(dmpe),l 35
Mn(C=CH)(dmpe), 36
Re(NO)(PPh3)Cp* 37
Re(NO)(P(tol);)Cp* 38
Re(NO)(P(CsHs-4-'Bu);)Cp* 38
Re(CO)3(bpy) 39
Fe(CO),Cp 40
Fe(dppe)Cp* 41
Fe(dippe)Cp* 42
Ru(PPh;),Cp 43
Ru(PPh;)(PMe;)Cp 44
Ru(dppe)Cp 45
Ru(dppm)Cp* I
Ru(dppe)Cp* 46
cis-RuCl(bpy), 47
trans-Rh(CO)(PiPr3), 48
trans-RhH(=C=CHPh)(PiPr;)4 48
trans-RhH(C=CPh)(PiPr3); 48
trans-RhHCI(PiPr3), 49
trans-RhHCI(py)(PiPr3); 49
trans-IrCI(CO)(NCMe)(PPh3), 50

Ni(CN)(NH;)3 51

Ni(PPh3)Cp 40
PdCI(PnBu;), 52
PtCl(PnBu3), 53

PtMe(cod) 54

PY(CeFs)(P(tol)s), 55
Au(PCyy) 56
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Table 1.4. Diyndiyl bridged systems bearing non-identical metal end-caps

Metal end-cap (1) Metal end-cap (2) Ref
W(CO):Cp Mo(CO);Cp 57
W(CO);Cp Mn(CO)s 57
W(C0O);Cp Ru(CO),Cp 57
W(CO);Cp Ru(PPh3),Cp 57
W(CO);Cp Au(PPh;) 57
W(CO):Cp M(CO)(PPhs),; M =Rh, Ir 58

Re(NO)(PPh3)Cp* trans-Rh(CO)(PPhs), 59

Re(NO)(PPh3)Cp* trans-Pd(PEt;),Cl 59

Fe(CO)(L)Cp; L = CO, M(CO);Cp; M =W, Mo 60
PPh;

Fe(CO),Cp ‘Fe(CO)(PPh3)Cp 60
Fe(dppe)Cp* Fe(CO),Cp* 61
Fe(dppe)Cp* Fe(CO),(n’-CsPhs) 61
Fe(dippe)Cp* Fe(CO),Cp* 42
Fe(dppe)Cp* Re(NO)(PPh;)Cp* 62
Fe(dppe)Cp* Ru(dppe)Cp* 63
Fe(dppe)Cp* Ru(PPh;),Cp 63

Cu(triphos) Au(P(tol);) 64

There are two general synthetic routes to the formation of these diyndiyl systems.
Firstly the two metal centres may be added to a central diynyl “building block™. This
addition of two metal centres may be performed simultaneously (to form complexes
bearing identical end-caps) or sequentially (for those complexes bearing differing
metal end-caps). For example, due to the acidic nature of the acetylenic protons of
butadiyne, the metal complex may be reacted with the diynyl dianion directly as

shown betow (Scheme 1.1).

7 ' - =4 D
_Ru—THF| + LIC=C—C=CLi - _Ru—C=C—C=C—Ru_
PhsP”/ PhsP”/ \ “PPhg
PhsP PhyP PPhs

Scheme 1.1. Reaction of [Ru(thf)(PPh;),Cp][PFs] with LiC=CC=CLi.**

10
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In addition to the reaction with lithiated alkynes, metal complexes may be reacted
with trialkyl-silyl reagents or with tetravalent tin butadiynes. For example, the di-
ruthenium complex in Scheme 1 has been synthesized from reaction of
Me;SiC=CC=CSiMe; with potassium fluoride in methanolic solution*® whilst Stille
coupling of MesSnC=CC=CSnMej; with metal halides and using a Pd° catalyst has
also been reported for complexes bearing iron (Scheme 1.2), molybdenum and

tungsten centres.®>%

4 P A S

_Fe—l _Fe—C=C—C=C—Fe_
oc”/ Mes;Sn—C=C—C=C—SnMe, = ©C / Co
oc oc co

Scheme 1.2. Coupling of Fel(CO),Cp with Me;SnC=CC=CSnMe;.**

Sequential addition of the metal termini may be achieved using the methods described
above or by coupling of an “activated” butadiyne HC=CC=CSiMe; with a metal
complex followed by a second reaction. Naturally enough this is the main method for

the formation of complexes with non-identical end-groups.

The second general route for the formation of diyndiyl bridged bimetallic systems is
by oxidative coupling of metal acetylides. Reaction of two equivalents of the metal
acetylides M(C=CH)L,Cp (M = Ni, L = PPh3; M = Fe, L = CO) in the presence of
copper chloride and oxygen (Hay conditi0n567) resulted in the formation of the

bimetallic products shown in Scheme 1.3 whilst coupling of the C=CH moieties in the

11
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rhenium acetylide Re(C=CH)(PPh;)(NO) using Cu(OAc), in pyridine solution has

also been demonstrated.®®

= = %

_M—C=C—H 2 _M—C=C—C=C—M._
L / L / L
L L L

Scheme 1.3. Hay coupling of M(C=CH)L,Cp (M =Ni, L=PPh3; M =Fe, L= CO)‘40

Lapinte and co-workers demonstrated an alternate method for the coupling of metal
acetylide complexes in 1995 with the formation of the iron butadiynyl complex
[{Fe(dppe)Cp*}2(1-C=CC=C)] via a two-step radical coupling procedure.4I The iron
acetylide Fe(C=CH)(dppe)Cp* was oxidised with ferrrocinium hexafluorophosphate
to give the 17-electron species [Fe(C=CH)(dppe)Cp*1[PFs]. The steric crowding
about the iron centre provided by the bulky supporting ligands prevents the metal
centres from approaching close enough to allow the expected dimerisation.®’°
Instead coupling occurs Vi;l the terminal carbon atoms of the acetylide ligand to give
the bis-vinylidene complex [ {Fe(dppe)Cp* }=C=CHCH=C={Fe(dppe)Cp*}][PFs]>
(Scheme 1.4). Subsequent treatment with potassium tert-butoxide yields the

butadienyl complex [{Fe(dppe)Cp*},(n-C=CC=C)].

12
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Mey Me)g+ .

Fe—C=C—H [Fe(CsHs)al{PFgl Fe—C=C—H -
thP// pth// (PFg]

&/Pth &/Pth

. Me
Me Me C@
@ % /FeIC:C\/ H %Me

Fe—C=C—C=C—Fe KOBU! Ph,P

Ph,P”/ \“PPh, = C=C=Fe_
CUFPPhe Pth\) AVl \ "PEh,

thp\)

[PFelo

Scheme 1.4. Synthesis of [ {Fe(dppe)Cp*}(n-C=CC=C)]

Several systems have been i1solated with chains longer than four carbon atoms,
although these are much less common due to the difficulties presented in their
synthesis. As with the diyndiyl compounds described above, copper catalysed
coupling reactions have been used to couple M(C=CC=CH)L,Cp’ materials to create
materials with Cg bridges bearing the metal end-caps [W(CO);Cp], [Fe(CO),Cp],

[Re(NO)(PPhs)] and [Fe(dppe)Cp*].>"' "

Broadly speaking, the two successive oxidations in bimetallic bridged species can
indicate electronic communication between the two metal centres and a greater
separation between successive oxidations can be an indication of the strength of this
interaction (see Chapter 4 for more detail). In investigations into the electrochemical
behaviour of the compounds [ {Re(NO)(PPhs)}2(-Cs)] and [ {Fe(dppe)Cp*}2(n-Cs)]

two, successive one-electron oxidations were observed.”™”® In both cases the

13
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difference in potential between the first and second oxidations of the Cg complexes is
lower than that found for the C, analogues. Whilst the redox behaviour of the Cg
systems suggests that there is poorer communication between the metal end-caps via
the longer carbon chain, it must be noted that electrochemical measurements alone are

not sufficient to elucidate details of electronic structure.

Gladysz et al. extended the study of C,-bridged species to investigate longer carbon
chains and managed to synthesise systems of type [ {Re(NO)(PPh;)}2(u-C,)] with
carbon bridges of up to 20 atoms in length.”* As with the materials above, it was
observed that increasing the length of the carbon chain reduced the gap between the
first and second oxidation potentials. In the case of the 20 carbon atom chain only a
single, apparently two-electron oxidation was observed and this indicates the length at

which the electronic communication between the remote rhenium centres ceased.

Ferrocenyl Species C,-Bridged Species

Ferrocene [F e(n5 -CsHs),, FcH] behaves as a stable, one electron redox systems (and
hence is often used as a reference in electrochemical measurements) and it is therefore
unsurprising that it should be used as a metal end-cap in investigations of mixed-
valence compounds.” The acetylide bridged species FcC=CFc
(diferrrocenylacetylene, DFA) was first synthesised in 1966 and the electrochemical
behaviour was probed by Cowan and co-workers eight years later.”®”’ DFA was
found to undergo two, reversible one-electron oxidations with a separation of 130 mV

between the two oxidation events indicating a moderate degree of interaction between

14
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the two metal centres. As with the systems discussed above, increasing the length of
the carbon chain was found to reduce the separation of the oxidation events, becoming

a single oxidation event in the tetrayne species Fe(C=C)4Fc.”®"®

The electronic absorption spectra of the compounds [Fe(C=C),Fc]™ (n=1, 2; m =0,
1, 2) have also been obtained.”® Low intensity absorption bands that were found in the
NIR region of the spectra for the mono-oxidised species, but were absent in both the
neutral and di-oxidised materials, were assigned to IVCT transitions. It is notable that
the energy of the IVCT bands increases with chain length (n = 1, Ay = 1560 nm; n=
2, Amax = 1180 nm), reflecting the decrease in metal-metal communication with

increasing chain length demonstrated by the electrochemical data.

In addition to the singly bridged species, the doubly bridged material has also been

isolated and electrochemically characterised (Figure 1.3).7®

Fe Fe Fe Fe

Figure 1.3. Singly and doubly acetylene-bridged ferrocenes.
The doubly bridged material shows a far greater separation of redox potentials than

the singly bridged species (355 mV vs 130 mV respectively). In addition, the IVCT

band associated with mono-oxidised version of the doubly bridged species was moved

15
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to much lower energy (Amax = 1760 nm). Thus the addition of a second acetylene

bridge between the end-caps strengthens the metal-metal interaction.

Aromatic Spacer Groups

In the case of acetylide-bridged ferrocene systems such as those described above, the
introduction of an aromatic moiety into the acetylene chain to create a diethynyl
aromatic bridge results in a large decrease in the separation of oxidation potentials.go’
% The cyclic voltammograms of the diethynyl aromatic bridged ferrocenes display
oxidation waves that arise either from single, two-electron processes or (in the case of
voltammograms with large peak-peak separations) oxidation events that are very
poorly separated. Interestingly, the 2,5-diethynlpyridine bridged ferrocene system
(Figure 1.4) undergoes a single oxidation event unless the nitrogen centre of the
pyridine moiety is methylated, in which case two oxidation events with a separation

of 160 mV are observed.®¢

Figure 1.4. 2,5-bis(ferrocenethynyl)pyridine

Whilst addition of an aromatic moiety into the ethynyl bridge in these ferrocene-

capped compounds reduces the degree of interaction between the redox-active centres,
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different behaviour is observed when those centres are incorporated directly into the
n-system of the bridging ligand. Whilst there have been many preparations reported
of diethynyl aromatic-bridged metal complexes of general type ML,-C=C-Ar-C=C-
ML,, surprisingly few have been subjected to electrochemical study. There have been
several studies of compounds bearing pseudo-octahedral metal end-caps and it has
been shown that the degree of interaction between the metal centres in such systems is
sensitive to the nature of the end-cap.*”" Thus the electron-rich di-iron complex
[trans-{FeCl(dmpe)2}2(n-1,4-C=CCsH4C=C)] undergoes two, one electron oxidation
processes separated by 200 mV, whilst the bis-bimetallic complex [{Rua(ap)s}(p-1,4-
C=CCsH4C=C)] (ap = 2-anilinopyridinate) undergoes a single, two-electron oxidation

7,92
eve:nt.8 d

Fe—C=C—C=C—Fe Fe—C=C
Ph,P”/ \ “PPh, Ph,P”/

{_PPhe thp\) {PPhe

Figure 1.5. The di-iron complexes [ {Fe(dppe)Cp*},(u-C=CC=C)] and

Meﬁ %Me Meﬁ
aVa

[{Fe(dppe)Cp*}2(p-1,4-C=CC4H4C=C)]

The di-iron complex [ {Fe(dppe)Cp*}2(p-1,4-C=CCsH4C=C)] bears an obvious
resemblance to the diyndiyl bridged system [ {Fe(dppe)Cp*}2(1t-C=CC=C)] (Figure
1.5) The diyndiyl complex undergoes two, reversible one-electron oxidation processes
separated by 700 mV whilst the incorporation of the phenyl group into the bridging
ligand reduces the separation of the oxidation events to 260 mV. Whilst the addition
of the phenyl spacer has reduced the interaction between the two metal centres it is

clear that the ligand is still capable of mediating a degree of electronic communication
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between the two over a distance of 12 A.*"° The use of a thiophene moiety as the
aromatic spacer resulted in a potential separation of 340 mV, larger than that observed

for the phenyl spacer but still less than in the diyndiyl system.”

=4

Ru——R
Ph,P” \

PPh,

Fe

Figure 1.6. diethynyl aromatic bridge between [Ru(dppf)Cp] centres (R =0, 1,4-

benzenediyl, 1,4- naphthalenediyl, 9,10-anthracenediyl)

Chen and co-workers have investigated a series of compounds of type

[{Ru(dppf)Cp} (n-C=C-R-C=C)] (dppf = 1,1 -bis(dphenylphosphino)ferrocene, R = 0,
1,4-benzenediyl, 1,4- naphthalenediyl, 9,10-anthracenediyl) (Figure 1.6), synthesised
by reaction of the metal chloride RuCl(dppf)Cp with the appropriate Me;SiC=C-R-
C=CSiMe; ligand and KF. For each of these compounds, two one-electron oxidation
processes corresponding to the stepwise oxidation of the ruthenium centres was
observed. The separation of these oxidation events was greatest for the diynyl system
(650 mV) whilst each of the compounds with the aromatic spacer in the bridging
ligand showed smaller separations (260-290 mV). Each of the complexes
[{Ru(dppf)Cp} (n-C=C-R-C=C)], with the exception of that where R = 1,4-
benzenediyl, were chemically oxidised to the mono-cations and isolated as the [PFg]
salts. The electronic absorption spectra of each mono-cation showed e;n IVCT

transition in the NIR region of the spectrum. In the case of the diyndiyl-bridged
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complex this transition was observed as a sharp absorption band at 906 nm and was
assigned as arising from a Class 3 mixed-valence complex on the basis of the band’s
sharpness and the coupling constant derived from Hush-analysis. In the napthyl and
anthryl complexes, [IVCT bands were also observed, although the slight solvent
dependence of these bands and the reduced coupling constant derived from them
suggested that those materials with an aromatic spacer in the bridging ligand were
Class 2 compounds. Thus the electronic absorption spectra are in agreement with the
electrochemical data for these compounds and suggest that the diethynyl aromatic
bridges are capable of mediating electronic communication between the metal end-

caps, albeit with a reduced effectiveness compared to the diethynyl bridged species.94

Considering the similarities the cyanoacetylene (RC=CC=N) and cyanoacetylide (
[C=CC=N]) ligands bear to both the cyanide and diyndiyl moieties it is somewhat
surprising that these system remain relatively unexplored. Those materials that have
been isolated and characterised are discussed in later chapters (see Chapters 5 and 6).
Few deliberate syntheses of n'-coordinated cyanoacetylides have been reported and,
prior to the work contained herein, no cyanoacetylide-bridged materials have been

studied.

In this study, a novel synthesis of the metal cyanoacetylides has been developed.
Their coordination chemistry has been explored along with the physical and
electrochemical behaviour of both the cyanoacetylide “metallo-ligand” and its
coordination products. Prior to this, however, a systematic study of the coordination
of: 1) a series of para-substituted benzonitrile ligands and 2) the cyan.oacetylene

ligands NCC=CC¢Hs and NCC=CC¢H4-4-NMe, to metal centres was undertaken in
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order to better understand the nature of the interaction between the C=N moiety and a

metal centre. In addition, the use of group 10 tetracyanometallates as bridging ligands
between two metal centres was studied in order to gain some understanding of role the
individual metal centres and supporting ligands might play on any electronic

interactions which might occur through the tetracyanometallate bridge.
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Experimental Methods

General Methods

Mass Spectra were recorded on a Micromass LCT instrument running in positive-ion
electrospray mode. NMR spectra were recorded on a Varian Unity-300 (‘H and *'P)
or an INOVA 500 MHz instrument (‘3C{'H}). Unless otherwise stated, all spectra
were recorded in CDCI; at ambient temperature and all chemical shifts are reported in
S (ppm). 'H NMR spectra were referenced to residual protio impurity in the solvent
(CHCls, 7.26 ppm). Be spectra were referenced against the solvent resonance
(CDCls, 77.0 ppm). The following abbreviations are used to describe multiplicities: s
(singlet). d (doublet), t (triplet), m (multiplet), br (broad). Infra-red spectra (with the
exception of the spectro-electrochemical studies described below) were recorded
using a Nicolet Avatar 360 FT-IR controlled by a PC running OMNIC 5.1b. Spectra
were recorded either as a Nujol mull between NaCl plates or in a solution cell bearing
CaF; windows. Elemental analysis was performed by the microanalytical service

within the Department of Chemistry at the University of Durham.

- Crystallographic data collection and refinement were undertaken by Drs. Puschmann,
Batsanov, Yufit, and Albesa-Jové of the Durham Crystallographic service. Their
efforts and those of the group leader Prof. J. A. K. Howard are gratefully
acknowledged. The description of the crystallographic methods provided by the
crystallographers is as follows: X-ray diffraction data were collected on Bruker 3-
circle diffractometers equipped with CCD area detectors SMART APEX, SMART 6K

or SMART IK, using graphite-monochromated Mo-K, radiation from a 60W
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microfocus Bede Microsource® with glass polycapillary optics or a sealed tube. The
crystals were cooled to 120 K using Cryostream (Oxford cryosystem) open flow N

cryostats.

Reflection intensities were integrated using SAINT software' and corrected for
absorption by numerical integration based on crystal face indexing or by semi-
empirical method?® based on Laue equivalents. The structures were solved by direct
methods and refined by full matrix least-squares against F* of all data using SHELXTL
software.” All non-hydrogen atoms where refined in anisotropic approximation
(except minor positions of the disordered atoms) with hydrogen atoms treated in

riding model (methyl groups as rigid bodies).

Cyclic Voltammetry

Cyclic voltammetry (CV) is a potential sweep method for studying electrode
processes. A cyclic voltammogram is obtained by recording the cﬁrrent intensity
observed at a working electrode as a function of the applied potential. The applied
potential is scanned linearly as a function of time from a potential at which no
electrode reaction occurs up to an arbitrary maximum beyond the potential of the
electrode reaction. At this point the direction of the potential is reversed and swept
linearly back to its original value. The initial sweep (to positive potential) records a
cathodic reaction (positive current) by which heterogeneous electron transfer occurs
at the interface between the solution (in which the species under study is dissolved)

and the electrode surface. The reverse sweep records an anodic reaction of the
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material back to the original state. A plot of potential vs. current for this process

results in a cyclic voltammogram like the one shown below (Figure 2.1).

Current (A)

ERED

Potential (V)

Figure 2.1. A cyclic voltammogram for a single oxidation

In the case shown above, an oxidation occurs as the potential is increased, resulting in
an oxidative or anodic wave with a peak current of I, occurring at a potential Eox. On
reversal of the potential sweep, a corresponding reductive or cathodic wave is
observed with a peak current of I; and a potential Egep. The standard redox potential
(Eip) of a reversible redox process is defined as the potential midway between Eox
énd Erep. The ratio of the peak currents for an electrochemically reversible event
should be 1. These potentials are measured relative to a standard reference potential

(see below).

The sample under study is dissolved in solution using dry solvents which have been
purged with dry nitrogen to remove oxygen (which would be apparent in the cyclic

voltammogram). As electron transfer can only occur at the electrode/solution
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interface, a zone of reacted material builds up around the electrode which is different
from the bulk solution and increases as the reaction proceeds. Unreacted material
must pass through this zone by diffusion in order to react at the electrode surface and
hence this zone of reacted material is referred to as the diffusion layer. In order to
ensure that current migrates through the diffusion layer and the bulk solution a
supporting, redox-inactive electrolyte is added to the solution. This is added in large
excess to ensure that the charge is transferred by the electrolyte and not by the species
under study. In this thesis, the electrolytes used were tetra-n-butylammonium
tetrafluoroborate (TBABF,) and hexafluorophosphate (TBAPF¢). Both of these

electrolytes are redox-inactive over a broad potential range.

In order to complete the electrical circuit and allow current to pass requires a second
electrode, called the counter electrode. A redox reaction also occurs at this electrode
and is of an opposite nature to that at the working electrode. In an electrochemical
experiment, only differences in potentials can be measured and in order to achieve
this a third, independent electrode is required called the reference electrode. A
reference electrode performs a known electrochemical process at a certain potential
which is insensitive to small variations of temperature or the passage of a small
current within the solution. Examples include the Saturated Calomel Electrode (SCE)

in which the redox reaction occurs between Hg and HgCl, or the Ag/AgCl electrode.

An alternative to the standard reference electrode, and one used in this thesis, is to use
an internal reference instead. In this case the reference electrode is replaced by a
pseudo-reference (platinum wire in this case) and a reference species is added to the

solution being studied. This reference species is one for which the standard redox
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the effects of oxidation upon the materials under investigation. By these methods
oxidised species are generated in-situ and their spectra acquired. This technique
requires that the probe light passes through a solution of the material under study
whilst it is in close proximity to the working electrode. In order to achieve this, a
metal minigrid is used as the working electrode. These minigrids consist of a fine
mesh of a selected metal (platinum in the cases used herein although silver and gold
are often used as well) which is inserted into a short pathlength cell along with
accompanying reference and counter electrodes. This produces an optically

transparent thin layer electrode (OTTLE) cell.*”

The use of a small volume allows bulk electrolysis to be performed in a short space of
time. Therefore, the spectrum of the species under study, X, is recorded at a potential
where X is stable. The potential applied to the solution of X is then increased step-
wise and a new spectrum is acquired at each step after the current has dropped to zero
(and thus the system is at electrochemical equilibrium). This provides sequential
spectra of the oxidation of X to X*. In some cases electro-generated species, whilst
electrochemically stable in a cyclic voltammogram are insufficiently stable over the
longer time-period required for bulk electrolysis. In these circumstances, variable-
temperature apparatuses are required in order to reduce the temperature of the solution

and hence stabilise the redox product.

Inra-red spectra for spectro-electrochemical studies were collected at the Universiteit
van Amsterdam (UvA) using a BioRad FTS-7 spectrometer. Oxidised species were
generated using a platinum minigrid working electrode (32 wires/cm) with a platinum

wire counter electrode and a silver wire pseudo-reference electrode. These were melt-
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Chapter 3 — Nitrile Complexes

Introduction

Nitrile ligands, RC=N, offer a combination of N localised c-orbitals and C=N = and
n* orbitals for bonding to metal centres and as such have been the subject of much
study for their reaction and coordination chemistry, physical properties and biological
roles.'® Early examples of nitrile complexes to ruthenium and iron centres include
the cationic iron complexes [Fe(NCMe)(CO),Cp]" and [Fe(NCMe)(CO)(PPh3)Cp]"
and the cationic ruthenium complex [Ru(NCMe)(PPh;),Cp]" (with a variety of
counter-ions).”® This was followed by the formation of the neutral boro-nitrile
complex Ru(NCBX3)L,Cp (L = CO, PPhs; X = H, C¢Hs) which readily re-arranged to
form the isonitrile material (Figure 3.1) and a series of nitrile complexes of type

[Ru(NCR)(PPh;),Cp]*.”*

i~ - i~ *
L . L

Figure 3.1. Nitrile/isonitrile isomerism in RuNCBX;3)L,Cp (L = CO, PPh3; X =H,

CsHs).

In addition to these materials the iron-nitrile complex [Fe(NCMe)(dppe)Cp][BPhs]
and a series of osmium-nitrile complexes were also isolated at about the same time.*®

More recently, a rise in interest in materials with high second-order

hyperpolarisabilities for non-linear-optics (NLO), together with the observation of

36



Chapter 3 — Nitrile Complexes

appreciable NLO behaviour in ferrocene derivatives, led to an increase in the study of

numerous metal complexes featuring n-conjugated ligands, including nitriles.'*"

In benzonitrile complexes there is a o-interaction between the o*-orbitals on the R-
C=N moiety and an empty orbital of appropriate symmetry on the metal centre.
Furthermore, the n)n* systems of the nitrile ligand are of the correct symmetries to
interact with d-orbitals of the metal centre. Thus there is the possibility for a degree
of charge-delocalisation across the metal-nitrile complex to a pendant donor/acceptor
group. However, there has been some debate in the literature as to the exact nature of
the interaction between a metal centre and a coordinated nitrile ligand. Early work
suggested that there was a degree of n back bonding from the metal d-orbitals into the
n* orbitals of the N=C moiety. For example, Dias and co-workers carried out a study
of para-substituted benzonitrile complexes of type [Fe(N=C-CgsHy-R) {(+)-DIOP} Cp]”
(R = Me, OMe, NH,, NMe,, Ph, F, NO,, C¢Hs-NO) (Figure 3.2) in order to

determine their NLO responses. '

Figure 3.2. [Fe(N=C-CsH,-R) {(+)-DIOP}Cp]" (R = Me, OMe, NH,, NMe, Ph, F,

NO,, Cels-NO,).
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The Dias group found that the electronic properties of the nitrile substituents resulted
in several changes in the spectroscopic signatures of their complexes. In the NMR
spectra they found that the "H and '>C resonances of the Cp moiety were shifted to
higher frequency upon moving from the electron-donating NMe; substituent to the
electron-withdrawing NO; moiety. Further, whilst in most cases the v(C=N) band in
the IR spectrum of these complexes remained relatively unchanged from that of the
free ligand [i.e. AV(C=N) = v(C=N)free ligand - V(C=N)compiex = 0], in the case of R =
NO; the v(C=N) band was found to move to lower wavenumbers [Av(C=N) = -35
cm’']. At the time, these observations were attributed to stabilisation of the ligand 7*
orbitals by the more electron-withdrawing group, leading to a greater degree of metal-
(dn) to N=C (n*) back bonding. Therefore, as the electron-withdrawing nature of the
nitrile substituent increased more electron density was removed from the metal centre
by back-bonding to the nitrile. In turn this would lead to greater donation from the Cp
moiety to the metal centre, resulting in a de-shielding effect and the observed NMR

response.

Later work on the analogous ruthenium complexes [Ru(N=CC¢Hy-4-NO,) {(+)-
DIOP}Cp][X] (X = CI', NO;3, BFy4, p-CH3CsH3SO35’, PF¢’, Cl04", CF3S0O5") found no
change in the v(C=N) band in the IR spectrum, relative to the free ligand. This was
attributed to the fact that the ruthenium centre was a poorer n-donor than Fe and
hence there was a balance between the donation from the nitrile o* orbital and back-
donation into the n* orbital which resulted in no net change in the v(C=N)

frequency."
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This metal to ligand © back-bonding picture also provided an explanation for the
variation in the degree of NLO behaviour in coordinated benzonitrile complexes.
Some of the compounds of type [M(N=C-CsH;-R)L,Cp’]" described above displayed
large values for second harmonic generation (SHG). One of the criteria for NLO
behaviour is that a material should consist of polarisable, dipolar molecules which
offer a large difference in their ground and excited state dipoles. Hence, coordination
of a benzonitrile ligand N=C-C¢Hs-R (where R is an electron-withdrawing group) to a
metal centre should lead to a donor-acceptor system in which the metal centre is the
donor and the electron-withdrawing R group is the acceptor. The [Fe(N=CCgHy-
NO,){(+)-DIOP}Cp]" system showed an SHG signal that was 38 times that of urea
(i.e. a relative SHG value of 38). and this was attributed to the [Fe{(+)-DIOP}Cp]"
fragment acting as a n-donor via d-n*(NC) orbitals towards the NO; group.12 The
analogous ruthenium complex [Ru(N=CCgH4-NO;,) {(+)-DIOP} Cp]" displayed a much
smaller relative SHG value of 2.7. This decrease was attributed to the poorer
donating power of the [Ru{(+)-DIOP}Cp]" fragment relative to the Fe analogue.l3
Low-level extended Hiickel calculations seemed to support the possibility of a limited

degree of metal nitrile back-bonding.'*"’

However, more recent work has suggested another explanation of these effects. More
detailed calculations have shown that, whilst there is a contribution from the ©t
orbitals, the bonding interaction is, in fact, predominantly ¢ in character between the
metal dz* orbital and the o* orbital on the nitrile moiety. The nitrile n* levels are too
far removed in energy to take part in back-bonding interactions of great significance

with the filled My, levels.'®'® This is comparable with the leading model proposed

for metal complexes featuring the isolobal and isoelectronic acetylide ligands. In the
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case of metal acetylide complexes it has been shown that the primary bonding
interaction between [C=C-R] and a metal centre occurs primarily though the o-
orbitals of the acetylide and the metal dz’ orbital. Although there is an interaction
between the metal d-orbitals of m-symmetry and the acetylide n-system (Figure 3.3),
in the case of low valent late metals of particular interest here, the bonding and anti-
bonding combinations are both fully occupied and so thefe is no net n-bonding.'*?
The very high energy of the acetylide n* system means that the degree of m back-

bonding between the metal and the acetylide fragment is negligible compared to the

dominant influence of the 5-bonding interactions.?’

Figure 3.3. Orbital Overlap Diagram for Metal/Ligand Interaction (X =N, C)

In order to better understand the nature of the bonding interaction in metal complexes
featuring cyanoacetylenes (R-C=C-C=N) (Chapter 5) or metal cyanoacetylides

(L,Cp’M-C=C-C=N) (Chapter 6) as ligands, we undertook a systematic study of
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complexes of type [M(N=C R)L,Cp’]" featuring para-substituted benzonitrile ligands
and examined the effects of variation of both the metal and the nature of the para-
substituent in the structural, electrochemical and spectroscopic properties of
complexes of these systems. Since counter ion effects have previously been noted to
influence these properties in solid state samples'® we chose to examine a consistent

series of [PFe] salts.
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Results

Syntheses

In methanolic solution, the M-Cl bond in compounds of type MCIL,Cp’ (where L =
phosphine ligand, Cp’ = Cp or Cp*) is partially ionised, and can be readily replaced
by a range of donor ligands.®® The additional presence of a halide abstracting agent
such as NH4PF assists this process by precipitating NH4Cl and driving the

equilibrium forwards (Scheme 3.1).

MCIL,Cp’ + D: = = [MDL,Cp’]" + CI

Scheme 3.1.

In this study, metal complexes of type MCIL,Cp’ (M = Ru, L = PPh;, Cp’ =Cp; M =
Ru, L, = dppe, Cp’ = Cp*; M = Fe, L, = dppe, Cp’ = Cp) were allowed to react with
benzonitrile (NCCsHjs) in refluxing mefhanol in the presence of NH4PF¢. Subsequent
work-up resulted in the isolation of the complex salts [Ru(N=CC¢Hs)(PPh;3),Cp][PFs]
(1),° [Ru(N=CC¢Hs)(dppe)Cp*][PFs] (2), and [Fe(N=CC¢Hs)(dppe)Cp][PFs] (3).
Similarly, reaction of RuCl(PPh;),Cp with the para-substituted benzonitriles
N=CCsH4X resulted in the formation of the substituted ruthenium complexes

[Ru(N=CC¢H,X)(PPhs),Cp][PFs] [X = NO; (4), NMe; (5), CN (6)] (Scheme 3.2).

+

RUCI(PPh3),Cp = _
Nzc-©—x = lon P,Ru-NECOX [PFg]
NH,4PFg o

PhsP

Scheme 3.2.
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In addition to these mono-metallic compounds, nitrile ligands were used to obtain
multi-metallic complexes. Reaction of N=CC¢H4C=N-4 with NH4PF¢ and two
equivalents of RuCI(PPh3),Cp in refluxing methanol resulted in the formation of the
bi-metallic complex [ {Ru(PPh3),Cp}2(p-1,4-N=CCcH4C=N)][PF¢], (7). It was found
that 7 could also be obtained from solutions of compound 6 after approximately 24
hours. This observation is discussed in more detail later in this section. Reaction of
RuCI(PPh;),Cp with one equivalent of the cluster-substituted nitrile Co(p, nz-
HC;ZC6H4CEN-4)(CO)4(dppm)22 under analogous conditions to those described above
resulted in the formation of the heterometallic complex [Cos(p, nz-HC2C6H4CEN-

4){Ru(PPh3),Cp} (CO)a(dppm)](PFs) (8).

Spectroscopic Characterisation

The benzonitrile complex [Ru(NCCgHs)(PPh;),Cp]PFs (1) was readily characterised
from the associated spectroscopic data. In the 'H NMR spectrum the PPh; ligands
gave the usual resonances in the region 7.09-7.57 ppm, which were overlapped with
the signals from the phenyl protons of the benzonitrile moiety. The Cp protons gave
rise to a singlet at 4.55 ppm, which is in good agreement with that previously reported
(4.58 ppm).® In the *C{'H} NMR spectrum, the Cp ligand was characterised by a
sharp, single resonance at 84.38 ppm while the carbon atoms of the aromatic rings
were found within the usual range (136.02-128.67 ppm). The *'P NMR spectrum
confirmed the presence of both the PPh; ligand (42.89 ppm) and the PF¢™ counter ion

(-142.97 ppm, Jpr = 713 Hz). In the IR spectrum, the v(C=N) band was observed at
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2233 em™. The positive ion mass spectrum (ES(+)-MS) contained an isotopic
envelope for the intact cation of the complex salt (m/z = 794) and for the fragment ion

arising from the loss of the benzonitrile ligand (m/z = 691).

The bright yellow complex salt [Ru(N=CC¢Hs)(dppe)Cp*1[PFs] (2) was characterised
in a similar fashion. The presence of the Cp* ligand was clearly visible in both the 'H
and 13C{IH} NMR spectra with resonances at 1.51 ppm (lH NMR) and 93.18 (CsMes)
and 9.68 ppm (CsMes) (°C{'H} NMR). Two broad signals in the 'H NMR at 2.46
and 2.50 ppm revealed the presence of the dppe protons and the ligand was detected
in the *C{'H} NMR spectrum as a multiplet in the range 28.41-28.77 ppm .
Furthermore, it was possible to distinguish the ortho-protons of the benzonitrile ligand
as a pseudo-doublet at 6.56 ppm with an apparent Jyg = 8.40 Hz. The‘ dppe and PFs
moieties gave the expected resonances in the >'P NMR spectrum (a sharp singlet at
76.15 and a heptet at -143.42 ppm, Jpr = 710 Hz) and the v(C=N) band was observed
at 2227 cm’ in the IR spectrum. ES(+)-MS results showed the presence of the
complex cation (m/z = 794) as well as a fragment resulting from the loss of the
benzonitrile ligand (m/z = 635). Despite numerous attempts, the micro-analytical
result for this compound returned consistently low in carbon which could not be

accounted for by the presence of solvent molecules.

The analogous iron-based complex [Fe(N=CC¢Hs)(dppe)Cp][PFs] (3) was
characterised by resonances in the 'H and >C{'H} NMR spectra corresponding to the
Cp moiety [singlets at 4.45 ppm (‘"H NMR) and 79.90 ppm (*C NMR)] and the dppe
ligand (two unresolved multiplets at 2.45 and 2.63 ppm in the 'H spectrum and a

multiplet at 28.13 ppm in the *C{'H} spectrum). As with compound 2, it was
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possible to distinguish a signal arising from the two ortho-protons of the benzonitrile
ligand which in this case were observed as a broad singlet at 6.46 ppm. The *'P NMR
showed the expected sharp singlet resonance for the dppe ligand at 98.32 ppm and a
heptet corresponding to the [PF¢] counter ion at -143.13 (Jpr = 713 Hz). The v(C=N)
band in the IR spectrum was observed at 2217 cm’! and ES(+)-MS showed the cation
of the complex salt (m/z = 622) and a fragment ion resulting from loss of the

benzonitrile ligand (m/z = 519).

In comparison with 1, the presence of the electron-withdrawing NO; group in
[Ru(N=CCsH4NO;-4)(PPh;),Cp]PFs (4) results in a shift of the Cp resonances in the
NMR spectra to higher chemical shifts ("H = 4.64 ppm, '*C = 84.98 ppm) relative to
those in 1. In addition, the nitrile carbon and the associated ipso-carbon of the
CsH4NO, aromatic ring could be identified in the *C{'H} NMR spectrum (127.91
ppm and 117.46 ppm respectively), as could the carbon adjacent to the NO, group
(150.04 ppm) by comparison with the spectrum of 5 (see below) and data reported
previously from similar complexes.23 26 The PPh; ligands and the [PF¢] counter-ion
gave the expected resonances (a sharp singlet at 42.97 and a heptet at -142.93 ppm,
Jpr = 713 Hz respectively), whilst the v (C=N) band was observed at 2228 cm' in the
IR spectrum. Isotopic envelopes consistent with [Ru(N=CCsH4NO,-4)(PPh;),Cp]"

(m/z = 839) and [Ru(PPh3),Cp] (m/z = 691) were observed by ES(+)-MS.

The spectroscopic properties of the yellow complex salt [Ru(NCC¢H4sNMe,-
4)(PPh3)Cp]PFs (5) shows the effect of the electron-donating NMe; group on more
remote parts of the metal fragment. The Cp resonances in the NMR spectra (‘'H =

4.42 ppm, *C{'H} = 83.81 ppm) are moved to lower frequency relative to those in
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compound 1. The methyl protons on the NMe; moiety gave rise to a singlet
resonance at 2.97 ppm. In the *C{'H} NMR spectrum, the corresponding methyl
carbons gave a sharp resonance at 40.17 ppm. The ipso carbon of the benzonitrile
phenyl ring was also identified in the '3C{'H} NMR spectrum (95.61 ppm) as was the
carbon adjacent to the NMe, group (153.23 ppm). The PPh; ligands and the PF¢
counter-ion gave the expected resonances (a sharp singlet at 42.82 and a heptet at -
143.04 ppm, Jpr = 713 Hz). The v(C=N) band was observed at 2221 cm™ in the IR
spectrum. The ES(+)-MS results contained an isotopic envelope consistent with the
cationic portion of the compound (m/z = 837) and the fragment ion arising from the

loss of the NCCgHsNMe;-4 ligand (m/z = 691).

The solid isolated from the 1:1 reaction of RuCIl(PPh3),Cp with terephtalonitrile (1,4
—dicyanobenzene) was a mixture of two compounds, as evidenced by the observation
of two chemically distinct Cp moieties in the "H NMR spectrum at 4.57 and 4.62
ppm. Neither of these species correspond to the starting material [RuCI(PPhs),Cp] for
which the Cp signal appears at 4.03 ppm. Further experimentation using a 2:1 molar
ratio of the ruthenium reagent:terephthalonitrile gave a single complex, identified as
the di-ruthenium complex [ {Ru(PPh;)Cp}(u-NCCsH4CN-4)](PF¢)2 (7) [6Cp(lH):
4.57ppm]. A similar reaction with a ten-fold excess of the ligand afforded the
monometallic complex [Ru(NCC¢H4CN-4 )(PPh3)Cp](PFs) (6) [SCP(IH): 4.62ppm] .
In DCM solution, 6 disproportionates to 7 and free ligand over a 24 hour period.
Hence the di-ruthenium complex 7 would appear to be the thermodynamic sink for the

reaction.

46



Chapter 3 — Nitrile Complexes

In addition to the "H NMR resonances discussed above, 3'p NMR resonances for 6
were observed arising from the PPh; (singlet at 42.58 ppm) ligand and the [PF¢]
counter-ion (heptet at -142.93 ppm, Jpr = 713 Hz). A 13C{IH} NMR spectrum of 6
could not be obtained due to the disproportionation problem described above. ES(+)-
MS results showed isotopic envelopes corresponding to [Ru(NCCsH4CN)(PPh3),Cp]"
(m/z = 819) and [Ru(PPh;)Cp]" (m/z = 691). There was only one v(C=N) band

observed in the IR spectrum (2221 cm™).

The PPh; and [PFs]” ligands in 7 gave rise to singlet and heptet resonances in the *'P
spectrum at 42.58 ppm and -142.84 ppm (Jpr = 713 Hz) respectively. The v(C=N)
band was observed at 2226 cm™ in the IR spectrum and ES(+)-MS results show the
complex cation [ {Ruy(NCCsH4sCN)(PPh;)4Cp2}[PFs]]” (m/z = 1655) as well as
isotopic envelopes arising from [Ru(NCCsH4sCN)(PPh3),Cp]" (m/z = 819) and

[Ru(PPhs)Cp]" (m/z = 691).

The Cp resonances in the red-coloured complex salt [Coa(u, n2-HC,CeH4C=N-
4){Ru(PPh3),Cp}(CO)4(dppm)](PFe) (8) were shifted to lower chemical shift relative
to compound 1 ("H = 4.47 ppm, *C{'"H} = 83.95 ppm). Resonances from the dppm
protons were observed as doublets of triplets centred at 3.06 ppm (Jup = 13 Hz, Juy =
10 Hz) and 3.60 ppm (Jup = 13 Hz, Jyy = 10 Hz). The IR spectrum showed the v(CO)
bands at 2021, 1993, 1973 and 1955 cm’' but the v (C=N) band was not observed. The
ES(+)-MS contained isotopic envelopes arising from the molecular ion for the

cationic portion of the compound (m/z = 1432) and the fragment ion arising from

[Ru(PPhg)ZCp]+ (m/z = 690).
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Electronic Spectra

With the exception of 6 (due to the disproportionation problems described above) and
2 (which proved to be insoluble in THF) the electronic absorption spectra of
compounds each compound were recorded as 0.1 mM solutions in both DCM and
THF (Table 3.1). Each compound exhibited an absorption band with a Anyax in the
range 240-260 nm which displayed no solvatochromic behaviour and was assigned to
the localised n/n transitions of the phosphine ligands. Similar assignments have been
made previously for a series of closely related compounds.®’ In addition, each
compound gave rise to a broad absorption envelope between 300-450 nm. This
envelope contained two absorption bands, the relative positions and intensities of
which varied between complexes. These were tentatively assigned as MLCT Rug,-Cp
for the higher energy transition and MLCT Ruy,-NC,+ for the lower (see Discussion
section). The marked solvatochromic effect seen for compound 4 (which bears the
strongly electron-withdrawing NO, group) supports this assignment. However, in the
case of compounds 1, 4 and 5 these bands overlapped to such an extent that it was
impossible to establish the positions of the two separate band maxima and the only

distinguishable band maximum is reported here.

Table 3.1. Electronic Absorption data for complexes 1-8

Complex Ama/nm (g / M em™) (CH,Cly) Amax/nm (g / M! em™) (THF)

1 238 (52900), 307 (13600) 230 (70400), 307 (13500)

2 249 (26900), 310 (8400), 346 (6600) n/a

3 258 (17800), 328 (5600), 391 (2500) 260 (17100), 331 (5900), 391 (3200)
4 237 (43200), 384 (6900) 229 (51000), 329 (6900)

5 230 (62700), 332 (55000) 234 (45400), 332 (45000)

7 247 (85400), 363 (20900), 420 (17100) 225 (55600), 363 (10300), 420 (8300)
8 270 (30800), 360 (15200), 550 (2400) 270 (55400), 360 (29500), 550 (1800)
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Molecular Structures

While attempts to obtain single crystals of [Ru(NCCsH4CN-4)(PPh3),Cp][PFs] (6)
were complicated by disproportionation to [ {Ru(PPh;),Cp}.(u-1,4-
NCCeH4CN)][PFs], (7) and the free ligand commented upon earlier, it did prove
possible to obtain single crystals of the other complexes 1-5, 7 and 8. The molecular
structures for the complexes bearing the benzonitrile ligand (1-3) are shown in Figure
3.4, with crystallographic details summarised in Table 3.2 and selected bond lengths
and angles in Table 3.3. Compounds of type [Ru(N=CC¢H4X)(PPh;),Cp][PF¢] [X =
NO; (4), NMe; (5)] as well as the di-ruthenium complex [ {Ru(PPh3)Cp}a(p-
NCCH4CN-4)][PFs]2 (7) and the mixed-metal complex [Co(p, n2 -HC;CsH4C=N-
4){Ru(PPh3),Cp}(CO)4(dppm)][PFs] (8) are shown in Figure 3.5, with
crystallographic details summarised in Table 3.4 and selected bond lengths and angles

in Table 3.5.

In the case of compounds 4, 7, and 8 molecules of solvent (CH2Clz) were found in the
molecular structure. The solvent molecules are also accounted for in the micro-
analyses of these compounds (see Experimental section). Given the sensitivity of the
details of the molecular structures to variations in electronic properties of the metal
and the supporting ligands (e.g. phosphines and Cp’) as well as those associated with
the nitrile ligand of particular interest here, it is only illustrative to consider subtle

variations within the series of most structurally comparable metal fragments.
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Table 3.3. Selected bond lengths and angles for compounds 1-3.
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Compound M-N(1) | N(1)-C(1) cq)- M-P(1) M-XPZ) M-N(1)-C(1) | N(1)-C(1)- | P(1)-M-(PQ2)
A) A) C(ipso) (A) A) (A) © C(pso) () (]
1 2.037(D) | 1.145(2) | 1.440Q) | 2334(D) | 2.335(1) | 171.70(12) | 177.84(16) 97.46(1)
2 20275 | 1.146(7) | 1438(7) | 2.315(1) | 2.315(1) 173.6(4) 174.9(6) 83.50(5)
3 1892(2) | L141(3) 14443) | 2.207(1) | 2.206(1) | 172.16(18) 174.5(2) 84.37(6)
[Fe(N=CCH,NO,) | 1.874(11) | 1.129(14) | 1420(2) | 2210(4) | 22093) | 176.6(11) 177.4(15) 87.70(12)
(dppe)(Cp*)][PFy]

Figure 3.5. ORTEP plots of substituted benzonitrile compounds 4, 5, 7, and 8 showing
numbering scheme.
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Compound 4 5 7 8
Formula C48H39F6N2P302RU.CH2C]2 C50H45F6N2P3Ru C90H70F|2N2P6RUZ.2(CH2C12) C79H62C02RUO4P5NF6.CH2C12
M 1068.72 981.86 1969.32
a(A) 13.4710(11) 11.4435(5) 17.9679(7) 13.6667(18)
b(A) 18.9603(13) 13.8495(7) 16.5775(7) 16.392(2)
c () 18.1940(14) 15.2404(7) 28.5453(12) 16.958(2)
a(®) 90 87.187(2) 90 98.113(4)
BEO 95.816(4) 72.213(2) 90 105.243(4)
7(®) 90 73.038(2) 90 97.515(4)
v (&Y 4623.1(6) 2197.76(18) 8502.6(6) 3572.1(8)
p (Mg/m”) 1.535 1.484 1.538 1.519
T (K) 120(2) 120(2) 120(2) 120(2)
Crystal system Monoclinic Triclinic Orthorhombic Triclinic
Space Group P2(1)/n P-1 Pbca P-1
z 4 2 4 2
u (mm™) 0.625 0.530 0.669 0.893
Reflections 37877 31076 81098 42947
collected
Independent 11417 [R(int) = 0.0299] 13334 [R(int) = 9288 [R(int) = 0.0683] 17982 [R(int) = 0.0324)
reflections (Ryy) 0.0203]
Final R indices | R; =0.0396, wR,=0.0741 R;=0.0395, wR; = R;=0.0551, wR;,=10.0971 R, =0.0589, wR,=0.1147
(all data) 0.0863
Table 3.5. Selected bond lengths and angles for compounds 4, 5, 7, and 8
Compound M-N@1) | N(1)- CQ)- M-P(1) | M-(P2) | M-N(1)- NQ1)- P(1)-M-
A) C(1) | C(ipso) A) ) CO O C(1)- P2
A) A) C(ipso)
©)
4 2.023(2) | 1.146(2) [ 1.442(3) | 2.329(1) | 2.330(1) | 171.24(15) | 177.8(2) | 100.30(2)
5 2.031(1) [ 1.149(2) [ 1.424(2) | 2.325(1) | 2.321(1) | 173.52(14) | 175.15(18) | 104.24(2)
[Ru(N=CC¢H,OEt)(PPh;),Cp][PFs] | 2.041(5) | 1.152 1.405 2.352 2.337 175.6 175.1 100.6
7 2.018(2) | 1.146(3) | 1.442(4) | 2.348(1) | 2.344(D) [ 166.9(2) 176.6(3) | 102.89(2)
8 2.0383 | 1.138 | 1.443(3) | 2.3498 [ 2.3445 176.6 170.46(11) 102.6

The geometries around the metal centres in the Ru(PPh3);Cp family of nitrile

complexes 1, 4, 5, 7, 8 and the related complex [Ru(N=CCgH4OEt)(PPhs),Cp][PF¢]**

are similar. The Ru-P distances are essentially invariant, spanning a narrow range of

values from 2.321(1)-2.350(1) A with a mean value of 2.337 A. The N-C bond

lengths are similarly unperturbed by the nature of the para-substituent of the

benzonitrile ligand. The range of values found for N-C [1.142(4)-1.149(2) A] are
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experimentally identical and fall within the range of values found for the free ligands
(1.14-1.16 A)*®, although relative imprecision of the ligand structures makes the

worth of such direct comparisons questionable.

Of more interest are the C(1)-C(ipso) bonds which display a trend towards shorter
lengths in the case of the complexes [Ru(NCCsHsNMe,)(PPh3),Cp][PFs] (5) and
[Ru(N=CCsH4OEt)(PPh;),Cp][PF¢] which bear inductively electron-donating
substituents [1.424(2) A and 1.405 A respectively vs. 1.440(2) A for compound 1]. In
contrast, the shortest Ru-N bond length is associated with the substituted nitrile
complexes [Ru(NCCgHsNO,)(PPh3),Cp][PFs] (4) and 7, although it must be noted
that the difference in tﬁis parameter between 4 and 5 is on the borderline of statistical

significance.

The introduction of more electron-donating supporting ligands has a greater effect on
these structural parameters. Therefore [Ru(NCCgHs)(dppe)Cp*][PFs] (2) exhibits
significantly shorter Ru-P bond lengths [2.315(1) A] than the analogous compounds
[Ru(NCCsHs)(PPh3),Cp][PFs] (1) [2.334(1) and 2.335(1) A] and 4 [2.329(1) and
2.330(1) A], likely a consequence of the synergic o-donating/n-back-bonding nature
of the metal-phosphorus bond.*' The N-C and M-N bond lengths in these Ru
complexes are, however, remarkably insensitive to the nature of the supporting ligand,

albeit in the limited range of data available (see Table 3).

Unsurprisingly, the smaller iron centre in [Fe(NCCgHs)(dppe)(Cp)][PFs] (3) and the
NO;-substituted analogue [Fe(N=CCsH4NO,)(dppe)(Cp*)][PF 6]15 gives rise to shorter

M-L contacts than those in the ruthenium complexes described above. It is, however,
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interesting to note that whilst the Fe-P, C(1)-C(ipso), and N-C bond distances in 3 and
[Fe(N=CCsHsNO:)(dppe)(Cp*)][PFs] are experimentally indistinguishable, there is a
significant contraction of the Fe-N bond length (from 2.027 A in 3 to 1.874(11) A)
brought about by the introduction of the electron-withdrawing NO; group. This

observation is consistent with the trends noted above for the ruthenium species.

Electrochemistry

The electrochemical response of each of the compounds 1-8 was investigated by
cyclic voltammetry (CV). These studies were performed using a platinum disc
working electrode and platinum wire counter and pseudo-reference electrodes.
Measurements were carried out in a 0.1M [N(C4Hg)4][BF4] solution in DCM. Internal
decamethylferrocene [Fc*/Fc*" = -0.02 V vs. SCE] or ferrocene [Fc/Fc' = +0.46 V vs.

SCE] standards were used to give electrode potentials relative to SCE.*?

The electrochemical response of 1 at a platinum electrode was characterised by a
single oxidation event at +1.30 V vs. SCE, the reversibility of which was improved at
sub-ambient temperatures (-30 °C). Compounds 2 and 3 displayed oxidation waves
(at +1.10 and +0.83 V respectively) which were reversible at room temperature.
Compounds 4-8 displayed an irreversible, poorly defined oxidation event, the
reversibility which could not be improved even at sub-ambient temperatures and

faster scan rates (< 5 V/s).
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Discussion

The qualitative molecular orbital description of the metal-nitrile interaction described
in the introduction to this chapter is consistent with the spectroscopic behaviour of the
benzonitrile complexes in this study. The IR data for the compounds 1-8 (Table 3.6)
show the effect coordination of the nitrile ligand to a metal centre has on the v(C=N)
band. The v(C=N) of the ligands are 2229 cm’ (N=C-CeHs), 2240 em’ (N=C-CeHy-
4-NO), 2210 em™ (N=C-CsH4-4-NMe,) and 2230 cm™ (N=C-CgHy-4-CN). The
complexes bearing para-substituted benzonitrile ligands all have values of v(C=N)
within a narrow range and most of these are within ca. 10 cm™ of the free ligand

value.

Table 3.6. IR data for compounds 1-8 and free ligands

Compound v(C=N) cm

N=CC¢Hs 2229

N=CCcHNOQO, 2240

N=CCsHsNMe, 2210

2233

2227

2217

2228

2221

2221

2226

Q| Q| N[ Bl W N -

Not observed

A variation of the metal fragment produces a more systematic variation in the v(C=N)

frequencies [Av(C=N) = v(C=N)compiex)-V(C=N)igang)] for the compounds 1 (Av(C=N)
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=+4 cm™), 2 (Av(C=N) = -2 cm™") and 3 (Av(C=N) = -12 cm™). Whilst the Av(C=N)
values for 2 and 3 are quite small, and must be taken as within the limits of precision
for the experiment, that of -12 cm™ for the iron complex 3 is significant. In terms ofa
metal-ligand © interaction this could be explained on the basis of the enhanced back-
bonding from the better n- donating Fe centre towards the nitrile moiety. However,
orbital polarisation as a result of the smaller iron centre could also account for this

effect.

The position of Cp resonances in 'H and *C{'H} NMR spectra of complexes of type
MXL,Cp is known to be sensitive to the electron density at the metal centre. In
neutral complexes these 'H NMR Cp resonances tend to appear near 4.1 ppm (cf.
RuCl(PPh3),Cp at 4.10 ppm®® and RuH(PPh;),Cp at 4.09 ppm>*) whilst for cationic
derivatives of the Ru(PPh;),Cp fragment these usually appear in the range 4.5-5.0
ppm. The Cp resonance in the 'H NMR spectrum of the nitrile complex

[Ru(NCMe)(PPh3),Cp][BPhs], for example, is found at 4.46 ppm.

The NMR spectra of the compounds in this study show that the Cp resonances show
sensitivity to the nature of the benzonitrile substituent. The Cp resonances of 1 occur
at 4.55 ppm and 84.38 ppm in the 'H and "*C spectra respectively. However when the
para-substituent is changed from the H atom to the NO; moiety in 4 these resonances
are moved to 4.64 ppm (IH) and 84.98 ppm (13C{1H}). The presence of the electron-
withdrawing NO; group results in a reduction of electron density at the nitrile moiety
and hence the donating power of the NCC¢H4NO, ligand is reduced with respect to
that of the parent benzonitrile. More electron density is therefore drawn from Cp

moiety which de-shields the Cp ligand and produces a shift in Cp resonances.
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Compound 6, which similarly has an electron-withdrawing para-substituent, displays
a Cp resonance in the '"H NMR spectrum at 4.62 ppm. Unfortunately the problems of
disproportionation of 6 in solution described previously (see Results) prevented the

acquisition of >*C{'H} NMR data for comparison.

Conversely, for compound 5, which bears the electron-donating NMe, substituent, the
reverse effect is seen. This substituent increases the electron density at the N=C
moiety and hence improves the donor strength of the ligand. This in turn donates
more electron density to the metal fragment resulting in greater shielding of the Cp

moiety and a shift of the Cp resonances to 4.42 ppm ('H) and 83.81 ppm (*C{'H}).

The crystal structures of these compounds show how the same donor strength
variations affect the M-N bond lengths. This distance is 2.037(1) A for compound 1
but is reduced to 2.023(2) A upon the addition of the electron-withdrawing NO,
moiety. This may be due to a degree of n-back-bonding from the metal into the n*
orbital of the CN moiety. Whilst there is no concomitant lengthening of the C=N
bond observed in the molecular structure, X-ray diffraction may be insufficiently
sensitive to observe this. When the para-substituent is the electron-donating NMe;

group in compound 5, the donor strength of the ligand is increased. However the M-

N bond length [2.031(1) A] is virtually identical to that in 1.

Whilst these variations in the M-N bond length could be explained in terms of n back-
bonding from the ruthenium centre to the nitrile n* orbitals this would not be
consistent with the rest of the crystallographic data. The 7 back-bonding model

would suggest that complex 4, bearing the NO, group would exhibit a greater degree
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of back-bonding and hence shorten the Ru-N bond length and concomitantly lengthen
the N-C bond whilst the reverse effect would be seen for the NMe,-bearing complex
S. However there is no evidence for this in the crystallographic results. All of the C-
N bond lengths for all the compounds 1-8 are identical within the limits of precision
of the experiment. This argues against the possibility of a back-bonding influence in
these compounds and suggests that the bonding occurs predominantly via the ¢
interaction. [t is possible, however, that these structural parameters are an
insufficiently sensitive probe of the subtle variations in electron density across the

C=N moiety.

A further effect of the electron-donating properties of the N=C-C¢H4-4-NMe;, ligand
is seen in the Ru-P bond lengths of compound §. These bond lengths are 2.334(1) and
2.335(1) A in compound 1 (and similar in 4) but decrease to 2.325(1) and 2.321(1) A
in compound 5. The electron-donating NMe;, group increases the electron-density of
the benzonitrile ligand and that this is transmitted via the o-bonding interaction to the
metal centre. This increases the electron-density at the metal centre allowing greater
n back-bonding between the metal and the phosphine ligands and hence the bond
length is decreased. This use of the Ru-P bond lengths as a sensitive probe of electron
density at a metal centre can be seen for the molecular structures of compounds 1-3
where there is a shortening of these bonds as the donor strength of the metal fragment
increased. This effect is, of course, exaggerated in the case of compound 3 where the

smaller iron atom allows a closer approach of the phosphine ligand.

An increase in electron density at the metal centre results in the metal fragment

becoming a poorer acceptor of electron density from the benzonitrile ligand. This is
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evident in the 'H NMR spectrum as variations in the positions of resonances arising
from the ortho-protons of the benzonitrile ligand. In the case of 1, these resonances
are indistinguishable from those arising from the other phenyl protons. However, in
the case of compound 2 the poorer acceptor qualities of the metal centre mean that
less electron density is drawn from the ligand and so the ortho-protons are shielded to
a greater degree than they are in 1 and are visible as a pseudo-doublet centred at about
6.55 ppm. In compound 3, in which these protons are further shielded, these

resonances are found as a broad singlet at 6.46 ppm.

The electronic spectra of the compounds 1-8 not only confirm the increase in electron
density at the metal centre for compounds 1-3 but also provide further evidence that
the bonding interaction between the metal and the nitrile moiety is primarily ¢ in
character. The electronic spectra of these compounds all have the same general
features. They all have a transition with a Ay of about 240 nm (due to the nn

interaction in the phosphine ligands) and a set of lower energy absorption bands in the

range 300-450 nm.

A study of similar compounds was carried out by Agarwala et al in 1990.*° The
reaction of 4-cyanopyridine, 1,4-dicyanobenzene and 1,4 dicyanobutene with both
[RuCIL,Cp] (L = (PPhs),, (AsPhs),, dppe, dppm) and [RuHCI(CO)(EPh;);] (E = P,
As) afforded the corresponding mono- and di-metallic species. Some of these
exhibited bands in the UV spectrum at 350 nm and 420 nm which were attributed to
two MLCT transitions. The band at 350 nm was assigned to MLCT between the Ru

centre and the Cp anti-bonding orbitals and the band at 420 nm was assigned to
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MLCT between the Ru centre and the n* orbitals of the nitrile ligands. Furthermore

they also observed a solvatochromic effect to support this assignment.

The same arguments can be applied to the absorption spectra of the benzonitrile
complexes in this study. Each c'ompound exhibits two overlapping bands in the 300-
450 nm region comparable with those found by Agarawala and co-workers. In DCM
solution the energy of these charge-transfer bands in compound 2 (310 and 346 nm)
are of lower energy than those in 1 (Amax = 310 and 346 nm for 2 vs 307 nm for 1) and
they move to even lower energy for compound 3 (328 and 391 nm). As the nature of
the co-ordinating nitrile is invariant between these complexes, this effect is therefore
due to an increase of electron density at the metal fragment in the order 3 > 2 > 1.
This increase in electron density raises the energy of the metal d-orbitals such that the
energy gap between those orbitals and the acceptors on the Cp and nitrile moieties is

decreased and hence the transitions move to lower energy.

The electronic spectra of the para-substituted benzonitriles displayed absorption bands
similar to those seen for compounds 1-3, demonstrating further that the bonding
interaction between the ligand and the metal fragment contains no contribution from
the nitrile n-system. Complexes 7 and 8 displayed two distinct bands in the 300-550
nm region (7 365, 410 nm; 8: 360, 550 nm). In the case of 4 and § these two bands
overlapped to such an extent that only one maximum was clearly discernable. For
compound 4 there is a strong solvatochromic effect on the position of this series of
curves. The Ayx for these bands moves from 329 nm to 386 nm indicating that the
excited state is of higher energy in DCM solution. It may be possible, however, to

move these two absorptions apart from each other and distinguish them more clearly
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by changing the metal fragment in the manner demonstrated in compounds 1, 2 and 3

and this is an area for further study.

Whilst this work was in progress, other work in this laboratory resulted in the
formation of [ {Ru(PPh3),Cp}2(n-C=CC¢H4CN-4)][PF¢] (7a) (Figure 3.6) which bears
obvious comparisons to the terephthalonitrile complex [{Ru(PPh;),Cp}2(p-

N=CC¢H4CN-4)][PFs]; (7).

+
Q /C4:C§ : %
Ru—C,=C,-C4 Ce—C,=N—~Ru_ [PFg]
PhsP”/ N \ "P3Phg °
PhsP, P4Ph,

Figure 3.6. [{Ru(PPh3),Cp}2(n-C=CC¢H4CN-4)][PFs] (7a) showing numbering

scheme.

The structure of the dicationic complex 7 has an inversion centre located at the mid-
point of the phenyl ring of the bridging ligand. The Ru-N and Ru-P bond lengths are
shorter and longer respectively than those of the related monometallic complex 1.
Recent calculations involving Re and Pt systems have shown a degree of polarisation
in the M-N bond with a large portion of the electron density residing on the N atom.'®"
'® This leads to a strong electrostatic interaction between the ruthenium centre and the
nitrile ligand, shortening the Ru-N bond in 7 relative to 1. The N-C and C-C(ipso)
bonds in 7 are identical to those of 1, suggesting that there is no communication

between the metal centres via the n-system. Compound 7a combines both metal-

acetylide and metal-nitrile bonding motifs in the bridging ligand. The N=C and C=C
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bond lengths as well as the metal-bridging ligand contacts are essentially unchanged
from the model complexes 1 and Ru(C=C-C¢Hs)(PPh3),Cp***" but there is an
apparent degree of quinoidal character in the ring system of the bridging ligand as
evidenced by the short C(2)-C(3) (1.419(7) A) and C(6)-C(9) (1.415(7) A) bond
lengths in 7a. A comparison of the Ru(1)-P(1, 2) bond lengths (2.290(1) and 2.305(1)
A) of 7a with the Ru-P bond lengths of Ru(C=C-C¢H;s)(PPh;),Cp (2.229(3) and
2.228(3) A), and of Ru(2)-P(3, 4) (2.310(1) and 2.322(1) A) with those of 1 (2.334(1)
and 2.335(1) A) reveals Ru(1)-P(1, 2) to be significantly longer than the
corresponding bond lengths in the monometallic nitrile or acetylide complexes.
Furthermore, the Ru(2)-P(3,4) bonds on the nitrile-coordinated metal centre are
amongst the shortest Ru-P bond lengths reported for this class of complex. When
taken as a whole, these structural parameters provide clear evidence for the donation
of electron density from Ru(1) to Ru(2) via the polarised o-bond framework of the

ethynylbenzonitrile bridge.

In summary the experimental evidence presented in this chapter is in good agreement
with recent DFT calculations which suggest limited M-N=C back-bonding in metal-
nitrile complexes. Furthermore, the v(C=N) frequencies have proven to be an
insensitive probe as to the metal-nitrile bonding interaction and the M-P bond lengths
of the compounds are much closer tracks of the electronic nature of the metal-ligand

interaction.

62



Chapter 3 — Nitrile Complexes

Experimental

The following numbering scheme is used in the assignment of >C NMR resonances in

the phenyl ring of the benzonitrile ligands:

+

g /Cz:C:\;

Ru—N=C—C Cs—X | [PFgT

Ph‘3P// o [PFel
Ph;P

[Ru(NCC¢Hs)(PPh3),Cp][PF4] (1)

An oven-dried, two-necked Schlenk flask was fitted with a stirrer bar and cooled
under nitrogen. The flask was charged with RuCl(PPh;),Cp (250 mg, 0.345 mmol),
CsHsCN (0.1 ml, 0.97 mmol), and NH4PF¢ (200 mg, 1.22 mmol). The solids were
suspended in MeOH (20 ml) and the mixture heated to reflux under a nitrogen
atmosphere. After 30 minutes the yellow solution that had formed was allowed to
cool to room temperature and was then further cooled using an ice/water bath. The
resulting yellow precipitate was collected by filtration and washed with cold methanol
to give 1 as a yellow solid (146 mg, 0.156 mmol, 45 %). Crystals suitable for X-ray
diffraction studies were obtained by slow diffusion 6f MeOH into a DCM solution of
1. Found: C, 61.29; H, 4.30; N, 1.52. C4sH4oP3F¢NRu requires: C, 61.41; H, 4.29; N,
1.49. 'H NMR (CDCLy): & 4.55 (s, 5H, Cp); 7.09-7.57 (m, 35H, Ph). *C{'H} NMR
(CDCl3): 86 135.9 (m, Jep = 23.13 Hz, Cipeo PPh3); 133.82 (s, C4); 133.49 (t, Jep = 5.28

Hz, Conno PPhy); 132.73 (s, C2); 130.37 (s, Cpara); 129.49 (s, C3); 128.70 (t, Jcp = 4.78
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Hz, Crmewa PPh3); 111.50 (s, C1); 84.38 (s, Cp). *'P{'"H} NMR (CDCls): & 42.89 (s,
PPhy); -142.97 (ht, Jpr = 713 Hz PFs). ES(+)-MS (m/z): 794

[Ru(NCCgH;s)(PPhs):Cp]"; 691 [Ru(PPhs),Cp]". IR (nujol mull): v(C=N) 2233 cm™.

[Ru(NCCsHs)(dppe)Cp*][PFé] (2)

In a manner similar to that described for the preparation of 1, a suspension of
RuCl(dppe)Cp* (200 mg, 0.299 mmol), CsHsCN (0.1 ml, 0.97 mmol), and NH4PF¢
(195 mg, 1.20 mmol) in refluxing MeOH (10 ml) was allowed to react for 1 hr. The
resulting yellow solution was cooled to room temperature and solvent removed. The
yellow residue was dissolved in the minimum quantity of DCM, filtered and the
product crystallised by slow diffusion of hexane into a DCM solution, affording
yellow crystals of 2 (207 mg, 0.235 mmol, 78 %). Found: C, 57.18; H, 4.91; N, 1.49.
C43H44P3NF¢Ru requires: C, 58.50; H, 5.02; N, 1.59. 'H NMR (CDyCy): 8 1.51 (s,
15H, Cp*); 2.46, 2.50 (2 x br, 4H, dppe); 6.54, 6.57 (pseudo-d, 2Hrho, PACN); 7.26-
7.62 (m, 23H, Ph). *C{'H} NMR (CD,Cl,): 5 134.63-126.20 (m, Ph); 133.78 (s, C4);
126.20 (s, C=N) 111.26 (s, Cy); 93.18 (s, CsMes); 28.77-28.41 (m, dppe); 9.68 (s,
CsMes). *'P{'H} NMR (CD,Cly): & 76.15 (s, dppe); -143.42 (ht, Jpr = 710 Hz PFg).
ES(+)-MS (m/z): 794 [Ru(NCCsHs)(dppe)Cp*]"; 635 [Ru(dppe)Cp*]”. IR (nujol

mull): v(C=N) 2227 cm™.
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[Fe(NCCeHs)(dppe)(Cp)][PFs] (3)

An analogous procedure using FeCl(dppe)(Cp) (200 mg, 0.361 mmol), C¢HsCN (0.1
ml, 0.97 mmol) and NH4PF¢ (235 mg, 1.44 mmol) followed by recrystallisation by
diffusion of MeOH into a DCM solution of 3 resulted in the formation of red crystals
of 3 (163 mg, 0.213 mmol, 59 %). Found: C, 59.17; H, 4.43; N, 1.88.
Ci3H34P3NF¢Fe requires: C, 59.47; H, 4.47; N, 1.83. 'H NMR (CDCl3): 6 4.45 (s, SH,
Cp); 2.45,2.63 (2 x br, 4H, dppe); 6.46 (s, 2Horho, PACN); 7.16 -7.86 (m, 23H, Ph).
BC{'H} NMR (CD,CL): 5 136.74 (m, 2 X Cipso); 134.33 (s, C4), 133.36 (s, C2);
133.00 (br, Conho); 132.04 (s, C3); 131.45 (br, Corno); 131.32 (5, Cpara); 130.93 (s,
Crara); 129.69 (br, Cren); 129.53 (br, Creta); 129.13 (s, CN); 111.41 (s, C1), 79.90 (s,
Cp), 28.13 (m, dppe). *'P{'"H} NMR (CDCl): & 98.32 (s, dppe); -143.13 (ht, Jpr =
713 Hz PFg). ES(+)-MS (m/z); 622 _[FeO\ICC6H5)(dppe)Cp]+; 519 [Fe(dppe)Cp]". IR

(nujol mull): v (C=N) 2217 cm™.

[Ru(NCCsH4NO2)(PPh3);Cp][PFe] (4)

The reaction between RuCl(PPh;),Cp (100 mg, 0.138 mmol), NCCcH4sNO; (20.4 mg,
0.138 mmol), and NH4PF¢ (80 mg, 0.49 mmol) in refluxing MeOH (20 ml) afforded
an orange solution after 30 minutes which was cooled (ice/water) to afford 4 as an
orange precipitate (90 mg, 0.092 mmol, 66 %). Crystals suitable for X-ray
diffraction studies were obtained from slow diffusion of MeOH into a solution of 4 in
DCM. Found: C, 54.57; H, 3.84; N, 2.66. C4sH39N,P3FcO,Ru.CH,Cl, requires: C,

55.07; H, 3.87; N, 2.62. '"H NMR (CDCl): 5 4.64 (s, SH, Cp); 7.11-7.39 (m, 40H,
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Ph). "C{'H} NMR (CDCl;): & 150.04 (s, C4) 135.64 (m, Jcp = 22.50 Hz, Cipso PPh3);
134.21 (s, C3) 133.50 (t, Jcp = 4.78 Hz, Corno PPh3); 130.50 (s, Cpare); 128.80 (t, Jep =
4.77 Hz, Cineta PPh3); 127.91 (s, CN); 124.31 (s, Cy); 117.46 (s, C1); 84.98 (s, Cp).
3'p{'H} NMR (CDCl;): & 42.97 (s, PPhs); -142.93 (ht, Jpr = 713 Hz PF¢). ES(+)-MS
(m/z): 839 [Ru(NCCsHsNO,)(PPh3),Cp]": 691 [Ru(PPhs)Cp]". IR (nujol mull):

v(C=N) 2228 cm™.

[Ru(NCC¢H4NMe.)(PPh3),Cp][PF] (5)

A procedure analogous to that described for 4 using RuCl(PPh;),Cp (100 mg, 0.138
mmol), NCC¢HsNMe; (20 mg, 0.138 mmol), and NH4PF¢ (80 mg, 0.49 mmol)
yielded 5 as a yellow solid (65 mg, 0.066 mmol, 48 %). Crystals suitable for X-Ray
diffraction were obtained from slow diffusion of hexane into a solution of § in CHCl;.
Found: C, 60.69; H, 4.61; N, 2.84. RuCsoH4sN,P3Fs requires: C, 61.16; H, 4.62; N,
2.85. '"HNMR (CDCly): & 4.42 (s, 5H, Cp); 7.00-7.30 (m, 37H, Ph); 2.97 (s, 6H,
N(CH;),. PC{'H} NMR (CDCL): & 153.23 (s, C4) 136.07 (m, Jep = 22.63 Hz, Cipso
PPh3); 133.84 (s, C2) 133.48 (1, Jop = 5.15 Hz, Cortho PPh3); 130.31 (5, Cpara); 128.63
(t, Jop = 4.90 Hz, Cpeta PPh3); 111.77 (s, C3); 95.61 (s, C1); 83.81 (s, Cp); 40.17 (s,
Me). *'P{'H} NMR (CDCLs): & 42.82 (s, PPhs); -143.04 (ht, Jpr = 713 Hz PFy).
ES(+)-MS (m/z): 837 [Ru(NCCsH4NMe;)(PPh3),Cp]’; 691 [Ru(PPh;)Cp]". IR (nujol

mull): v (C=N) 2221 cm™.
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[Ru(NCCeH4CN-4)(PPh;),Cp][PFé] (6)

A two-necked, nitrogen cooled, 50 ml Schlenk flask was charged with RuCIl(PPh;),Cp
(100 mg, 0.138 mmol), NCC¢H4CN (173 mg, 1.38 mmol), and NH4PF¢ (80 mg, 0.49
mmol). MeOH (20 ml) was added and the suspension was heated to reflux under a
nitrogen atmosphere. After 30 minutes the yellow solution was cooled and the solvent
removed. The yellow residue was dissolved in the minimum quantity of DCM,
filtered and precipitated into Et,O. The precipitate formed was collected and dried to
obtain 6 as a pale yellow powder (100 mg, 0.104 mmol, 75 %). Found: C, 59.99; H,
3.98; N, 2.82. RuCy49H39N,P3F¢ requires: C, 61.06; H, 4.08; N, 2.91. "H NMR
(CDCl3): 8 4.62 (s, 5H, Cp); 6.98-7.37 (m, 74H, Ph). *'P{'"H} NMR (CDCl): & 42.58
(s, PPh3); -142.93 (ht, Jpr = 713 Hz, PFs). ES(+)-MS (m/z): 819

[Ru(NCCsH4CN)(PPh3),Cp]"; 691 [Ru(PPh3)Cp]". IR (nujol mull): v(C=N) 2221 cm’

1

[{Ru(PPh3),Cp}a(p-1,4-NCCH4CN)][PFg]2 (7)

The reaction of RuCI(PPh;),Cp (200 mg, 0.276 mmol), NCCsH4CN (18 mg, 0.136
mmol), and NH4PFg (160 mg, 0.98 mmol) in the usual manner yielded 7 as a yellow
solid (140mg, 0.078mmol, 57 %). Recrystallisation by slow diffusion of methanol
into a solution of 7 in DCM afforded bright yellow crystals suitable for x-ray. Found:
C, 56.03; H, 3.79; N, 1.40. RuyCoeoH79N,PsF2.2(CH,Cl,) requires: C, 56.11; H, 3.99;
N, 1.42. '"H NMR (CDCly):  4.57 (s, 10H, Cp); 6.98-7.37 (m, 74H, Ph). *'P{'H}

NMR (CDCl): & 42.58 (s, PPhs); -142.84 (ht, Jpr = 713 Hz PFg). ES(+)-MS (m/z):
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1655 [Ruz(NCCsH4CN)(PPh3)4Cp2]PFs'; 819 [Ru(NCCsH4CN)(PPh;),Cp]"; 691

[Ru(PPh3)Cp]*. IR (nujol mull): v(C=N) 2226 cm™'.

[Cox(p, n*-HC;CeHsCN-4){Ru(PPh3),Cp}(CO)«(dppm)] (PFs) (8)

In a procedure analogous to that described for 4, RuCl(PPh;),Cp (97.9 mg, 0.135
mmol), Cox(p, n2-HC2C6H4CN-4)(CO)4(dppm) (100 mg, 0.135 mmol), and NH4PF,
(80 mg, 0.49 mmol), were allowed to react in refluxing MeOH (15 ml) and THF (5
ml) for 2.5 hours after which the solvent was removed and the residue recrystallised
by slow diffusion of MeOH into a DCM solution to afford 8 as dark red crystals (141
mg, 0.089 mmol, 66 %)." Found: C, 57.75; H, 3.77; N, 0.86.
C9Hg62C0,RUO4PsNFs.CHLCl, requires: C, 57.81; H, 3.88; N, 0.84. 'H NMR
(CDCls): 6 3.06 (dt, 1H, Jup = 13 Hz, Juy = 9Hz, CHP,); 3.60 (dt, 1H, Jup = 13 Hz,
Jun = 10Hz, CHP»); 4.47 (s, 5H, Cp); 5.80 (s, 1H, Jup = 7 Hz, Co,C;H); 7.05-7.50 (m,
54H, Ph). PC{'H} NMR (CDCl;): & 83.95 (s, Cp); 128.45-133.20 (m, Ph). *'P{'H}
NMR (CDCl;): 8 42.76 (s, dppm); 43.84 (br, PPh;). ES(+)-MS (m/z): 1432 [Coa(p,
1n%-HC,CsH4CN-4) {Ru(PPh;),Cp}(CO)a(dppm)]*; 691 [Ru(PPh3)2Cp]*. IR (nujol

mull): v(CO) 2021, 1993, 1973 1955 cm’™.
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Chapter 4 — Tetracyanometallate Complexes

Introduction

The bidentate, but non-chelating, nature of the cyanide anion ("C=N), together with its
orthogonal n-systems, makes it a suitable ligand for bridging and promoting
interactions between two metal centres. The anion can coordinate via the carbon atom
inanm l(C) fashion as a combination of o-donation from the carbon ligand (from the
lone pair of electrons resultant from the negative charge, located in the cyanide c*
anti-bonding orbital) as well as a degree of ® back-bonding from the metal centre into
the n* anti-bonding orbital of the C=N moiety. The coordinated CN moiety can also
coordinate in an n'(N) fashion by donation of electron density from an orbital of c-
symmetry essentially localised on the N-atom (which may be formally regarded as the
lone pair on the nitrogen atom of the N=C moiety) giving rise to a p-n o), n'a)
mode. Whilst there may be a degree of n back-donation from the metal centre to the
C=N moiety via the N-atom this is much weaker than at the carbon end. As a result of
the coordinative flexibility of the [CN] unit, a host of cyanide bridged metal species

are known, and many have been studied in exquisite detail."®

Of particular historical importance is Prussian Blue, a mixed-valence Fe'™

complex
KFe[Fe(CN)g] with an infinite network structure.” The interest in such CN bridged
systems are the same as those highlighted earlier (see main introduction) for bridged

bimetallic complexes in general, namely: molecular structure and thermal and photo-

induced electron transfer.

In the late 1990°s Vahrenkamp and co-workers carried out an extensive study of a

range of dinuclear cyanide-bridged organometallic complexes.'” The redox chemistry
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and mixed-valence behaviour of a series of iron based complexes of type [ {ML,}(u-
CN)[Fe(dppe)Cp}]"" (ML, = Cr(CO)s, Mo(CO)s, W(CO)s, Fe(CO),Cp,
Fe(CO)(CN)Cp, Ru(PPh;),Cp), was of particular interest and each of these complexes

were studied in at least two of the chemically accessible oxidation states.

(ol6)

| _co AN
OC—Cr=C=N—~Fe_
oc” | \ "PPh,

CO Ph,P.

Figure 4.1. The cyanide-bridged bimetallic complex [{Cr(CO)s}(p-

CN)[Fe(dppe)Cp}]

Comparison of the molecular structures of the neutral and oxidised forms of the
iron/chromium complex [{Cr(CO)s}(u-CN)[F e(dppe)Cp}]. (Figure 4.1) showed
elongation of the Fe-P and Fe-Cp bonds and contraction of the Fe-N bond upon
oxidation, but little change (a decrease of 0.02 A) in C-N bond length. This suggested
that the oxidation was largely iron-centred and that the loss of electron density
resulted in a reduction of back-bonding to the phosphine and Cp ligand. The Fe-N
bond is contracted, however, and this is not consistent with back-bonding from the
iron to the C=N moiety. Instead, oxidation at the iron centre increases the coulombic
interaction between the positively-charged iron centre and the electron pair at the N-

atom and reduces the distance between them.

However, despite the relatively small change in CN bond length observed upon
oxidation of [{Cr(CO)s}(u-CN)[Fe(dppe)Cp}], each of the materials described above

showed a decrease in the v(C=N) stretching frequency upon oxidation. Oxidation of
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the iron centre creates a net flow of electron density from the C-bound metal centre
towards the N-terminus, corresponding to increased back donation for the C-bound
metal into the n* anti-bonding orbitals of the CN moiety. This results in a weakening
of the CN bond and hence a decrease in the v(C=N) stretching frequency. The degree
to which the v(C=N) stretching frequency decreases upon oxidation is dependant on
the donor-strength of the C-bound unit. Hence a greater decrease in v(C=N) was
found following oxidation of the ruthenium/iron complex [{Ru(PPh;3),Cp}(p-
CN)[Fe(dppe)Cp}] (-73 cm™) than for the di-iron complex [{Fe(CO).Cp}(p-
CN)[Fe(dppe)Cp}] (-25 cm"). These observations suggest that the CN bond length is

a poor probe of the bonding interaction between the CN moiety and a metal centre.

In addition to the IR data, electronic absorption spectra of the oxidised (35-electron)
bimetallic complexes showed bands in the near-infra-red (NIR) region of the
spectrum. These bands are indicative of charge-transfer between metal centres in
bridged complexes and analysis of the band-shape suggested that the compounds
belonged in the “valence-trapped” (Class 2) grouping (see following results and
discussion section for a more detailed description of these “metal to metal” charge-
transfer bands). The coupling constants derived for the compounds (an indication of
the degree of interaction between the two metal centres) showed stronger coupling for

the compounds where the C-bound metal was a stronger donor, mirroring the IR data.

Trimetallic cyanide-bridged complexes have been under study since Siebert’s use of
the cobalt cyanide complex [CO(NH3)5CN]2+ to coordinate to silver and mercury
centres.!" Since then, the majority of trimetallic complexes have contained central

Ru(bpy), units (or analogues thereof) in the interests of investigating photon-induced
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electron-transfer. Until the late 1990’s there had been few studies of bridging or
cis/trans isomerism in trimetallic species, the majority of work focussing on
spectroscopic trends and redox properties.]z’I5 In addition, there were very few
examples of unsymmetrical trinuclear complexes that had been isolated and fully

characterised.'®"”

A series of compounds of type [ {ML,} (u-NC){Fe(CO)Cp} (n-CN){ML,}]"* (ML, =
Fe(CO).Cp, Fe(dppe)Cp, Ru(PPh;),) featuring a bent geometry about the central iron
atom were obtained by Vahrenkamp and co-workers (Figure 4.2) from reactions of
K[Fe(CN),(CO)Cp] with [Fe(THF)(CO),Cp][BF4], FeBr(dppe)Cp and

RuCI(PPh3),Cp in methanol.*

=

Few—n —
oc”\ C=no
c o N-m,

W
N

\
ML,
Figure 4.2. The bent geometry of [ {ML,}(u-NC){Fe(CO)Cp}(u-CN){ML,}]" (ML, =

Fe(CO):Cp, Fe(dppe)Cp, Ru(PPhs),)

In each case, coordination of the CN moieties via the N-atom to another metal centre
caused an increase in the v(C=N) stretching frequencies in the same manner as found
for the bimetallic complexes. This increase in v(C=N) values can be attributed partly
to a kinematic effect as well as to the loss of electron density from the CN o* orbital
upon coordination. Interestingly, a greater increase in the v(C=N) stretching

frequency was observed in the case where the metal end-cap was the more electron-
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withdrawing Fe(CO),Cp centre. Curiously, cyclic voltammetry for the compound

[{Ru(PPh3);} (u-NC){Fe(CO)Cp}(1-CN){ Ru(PPh;),} ][PFs] suggested some degree
of electronic communication between the remote ruthenium centres and evidence for
this was also seen in the electronic absorption spectra of the oxidised complex. This
1s unusual as electronic communication between remote termini had previously been

shown to be inhibited by a cis-configuration.!

In an extension of the work of Siebert, Connelly and co-workers have shown that the
metal-cyanide complexes are good N-donor ligands to M* and MC, centres.'>***
This led to an investigation of the physical properties of the compounds
[{Fe(dppe)Cp} (1-CN)MCly(n-NC) {Fe(dppe)Cp}] (M = Ni, Cu, Zn)** which allowed
for comparisons of tetrahedral (Ni, Zn) and square planar (Cu) geometries as well as
the effect of redox-active (Ni, Cu) and non-redox active (Zn) central metals on the
interactions through the assembly. However, the only complex which showed any
evidence of electronic communication between the remote iron centres was the zinc

complex [ {Fe(dppe)Cp}(pn-CN)ZnCl,(u-NC) {Fe(dppe)Cp}] (Figure 4.3) for which

cyclic voltammetry showed separate oxidation waves for the two iron centres.

I >

Zn—N=C—Fe

o\ \ "PPh,
N Ph,P
\
c
\
/Fe
PhoP F!th

Figure 4.3. [{Fe(dppe)Cp}(n-CN)ZnCly(u-NC){Fe(dppe)Cp}]
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Vahrenkamp and co-workers have studied a series of trimetallic complexes bearing
central platinum units coordinated to the metal fragments [Ru(PPhs),] and
[Fe(dppe)Cp] via cyanide bridges.”> This resulted in a series of compounds where the
remote metal centres were arranged in cis and frans geometries and with bridging
isomers apparent as well. Electrochemistry showed that each of the cis-compounds
cis-[ {Fe(u-CN)(dppe)Cp} 2Pt(bpy)[SbFsla, cis-[ {Fe(u-
CN)(dppe)Cp}.Pt(phen)][SbFe], and cis-[ {Fe(u-NC)(dppe)Cp}2Pt(bpy)][SbFe].
(Figure 4.4) underwent single two electron oxidation events The complexes with a
trans geometry about the platinum centre, however undeMent two, one-electron
oxidation events which suggests that a trans-geometry is essential for metal-metal
communication irrespective of the orientation of the cyanide bridge. Furthermore, it
indicates that the remote metal-metal interaction is a through bond interaction via the

n-system of the trimetallic species.

N AN R
N—Pt—N=C—Fe_ N—Pt—C=N—Fe_

rL \ ~PPh, (|3 PPh,

(1 Ph,P h Ph,P

[ )

Figure 4.4. Square planar platinum cis-complexes (a: N-N = bpy, phen; b: N-N = bpy)

The electrochemical response of the trimetallic, trans-configured tetracyanoplatinate
complexes [{Fe(dppe)Cp}2{u-Pt(CN)4}] and [{Fe(dppe)Cp} {n-

Pt(CN)4} {Ru(PPh3),Cp}] (Figure 4.5) revealed two, one-electron oxidations, the
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separation of which indicated thermodynamic stability of the mono-oxidised form
with respect to disproportionation. Chemical oxidation of the trimetallic complexes
with ferrocinium hexafluorophosphate duly gave the mono-oxidised materials,

isolated as [PFq] salts.”

N N
Il Il
i~ T &= S b\
_Fe—N=C—Rt—-C=N—Fe_ _Fe—N=C—Pt—C=N—Ru_
Ph,P”/ I \ ~PPh, Ph,P”/ I \ “PPhs

{PPhe S thp\) _PPh: 5 PPh,
N N

Figure 4.5. Trimetallic tetracyanoplatinate complexes

Infra-red spectroscopy revealed an increase in the v(C=N) stretching frequencies of
the coordinated CN moieties upon oxidation. The oxidation of one of metal terminus
results in a flow of electron density across the complex from the remote metal
terminus to the oxidised centre. This in turn leads to two competing effects: increased
N—M o-donation which strengthens the CN bond and increased Pt—C back-bonding,
which would weaken the CN boﬁd. It is apparent from the resultant increase in
v(C=N) upon oxidation that the effect of increased o-donation is more pronounced.
The electronic absorption spectra of the oxidised materials showed IVCT bands in the
NIR region of the spectrum corresponding to M — M™ charge transfer. In the case
of the di-iron complex [ {Fe(dppe)Cp}2{u-Pt(CN)4}1* the IVCT band was observed at
6410 cm™' but this was moved to higher energy in the mixed-metal complex
[{Fe(dppe)Cp} {u-Pt(CN)4} {Ru(PPhs),Cp}]1" (13300 em™). Assuming that the

oxidation occurred at the iron centre then this shift of IVCT energy to higher energy is
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consistent with the poorer electron-donor ability of the [Ru(PPh;),Cp] end-cap

relative to [Fe(dppe)Cp].

Coordination of a third metal centre to one of the pendant CN moieties of the di-iron

complex resulted in the formation of the tetrametallic complexes shown below (Figure

4.6).%

Ph;P
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|
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Figure 4.6. Tetrametallic tetracyanoplatinate complexes

X

Cyclic voltammetry of the tri-iron complex revealed a one-electron oxidation event

followed by a two-electron oxidation process. The iron-ruthenium complex, however,

underwent three one-electron oxidations, the first two of which corresponded with

those observed for [ {Fe(dppe)Cp}2{n-Pt(CN)a4}] whilst the third, which was well

separated from the first two (E;-E; = 0.11 V, E3-E; = 0.55 V) was characteristic of

oxidation of a [Ru(PPh3),Cp]" centre. The electronic absorption spectrum of the

iron/ruthenium complex after oxidation was found to be very similar to that of the di-

iron complex [ {Fe(dppe)Cp}2{n-Pt(CN)4}]. Thus it seems that there is little

communication between the cis termini and that the frans interaction between the

remote iron centres is relatively unaffected by coordination of a third metal centre.
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The work of Vahrenkamp and co-workers has shown that the square planar
tetracyanometalléte dianions of Group 10 metals, [M(CN)4]*, are rather useful, if
relatively unexplored, cyanometallate ligands capable of bridging, in principle, up to
four metal centres.”>?® Greater interest in these complexes has been driven the by the
discovery of complexes such as Krogmann salts (K,[Pt(CN)4]), which form chain-
like, or pseudo one-dimensional, arrays of platinum centres.”” The various
coordination modes which might be envisioned arising from the [M(CN)4]2' fragment,
and those of the corresponding tetra(cyanoacetylide) dianions [M(C=CC=N),]*
prepared by Miller,*® prompted us to consider a systematic investigation of complexes
of the general form [M’L,Cp’]> {u-M(CN)4} and the role the nature of the individual
metal centres and supporting ligands might play on the electronic interactions which

might occur through the M(CN), bidentate metallo-ligand.
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Results and Discussion

Syntheses and Physical Properties

The compounds 9-14 were prepared by reaction of the half-sandwich metal chlorides
RuCl(PPh;),Cp or RuCl(dppe)Cp* with one half-equivalent of the appropriate
potassium tetracyanometallate (Scheme 4.1). The KCI by-product was removed by
extraction and filtration and the pure trimetallic compounds were obtained as yellow

crystalline solids in moderate to good yield after crystallisation.

-2 KCl e i \ L

Scheme 4.1. Synthesis of [{Ru(PPhs),Cp}2 {u-M(CN)4}] {M = Ni (9), Pd (10), Pt

(11)} and [{Ru(dppe)Cp*}2{n-M(CN)4}] {M = Ni (12), Pd (13), Pt (14)}

In each case the IR spectrum clearly revealed two v(C=N) bands which were assigned
to bridging (2136-2157 cm™) and non-bridging (2118-2130 cm™) CN moieties, the
assignment being made by comparison with the spectra of the precursor Ko[M(CN)4]

species. These data are discussed in more detail below.
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The Cp’ ligands gave rise to the expected resonances in the 'H NMR spectra in the
narrow ranges 4.29-4.30 ppm (Cp, 9-11) and 1.45-1.48 ppm (Cp*, 12-14). Further,
for compounds 12-14, resonances arising from the ethyl protons of the dppe ligand
backbone were observed as multiplets in the range 2.00-2.64 ppm. Similarly, Cp’
resonances were also observed in the 13C{1H} NMR spectra with Cp resonances
falling in the narrow range 82.16-83.43 ppm (9-11) and Cp* resonances occurring in
the narrow ranges 91.68-91.70 ppm (CsMes, 12-14) and 10.08-10.13 ppm (CsMes, 12-
14). The *'P NMR spectra were also unremarkable, and simply served to confirm the
presence of the phosphine iigands with singlet resonances occurring in the ranges
43.12-43.40 ppm (PPh;, 9-11) and 71.71-75.79 ppm (dppe, 12-14). No Pt coupling
was observed in the case of 11 or 14. With the exception of compound 10, positive-
ion electrospray mass spectrometry (ES(+)-MS) of each compound displayed isotopic
envelopes arising from the [M+H]" (9, 11) or [M+Na]" ions (12-14) as well as
fragment ions corresponding to the [Ru(PPh3),Cp]” and [Ru(dppe)Cp*]* fragments at
m/z values of 691 and 635 respectively. Attempts to acquire a mass spectrum for 10

were unsuccessful, with no identifiable fragment of 10 being observed.

The bimetallic complex anion [Ru(dppe)Cp* {Pt(CN)4}]” was obtained as its .
potassium salt (15) which was isolated as a pure powder from a 1.5:1 reaction of
K;[Pt(CN),4] with RuCl(dppe)Cp* in refluxing methanol and subsequent work-up.
The complex salt was characterised by the usual spectroscopic techniques, with 'H
NMR spectroscopy revealing the presence of the Cp* ligand at 1.47 ppm. The dppe
ligand gave two broad resonances at 2.08 and 2.64 ppm (C;Hj4) as well as multiple
resonances in the range 7.20-7.68 ppm corresponding to the phenyl protons. The

dppe ligand was also apparent in the 3P NMR spectrum as a sharp singlet occurring at
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75.67 ppm. Negative-ion electrospray mass spectrometry (ES(-)-MS) displayed
isotopic envelopes at m/z = 932 ([Ru(dppe)Cp* {Pt(CN)4}]1) and 273 ([Pt(CN);])
whilst the fragment ion [Ru(dppe)Cp*]" was visible in the ES(+)-MS as an intense
isotopic envelope at m/z = 635. Infra-red spectroscopy revealed a single v(C=N) band
at 2130 cm™, corresponding to the non-bridging CN moieties by analogy with the
complexes described above. The v(C=N) band of the bridging moiety was not

observed.

With a range of ruthenium complexes in hand, analogous species featuring the more
electron-rich/ n-donating [Fe(dppe)Cp]" fragment were also sought. Reaction of the
iron complex FeCl(dppe)Cp with K5[Pt{CN)4] in refluxing methanol resulted in the
formation of a red solution. After purification by column chromatography, and
subsequent recrystallisation, [ {Fe(dppe)Cp}2{p-Pt(CN)4}] (16) was obtained as a red
crystalline solid in 43 % isolated yield. The '"H NMR spectrum revealed a Cp
resonance at 4.19 ppm as well as two broad resonances corresponding to the
methylene protons of the dppe ligand at 2.08 and 2.63 ppm. Infra-red spectroscopy
revealed v(C=N) bands at 2128 cm™ (non-bridging CN) and 2149 cm™ (bridging CN).
This synthesis represents a modification of that described previously by the
Vahrenkamp group, which involved the reaction of PPN,[Pt(CN),] with
FeCl(dppe)Cp in DCM for 3 days to afford 16 in 72% yield.”> The yield of the
reaction used herein is lower, however this is counterbalanced by the greatly reduced
reaction time and the commercial availability of the potassium tetracyanoplatinate

starting material.

84



Chapter 4 — Tetracyanometallate Complexes

Curiously, attempts to form complexes [{Fe(dppe)Cp}, {u-M(CN)4}] (M = Pd, Ni)
using similar conditions were not successful. Reaction of FeCl(dppe)Cp with
K»[Ni(CN)4] in refluxing methanol resulted in a red/orange solution from which
orange crystals were obtained upon work-up. Spectroscopic analysis of this material
revealed a single v(C=N) band in the IR spectrum at 2063 cm™ as well as 'H NMR
resonances at 4.31 ppm (Cp) and broad signals at 2.62 and 2.37 ppm (dppm).
Comparison of these data with literature values,*' together with a single-crystal
structure study, revealed this compound to be F e(CN)(dpbe)Cp, formed by cyanide

ligand abstraction from the nickel precursor, and isolated in 48 % yield.

Reaction of FeCl(dppe)Cp with K;[Pd(CN)4] in refluxing methanol resulted in a
red/orange powder. Analysis of the powder by IR spectroscopy revealed v(C=N)
bands consistent with [ {Fe(dppe)Cp},{u-Pd(CN)4}] at 2134 and 2127 cm™ as well as

a band arising from Fe(CN)(dppe)Cp at 2063 cm™'. Attempts to separate this mixture

have, as yet, been unsuccessful.

Table 4.1. Selected spectroscopic data for compounds 9-16

Compound | (CN) bridging (cm™) | (CN) non-bridging (cm™) | 'H §(Cp/Cp*) | PC{'H} 8(Cp/Cp*)

Ko[Ni(CN)a] 2124°

K,[Pd(CN),] 2136°

K[P{(CN)J] 2133°
9 2143 2119 4.29 83.43
10 2157 2130 4.30 82.16
11 2157 2129 4.30 83.43
12 2136 2118 1.45 91.68/10.08
13 2146 2129 1.48 91.68/10.13
14 2150 2128 1.48 91.70/10.07
15 not observed 2130 1.47 90.40/8.79
16 2149 2128 4.19 not obtained

a . . . . . .
Literature value, recorded in aqueous solution as species insoluble in DCM??.
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In the case of [M(CN)4]* anions, vibrational spectroscopy has been used to probe the
M-C and C=N force constants and the nature of the M-C bond. The relative energies
of the v(CN) bands in the series Ky[M(CN)4] suggested thgt, whilst the g-acceptor
strength of the metal increased in the order Ni < Pd < Pt , the © back-bonding ability
increased in the order Pd < Ni < Pt.***® To the best of our knowledge, the orbital
interactions between the group 10 metal and the cyano moiety in these group 10
tetracyanometallates have not yet been the subject of computational modelling

studies.

The differing c-acceptor/n-donor abilities of the group 10 metal can be seen in the
v(C=N) values of the K,[M(CN)4] (M = Ni, Pd, Pt) starting materials (Table 4.1).

The increase of 12 cm™ upon exchanging Pd for Ni is explained as follows: as Pd is
the stronger G-acceptor it draws more electron density from the o* orbital of the CN
moiety and so the C=N bond strength is increased relative to the Ni complex.
Platinum, whilst being the strongest c-acceptor of the three metals is also the
strongest n-donor. The net result of these two competing effects is that the C=N bond
strength, and hence the v(C=N) value, falls between those determined for the Ni and

Pd complexes.

The IR data for the compounds 9-14 (Table 4.1) are of great use in beginning to
understand the bonding interactions between the central [M(CN),4]* units and the
ruthenium end-caps. In the case of in "O)m l(N) coordination of cyanide, interaction
of the CN moiety to a second metal via the lone pair of the N atom removes electron

density from the anti-bonding o* orbital, thereby increasing the bond strength and
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hence the v(CN) frequency. With each of the trimetallic compounds 9-14, there is an
increase in v(C=N) upon coordination of the CN moiety to the ruthenium or iron
centres. Unsurprisingly, this increase is greatest for those compounds where the CN
moiety is coordinated to the [Ru(PPh;),Cp]" fragment (9-11) and less significant in
the case of complexes 12-14, in which the ruthenium centre bears the more electron-
donating Cp*/dppe moieties. It is even less so in the case of the [Fe(dppe)Cp]"

complex 16 which features the most electron-rich Group 8 metal end-cap.

Within the two groups of complexes 9-11 and 12-14, in which the only variation is the
nature of the central metal atom, some small variations in v(C=N) as a function of the
central metal atom can be observed when, for example, the nickel complexes 9 and 12
are used as a point for comparison. Upon substituting Pd for Ni there is an increase of
about 10-15 cm™ in v(C=N) of the bridging CN moiety (i.e. Av(C=N) = +10-15 cm™).
Palladium, being described as the better g-acceptor on the basis of the vibrational
studies mentioned above, draws more electron density from the CN o* orbital than Ni
and so the CN bond strength is increased. Upon substituting Pt for the central metal,
however, there is little or no increase in v(C=N) (Av(C=N) for 1011 =0 cm™;
Av(C=N) for 13—514 =4 cm"). Again, this may be due to the presence of the
markedly more n-donating Pt centre resuiting in a degree of population of the CN n*
anti-bonding orbital and counteracting the increased o-accepting nature of the metal.
It must be stressed, however, that these variations in v(C=N) are small, and while the
vibrational data can be related to the underlying electronic structure of these materials
by a simple fragment approach, simple interpretations of the v(n'-CN) and v, ',n'-

CN) can be complicated by kinematic effects, and more extensive orbital mixing.
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Interestingly, coordination of the half-sandwich metal fragments to the
tetracyanometallate anions seems to have an effect on the non-bridging CN groups as
well, reflecting the overall variation in electron density at the central atom. In each
case there is a decrease of about 4-6 cm™ in the v(C=N) associated with the
uncoordinated cyano group relative to the v(CN) frequency in the appropriate
K,[M(CN)4] starting material. While small, these deviations are within the limits of
precision of the experiment (the Avatar IR spectrometer used in the study has a
resolution of 2 cm™) and presumably arise from a small increase in the group 10

metal-CN back-bonding interaction.

Molecular Structures

The molecular structure of the di-iron complex 16 has been reported by the
Vahrenkamp group and will be discussed in comparison with the structures of the
ruthenium complexes.”> Each of the ruthenium complexes 9-14 were subjected to X-
ray diffraction studies to confirm the frans geometry about the cyanometallate bridge
and to investigate the series for systematic differences, which might be useful
structural probes of the underlying electronic structure. The crystallographic data is
summarised in Tables 4.2 (9-11) and 4.3 (12-14), whilst selected bond lengths, and
bond angles are summarised in Tables 4.4 and 4.5 whilst Figures 4.7 and 4.8 show
representative molecular structures for compounds bearing [Ru(PPh;);Cp] and

[Ru(dppe)Cp*] end-caps respectively.
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Figure 4.8. ORTEP Plot of [ {Ru(dppe)Cp}2{p-Pt(CN)4}] (14).
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Table 4.2 Crystallographic details for compounds 9-11.
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Compound 9 10 11
Formula C86H70N4P4RUZNi.2CH2C12 Cg(,H7()N4P4RU2Pd.2(CH2C12)+2(MCOH) C86H70N4P4RUZPt.2(CH2%)+2(MCOH)
M 1714.04 1825.82 1914.51
aAd) 9.8590(3) 10.5596(10) 10.5697(5)
b (A 23.3226(7) 22.500(2) 22.5080(9)
c(A) 17.7015(5) 17.1648(13) 17.1733(7)
a () % %0 Al
B 92.1780(10) 99.559(6) 99.628(2)
2 () 90 90 90
V(&%) 4067.3(2) 4021.6(6) 4028.0(3)
D (Mg/m) 1.400 1.508 1.578
T (K) 120(2) 120(2) 120(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space Group P2i/n P2i/n P2i/n
Z 2 2 2
u (mm’) 0.853 0.856 2.366
Reflections collected 29274 45343 43801
Independent reflections 10051 [R(ine) = 0.0582] 10830 [R(ne) = 0.0987] 12290 [R(ine) = 0.0559]
, (Rint!
Final R indices (all data) R;=0.1523, wR,=0.3129 R;=0.1167, wR, = 0.1281 R;=0.0643, wR,=0.1132
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Table 4.3 Crystallographic details for compounds 12-14.
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Compound 12 13 14
Formula C76H73N4P4RU2Ni.2<CHC13) C76H78N4P4Rude.2(C2H50H) C76H78N4P4RU2Pt.2(C2H50H)
M 1551.5 1572 1661
a(A) 11.3214(10) 8.5279(8) 8.5326(12)
b (A) 12.3886(11) 24.917(2) 25.012(3)
c(A) 14.3895(11) 19.1022(16) 20.777(3)
a(®) 71.639(3) .90 90
£ 75.692(4) 90.971(4) 113.577(5)
700 78.916(4) 90 90
\ (A3) 1841.6(3) 4058.5(6) 4064.0(10)
D (Mg/m”) 1.507 1.286 1.357
T (K) 120(2) 120(2) 120(2)
Crystal system Triclinic Monoclinic Monoclinic
Space Group Pl P2\/n P2,/c
Z 1 .2 2
n (mm™) 1.009 0.710 2.207
Reflections 22020 50442 28553
collected _
Independent 10996 [R(in) = 0.0276] 12325 [R(in) = 0.0281] 11443 [R(im) = 0.1025]
reflections (Rint)

Final R indices
(all data)

R] = 00669, WRZ =0.1511

R;=0.0371, wR,=0.0800

R;=0.0669, wR;=0.1513
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Table 4.4. Selected bond lengths (A) for the complexes 9-14 and 16

Compound | M-N(2) [ N2)-C(2) | C@)M' | C@)-M' | M'-C(1) | M'-C(1) cq)- M-P(1) M-P(2)
(Normalised) (Normalised) | N(1)

9 2.060(8) | 1.144(13) | 1.877(10) | 1.387(10) |1.891(12)| 1.401(12) | 1.127(15) 2317(3) 2.333(3)
10 2.069(3) | 1.141(5) | 2.002(4) | 1.362(4) | 2.010(5) | 1.370(5) | 1.133(6) 2.3160(12) 2.3221(11)
11 2.0653) | 1.150(5) | 1.994(4) | 1.394(4) | 1.991(4) | 1391(4) | 1.149(5) 2.3183(9) 2.3231(9)
12 2.037(3) | 1.148(5) | 1.854(4) | 1364(4) | 1.876(4) | 1386(4) | 1.148(5) 2.2921(9) 2.3126(9)
13 2.048(2) | 1.1492) | 1.990(2) | 1.350(2) | 2.004(2) | 1364(2) | 1.148(3) 2.2927(5) 2.2783(5)
14 2.049(6) | 1.139(9) | 1.992(7) | 1.392(7) | 2.004(9) | 1.404(9) | 1.170(10) 2293(2) 2.275(2)
16 1914(5) | 1.131(8) | 1.993(6) | 1.393(6) | 1.990(8) | 1.390(8) | 1.153(10) | Average = 2.207(4)

3L iterature values.’

5
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Table 4.5. Selected bond angles (°) for the complexes 9-14 and 16
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Compound | M-N(Q2)-C(2) | N2)-C2)-M' | C2)-M'-C(1) | M'-C(1)-N(1) | P(1)-M-P(2)
9 169.4(8) 176.7(9) 92.7(4) 178.3(11) 101.11(10)
10 171.3(4) 178.4(4) 88.49(17) 177.2(5) 100.74(4)
11 171.0(3) 178.2(3) 88.65(14) 177.6(4) 100.68(3)
12 169.2(3) 172.4(3) 87.96(15) 177.2(36) 82.65(3)
13 175.83(14) 174.60(16) 91.55(7) 177.8(2) 82.87(2)
14 174.7(6) 175.9(7) 91.3(3) 177.1(7) 82.82(7)
16" 168.5(5) 176.0(6) 178.8(7)

35—

*Literature values.’

For each compound, the Group 10 metal centre was found residing on a centre of
inversion in the molecule, and as such for any given complex the parameters at each
Group 8 metal centre are identical. All but one were found to be monoclinic crystals

of space group P2,/n, the exception being compound 12, for which a triclinic crystal

system of space group P1 was found. The geometry about the ruthenium centres is
not unusual, and is probably best described as a distorted octahedron with the Cp
ligand occupying three of the coordination sites. The geometry about the central
metal M (M = Ni, Pd, Pt) is essentially square planar with C(1)-M-C(2) angles falling
in the range 87.96 (15) (12) to 92.74(4)° (9). In each case, the sum of these angles
about the group 10 metal is essentially 360°, confirming the square planar geometry

of this site.

It is difficult to compare the M-C (M = Nij, Pd, Pt) bond lengths directly as the
experimentally determined bond length is usually defined as the distance from the
cehtre of one atom to the centre of another. Thus, while in the case of atoms of
similar size direct comparisons are appropriate, in the case of the compounds studied
herein the marked difference in the effective ionic radii of the group 10 metals

complicates this simple analysis. The effective ionic radii of square planar Ni*", pd**
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and Pt*" are said to be 0.49 A, 0.64 A and 0.60 A respectively.34 Subtraction of these
values from the experimentally determined M-C(1) and M-C(2) bond lengths results
in their “normalisation"” (Table 4.4), and in doing so it is apparent that there is no

statistically significant variation in these normalised M-C bond lengths.

The Ru-N(2) bond lengths for compounds 9-11 fall in the narrow range 2.060(8)-
2.069(3) A whilst for compounds 12-14 this range is 2.037(3)-2.049(2), revealing an
apparent shortening of this bond upon increasing the electron density at the ruthenium
centre. This is probably a consequence of increasing electrostatic factors. In the case
of the bridging cyano moieties C(2)-N(2), the bond length is essentially the same
across the series of compounds 9-14, with an average value of 1.146 A. Compounds
9 and 10, which feature [Ru(PPh3),Cp]” end-caps with Ni and Pd metal centres
respectively, have C(1)-N(1) bond lengths of 1.127(14) and 1.133(6) A respectively,
whilst this value is 1.149 (5) A for the platinum compound 11. Similarly, 12 and 13
have C(1)-N(1) bond lengths of 1.148(5) and 1.148(3) A respectively whilst that for
14 is 1.170 (10) A. Whilst at first glance the pendant C(1)-N(1) bond lengths appear
longer in the case of the platinum complexes (11 and 14) than either the nickel (9 and
12) or palladium (10 and 13) examples, and the pendant C(1)-N(1) bond lengths
appear elongated in the more electron;rich series based upon Ru(dppe)Cp* when
compared with the Ru(PPhs),Cp analogues, these distances are, again, experimentally

indistinguishable and must be treated as such.
The crystal structure of the iron/platinum complex 16 has been reported previously.?

As with the ruthenium complexes this structure was found to be centrosymmetric

about the [M(CN)4] moiety. The bond lengths of the bridging and non-bridging CN
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CN units were 1.131(8) and 1.153(10) A respectively which is consistent with those in
the ruthenium complexes 9-14, as are the corresponding Pt-C distances of 1.993(6) A
[Pt-C(2)] and 1.990(8) A [Pt-C(1)]. The only notable differences in the structure of
16 compared to its ruthenium analogues arise from the smaller size of tllxe iron centre,
which results in shortening of the Fe-N and Fe-P distances relative to the Ru-N and
Ru-P distances in 11. For 16 these are 1.914(5) A and an average of 2.207(4)
respectively which compare with those of 11 (Ru-N = 2.065(3) A, Ru-Payerage =

2.3207(9)) and 14 (Ru-N = 2.042(7) A, Ru-Payersge = 2.2845(2)).

In summary, the molecular structures of the compounds 9-14 and 16 are almost
identical and hence show little evidence for the possible variation in o/n-bonding
effects. There is no variation in the C(2)-N(2) bond lengths as might be expected if
there were varying degrees of back-bonding into the n* anti-bonding orbital, nor is
there any change in the C(2)-M’ bond lengths with variation of M’ (M’ = Ni, Pd, Pt).
There is, however, an apparent increase in the C(1)-N(1) bond length brought about
exchanging Pd for Pt. This is a very small change and approaches the limits of
precision of the measurements. It is possible that this may be induced by back
bonding from the Pt centre to the n* orbital of the terminal CN moiety. However, this
would be expected to be accompanied by a concomitant shortening of the Pt-C(1)
bond which is not observed here. It has been stated above that the observed patterns
in v(C=N) are very small and it may be that the possible factors affecting their
variations simply do not appear in the structural data. Similar observations have been

made for bimetallic cyanide-bridged species.'®
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Electrochemistry

The great interest in the properties of compounds in which redox active moieties are
separated by some bridging moiety prompted an examination of the cyanometallate
bridged complexes 9-16 by cyclic and differential pulse voltammetry (CV and DPV
respectively). These electrochemical measurements were made using a platinum disc
working electrode and platinum wire counter and pseudo-reference electrodes.
Measurements were carried out in a 0.1M [N(C4Hy)4][BF4] solution in DCM solution
for all complexes and also in THF solution for compounds 9-14. Internal
decamethylferrocene [Fc*/Fc*" =-0.02 V vs. SCE (DCM) or 0.13 V vs. SCE (THF)]
or ferrocene [Fe/Fc' = +0.46 V vs. SCE (DCM) or +0.56 V vs. SCE (THF)] standards

were used to give electrode potentials relative to SCE (Table 4.6).%

Table 4.6. Electrochemical data

Compound/solvent | E (1) (V) Ex(2) (V) AE 4 (V) Kc*
9° 0.95 1.06 0.11 190
9° 1.11 1.20 0.09 75
10° 1.00 1.08 0.08 45
10° 1.14 1.20 0.06 20
11° 0.97 1.08 0.11 - 190
11° 1.08 1.20 0.12 310
12° 0.69 0.82 0.13 155
12° 0.81 0.90 0.09 35
13° 0.72 0.84 0.12 105
13° 0.82 0.90 0.08 20
14° 0.71 0.85 0.14 230
14° 0.82 0.92 0.10 50
15° 0.74 n/a n/a n/a
16° 0.34 0.45 0.11 70

*DCM, "THF, “Kc¢ = exp{AE.F/RT} where F/RT =47.76 V! at 243K (9-11) and
38.92 V' at 298 K (12-14)
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For compounds 9-14 and 16, two oxidation events were observed at a platinum
electrode. Whilst these events were‘fully chemically and electrochemically reversible
at room temperature for compounds 12-14 and 16, sub-ambient temperatures (-30 °C)
were required to improve the reversibility of the oxidations of compounds 9-11. The
small difference between the half-wave potentials, AE, necessitated that in some cases
differential pulse voltammetry be used to determine accurately the oxidation
potentials. The electrochemical response of the bimetallic anion 15 was characterised

by a single reversible oxidation occurring at 0.74 V.

For the compounds of type [ {Ru(PPh;),Cp}.{n-M(CN)a}] (M=Nj, Pd, Pt) (9-11) the
oxidation potentials fall in the range 0.95-1.2 V. A variety of solvation factors and
ion-paring phenomena can influence oxidation potentials, and this point has recently
been highlighted by Keene as a potential complication in the determination of
“electronic coupling” on the basis of electrochemical measurements alone.’® The
electrochemical responses of these systems were recorded in two different solvents in
an effort to distinguish through-bond from through-space effects. The difference
between the two oxidation potentials (AE/,) is somewhat smaller in THF than DCM
for 9 (from 0.11 to 0.09 V) and 10 (from 0.08 to 0.06 V), with the decreased
separation of the oxidation potentials arising from the greater relative shift of the first
oxidation event to higher potentials. The value of AE;;; for compound 11 remains
constant at 0.12 V upon changing solvent. Thus it would appear that there is some
contribution to the thermodynamic stability of the one-electron oxidation products
arising from solvation factors, with an underlying contribution from through-bond

interactions.
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Oxidation potentials of the compounds [{Ru(dppe)Cp*}2{u-M(CN)4}] (M=Ni, Pd, Pt)
(12-14) fall in the range 0.69-0.92 V and in each case changing the solvent from DCM
to THF resulted in a shift of the oxidation potentials to higher potential with a
corresponding decrease in the values of AE ;. As with the Ru(PPh;),Cp derived
complexes [9]-[11]", the thermodynamic stability of the one-electron oxidised
species [12]", [13]", and [14]" with respect to disproportionation was decreased in
THEF relative to DCM as evidenced by the smaller separation of the electrochemical
events and consequently giving rise to lower values of the comproportionation
constant, K. The redox behaviour of compound 16 has already been described by
Vahrenkamp,” with two successive oxidations at +0.34 V and +0.45 V vs. SCE being

observed.

The lower oxidation potentials of the compounds 12-14 relative to 9-11 can be
attributed to the variations in the supporting ligands: the Cp* and dppe ligands in 12-
14 are more strongly electron donating than their PPh; and Cp analogues in 9-11.
Unsurprisingly, the very electron-rich iron end-caps in 16 further lower the oxidation
potentials relative to the ruthenium based series. However, it is the occurrence of two
oxidation waves for each trimetallic compound, and the fact that the first oxidation
potential of [ {Ru(dppe)Cp*}2{Pt(CN)4}] (14) is lower than the oxidation potential of
the mono-ruthenium analogue K[Ru(dppe)Cp* {Pt(CN)4}] (15) (+0.71 V and +0.74 V
respectively), that indicate metal/metal interactions throughout the assembly. Before
attempting to quantify these interactions it is useful to introduce some of the

elementary relationships used in the data analysis.
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Consider a sequence of redox reactions:

-e -e
X =—= Xt} =—= X?* (1)
+e” +e”

Which can also be expressed in terms of the half-equations:

X X' +e (2)
E

X' =——=X2"+¢" 3)
E,

Where E, and E; are the oxidation potentials associated with each process. The
stability of the first oxidation product can be gauged by the equilibrium constant for

the comproportionation reaction, K.

K
X+ X =——= 2X" 4
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Electrochemical methods can be used to determine K, via the Nernst equation (5)

shown below.

o | RT
E=F —[—F}IHQ (5)

n

n = no. of electrons, Q = reaction quotient, T = temperature in K, F = Faraday constant, R = Gas

constant

At equilibrium E = 0 and the reaction quotient (Q) becomes the constant of the

equilibrium (K;). Thus the Nernst equation becomes:

nF

o [ RT
E =|:—:|an€ (6)

which can be re-arranged to:

nE°F

In Kc = RT (7)

As equation (4) can also be written:

/

K,
[X*+e]+[XT-¢] = 2X (8)
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and since E° = E,-E, (from 2, 3, and 6) then 7 becomes:

AE)F
K c = exp{—%} (9)

The comproportionation constant, and hence a measure of the thermodynamic
stability of the first oxidation product, can therefore be determined from measurement
of the half-wave potentials of the sequential oxidation reactions shown in equations 1-

3.

Whilst it is often true that metal-metal interactions across a bridged system lead to
very stable odd-electron species (i.e. X' in equation 4), and hence large values of K,
it is important to stress that metal-metal interactions are not necessarily the sole factor
involved in affecting the magnitude of AE. Various solvent and salt effects can also
influence the stability of the first oxidation product, and hence K,. In the case of the
cyanometallates in this study, there is a definite solvent effect on the stabilisation of
the first oxidation product. In each case the separation between the two oxidation
potentials of any one species (AE) is decreased upon reducing the polarity of the
solvent. As with previously described trends within the groups 9-11 and 12-14, there
seems to be a dependence of the stability of the first oxidation product of these
materials upon the nature of the central metal. There is an apparent reduction in the
value of AEgx upon substituﬁng Pd for Ni followed by an increase upon substituting
Pt for Pd. The comproportionation constants (K.), calculated from the values of AEox
naturally follow the same trend. This enhanced stability may be brought about by a

greater degree of delocalisation in the case of the Ni and Pt complexes relative to the
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Pd materials. However, this effect cannot be substantiated on the basis of this
electrochemical data alone and the crystallographic data argues against differences in

the degree of delocalisation in these complexes.

Keene has recently reminded the community that the anion of the electrolyte used in
potential measurements can have a drastic effect on the potentials, hence altering AE
and K, for a material.*® Therefore it is important to remember that, whilst a large K.
value can often be an indication of metal-metal communication, it is not, by itself, a
definitive “litmus test” and it is important that other techniques such as vibrational
and/or electronic spectroscopy be used in addition to potential measurements before

claims of “electronic communication” in a bridged bimetallic assembly be made.

Mixed-Valence Complexes

When the electro-generated species X" described above is derived from a bimetallic
complex, that complex becomes a mixed-valence species. The notion of metal-metal
communication in such systems has been thoroughly studied (with many electron-
transfer parameters being available from spectral data) and such species may be
classified according to the Robin-Day classification system described previously (see
Introduction).’” For compounds that fall into the valence-trapped Class 2 grouping,
the transfer of the odd-electron from one metal centre to the other can be induced
either by thermal or optical methods. Noel Hush, in 1967, predicted the occurrence
of an inter-valence charge transfer (IVCT) band in the electronic spectra of these

Class 2 complexes, occurring in the near infra-red (NIR) region of the spectrum.
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Furthermore, a rationale was developed by which the physical properties of these
mixed-valence complexes could be determined by careful analysis of the shape of this

IVCT band.*® According to the treatment developed by Hush, the width of the IVCT
band at half its maximum height (A; 112) should be related to the energy of the band

maximum (v may) by the relationship:

Avio =y2310ms) (1)

Whilst vibrational effects may result in a broadening of this band, it is generally found

that Class 2 mixed valence systems give rise to IVCT bands with shapes in agreement
with (10). Generally speaking, those complexes for which Av, /2(obs) 1S significantly

narrower than Av 1/2(calc) are considered to be Class 3.

The strength of the interaction between the two metal centres in a mixed valence
compound is determined by the coupling constant V,, (also termed H,; in some

treatments). For Class 2 complexes this parameter is given by:

0.0205yVmxAV1126 1,

v
ab . (11)

where ¢ is the extinction coefficient of the IVCT band and r is is the electron-transfer

distance (in Angstroms). In the case of Class 3 compounds ¥V, is given by:
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S (12)

For a full description of the background theory underpinning these expression see the

excellent reviews by Cruetz, Meyer and Launay.***!

Based on the brief description above, the electronic spectra of the oxidised versions of
the complexes in this study would be expected to show IVCT bands in those cases
where metal-metal communication is suspected. Furthermore band shape analysis
would be expected to reveal the extent of the communication between the metal
centres and any trends that occur as a function of the central metal would become
apparent. Rather than prepare each oxidised species chemically, spectra were

obtained using spectro-electrochemical methods (see Experimental Methods chapter).

The UV-Vis-NIR spectra were collected from DCM solutions approximately 0.1
mmolar in analyte and containing 0.1M TBABF, as a supporting electrolyte. Whilst
on the CV timescales (< 10 seconds) the oxidations of compounds 9-16 were fully
reversible, the first oxidation states of 9 and 10 were insufficiently reversible on the
longer timeframe required for bulk electrolysis in the OTTLE cell (1-5 hours) for
acquisition of meaningful spectra. Therefore, in the interests of obtaining a complete
data set, only the Ru(dppe)Cp* derived complexes 12-16 were studied. However,
even in these cases, only the first oxidation product could be obtained with complefe
reversibility and then only at sub-ambient temperatures. The experiments were
performed at -30 °C in a 0.1 cm quartz cuvette using an optically transparent thin-

layer electrode (OTTLE) similar to that described by Duff and Heath.** This
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consisted of a platinum mesh as the working electrode as well as platinum wire

counter and pseudo-reference electrodes.

The neutral compounds 12-15 displayed two absorption bands in the UV (35,000-
20,000 cm™) region of the spectrum, the lower energy band appearing as a shoulder in
the case of compounds 12-15. For example, in the case of 12 these two bands were
observed at 32,680 and 25,900 cm™. Compound 16 displays an absorption band at
29,850 cm™ as well as a broader absorption envelope with apparent band maxima at

21,740 and 19,690 cm™ (Table 4.7).

Table 4.7. Uv-vis data for compounds 12-16

Compound ;m,,, /em™ and (s/mol'ldm3cm'1)
12 32,680 (12,280); 25,900 (3,900)
13 31,250 (3,860); 27,250 (2,480)
14 31,060 (14,540); 26,390 (3,920)
15 31,150 (2,680); 26,460 (1,370)
16 29,850 (8,673); 21,740 (1,360); 19,690 (1,120)

In the oxidised samples the bands described above each moved to slightly lower
energy with the exception of compound 16 for which the reverse behaviour was seen.
The bimetallic compound [15]" displayed no features beyond 20,000 cm™!, however
oxidation of 15 to [15]" did result in the growth of a new absorption band at 20,330

cm’™,

In addition to the bands already described, new features were seen in the UV-Vis-NIR
spectra of the oxidised trimetallic compounds [12], [13]" and [14]". In each case, a
new band of moderate intensity was formed in the 20,000 — 21,000 cm’ region of the

spectrum as well as an absorption band in the NIR region of the spectrum, the high
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energy side of which was overlapped by the tails of bands from the higher energy end
of the spectrum. An example spectrum below shows the oxidation of
[{Ru(dppe)Cp*}2{Ni(CN)4}] (12) in the range 25,000-4,000 cm’! (Figure 4.9).
Critically, the NIR region of [15]" remained transparent during oxidation and
therefore the NIR absorption observed in [12], [13]" and [14]" can be confidently

assigned to a genuine Ru"/Ru™ IVCT transition.

7000
6000
5000
4000 -

3000 -

Extinction coefficient (mof'dm*em™)

2000 -

1000 -

4000 9000 14000 18000 24000

Wavenumber (cm")

Figure 4.9. Oxidation of 12 to [12]".

An important point must be made at this stage. The magnitude of the
comproportionation constant (K;) indicates that at equilibrium the solutions will
contain neutral, mono-oxidised and di-oxidised species. Therefore, a correction must
be made to the concentration of the solution to accurately assess the molar extinction

coefficient of the mono-oxidised species. The proportion (P) of the mono-oxidised

106



Chapter 4 — Tetracvanometallate Complexes

complex in solution can be determined from the comproportionation constant X, using

equation 13.*!

JXe

po Ke
244kc A3

All of the extinction coefficients determined for the oxidised species in this chapter

have been corrected to allow for this comproportionation equilibrium.

The high energy side of the NIR band in [12]", [13]" and [14]" was partially obscured

by overlap with one of the higher energy transitions. Therefore, in order to better

estimate v 15, it was necessary to subject the spectra to spectral deconvolution, with
the experimental spectrum described as the sum of several Gaussian-shaped curves.

An example of such a process for complex [13]" is shown below (Figure 4.10).
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Table 4.8. NIR data for [12]", [13]", and [14]"

Compound | .0 | AVl | AV 12 (ound) € r(A" | Va
(em™) | (em™) (em™) (mol'dm’cm™)

[12]+ 6380 3800 4800 730 10.38 | 300

[13]+ 6780 4000 4000 500 10.38 | 230

(14 | 5680 | 3600 5100 535 10.38 | 250

*This distance is taken as the point-to-point distance between ruthenium centres and is
not the sum of the bond lengths.

In each case there is very little difference between the compounds, with the NIR band-
shape analysis consistent with assignment as a Class 2 system in each case. The
absorption data, therefore, confirms the picture described by the spectroscopic
properties and molecular structures of the neutral compounds as well as the
electrochemistry. There is a very slight decrease in coupling constant upon changing
the central metal from Ni to Pd as the Pd is a poorer n-donor and so the degree of
delocalisation across the system is reduced. When the central metal is Pt, however,
there is a very slight rise in the coupling constant again, consistent with the increased
n-donor ability of Pt relative to Pd. This pattern matches with that observed for the K

values of these materials.

In summary, the electronic structure of these materials seems to show little sensitivity
to the nature of the central metal. When the results from the series of complexes
[{RuP>,Cp’}2({p-M(CN)4}] (M = Ni, Pd, Pt) are taken together with Vahrenkamp’s
work with [{MP,Cp’}2({u-Pt(CN)4}]% it is clear that by far the greatest effects on the
metal-metal coupling or “communication” in these systems are brought about by the

nature of the metal end-caps rather than the central bridging moiety.
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Experimental

General Procedure — Preparation of [{RuL,Cp’},{u-M(CNy)}] (L = PPh;, Cp’ =

Cp; L, = dppe, Cp’ = Cp*; M = Ni, Pd, Pt)

A 50 ml, two-necked Schlenk flask was cooled under nitrogen and charged with
K3[M(CN)4] (0.208 mmol) and RuCIL,Cp’ (0.415 mmol). The mixture was
suspended in MeOH (30 ml) and heated at reflux for one hour. After this time a
bright yellow suspension had formed. The solution was allowed to cool and the
precipitate was collected and washed with cold methanol to afford [{RuL,Cp’}2{p-
M(CNy)}] as a bright yellow solid. Crystals of compounds 9-11 suitable for X-ray
diffraction studies were obtained by slow diffusion of MeOH into a DCM solution of
[{Ru(PPh3)Cp}2{p-M(CN4)}]. Crystals of compounds 12 and 14 suitable for X-ray
diffraction studies were obtained by slow diffusion of EtOH into a CHCl; solution of
[{Ru(dppe)Cp*}2{u-M(CNy)}]. Crystals of compound 13 were obtained by slow

diffusion of EtOH into a DCM solution of [{Ru(dppe)Cp*}:{n-Pd(CNy)}l.

[{Ru(PPhs)2Cp}2{Ni(CN)4}] (9) (0.149 mmol, 72 %). Found: C, 65.78; H, 4.52; N,
3.59. CgsH70PsN4RuNi 0.5(CH,Cly) requires: C, 65.48; H, 4.51; N, 3.53. '"H NMR
(CDCly): 8 4.29 (s, 10H, Cp); 7.30-7.25 (m, 72 H, PPhs). >C {'"H} NMR (CDCls): &
137.41 (m, Jep = 22 Hz, Cipso); 133.76 (¢, Jep = 5.28 Hz, Corno); 129.30 (5, Cpara);
128.28 (t, Jep = 4.78 Hz, Crera); 83.43 (s, Cp).>'P {'H} NMR (CDCl): & 43.40 (s,
PPh). ES(+)-MS (m/z): 1568 [M+Na]", 691 [Ru(PPhs),Cp]". IR (CH;Cly): v(C=N)

2143,2119 cm™.
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[{Ru(PPh3),Cp},{Pd(CN)4}] (10) ( 0.100 mmol, 48 %). Found: C, 63.38; H, 4.39; N,
3.57. CseH70P4N4Ru,Pd.0.5CH,Cl; requires: C, 63.56; H, 4.38; N,3.43. 'H NMR
(CDCl3): 8 4.30 (s, 10H, Cp); 7.33-7.10 (m, 72 H, PPh3). °C {'"H} NMR (CDCl): &
136.02 (m, Jep = 20 Hz, Cipso); 132.46 (t, Jep = 5.28 Hz, Conno); 128.08 (s, Cpara);
127.01 (t, Jcp = 4.78 Hz, Cinewa); 82.16 (s, Cp). *'P {'H} NMR (CDCl3): & 43.21 (s,

PPh;). IR (CH,Cly): v(C=N) 2157, 2130 cm’".

[{Ru(PPhs);Cp}>{PH(CN)4}] (1) (0.095 mmol, 46 %). Found C, 60.64; H, 4.12; N,
3.37. CgeH7P4N4Ru,Pt 0.5(CH,Cl,) requires: C, 60.30; H, 4.15; N,3.25. 'H NMR
(CDCls): 8 4.30 (s, 10H, Cp); 7.30-7.26 (m, 72 H, PPh3). °C {'H} NMR (CDCl): &
137.30 (m, Jep = 22 Hz, Cipso); 133.73 (t, Jep = 5.28 Hz, Conno); 129.35 (5, Cpara);
128.28 (t, Jcp = 4.27 Hz, Cinea); 83.43 (s, Cp). *'P {'H} NMR (CDCls): & 43.12 (s,
PPhs). ES(+)-MS (m/z): 1705 [M+Na]"; 691 [Ru(PPh;),Cp]". IR (CH,Cl,): v(C=N)

2157,2129 cm’'.

[{Ru(dppe)Cp*}2{Ni(CN)4}] (12) (0.129 mmol, 68 %). Found: C, 63.37; H, 5.45; N,
3.97. Cs6H7sP4N4Ru;Ni requires: C, 63.74; H, 5.49; N,3.91. 'H NMR (CDCl3): 6
_1.45 (s, 15H, Cp*); 2.06, 2.62 (m, 4H, dppe); 7.15-7.70 (m, 20H, Ph). “C {'"H} NMR
(CDCl3): & 142.95 (s, CN); 136.88 (m, Jcp = 18 Hz, Cipso); 134.22 (m, Jep = 18 Hz,
Cipso); 133.64 (m, 2 X Conno); 130.04 (s, CN); 129.87 (5, Cpara); 129.73 (5, Cpara);

128.58 (t, Jep =4.78 Hz, Cieta); 127.97 (t, Jop = 4.78 Hz, Cpera); 91.70 (5, CsMes);
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28.79-28.44 (m, dppe); 10.07 (s, CsMes). *'P NMR (CDCls): & 71.71 (s, dppe).
ES(+)-MS (m/z): 1433 [M + H]"; 635 [Ru(dppe)Cp*]*. IR (CH,CL,): v(C=N) 2118,

2136 cm™.

[{Ru(dppe)Cp*}2{Pd(CN)4}] (13) (0.068 mmol, 37%). Found: C, 60.81; H, 5.25; N,
3.70. CyH7sPsN4Ru,Pd.2(C,HsOH) requires: C, 61.21; H, 5.77; N,3.56. 'H NMR
(CDCl5): & 1.48 (s, 15H, Cp*); 2.00, 2.57 (m, 4H, dppe); 7.10-7.70 (m, 20H, Ph). "*C
{'H} NMR (CDCls): & 140.85 (s, CN); 136.72 (m, Jcp = 20 Hz, Cips0); 134.01 (m, Jcp
=20 Hz, Cipso); 133.64 (t, Jop = 5.28 Hz, Conno); 133.53 (t, Jop = 5.28 Hz, Corno);
129.95 (s, Cpara); 129.78 (s, Cpara); 128.66 (t, Jcp = 4.90 Hz, Ciera); 128.02 (t, Jop =
4.78 Hz, Cpeta); 127.22 (s, CN); 91.68 (s, CsMes); 28.77-28.43 (m, dppe); 10.13 (s,
CsMes). *'P NMR (CDCl): & 75.79 (s, dppe). ES(+)-MS (m/z): 1481 [M + H]"; 635

[Ru(dppe)Cp*]’. IR (CH,CLy): v(C=N) 2129, 2146 cm™.

[{Ru(dppe)Cp*}2{P(CN)4}] (14) (1.08 mmol, 57 %). Found: C, 58.16; H, 4.98; N,
3.54. Cs6H7gP4sN4Ru,Pt requires: C, 58.19; H, 5.01; N, 3.57. '"H NMR (CDCl):

8 1.48 (s, 15H, Cp*); 2.08, 2.63 (m, 4H, dppe), 7.15-7.75 (m, 20H, Ph). ’C {'H}
NMR (CDCl3): 8 136.67 (m, Jep = 19 Hz, Cipgo); 134.00 (m, Jep = 20 Hz, Cipso);
133.66 (t, Jop = 5.28 Hz, Conno); 133.56 (s, CN); 133.47 (t, Jep = 5.28 Hz, Conno);
129.95 (5, Cpara); 129.80 (s, Cpara); 128.73 (t, Jep = 4.90 Hz, Crer); 128.02 (t, Jcp =

4.27 Hz, Cuew); 121.62 (s, CN); 91.68 (s, CsMes); 28.80-28.45 (m, dppe); 10.08 (s,
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CsMes). *'P NMR (CDCls): & 75.73 (s, dppe). ES(+)-MS (m/z): 1569 [M + H]"; 635

[Ru(dppe)Cp*]". IR (CH,Cly): v(C=N) 2128, 2150 cm™.

K[Ru(dppe)Cp*{Pt(CN)4}] (15)

A 50ml, two-necked schlenk flask was cooled under nitrogen and charged with
K;[Pt(CN)4] (127 mg, 0.337 mmol) and RuCl(dppe)Cp* (150 mg, 0.224 mmol). The
mixture was suspended in MeOH (10 ml) and heated at reflux for 1.5 hrs after which
time the solution was cooled and the solvent removed. The yellow residue was
dissolved in the minimum quantity of DCM and filtered. Removal of solvent afforded
15 as a yellow powder (168mg. 0.172 mmol, 77 %). Found: C, 48.85; H, 4.07; N,
5.28. C4oH39P2N4RuPtK requires: C, 49.38; H, 4.04; N, 5.76. 'H NMR (CDCls):

8 1.47 (s, 15H, Cp*); 2.08, 2.64 (m, 4H, dppe); 7.20-7.68 (m, 20H, Ph). *'P NMR
(CDCly): 875.67 (s, dppe). ES(+)-MS (m/z): 635 [Ru(dppe)Cp*]*. ES(-)-MS (m/z):

932 [Ru(dppe)Cp* {Pt(CN)a} T; 273 [PHCN):]. IR (CH,ClLy): v(C=N) 2130 cm™.

[{Fe(dppe)Cp}2{Pt(CN)4}] (16)

A 50ml, two-necked schlenk flask was cooled under nitrogen and charged with
K2[Pt(CN)4] (102 mg, 0.27 mmol) and FeCl(dppe)Cp (300 mg, 0.54 mmol). The
mixture was suspended in MeOH (30 ml) and heated at reflux for 90 minutes after
which time reaction was cooled and the solvent removed. The residue was then

dissolved in a minimum volume of DCM, filtered, loaded onto a silica column and
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eluted with 60:40 acetone:hexane solution. The resultant red band was collected and
the solvent removed. Subsequent crystallisation from slow diffusion of MeOH into a
DCM solution resulted in the formation of 16 as red crystals (156 mg, 0.12 mmol, 43
%). 'H NMR (CDCls): 5 2.08, 2.63 (2 x br, 4H, dppe); 4.19 (s, 5H, Cp); 7.20-7.79
(m, 20H, Ph). >'P NMR (CDCl;): 5 100.34 (s, dppe). IR (CH2CLy): v(C=N) 2128,

2149 cm™.
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Chapter 5 — Cyanoacetylene complexes

Introduction

The cyanoacetylene moiety possesses a lone pair of electrons at the N-atom which can
bond to metal centres in an n'(N) fashion. In addition to this it has an alkyne n-
system which is conjugatéd with the C=N moiety (allowing for delocalisation of
electron density) and can also bond to metal centres itself. In addition to this, the
extended n-system offered by the cyanoacetylene ligand should make it more
polarisable than simple nitriles, which may be of particular utility in the design of

complexes with significant non-linear optical responses.'

Early work on the coordination chemistry of cyanoacetylenes focussed on the co-
ordination of the alkyne moiety to metal centres in an n? fashion. In 1968, Dickson
and Yawney showed the possibility of incorporating the dicyanoacetylene moiety into
metal complexes through coordination of the alkyne n-system in reaction with
COz(CO)3.3 Infra-red data obtained from the reaction showed that v(C=C), the alkyne
stretching frequency, disappeared upon formation of the product (from 2119 cm’ in

DCA), consistent with the formation of a four-atom Co,C; cluster (Figure 5.1).

Figure 5.1. Proposed product from the reaction of DCA with Coy(CO)s.?
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Furthermore there was a marked decrease v(C=N) upon complexation from 2290 cm™
in DCA to 2198 cm™ in the cobalt/carbon cluster. This results from a loss of electron
density from the CN moieties upon forming the cluster and is also observed in the
reaction of DCA with nickelocene to form the analogous nickel/carbon cluster

(v(C=N) = 2205 cm™).*

Further complexes of DCA were synthesised by McClure and Baddley with
iridium, rhodium and palladium centres.” DCA was reacted with the iridium
complexes [[rX(CO)(EPhs),] (E = As, X =CIl; E =P, X =Cl, Br, I, NCS), to give
stable products of type [IrX(CO)(C4N,)(EPh3);] for which the structure shown in

Figure 5.2 was proposed.

co
PhsE,, | _c—CN

r i
PheE” | “C_
X "cN

Figure 5.2. Suggested structure of [IrX(CO)(CsN2)(EPhs);]

The v(CO) stretching frequencies of the material [IrCI(CO)(CsN,)(PPhs),] were
compared with those of a series of compounds of type [IrCl(CO)(Ligand)(PPhs),] as it
has been suggested that the value of the v(CO) frequency correlates with the degree to
which the ligand has removed electron density from the iridium centre on
complexation.® The study of McClure and Baddley put the electron withdrawing -
strength of the DCA ligand equal with that of O, and SO; and much less than that of
the strongly electrophilic tetracyanoethylene (TCNE) ligand.” Interestingly, reaction

of the dicarbony! iridium hydride [IrH(CO),(PPh;);] with DCA resulted in the
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formation of Ir{C(CN)CCN}n*-NCC,CN(CO)(PPhs), derived from coordination of
one DCA ligand in n* fashion and insertion of DCA into the Ir-H bond to give the
dicyanovinyl ligand (Figure 5.3). The frans nature of the dicyanovinyl ligand was

later established by crystallographic methods.’

H

CN
Nc\j;)”
PhsE,, | _o—CN

" r<h
Ph,E” |

N

CN

Figure 5.3. Product of the two-fold addition of DCA to [IrH(CO),(PPhs),]

Reaction of DCA with rhodium complexes RhCI(PPhs);, [RhCI(PPhs),],,
RhC1(CO)(PPh3),, RhCI(CO)2(PPh3) and [RhCI(CO):]. gave only intractable tars
rather than isolable, well-characterised metal-complexes. This was attributed to a
combination of the high reactivity of the DCA ligand and the catalytic nature of the

Rh' centre.” Reaction of DCA with Pt(PPh;), resulted in the n* coordinated complex

Pt(n 2-NCC2CN)(PPh3)2 which is discussed further in Chapter 6.

Complexes exhibiting similar n>-alkyne ligands have also been isolated following
coordination of cyanoacetylene (HC=CC=N) to a tungsten centre.® This reaction was
shown to proceed both in warm toluene (60 °C over a period of 8 hours) and by

photolysis (Scheme 5.1).
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Scheme 5.1. n? co-ordination of cyanoacetylene to a tungsten centre.

However such simple coordination reactions of cyanoacetylene are rare, with the
metal chemistry of cyanoacetylene being instead dominated by the formation of o-
vinyl complexes. In the early 1980’s Scordia et al. studied the insertion of mono- and
di-cyanoacetylene into the M-H bonds of [(CsHs),MH;] (M = Mo, W) to give
[(Cp).MH(o-trans-C(CN)=CHCN)] and [(Cp)zMH(o-C(CN)=CH2)].9 This was
followed by the investigation of insertion reactions of both cyanoacetylene and DCA
into the M-H bond of [MH(CO);Cp] (M = Mo, W) to give the complexes [M(c-

CR=CHCN)(CO);Cp] (M = Mo, W; R = H, CN) (Figure 5.4)."

=4

00 ZIN R
oc” &o |

NC H

Figure 5.4. Cyanoacetylene insertions into the M-H bond of MH(CO);Cp complexes

(M =Mo,R=CN;M=W,R=H, CN).

In each case the reaction resulted in the trans-product shown above, and in no cases
were any n2 coordination products formed unlike those for acetylenes bearing other
electron-withdrawing groups such as FsCC=CCF3.'""'* This was taken as an

indication that the cyanoacetylene ligands behave as stronger electrophiles than other
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activated alkynes and that the electron densities at the Mo and W centres above were

not sufficiently electron-rich to stabilise the n-coordination product.

Examples of similar insertions into M-H bonds by cyanoacetylenes followed for
similar compounds, including the iron species [FeH(CO)Cp]z(M-dppm)13 and the
species Cp,MH (M=Re, Ta).'*!® Furthermore, insertion reactions of mono- and di-
cyanoacetylenes into M-S bonds have been studied, showing that, for example,
reaction of [W(SMe)(CO);Cp] with HC=CCN will produce

[W(CH=C(CN)SMe)(CO);Cp]."®

Examples of n'-(N) bonded cyanoacetylenes are scarce, with only the complexes
[Ru(NC=CC=R)(tpy)(bpy)1(PFé): (tpy = 1,2°:6’:2’-terpyridine, bpy = 2,2’-bipyridine,
R = H, Ph), which were characterised solely on the basis of electronic spectroscopy

and elemental analysis, reported prior to the work in this thesis.!”

The cyanoacetylene ligands HCC=CCN and NCC=CCN are both highly reactive and
prone to polymerisation. However, Murray and Zweifel have described the synthesis
of substituted cyanoacetylides from the parent acetylides RC=CH by removal of the
acetylenic proton to form RC=C" followed by reaction with phenyl cyanate (PhOCN)
to form RC=CCN."'® This simple procedure allows ready access to cyanoacetylene
compounds which display increased stability due to the presence of bulky R-groups
such as a phenyl moiety. In this chapter the coordination chemistry of N=CC=CC¢Hs

and the para-substituted derivative N=CC=CCgH4-4-NMe; is described.
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Results

Synthesis

The organic cyanoacetylenes NCC=CCgHs'® and NCC=CCgH,-4-NMe, were prepared
from the parent acetylenes by reaction with butyl lithium (BuLi) and phenyl cyanate

(PhOCN) according to the general method described by Murray and Zweifel (Scheme

5.2).18

i) BuLi
H—CECO—X = NEC-CEC—@—X
ii) PhOCN

Scheme 5.2. Formation of cyanoacetylene ligand (X = H, NMe)

Treatment of a methanolic solution of RuCIl(PPh3),Cp with NCC=CC¢Hs in the
presence of NH4PF led to the formation of a bright yellow suspension from which the
complex salt [Ru(NCC=CC¢H;s)(PPh3),Cp][PFs] (17) could be isolated in good yield
and crystallised to afford bright yellow crystals (Scheme 5.3). This compound was
characterised by the usual spectroscopic techniques. The Cp ligand gave rise to
singlet resonances in the NMR spectra at 4.52 ppm ('H) and 84.90 ppm P*c{H)).
Furthermore, resonances arising from the acetylenic carbon atoms of the
cyanoacetylene ligand were apparent as singlets in the Bc {IH} spectrum at 116.63
and 115.88 ppm. Resonances arising from the phenyl rings of the phosphine and
cyanoacetylene ligands were found in the range 6.98-7.57 ppm (lH) and 135.20-
128.43 ppm ('*C{'H}). The *'P NMR spectrum showed the expected resonances

arising from the PPhs; and [PF¢]” moieties as a singlet at 41.86 ppm and a heptet at -
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143.02 ppm (Jpr = 713 Hz), respectively. In the IR spectrum, a single absorption
band was observed at 2141 cm™ which compares with the free ligand vibration at
2145 cm™. No absorption band in the region commonly associated with coordinated
nitriles (ca. 2200 cm’’, see Chapter 3) was observed. The ES(+)-MS displayed an
intense isotopic envelope arising from the complex cation
[Ru(NCC=CCgHs)(PPhs),Cp]" at m/z = 818, and a fragment corresponding to

[Ru(PPh;),Cp]* was apparent at m/z = 691.

C
Co,(CO)g(dppm) o ZIN
NzC-czc—@-—x »  N=C-C--Co(co),
(0C)L6 |
| Pphz
PhoP—\
19
RuCIL,(n° -CsR.
uCiLz(n-CoRs) RuCI(PPhs),Cp
NH4PF
are NH4PF
v B +
. o
' ] = AN PFg)
L/}Ru-NEC-CEC—OX (PFs) oh p'ﬁu'NEC_C\_I_}ClO(CO)Z( 6)
L Phap  (OC)COppr,
] PhoP—\
R=H,L=PPhy, X=H, 17 -
R = Me, L, = dppe, X = NMey, 18 20

Scheme 5.3. Synthesis of cyanoacetylene compounds 17- 20.

A similar reaction using RuCl(dppe)Cp* and NCC=CCsHy4-4-NMe; resulted in the
isolation of yellow, needle-like crystals of [Ru(NCC=CCsHy-4-

NMe;)(dppe),Cp*][PFs] (18) which had an almost metallic lustre. The Cp* ligand
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was observed as a singlet resonance at 1.47 ppm in the '"H NMR spectrum, while a
singlet at 3.05 ppm corresponding to the methyl protons of the NMe, substituent was
also observed. The resonances arising from the alkyl protons of the dppe ligand were
evident as an unresolved multiplet in the range 2.31-2.56 ppm. Whilst most of the
pheny! protons were apparent as multipie resonances in the 7.23-7.54 ppm region of
the spectrum, it was possible to distinguish a pseudo-doublet at 6.58 ppm (Juu = 9 Hz)
arising from the ortho phenyl protons of the cyanoacetylene ligand. The presence of
the Cp* ligand was confirmed in the >C{'H} NMR spectrum with singlet resonances
at 93.75 and 9.83 ppm arising from the ring and methyl carbon atoms respectively.
Furthermore, the C,H4 carbon atoms of the dppe ligand were apparent as multiplets in
the range 28.90-28.55 ppm, although Jcp was not resolved, and the NMe; substituent
of the cyanoacetylene ligand resulted in a singlet resonance at 40.20 ppm. A sharp
singlet resonance at 75.10 ppm in the >'P NMR spectrum was assigned to the dppe
ligand whilst a heptet at -143.21 ppm (Jpr = 713 Hz) corresponding to the [PF¢]
counter-ion was also observed. Absorption bands resulting from the C=N and C=C
portions of the ligand were visible in the IR spectrum at 2216 and 2123 cm’
respectively, which compare with the free ligand bands at 2273 and 2145 cm’™.
Finally, ES(+)-MS showed the complex cation [Ru(NCC=CC¢HsNMe,)(dppe)Cp*]"

at m/z = 804, as well as the fragment ion [Ru(dppe)Cp*]" at m/z = 635.

Reaction of the cyanoacetylene ligand NCC=CC¢Hs with the known alkyne
sequestering agent Co2(CO)s(dppm) in refluxing benzene followed by removal of
solvent and recrystallisation resulted in the formation of dark red crystals of
[Coa(p,n2-CeHsC2CN)(CO)g(p-dppm)] (19) (Scheme 5.3). The expected doublet of

triplet resonances corresponding to the CH; group of the dppm ligand in the 'H NMR
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spectrum were observed at 3.15 and 3.49 ppm. The same moiety was also evident in
the 1® C{'H} NMR spectrum as a triplet at 36.58 ppm (Jcp = 21 Hz). Two broad
resonances at 205.89 and 199.21 ppm were assigned to the CO ligands and the carbon
atoms of the Co,C; cluster core were apparent as triplets occurring at 123.55 ppm (Jcp
= 3 Hz) and 97.96 ppm (Jcp= 18 Hz). A sharp resonance arising from the dppm
ligand was found in the *'P NMR spectrum at 39.92 ppm. The IR spectrum showed
the CO stretches in the 1970-2037 cm™' region with the C=N stretch apparent as a
weaker band at 2167cm™. The ES(+)-MS spectrum displayed isotopic envelopes at

m/z = 1504 ([2M+Na]") and 764 ([M+Na]").

Having synthesised. examples of the co-ordination of the cyanoacetylene ligand in
both n'(N) and n*(alkyne) bonding modes, attempts were made to form a multi-
metallic compound through the simultaneous use of both bonding modes. Reaction of
[Ru(NCCECC6H5)(PPh3)2Cp][PF 6] (17) with Coy(CO)¢(dppm) in refluxing benzene
resulted in a dark red solution from which only [Coa(p,n-CeHsCoCN)(CO)a(p-
dppm)] (19) could be isolated. However, reaction of 19 with RuCIl(PPh;),Cp in the
presence of NH4PF¢ pl;oduced a bright red solution from which [ {Cox(p,n*
CsHsC2CN {Ru(PPh3),Cp})(CO)a(p-dppm) } I[PFs] (20) could be isolated as a brick-
red powder (Scheme 5.3). Careful crystallisation at low temperatures produced red,
cubic crystals of 20. Spectroscopic characterisation confirmed the formation of the
heterometallic species. The presence of the Cp ligand was established by NMR
resonances at 4.30 ('H) and 100.01 ppm ("*C{'H}) while the dppm ligand resulted in
unresolved resonances at 3.28 (‘H), and 35.84 ppm (‘*C{'H}). The carbon atoms of
the Co,C; cluster core appeared as triplets at 123.56 ppm (Jcp = 3 Hz) and 97.96 ppm

(Jep = 19 Hz). The *'P NMR spectrum showed two singlets at 42.00 and 37.67 ppm
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corresponding to the PPh; and dppm ligands respectively. The [PFs]” counter-ion
gave the expected heptet at -142.96 ppm (Jpr = 711 Hz). ES(+)-MS agreed with the
suspected composition with the complex cation [ {Coa(p,n’-
CsHsC,CN{Ru(PPh;),Cp})(CO)4(ui-dppm)}]" giving rise to an isotopic envelope at

m/z = 1431. The fragment [Ru(PPh;),Cp]" was also observed at m/z = 691.

Reactivity of [Ru(NCC=CCsHs)(PPh3),Cp][PFs]

In order to gain qualitative measure of the stability of the bond between the
cyanoacetylene ligand and the metal centre, a sample of 17 in CDCl; was treated with
one equivalent of MeCN and the reaction was monitored by 'H NMR spectroscopy.
Over a period of 24 hours, the Cp resonance at 4.52 ppm arising from 17 slowly
diminshed and a new resonance grew in at 4.44 ppm. This was assigned to the

species [Ru(NCMe)(PPhs),Cp]" by comparison with an authentic sample (4.46 ppm).

The reaction of 17 with tetracyanoethylene (TCNE) was also investigated. The
organic species TCNE has been shown to react readily with metal acetylide, diynyl
and polyyndiyl complexes under mild conditions to afford products derived from
[2+2] cyclisation reactions. The initial cyclobutene products often ring-open to afford
highly conjugated cyanocarbon ligands.'*?* The TCNE ligand has also been used as a
n'(N) bonding ligand, and has been shown to react with oxidisable metal centres to
give products derived from charge transfer processes with the ligand best formulated
as a TCNE radical or dianion.>?' Reaction of 17 at room temperature in dry, distilled

THF with one equivé.lent of TCNE resulted in the rapid formation of a dark
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green/blue solution. Removal of solvent and subsequent work-up resulted in the
formation of [ {Ru(PPh;),Cp}.(n-TCNE)][PF]; (21) as a blue/grey solid. The Cp
resonance showed a shift in the 'H NMR with respect to 17 (4.58 ppm vs. 4.52 ppm
respectively). Infra-red spectroscopy revealed absorption bands at 2139 cm” with a
shoulder at 2164 cm™. Mass spectrometry [ES(+)-MS] showed an isotopic envelope
arising from the cation [ {Ru(PPhs);Cp}2(u-TCNE)]" at m/z = 818 as well as the
cationic fragment [Ru(PPh;),Cp]" at m/z = 691. These data are inconclusive with
regards to the formulation of 21 as either the mononuclear compound
[Ru(TCNE)(PPh3),Cp][PFs] or the binuclear species, which can be obtained, at least
in principle, as either cis or frans forms. Recrystallisation of 21 from CHCI; resulted
in the formation of sapphire-blue crystals suitable for X-ray diffraction studies which
conclusively identified the bimetallic nature and the connectivity of the compound

(see below).

Molecular Structures
The molecular structures of 17 and 19-20 were determined. Crystallographic details |

are summarised in Table 5.1 with selected bond lengths and angles in Tables 5.2 (17,

19 and 20) and 5.3 (21, see below).
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Table 5.1. Crystallographic Details.

Compound 17 19 20 21
Formula MsNP;RU.OJCHzC]Z C;_gﬂyCOzNO.ng C79H62NO4P5F5C02RU.2CH2CI2 C&&EmNzP‘;Ruz
FW 1022.26 741.41 1746.93 1019.09
a(A) 10.3647(5) 16.95859(8) 11.7464(7) 10.0332(4)
bA) 35.1128(16) 10.8413(5) 17.3929(10) 20.3162(9)
c(A) 12.9836(6) 18.4223(9) 21.8925(13) 20.6003(9)
a(®) 90 90 71.121(3) 90
A 104.145(2) 95.558(1) 76.244(2) 101.21(2)
7 (®) 90 90 73.405(2) 90
V(&3 4581.9(4) 3297.0(3) 4003.4(4) 4118.9(3)
T(K) 120(2) 110(2) 1202) 120(2)
Crystal System Monoclinic Monoclinic Triclinic Monoclinic
Space group P2)/n P2i/n Pi P2/c
Z 4 4 2 4
p (mm™T) 0.59 1.146 0.892 0.757
Reflections 24223 25776 46232 35233
collected
Independent 918 1[R(iy) = 0.0465] 9562 [R(;y,) = 0.0373) 19669 [R(i,y) = 0.0386] 10935 [R(ine) = 0.0709]
reflections
Final R indices R;=0.0898, wR,=0.13995 | R,;=0.0706, wR,=0.1486 R;=0.0449, wR,= 0.0815 R;=0.1195, wR,=0.2672
(all data)

Table 5.2. Selected bond lengths and angles for compounds 17, 19, and 20.

Compound 17 19 20
Ru-N () 2.002(4) n/a 2.036(3)
N-C(2) (A) 1.162(7) 1.153(2) 1.162(4)
C(2)-C(3) (A) 1.365(8) 1.412(2) 1.393(5)
C(3)-C@) (A) 1.208(8) 1.370(2) 1.382(5)
C(4)-C(ipso) (A) 1.430(8) 1.465(2) 1.460(5)
Co-Co (A) n/a 2.4651(3) 2.4846(7)
Ru-P(1) (A) 2.355(2) n/a 2.3420(9)
Ru-P(2) (A) 2.352(2) n/a 2.3343(9)
_P(1)-Ru-P(2) (°) 101.25(5) n/a 101.61(3)
Ru-N-C(2) () 177.4(4) n/a 166.8(3)
N-C(2)-C(33) (® 177.6(6) 175.0(4) 175.0(4)
C2)-CAH-CH () 175.9(7) 137.4(3) 137.4(3)
C(3)-C4)-C(ipso) (°) 176.5(6) 140.4(3) 140.4(3)

The structure of 17 (Figure 5.5) is very similar to that of the benzonitrile complex

[Ru(N=CCgHs)(PPh3),Cp][PFs] (1) (see Chapter 3). The Ru-P distances in 17

(2.352(1) and 2.355(1) A) are slightly longer than those in 1 (2.334(1) and 2.335(1) A

in 1) and the P(1)-Ru-P(2) angle is slightly larger (101.25(5)° in 17 and 97.46(1)° in
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1). The Ru-N bond length in 17 is significantly shorter than that in 1 ( 2.002(4) A in
17 vs. 2.037(1) A in 1). The N-C(1) bond length in 1 (1.145(2) A) appears shorter
than the equivalent N-C(2) length in 17 (1.162(7) A) but these differences are within
the limits of precision of the experiment. The C(2)-C(3), C(3)-C(4) and C(4)-C(ipso)
bond lengths (1.365(8), 1.208(8) and 1.430(8) A) are much as would be expected and
agree with the representation of the structure of the ligand as alternating single and
triple bonds. The Ru-N(1)-C(2) and C(3)-C(4)-C(ipso) fragment in 17 is essentially

linear (177.4(4)°).

F igufe 5.5. ORTEP Plot of [Ru(NCC=CCsHs)(PPh3),Cp][PFs] (17).
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Figure 5.6. ORTEP Plot of [Co(jt,n*-CsHsC2CN)(CO)4(pu-dppm)] (19).

The structure of 19 (Figure 5.6) clearly indicates the co-ordination of the alkyne
moiety of the cyanoacetylene ligand to the dicobalt fragment in p,n* fashion. The N-
C(2) bond length seems unaffected by the mode of co-ordination (1.153(2) A vs
1.162(7) A in 17), as is the C(4)-C(ipso) distance (1.465(2) A vs. 1.430(8) A in 17).
There is a marked lengthening of the C(3)-C(4) bond on co-ordination (from 1.208(8)
A in 17 to 1.370(2) A in 19) which is consistent with the loss of triple bond character
upon formation of the Co,C; cluster core. Also of note are the Co(1)-Co(2) and C(3)-
C(4) bond lengths (2.4651(3) A and 1.370(2) A respectively) which are at the shorter
and longer ends of the range of bond lengths normally associated with [Coa(p,n*-
alkyne)(CO)4(dppm)] complexes respectively.32 Furthermore, the torsion angles
C(6)-Co(1)-Co(2)-C(8) (-17.86(7)°), C(7)-Co(1)-Co(2)-C(9) (-36.1(1)°) and P(3)-
Co(1)-Co(2)-P(4) (-11.13(2)°) are unusually large when compared against a series of
closely related structures [Coz(u,n2-RC2C6H4X-4)(CO)4(dppm)] (X=H, NO, CN,

NMe,).*?
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Figure 5.7. ORTEP Plot of [ {Co(p,n*-CsHsC2CN {Ru(PPh3),Cp})(CO)(p-

dppm)}][PF] (20)

The molecular structure of 20 (Figure 5.7) clearly indicates the ability of the
cyanoacetylene ligand to display both n'-(N) and n*-(alkyne) co-ordination modes
simultaneously. The structure is similar to the combined structures of 17 and 19.
There is no statistically significant change in the bond lengths associated with the
cyanoacetylene ligand upon co-ordination of the [Ru(PPh;),Cp] fragment to the NC
moiety with respect to 19, although the Ru-N distance (2.036(1) A) is longer than in
17 (2.002(4) A). There is also some reduction in the distortion about the cobalt
centres (C(7)-Co(1)-Co(2)-C(8) 5.0(2)°; C(6)-Co(1)-Co(2)-C(9) 25.6(3)°; P(3)-Co(1)-

Co(2)-P(4) 8.85(4)°).

The molecular structure of the TCNE-bridged complex 21 shows contains a
crystallographic centre of inversion at the mid-point of the TCNE C(2)=C(2A) double
bond (Figure 5.8). Although one N-C bond length in the structure of 21 appears

longer than the other (N(1)-C(1) = 1.151(7) A, N(2)-C(3) = 1.135(8) A), with the
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longer of the two being that coordinated to the ruthenium centre, these are both the
same within the limits of precision of the measurement. The C(1)-C(2)-C(3) angle is

119.3(5)° and the C(1)-C(2)-C(2A) angle is 121.3(6)°).

Figure 5.8. ORTEP Plot of [ {Ru(PPh3),Cp}2(n-TCNE)][PFs]2 (21) (Hydrogen atoms

have been omitted for clarity)

Table 5.3. Selected bond lengths and angles for compound 21.

Compound 21
Ru-N(1) (A) 1.976(5)
N)-C) (A) 1.151(7)
C(1)-CQ2) (A) 1.411(7)
C(2)-C(2a) (A) 1.393(11)
C(2)-C(3) (A) 1.432(8)
C3)-N(2) (A) 1.135(8)
Ru-P(1) (3) 2.3424(17)
Ru-P(2) (A) 2.3597(15)
P(1)-Ru-P(2) (°) 95.56(6)
Ru-N(1)-C(1) (°) 169.7(4)
N(1)-C(1)-C(2) (°) 177.3(6)
C(1)-C2)-CE3) () 119.3(5)
C(1)-C(2)-C(2a) (°) 121.3(6)
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Electrochemistry

Measurements were carried out in a 0.1M [N(C4Ho)4][BF4] solution in DCM. Internal
decamethylferrocene [Fc*/Fc** = -0.02 V vs. SCE] or ferrocene [Fc/Fc' = +0.46 V vs.

SCE] standards were used to give electrode potentials relative to SCE.>

The electrochemical response of 17 at a platinum electrode was characterised by a
single, irreversible oxidation (Eg, = +1.47 V) which contrasts with the reversible

oxidation seen at lower potential for the analogous benzonitrile compound 1 (E° =
+1.30 V). In contrast to this, 18 displayed a single oxidation event at +1.04 V, the

reversibility of which was imprbved at sub-ambient temperatures (-30 °C).

The electrochemical response at a glassy-carbon electrode of the cobalt-carbon cluster
compound 19 was characterised by both a single reduction and an oxidation wave.
These were poorly reversible at room temperature but their reversibility improved
upon cooling to -30°C (Eeq® =-1.40 V, Ex° =0.98 V). These potentials may be
compared with those of the closely related species [Coz(u-HCZPh)(C0)4(dppm)] (E®red

=—1.73 V;E° =+0.79 V).

Coordination of the ruthenium fragment to the NC moiety to form compound 20
resulted in a shift in the cobalt-carbon cluster based reduction potential to —1.23 V and

the chemical reversibility of the reduction product was increased. However, the
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oxidation of 20 became almost totally chemically irreversible (Epa = +1.06 V). The
TCNE-bridged bimetallic dication 21 underwent a single irreversible oxidation (E;,
+1.42 V). Evidently, there is little electronic interaction between the formally Ru(II)

centres through the TCNE bridge.

136



Chapter 5 — Cyanoacetylene Complexes

Discussion

The cyanoacetylene ligand N=CC=CR is isolobal and isoelectronic with the diynyl
anion [RC=CC=C]" and bears an obvious structural relationship with benzonitrile and
related nitrile ligands. It follows that the spectroscopic and structural parameters of
the cyanoacetylene complex [Ru(NCC=CC¢Hs)(PPh;),Cp][PFs] (17), which has been
prepared in a similar fashion to the simple benzonitrile complex
[Ru(N=CC¢H;)(PPh;),Cp][PFs] (1) (see Chapter 3), may be compared to both 1 and

the analogous diynyl complex Ru(C=CC=CCgHs)(PPh;),Cp.**

Spectroscopically, there are marked differences between 17 and the analogous diynyl
compounds. Resonances arising from the Cp moiety in the NMR spectra of 17 were
found at 4.52 ppm ('H) and 84.90 ppm (*C{'H}) whilst in the diynyl complex these
appear at 4.35 ppm (‘H) and 85.71 ppm ('3C{]H}). These NMR resonances are
consistent with the more cationic ruthenium centre present in 17 and compare closely
with those found for the Cp moiety of the benzonitrile complex 1 (4.55 ppm and 84.38
ppm for 'H and 1°C respectively). Further, there are two clearly distinguishable
v(C=C) bands in the IR spectrum of the diynyl complex (2162 and 2025 cm™)
whereas in 17 only the acetylenic moiety is visible (2141 cm™). In contrast to the
simple nitrile complexes described earlier in this thesis (see Chapter 3) the co-

ordinated C=N moiety is not observed in the IR spectrum of 17.

Reaction of 17 under mild conditions with one equivalent of MeCN led to the
substitution of the cyanoacetylene ligand by MeCN over a period of 24 hours. This

was not observed in the case of [Ru(NCC=CCgHs-4-NMe,)(dppe),Cp*][PF¢] (18) and

137



Chapter 5 — Cyanoacetylene Complexes

is in good agreement with the electrochemical data. Complex 17 displays an
irreversible oxidation at +1.47 V. This indicates a much more electron-poor metal
centre than in the case of [Ru(N=CC¢Hs)(PPh;),Cp][PFs] (1) in which a reversible
oxidation at +1.30 V is seen. Although the electrochemical response of 18 at room
temperature was not chemically reversible, the reversibility of the oxidation was
markedly improved at sub-ambient temperatures. At -30 °C a reversible oxidation at
a platinum electrode with an oxidation potential of +1.04 V vs SCE was observed.
Assuming that the relative oxidation potentials of the complexes reflect the net donor
properties of the RCN ligands it may be concluded that there is a relative order of

donor strength N=CC=CCsHs < NCPh < N=CC=CC¢H4-4-NMe;.

The molecular structure of 17 may be compared to both the corresponding diynyl
complex Ru(C=CC=CC¢Hs)(PPh;3),Cp and the analogous benzonitrile compound
[Ru(N=CCgHs)(PPh3).Cp][PFs] (1).** The Ru-X bond (where X =N or C) varies
considerably between the three compounds, ranging from 1.994(4) A in
Ru(C=CC=CCgHs)(PPh;3),Cp to 2.037(1) A in 1. The Ru-N bond length in compound
17 (2.002(4) A) is therefore identical (within the limits of precision of the
measurement) to that of the diynyl equivalent and significantly shorter than that in the
benzonitrile complex 1. The N-C bond of 17 is 1.162(7) A which is similar to the
benzonitrile analogue (1.145(2) A) but shorter than that of the diynyl complex
(1.206(5) A). The bond lengths of the rest of the carbon chain in the cyanoacetylene
ligand (C(1)-C(2) = 1.365(8) A, C(2)-C(3) = 1.208(8) A, C(3)-C(ispo) = 1.430(8) A)
are comparable to those in the diynyl complex (C(1)-C(2) = 1.389(6) A, C(2)-C(3) =
1.200(6) A, C(3)-C(ispo) = 1.416(6) A). Although there is some degree of n back-

bonding between the ligand and the metal centre in the diynyl complexes this is very
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small and by far the strongest interaction is a 6-bonding interaction between the lone
pair of the diynyl anion and the d,” orbital of the metal fragment. An examination of
the charge distribution in the diynyl complex Ru[(C=C),R](PPh;),Cp shows a
substantial amount of negative charge on the alkyne moiety adjacent to the metal
centre, the degree of which increases with #.*> This leads to a coulombic attraction
between the negative alkyne moiety and the positive metal centre which also increases
with n. By analogy, the cyanoacetylene would be expected to have a greater degree of
electron density at the N=C moiety than the benzonitrile ligand. Hence there is a
greater coulombic attraction between the N atom and the metal centre in 17 than in 1
and this results in 17 having a shorter Ru-N distance whilst the N-C bond length is
unaffected. The bond angles at the phenyl end of the Ru-XC;Ph chain are almost

linear in 17 and the diynyl analogue.

It is worth noting that the orientation of the phenyl ring of the cyanoacetylene is
approximately orthogonal to that in the benzonitrile complex. A similar phenomenon
is seen in the behaviour of the phenyl acetylene and diynyl analogues
Ru(C=CC¢H;s)(PPhs),Cp and Ru(C=CC=CCHs)(PPh3)Cp.*****" The C=C and C=N
moieties posses two orthogonal sets of © orbitals which can interact with the d-orbitals
of the metal centre. There are then two possible, orthogonal orientations that the
aromatic ring system can adopt and maintain conjugation with the C=C, or C=N,
moiety. In the cases where there are only two atoms between the phenyl group of the
ligand (C=N or C=C) and the metal centre, steric interactions between the phenyl ring
and the phosphine moieties force the ligand to adopt a geometry with the aromatic
ring sitting in the plane of the Ru-Cp(centroigy vector. In the case of the cyanoacetylene

and diynyl ligands, the additional C=C spacer increases the distance of the phenyl ring
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from the phosphine moieties such that the ring can now adopt a position with its plane

perpendicular to the Ru-Cpcentroidy Vector.

The cyanoacetylene ligand can also co-ordinate in an n? fashion by reaction with the
known alkyne sequestering agent Co,(CO)s(dppm) to give [Coa(s,n 2
CsHsCoCN)Y(CO)s(pn-dppm)] (19). A large number of similar complexes are known
and the v(CO) frequencies have been shown to be sensitive to the electronic
properties of the aryl substituent.’? The v(CO) bands in the unsubstituted complex
[Coz(p.,n2-HC2C6H5)(CO)4(dppm)] occur in the range 2027-1956 cm’! whilst for
compound 19 these are found in the range 2037-1970 cm™. Hence the electron-
withdrawing CN moiety of the coordinated cyanoacetylene ligand draws electron
density away from the cluster core resulting in less back-bonding with the n* orbitals
of the CO ligands and higher stretching frequencies. By comparison, the v(CO) bands
of the complex [Cox(p,n*-HC,CeH4-4-CN)(CO)4(dppm)] (an isomer of 19) are found
in the range 2030-1961 cm’. The fact that these v(CO) bands fall in between those
found for 19 and the unsubstitued complex shows that the electron-withdrawing effect

of the CN muoiety is diminished when separated from the cluster core by the phenyl

spacer.

The effect of the electron-withdrawing CN ligand is also seen the electrochemical
response of 19. The withdrawal of electron-density from the cluster core relative to
[Coa(p,n2-HC,CeHs)(CO)4(dppm)] facilitates the reduction of 19 and hence it has a
lower reduction potential (-1.41 V vs. SCE) than the unsubstituted complex (-1.83 V

vs. SCE). The same inductive electron-withdrawing makes the oxidation of 19 less
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thermodynamically favourable than for the unsubstituted complex (+0.98 V vs SCE

for 19 vs. +0.69 V vs SCE for [Coy(p,n*-HC2CsHs)(CO)4(dppm)]).

As has been stated earlier (see Results) there is very little change in either the N-C(1)
or the C(3)-C(ipso) bond lengths of 19 (relative to 17) upon coordination to form the
cobalt-carbon cluster. Furthermore, the increase in the carbon-carbon bond length
associated with the alkyne portion of the ligand can be accounted for by the change in
hybridisation of the carbon atoms C(2) and C(3) from sp hybridisation in 17 to sp’ in
19. The C(2)-C(3) bond length in 19 is slightly “long” (1.370(2) A) when compared
to the analagous compounds [Coz(p,n 2-HC2C6H4X-4)(CO)4(dppm)] (X =H, NMe,,
NO,, CN) in which the C(2)-C(3) bond length averages 1.348(2) A. Also, the Co-Co
bond in compound 19 (2.4651(3) A) is at the short end of the range found in the

acetylenes which fall in the range 2.4657(4) A to 2.4950(4) A.

An important point to note about the geometry of complex 19 is the torsion angles
C(6)-Co(1)-Co(2)-C(8) (-17.86(7)°) and C(7)-Co(1)-Co(2)-C(9) (-36.1(1)°). These
are large when compared to the analogous compounds mentioned above. Thorn and
Hoffman have described the main bonding interactions in [M2(CO)¢(u-RC,R)] (M =
Fe, Co), a similar scheme being used for both complexes.*® In their description the
HOMO orbital for the Co complex (a;) arises from an anti-bonding (n*) M-M/C-C

interaction (Figure 5.9).
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Figure 5.9. Frontier orbitals formed upon interaction of C;H; with M2(CO)s to form

M,/C, cluster core. Orbital occupancy for M = Co illustrated.®

Oxidation of the Co, complex depopulates the a; orbital and increases the bonding
nature of the M-M/C-C interaction, decreasing the M-M distance. This leaves a low-
lying empty orbital, which leads to a second-order Jahn-Teller distortion of the

structure in order to raise the energy of that orbital (Figure 5.10)
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Figure 5.10. Jahn-Teller distortion of frontier orbital in My(CO)s(C,Hz).*

Structural distortion can occur in one of two ways. Firstly, there can be a rotation on
the C-C axis relative to the M-M bond. This twisting has been observed by Connelly
et al in the solid state structures of [Cox(CO)z(n-RC2R)(u-dppm),;]** (R = Me, Ph,
CO;Me).*® It was shown that in the neutral species the M-M/C-C vectors were
essentially perpendicular. Oxidation of these compounds by reaction with [Fc]PFg
depopulated the a; orbital and the resultant Jahn-Teller distortion led to a twisting of

the C-C vector, relative to the M-M axis (Figure 5.11).

Figure 5.11. Twisting of C-C vector relative to M-M axis
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A second way to achieve this Jahn-Teller distortion is for there to be a twisting about
the M-M axis itself, rotating one M(CO); fragment relative to the other to adopt a
staggered conformation. This has been observed for the compound Fe,(CO)g(1t-
‘BuC,'Bu) (OC-Fe-Fe-CO torsion angle = + 45°).*° Each iron centre has one less
electron than the comparable cobalt centre and thus electronic structure of the di-iron

complex is the same as that of the di-oxidised di-cobalt analogue.

In compound 19 the alkyne and Co-Co axes are essentially perpendicular to one
another (91.3°) but there is significant rotation about the Co-Co bond, as evidenced by
the C(6)-Co(1)-Co(2)-C(8) and C(7)-Co(1)-Co(2)-C(9) torsion angles. The dppm
ligand would, however, prevent the material from adopting a perfectly staggered
conformation. This rotation would seem to indicate, therefore, that there is some de-
population of the a; orbital in this compound. This may be due to the presence of the
CN moiety which provides n-type orbitals that can conjugate with the HOMO of the
Co,C; cluster and hence allows for delocalisation of electron density across the
structure. This is consistent with the effect of the CN ligand on the v(CO) bands and

the electrochemical response of 19 as described above.

Coordination of the electron-deficient [Ru(PPhs),Cp]* fragment to the nitrile moiety
of 19 results in the formation of the heterometallic complex 20. Attempts to make
this compound by reaction of the cobalt complex Co,(CO)s(dppm) with 17 resulted
only in the formation of 19. This is a further indication of the lability of the n'(N)

coordinated cyanoacetylene ligand and its poor o-donor strength.
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The addition of the ruthenium fragment has a perceptible effect on the

~ electrochemical response of the material. The reduction of the cluster compound is
further facilitated as the electron-deficient metal end-cap draws more electron density
from the cluster core, making the addition of an electron easier. Hence 20 has a
reduction potential of -1.23 V vs SCE compared to that of -1.40 V vs SCE for 19.
This reduction event is also far more stable in the case of 20, being reversible at room
temperature. Furthermore, the oxidation potential of 20 (+1.06 V vs SCE) is raised
relative to that of 19 (+0.98 V vs SCE) and is now totally irreversible. This effect
consistent with the further removal of electron density from the Co, however it must
be noted that the complex 20 is a cation and hence there will be a coulombic effect

here as well.

The crystallographically determined structure of 20 can be thought of as a
superposition of the structures of 17 and 19 with a few notable distinctions. Firstly,
the Ru-N bond length in 20 (2.036 A) is longer than that in 17 (2.002(4) A) and more
of the order of those in the benzonitrile complexes 1, 4, 5, 7 and 8. A possible reason
for this is that coordination of the cobalt complex to the acetylenic moiety of the
cyanoacetylene ligand effectively destroys the cyanoacetylene character of the
bonding orbitals. Hence a picture of a cluster-bound nitrile coordinating to the
ruthenium fragment is more appropriate than one of a cyanoacetylene ligand. As
discussed in Chapter 3, nitrile ligands are poor n-acceptors and so there is no back
bonding from the ruthenium centre to the NC moiety in 20 and the bond is lengthened
relative to 17. The NC bond length in compounds 17 and 20 is identical and the
curvature across the NCs linkage is the same in 19 and 20. There is some distortion of

20 about the Co centres (C(7)-Co(1)-Co(2)-C(8) = 5.0(2)° and C(6)-Co(1)-Co(2)-C(9)
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= 25.6(3)°). This rotation is not as great as in compound 19 but there is still some

deviation from the norm.

The TCNE-bridged complex [{Ru(PPh;),Cp}.(n-TCNE)] (21) displays a single
irreversible oxidation wave at +1.42 V vs SCE. This is an indicator little or no
electronic communication between the two metal centres. This lack of
communication would seem to be borne out by the molecular structure of 21. In a
1992 study, Bock and Ruppert established crystallographic parameters for TCNE as
the neutral organic molecule, as the radical anion and as the dianion.*' They showed
that the bond lengths and angle were different in each case. In the neutral organic
molecule, the C(2)-C(2a) bond length is 1.35 A which lengthens with successive
reductions to 1.43 A in the radical anion and 1.47 A in the dianion. Whilst most of
the other bond lengths and angles remain relatively unaffected (although there is a
small contraction of the C(1)-C(2) bond length with successive oxidations this only
spans a 1.43-1.39 A range), the dihedral angle C(1)-C(2)-C(2A)-C(3A) changes
remarkably. In the neutral molecule this angle is 0° and the molecule is essentially
planar. However this angle varies in the range 0-20° for the radical anion and is about
90° for the dianion. Examples of each type are to be found in the literature, with the
neutral molecule coordinating via two or more N=C moieties to form polymers® or
extended sheets®® in which the dihedral angle is 0° and the C(2)-C(2a) bond length
averages about 1.33 A. However in the case of two Ir(PPh;),CO centres bridged by
the TCNE dianion,?* for example, the C(2)-C2(a) bond length is found to be longer
(1.478(8) A) and the there is a much greater degree of twisting about the central axis
(the dihedral angle C(1)-C(2)-C(2A)-C(3A) is 67.2°). There is no evident twisting of

the two halves of the TCNE fragment in 21 (C(1)-C(2)-C(2A)-C(3A) 1.6°).
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Compared to the parent organic molecule, there is a lengthening of the C=C bond
upon co-ordination (from about 1.35 A to 1.393(11) A in 21). There also appears to
be a slight lengthening of the co-ordinated N-C(1) bond in comparison to the
uncoordinated bond but this is within the limits of precision of the experiment
(1.151(7) A vs. 1.135(8) A). Hence, the geometry of the TCNE ligand is little
changed from the neutral organic molecule suggesting a neutral bridge rather than a

. . . . . . *
radical anion or dianionic ligand .

* Recent communication from Prof. J. S. Miller (Utah) suggests an alternative description of 21 in
terms of a Rull/RullI(u - TCNE™) mixed-valence species. Miller’s query arises from the elongation of
the C(2)-C(2a) bond length which falls between neutral and radical anion forms of TCNE. A sample of
21 has been supplied to the Utah group for variable temperature magnetic measurements to probe this
alternate interpretation.
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Experimental

[Ru(NCC=CC4Hs)(PPhs),Cp][PFs] (17)

A 50 ml, two-necked Schlenk flask was cooled under nitrogen and charged with
RuCl(PPh3),Cp (247 mg, 0.345 mmol), C¢HsC=CCN (122 mg, 0.961 mmol), and
NH4PF¢ (212 mg, 1.30 mmol). The mixture was then suspended in MeOH (20 ml)
and heated to reflux under a nitrogen atmosphere. After 30 minutes at reflux a yellow
solution formed and the reaction was cooled (ice/water). The yellow precipitate
formed was collected and washed with cold methanol to afford 17 as a yellow powder
(211 mg, 0.219 mmol, 64 %). Crystals suitable for x-ray diffraction studies were
obtained by slow diffusion of MeOH into a DCM solution of 17. Found: C, 61.90; H,
4.13; N, 1.50. RuCsoH4oP3F¢N requires: C, 62.37; H, 4.19; N, 1.45. 'H NMR
(CDCL): & 4.52 (s, 5SH, Cp); 6.98-7.57 (m, 40H, Ph). C{'H} NMR (CDCl): &
135.20-128.43 (m, Ph); 116.63, 115.88 (2 x s, C=C); 84.90 (s, Cp). *'P{'H} NMR
(CDCl3): 5 41.86 (s, PPhy); -143.02 (ht, Jpr = 713 Hz, [PFs]). ES(+)-MS (m/z): 818
[Ru (NCC=CCsHs)(PPh;),Cp]*; 691 [Ru(PPh3)Cp]*. IR (nujol mull): v(C=C) 2141

-1
cm .

[Ru(NCC=CC¢H4-4-NMe;)(dppe)Cp*][PFs] (18)

A 50 ml, two-necked Schlenk flask was cooled under nitrogen and charged with
RuCl(dppe)Cp* (197 mg, 0.294 mmol), NCC=CCsHs-4-NMe; (50 mg, 0.294 mmol),

and NH4PFs (192 mg, 1.18 mmol). The mixture was then suspended in MeOH (15
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ml) and heated to reflux under a nitrogen atmosphere. After 1hr a brown/yellow
solution formed. The reaction was allowed to cool to room temperature and the
solvent was removed. The yellow/brown residue produced was dissolved in DCM
and filtered. Slow diffusion of hexane into the DCM solution resulted in the
formation of 18 as yellow, needle-like crystals (190 mg, 0.2mmol, 68 %). 'H NMR
(CDCls): 6 1.47 (s, 15H, Cp*); 2.31-2.56 (m, 4H, dppe); 3.05 (s, 6H, NMey); 6.58
(pseudo-d, Jyuy = 9 Hz, 2Honhe, NCC=CCsH4-4-NMe,) 7.23-7.54 (m, 22H; Ph).
BC{'H} NMR (CDCL): 8 152.54 (s, C-C3N); 135.86-129.00 (m, Ph); 93.75 (s,
CsMes); 40.20 (s, NMe;); 28.90-28.55 (m, dppe); 9.83 (s, CsMes). *'P{'H} NMR
(CDCl3): 8 75.10 (s, dppe); -143.21 (ht, Jor = 713 Hz, [PF¢]). ES(+)-MS (m/z): 804
[Ru(NCC=CC¢H4NMe,)(dppe)Cp*]'; 635 [Ru(dppe)Cp*]*. IR (CH,Cly): v(C=N)

2216 cm™; v (C=C) 2123 cm™.

[Co2(5m*-CsHsC2,CN)(CO)s(1-dppm))] (19)

A 50 ml, two-necked Schlenk flask was cooled under nitrogen and charged with
Co2(CO)s(dppm) (100 mg, 0.150mmol) and C¢HsC=CCN (18.9 mg, 0.147 mmol).
The solids were dissolved in benzene (10 ml) and heated at reflux under a nitrogen
atmosphere. After 2 hours the dark red solution that formed was allowed to cool to
room temperature. The solvent was removed to give a dark red solid which was
recrystallised by slow diffusion of MeOH into a DCM solution to afford 19 as dark
red/black crystals (50 mg, 0.032 mmol, 22 %). Found: C, 60.17; H, 3.75; N, 2.08.
C39H31C0205P,N requires: C, 60.56; H, 3.67; N,1.89. 'H NMR (CDCl3): 6 3.15 (dt,

1H, CHP,); 3.49 (dt, 1H, CHP,); 7.06-7.70 (m, 24H, Ph). *C{'H} NMR (CDCl): &
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205.89, 199.21 (2 x br, CO); 141.32-127.36 (m, Ph); 123.55 (t, Jep = 3Hz, Co,Cy);
97.96 (t, Jep= 18 Hz, C0,C); 36.58 (t, Jep = 21 Hz, PCH,P). *'P{'H} NMR (CDCl):
8 39.92 (s, dppm). ES(+)-MS (m/z): 1504 [2M+Na]"; 764 [M+Na]*. IR (nujol mull):

v(C=N) 2167cm’™, v(CO) 2037s, 2011s, 1982vs, 1970sh cm’.

[{Coz(44n -CeHsC2,CN{Ru(PPh3),Cp})(CO)s(u-dppm)} | [PFs] (20)

A 50 ml, two-necked Schlenk flask was cooled under nitrogen and charged with
Co(1,1-CsHsC=CCN)(CO)4(u-dppm) (100 mg, 0.135 mmol), RuCI(PPhs),Cp (97
mg, 0.135 mmol), and NH4PFs (22 mg, 0.135 mmol). The solids were dissolved in
MeOH (20 ml) and heated at reflux under a nitrogen atmosphere. After 2 hours the
resultant red solution was allowed to cool and the solvent was removed. The
red/brown residue was dissolved in the minimum amount of DCM and precipitated
into hexane to give 20 as a red/brown solid (160 mg, 75 %). Crystals suitable for x-
ray diffraction studies were obtained by slow diffusion of MeOH into a DCM solution
of 20. Found: C, 60.13; H, 4.07; N, 0.99. C9Hg2PsFs04Co2NRu requires: C, 60.16;
H, 3.96; N, 0.89. 'H NMR (CDCL): & 3.28 (m, 2H, PCH,P); 4.30 (s, 5H, Cp); 7.12-
7.25 (m, 62H, Ph). °C NMR (CDCl): § 205.89, 199.21 (2 x br, 2 x CO); 141.31-
128.36 (m, Ph); 123.56 (t, Jcr = 3Hz, Co,Cy); 100.01 (s, Cp); 97.96 (t, Jcp = 19 Hz,
C0,C3); 36.58 (t, Jep = 21 Hz, PCH,P). *'P NMR (CDCly): § 42.00 (s, PPhs); 35.84 (s,
dppm); -142.96 (heptet, Jpr = 711 Hz, [PF¢]"). ES(+)-MS (m/z): 1431 [Coz(u,nz-
CeH;5C2CN) {Ru(PPh3),Cp}(CO)s(dppm)]’; 691 [Ru(PPh3).Cp]*. IR (cyclohexane):

v(CO) 2040s, 2017s, 1990sh em™’. IR (nujol): v(CO) 2037m, 2011s, 1985s, 1967sh.
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[{Ru(PPh3);Cp}:(un-TCNE)] (21)

A 2-necked, 50 ml, Schlenk flask was cooled under nitrogen and charged with
[Ru(NCC=CC¢Hs)(PPh;3),Cp](PFe) (150 mg, 0.156 mmol) in distilled THF (10 ml).
To this stirred solution was added tetracyanoethylene (TCNE) (20 mg, 0.156 mmol).
A dark green solution rapidly formed after 15 minutes stirring and the solvent was
removed. The green residue produced was dissolved in the minimum of DCM and
precipitated into Et;O to afford 21 as a blue/grey solid which was recrystallised from
CHCI; to give the product as sapphire-blue crystals (90 mg, 0.05 mmol, 64%).
Found: C, 58.09; H, 3.86; N, 2.92. CggH70N4P¢F(2Ru; requires: C, 58.74; H, 3.92;
N,3.11. 'H NMR (CDCl;): & 6.87-7.19 (m, 60H, Ph); 4.58 (s, 10H, Cp). *'P{'H}
NMR (CDCl3): 8 41.87 (PPhs); -142.95 (ht, Jpr = 713 Hz, PFs). ES(+)-MS (m/z): 818
[Ru({C2(CN)4})(PPh3),Cp]"; 691 [Ru(PPh3),Cp]". IR (nujol mull): v(C=N) 2164(sh);

2139 cm™.
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