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Trans-bis(alkynyl) ruthenium complexes:
synthesis, structure and reactivity

Samantha Grace Eaves

This Thesis describes the synthesis and characterisation of a series of trans-bis(alkynyl)
ruthenium complexes, trans-[Ru(C=CR),(L),], to better understand how the variation of the
metal ancillary ligands (L) affect electronic structure and spectroscopic properties, chemical

reactivity, and behaviour in metal|molecule|metal junctions.

Reactions of cis-[RuCly(dppm),] with terminal alkyne HC=CCgH;-4-R, in the presence of
TIBF, and base, gives into trans-bis(alkynyl) complexes, trans-[Ru(C=CCgsH4-4-
R),(dppm),], for electron withdrawing R groups or cationic n*-butenynyl complexes,
E-[Ru(m®-{HC(CgsH4-4-R)=CC=C(CsH4-4-R)})(dppm).]* for electron donating R groups.
Reactions of cis-[RuCl,(dppm),] with di-terminal alkynes HC=CCgH;-2,5-X,-4-C=CH, in
the presence of TIBF, and [N"Bug]Cl, gives trans-[RuCI(C=CCgHy-2,5-X,-4-

CCI=CHy)(dppm)_], inferring a quinoidal cumulene intermediate.

Multi-metallic trans-bis(alkynyl) {Ru(dppe).} complexes, varying in binding groups and
bridging ligands, have been prepared. Reversible oxidation processes, whilst corresponding
to the number of integrated metal centres, exhibit a high degree of alkynyl character in all
cases. The vibrational and electronic spectra of both neutral and oxidised complexes are
complicated by the presence of numerous spectroscopically distinct rotamer conformations
and redox isomers. For example in the case of mono-oxidised complexes, a principal low-
energy (n-7*) NIR band is exhibited along with multiple higher energy (MLCT-type) NIR

bands, which can be assigned by comparison with smaller model systems.

Finally, trans-bis(alkynyl) {Ru{P(OEt)s}4} complexes have been synthesised. As a result of
the increased (pseudo Dg4n) molecular symmetry and consequent fewer distinct rotamer
conformations, a lesser number of NIR bands are exhibited for
trans-[Ru(C=CR),{P(OEt);}4]" than bis-chelating dppm and dppe derivatives. Between
trans-[Ru(C=CR),(PP")] (PP’ = (dppe),, {P(OEt);}s) complexes, the {Ru(dppe).}
derivatives give rise to conductance histograms with additional features. These features are
attributed to contacts formed at or across the dppe-phenyl rings, leading to suggestions that

phosphite complexes might be novel ‘insulated” molecular wires.
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CHAPTER 1
Aspects of the chemistry of trans-bis(alkynyl)

complexes

1.1. Introduction

The study of transition metal complexes bearing c-acetylide ligands has been an area of
intense interest for many decades. The nature of such complexes range from polymeric
materials, encompassing a plethora of M-C=C linkages (> 10 000), to smaller
oligomeric systems, with a defined number of metallic and alkynyl fragments, through
to monomeric molecular complexes with a single M-C=C unit at the lowest level. Many
such mono-alkynyl complexes are known, and serve as probes of metal-alkynyl
bonding,® intermediates in the chemical transformations of alkynes,?® and
optoelectronic materials in their own right.”° Interest in molecular trans-bis(alkynyl)
metal complexes stems from the use of these compounds as models of
metallopolymers,***2 but also as systems through which to study the efficient charge
transfer process that can take place through unsaturated C=C fragments, the
fundamental concepts of delocalisation, the influence of integrating a metal centre
within an organic m-conjugated system and the unique molecular and optoelectronic

properties that such d-n systems may offer.

At the elementary level, for a single alkyne fragment, C=C, the frontier orbitals can be
described in terms of the overlap of two sets of perpendicular C(p) orbitals from each
carbon to create a pair of orthogonal © bonding and ©* antibonding molecular orbitals
(Figure 1.1). Extending the organic fragment to oligomeric —(C=C),— systems results in
overlap from two orthogonal sets of (2n) p-orbitals, each of which are comprised of
n bonding and n-antibonding orbitals and populated by 2n electrons. With increasing n,
these discrete molecular orbitals get closer and closer in energy, eventually forming

continuous bands. The valence band is occupied by electrons, and facilitates the

1



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity
Chapter 1

transportation of holes whereas the conduction band is empty, and facilitates the
transportation of electrons (Figure 1.1). Consequently, the electronic and physical
properties of small molecules, such as acetylene, are vastly different from those of
oligomeric (oligoyne) or polymeric (polyyne) materials, although the systems share a

common electronic origin.

Monomeric Oligomeric Polymeric
LUumo ___ »*
5 = E Conduction band
@ 2p4_<’ ‘,_%2,0 — —
\ ’ E
w : ’ "l Vvalence band

HOMO J&/n
=3 (&),

Single r system

Figure 1.1: Schematic representation showing the evolution of delocalised band

structures in highly conjugated -(C=C),- n-systems.

Given that the extension of the m-electron system can also be achieved with the
integration of alternative unsaturated fragments such as alkene (-CH=CH-) and
phenylene (-CgH4-4-) moieties, carbon-rich oligo(phenylene)ethynylenes (OPEs),
oligo(phenylene)vinylenes (OPVs) and related m-conjugated organic materials such as
oligo(thiophenes) etc. appear frequently throughout the literature, particularly within the
area of molecular electronics.***® Metal centres offer d-orbitals that also have
n-symmetry and complement these organic ‘interpolating’ n-fragments. This conceptual
extension from molecules and materials in which the electronic structure is derived from
2p-2p orbital overlaps and broadens to organometallic systems in which nd-2p overlaps
are introduced, leads to the fascination with metal c-alkynyl systems and the prevalence
of these systems in the organometallic literature. By careful design, the physical and
optoelectronic properties of metal alkynyl complexes can be optimised for application.
Obvious design elements to tune the energy and occupancy of the d-orbitals include the

choice of metal, oxidation state and supporting ligands. For example, the frontier
2
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orbitals of octahedral ruthenium(ll) fragments bearing phosphine ligands are well
matched in both symmetry and energy with the w-orbitals of the C=C fragment, and
hence a strong, Ru(d)-C=C(x) n-type, filled-filled orbital interaction is favoured.”® A
smaller Ru(d)-C=C(n*) backbonding interaction has also been established.?! In contrast,
square planar Pt(d) and Pd(d) orbitals are generally thought to be too low in energy to
effectively overlap with C=C(=); hence the Pt-C=C bond is chiefly regarded as offering

o-character.??

Metal c-alkynyl complexes are known for essentially every metallic element in the
periodic table. A number of broadly applicable synthetic routes for the preparation of
M-C=CR complexes are known, the most common of which can be generalised as:

@) reaction of a nucleophilic acetylide with a metal centre bearing a suitable leaving

group or vacant coordination site;*'*

(b)  deprotonation of vinylidene complexes, M=C=CHR;***

| 37-39 IV 40-42 | 43
, Sn

(©) transmetallation reactions, typically involving Cu or Au

acetylides;

(d)  functionalisation reactions of pre-formed metal acetylide complexes.***’

The choice of synthetic methodology depends on both the alkyne reagent and the nature
of the metal-ligand platform. For example, transmetallation reactions of Cu'-acetylides,
formed in situ from terminal alkynes in the presence of amine and catalytic Cul, are
particularly useful in the formation of group 10 acetylide complexes from MX,L, (X =
halide) systems. Alternatively, Stille-type reactions of stannylalkynes in the presence of
amine and catalytic Cul are effective for both group 8 and group 9 complexes with
relatively electron-withdrawing ligands. For more electron-donating systems, the
destabilisation of m-bound metal alkyne and preferential rearrangement to vinylidenes
makes vinylidene intermediates particularly useful entry points to metal acetylides in

this case.

" Metal complexes and clusters in which the alkyne n-system is involved in the bonding to the metal
centre defines a separate class of compound, which is not considered further here. The interested reader is
referred to the numerous reference works that describe these complexes.?

3
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Throughout this Chapter, a chronological approach to the description of the field of
metal c-acetylide complexes has been adopted. The Chapter begins with an outline of
the synthetic developments that were centred on the early examples of metallopolymers,
and briefly presents details of the electronic structures of these pioneering materials. A
broader discussion of synthetic methods associated with well-defined small molecule
metal acetylide complexes follows. A survey of current applications of

trans-bis(alkynyl) complexes in materials science then completes this review.

1.2. Metallopolymers

1.2.1. Introduction

Metallopolymers can be defined as polymers containing metal fragments within the
repeating monomer unit. Combining the processing properties of polymers with the
functionality of metal centres has been conceptually appealing to scientists since the
1950s.*® There are several advantages arising from the incorporation of metals within a
n-conjugated polymer framework, and the volume of work in the area has lead to many
reviews.**® For example, both physical (e.g. solubility) and electronic properties of a
metal-organic hybrid polymer can be effectively tuned through variation of the metal
centre and ancillary ligands, as well as the organic component. Exploiting the
photophysical and photochemical properties of metal complexes has meant

5460 and as

metallopolymers have been extensively explored as luminescent materials
light harvesting layers in solar cells,** whilst exploration of the unique binding affinities
of metal centres has lead to applications in chemical sensing.®®® From the addition of
redox-active metals, able to exist in multiple stable oxidation states, metallopolymers

66-71

have found application in catalysis, where the metal centres provide efficient sites

for reaction, and molecular electronics,’> "

allowing for either redox-mediated changes
in conductivity or serving as thermodynamic sinks that may trap / localise charges
depending on frontier orbital energies. The incorporation of spin-active nuclei has also
lead to applications in data storage.”’’ Although the addition of metal fragments
significantly promotes functionality, the classical processing possibilities associated
with purely organic polymers such as spin coating, extrusion, inkjet printing,

compounding and film blowing are preserved.>®
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The conjugated metallopolymer framework is commonly based on combinations of

C=C triple bonds, C=C double bonds and / or aryl rings, and incorporates metals from

across the periodic table. Metallopolymers containing transition metals such as Cu,>**®

63, 72, 78-81 05,64' 74 Zn,72' 78, 82 Fe,75' 76, 83, 84 RU,64’ 68, 70 C0,78 Ag,81 Pt58, 61,73 and Pd58, 71 in

addition to those based on main group metals, such as Pb,® 8

59, 60, 77

are common. Complexes
containing lanthanide metal ions, such as Eu and Tb,® are also known.
Additionally, the metal centre can either be integrated within the polymer backbone
(main chain metallopolymers),®” or located within a pendant side chain off the polymer
backbone (side chain metallopolymers) (Figure 1.2a, 1.2b).2% The three dimensional
metallopolymer structures may be linear, star-shaped or dendritic (Figure 1.2c, 1.2d,
1.2e). Furthermore, the interaction between the metallic and organic fragments may
either be via irreversible inert covalent bonds or reversible ‘dynamic’ labile or non-

covalent bonds, such as n-7 stacking or hydrogen bonding interactions.?% 89!
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Figure 1.2: Representative examples showing the two methods of metal integration
within metallopolymer structures (a, b) and the variety of three-dimensional

metallopolymer structures (c, d, e).
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Considering the vast structural diversity of metallopolymers, for the purpose of this
review (and to align with work in this Thesis), the primary focus of discussion will be
the chemistry of linear, main chain metallopolymers comprised of static metal-organic
linkages, with a view to exploring and understanding highly conjugated, high molecular
weight architectures for molecular electronics applications.

1.2.2. Early metallopolymers

The first metallopolymer reported in the literature is attributed to Arimoto and Haven in
1956 and was based on a ferrocene substructure integrated into a side chain.*® Vinyl
ferrocene, [Fe(n’-CsHs){n>-Cs(CH=CH,)H,}], was obtained in a low yield (21 %) via
pyrolysis (200 °C) of [Fe(n’-CsHs){n°>-Cs(CHMeOH)H,}]. Subsequent thermolysis of
vinyl ferrocene for 2 — 6 hours in the presence of a catalyst (85 % H3PO,, potassium
persulfate or azo-diisobutyronitrile (AIBN)) achieved homo-polymerisation, although
product characterisations were limited to melting point determinations
(280 — 285 °C), which were significantly higher than the starting material (48 — 49 °C)
(Scheme 1.1). Alternatively, co-polymerisation was achieved by thermolysis of vinyl
ferrocene in the presence of a catalyst (potassium persulfate or azodiisobutyronitrile)
and co-monomer (methyl methacrylate, styrene or 2-chlorobuta-1,3-diene), where the
observed increase in product melting points (165 — 210 °C) was once again taken to

indicate polymer formation (Scheme 1.1).
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Scheme 1.1: Syntheses of the first reported metallopolymers, where cat. 1 = phosphoric
acid; cat. 2 = AIBN and cat. 3 = potassium persulfate.*®

Following this initial report, several groups claimed formations of metallopolymers,

predominantly based on ferrocene sub-units,??%

although convincing characterisation
data were not provided or available.®” In their 1970 review of metallocene polymers,
Neuse and Rosenberg concluded that “progress [within this field] has been very modest
indeed. Many of the structural assignments given, obviously, are hypothetical and need
rigorous analytical verification, and the description of experimental procedures and
polymer properties more often than not has been superficial or lacking altogether. 97
The main hindrance to characterisation of metallopolymers at this time was the general
insolubility of these materials in the solvents commonly required for techniques such as
NMR spectroscopy for speciation and structural characterisation, and gel permeation
chromatography (GPC) for molecular weight determinations. Furthermore, purification

difficulties were often encountered due to uncontrolled side reactions and the lack of

8
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readily available starting materials (with which to try to overcome these issues) merely

compounded these problems.>* %

The first readily-soluble metallopolymers of appreciable molecular weight to be isolated
and thoroughly characterised (IR, NMR, UV and Mdssbauer spectroscopy in addition to
kinetic studies and elemental analyses) were reported by Patterson and co-workers in
1970.% Isolations of poly(ferrocenylmethyl)acrylate and
poly(ferrocenylmethyl)methacrylate were achieved by reacting the monomers,
ferrocenylmethylacrylate and ferrocenylmethylmethacrylate (respectively), with the
initiator AIBN in solutions of benzene at 0 °C, followed by precipitation with
40 — 60 °C petroleum ether. In 1974, Patterson extended the series of well characterised
metallopolymers to include three novel linear poly(siloxanes) containing ferrocene
units, prepared through reactions of 1,1-bis-(dimethylaminodimethylsilyl)ferrocene with
dihydroxydiphenylsilane, 1-4-bis(hydroxydimethylsilyl)benzene or

4,4-bis(hydroxydimethylsilyl)biphenyl.*

1.2.3. o-bonded main chain group 10 metallopolymers

In 1977, several years after the syntheses of original ferrocene-based metallopolymers
were described, Sonogashira, Takahashi and Hagihara successfully prepared
trans-[(PBu3),Pt(u-C=CC=C)],, [1], as the first linear polymer to contain a o-bonded
transition metal in the main chain. The complex [1] was obtained in a high yield (96 %)
from the reaction of [Pt(C=CC=CH),(PBus)], [2], with [PtCI,(PBus).], [3], (1 equiv.)
and catalytic Cul (2 mol %) in diethylamine (Scheme 1.2).*%

PBU3 PBU3 PBU3
B a2 _ ! Cul cat. Ao -
HC:C—C:C—FI)t—C:C—C:CH + C|—P|t—C| NHEL Fl’t—C:C—C:C
PBuj PBu, 2 { PBu,
reflux n

(2] [3] (1]

Scheme 1.2: Synthesis of the first c-bonded transition metal (platinum) main chain

metallopolymer, as reported by Sonogashira, Takahashi and Hagihara.'®
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The high solubility of [1] in aprotic organic solvents such as dichloromethane,
diethylamine, benzene, toluene, THF and even n-hexane (assumed to be a direct result
of the bulky, but flexible, n-butyl chains on the ancillary phosphine ligands preventing
intermolecular interactions) allowed complete characterisation of the polymer.’® In
particular the trans-arrangement of the phosphine co-ligands around the square planar
platinum centre, which leads to the proposed ‘rod-like’ structure, was confirmed by
3P NMR spectroscopy (s, &—4.2 ppm) while polymerisation was inferred by
IR spectroscopy with the absence of v(=C-H) bands near 3300 cm™. The ‘rod-like’
structure was further supported by formation of anisotropic phases from concentrated
CH,Cl, solutions of the polymer observed under a polarised microscope,'%? leading to

103104 However, additional

suggestions of potential application as liquid crystals.
NMR spectroscopy and viscosity experiments revealed a higher degree of flexibility

than initially thought, with the polymer better described as a ‘worm-like’ chain.'®

In order to form platinum metallopolymers with high average molecular weights (My,),

the presence of catalytic Cul (or CuBr or CuCl) was found to be integral,'%

although at
the time of the original reports the precise mechanistic role of the catalyst was not fully
determined. Moreover, strongly basic amines such as diethylamine or piperidine, where
the amine operates as both the base (to assist formation of the key copper acetylide
intermediates) and reaction solvent, also gives rise to high molecular weight materials.
The longer the growing polymer is kept in solution, the higher the M, as the reaction
continues until the product polymer precipitates from solution, evincing living
polymerisation. As a clear demonstration, [1] was formed with an M, of 70 000 gmol™
(determined by GPC analysis) after the month-long, room temperature reaction of [2]
with [3] (1 equiv.) and catalytic Cul (2 mol %) in diethylamine whereas the reaction of
1,4-diethynylbenzene with [3] (1equiv.) under analogous conditions vyielded
trans-[(PBus),Pt(u-C=CCgH4-4-C=C)],, [4], with a maximum M,, of only 8 000 gmol™,
the differences being a direct consequence of polymer solubility. Upon conducting the

latter reaction at reflux, a higher maximum M,, of 55 000 gmol™ was obtained.

The molar ratio of the two reactants is also shown to affect M,,, with a 1:1 ratio
proving optimum. Furthermore, the presence of oxygen in these reaction schemes is an

important consideration. For example, in order to form [1], the condensation

10
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polymerisation reaction of [2] with [3] should be conducted under inert, oxygen-free
conditions. If not, and in the presence of tetramethylethylenediamine (TMEDA) and a
copper halide catalyst, oxidative coupling of the 1,4-butadiynediyl units occurs, giving
competing formation of trans-[(PBus),Pt(u-C=CC=CC=CC=C)], with octa-tetrayne
links in the growing polymer chain. The homo-coupling does, however, establish an
alternative route to o-bonded platinum (and palladium) metallopolymers based on

longer oligoyne fragments.®® 2%

In 1978, Sonogashira, Kataoka and Hagihara increased the complexity of linear main
chain metallopolymers through the introduction of two alternating metals, Pt and Pd,
within the monomer unit in order to determine novel physical properties for potential
applications in catalysis.'®*
C=CC=C)M'(PBu3),(U-C=CC=C)]n ([5]: M =Pt, M’ = Pd; [6]: M = Pd, M’ = Pt) were
formed through reactions of trans-[M(C=CC=CH),(PBus),] with trans-[M'Cl,(PBus),]
(1 equiv.) and catalytic Cul (1 — 2 %), or CuBr or CuCl,** in solutions of diethylamine

(M, M’ = Pt, Pd; Scheme 1.3).

Air stable complexes of the type trans-trans-[(PBus),M(u-

FI)BU3
CI—I\l/I‘—CI (1 equiv.)

PBUs PBu PBUs PBUs
HC=C-C=C-M-C=C-C=CH 3 M-C=C-C=C-M'-C=C-C=C

| Cul cat. ! !

PBU3 NHEt2 PBU3 PBU3 w2

reflux [5]: M = Pt; M' = Pd
[6]: M = Pd; M' = Pt

Scheme 1.3: Synthesis of the first o-bonded main chain metallopolymers to contain two
different metal fragments within the monomer, as reported by Sonogashira, Kataoka and

Hagihara.'*

Electron spectroscopy for chemical analysis (ESCA) and *'P NMR spectroscopy
confirmed the 1 : 1 ratio of Pd" and Pt" units in the polymer and trans-configuration at
both metal centres. Interestingly, [5] (with M =Pt and M’ =Pd) was obtained as a
higher M,, polymer (26 000 gmol™) with a higher melting point (194 °C) in a 95 %
yield after a 20 hour room temperature reaction, than the inverse complex [6] (M = Pd
and M’ = Pt), which was formed with a lower M, (7 000 gmol™) and melting point
(173 °C) in a 90 % vyield after 6 hours in refluxing solvent (56 °C), highlighting the

11
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importance of synthetic sequence and reaction conditions in governing metallopolymer

product outcome.

A subsequent depolymerisation reaction of the higher M,, polymer [5] (26 000 gmol™)
with [3] in the presence of catalytic Cul, yielded the trimetallic complex trans-trans-
[{(PBu3)Pt}H (u-C=CC=C)Pd(PBus3).Cl}.], selectively in a high yield (75 %), evincing
the strict alternating metal sequence of this metallopolymer. The analogous reaction
with the lower M,, polymer [6] (7 000 gmol™) instead yielded a series of mixed-metal
oligomers, indicating irregularity in the original metallopolymer.

Hagihara and co-workers have further explored the synthesis of platinum
metallopolymers bearing alternating conjugation lengths between metal fragments.'”’
Based on established methods, %% reactions of trans-[{CI(PBus),Pt}»{p-C=C(CsH,-4-
)mC=C}] (m = 0, 1) with HC=CXC=CH (X = CgHs-4-, CgHs-4-CsHs-4-,
C=CPt(PBu3),C=C) and catalytic Cul (1 %) in solutions of diethylamine resulted in the
formations of trans-trans-[{(PBus3),Pt}{u-C=C(CsHy4-4-)mC=C} {Pt(PBuU3)2(H-

C=CXC=C(C)}] as yellow solids in high yields (95 — 97 %; Scheme 1.4).

12
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PBU3 PBU3
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PBU3 PBU3
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PBU3 PBU3
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Cl- Pt Cc=C c=C- Pt Cl + HC=C-C=C-Pt-C=C-C=CH NHEL
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PtCC CCPtCCCCPtCCCC
PBU3 PBU3 PBU3

n

Scheme 1.4: Synthetic routes to platinum metallopolymers containing organic linker
units of variable lengths between metal fragments, as reported by Hagihara and

co-workers.*%

The degree of regularity in these mixed linker-length polymers was confirmed by
31p NMR spectroscopy and comparison of the spectra of hetero-coupled polymers with
those of previously obtained homo-coupled polymers. In order to achieve extensive
alternating regularity, the reaction was best conducted at room temperature, despite an
extensive reaction length (12 days). Under reflux conditions, depolymerisation reactions
are favoured (especially in the presence of the copper halide catalyst and amine solvent)
resulting in continuous breaking and reforming of M-C bonds, leading to random

metallopolymers with irregularities in conjugation lengths between metal centres.

13
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In 1980, Hagihara reported metallopolymers containing nickel, completing the group 10
triad.>® As a first row metal, the metal-carbon overlap with nickel is greater than the
heavier members of the group, through better mixing of frontier orbital fragments of
similar energy, simultaneously increasing the degree of metal-carbon d-n forward /
backbonding interactions and lability of the PBus units.* Formation of
trans-[(PBu3),Ni(u-C=CXC=C)], (X = none; CgHs-4-, [7]; C=CPt(PBu3),C=C and
CsHs-4-C=CPt(PBu3),C=CCgHs-4-) was achieved in high yields (85 — 95 %) from
reactions of trans-[Ni(C=CH),(PBus);] in diethylamine with HC=CXC=CH (1 equiv.),
catalytic Cul (1%) and PBus (required in order to circumvent metal phosphine
dissociation leading to decomposition). These reactions represent the first examples of
acetylide ligand displacement by more activated acetylene complexes. The electronic
spectra of trans-[(PBus),M(u-C=CC=C)], (M =Ni; Pd; Pt, [1]), revealed that the
maximum wavelength (Amax) Of the lowest energy MLCT transition increased down the
group, from Ni (414nm) to Pd (382nm) to Pt (342 nm), reflecting the larger
HOMO-LUMO gaps and lower energy M(d) associated with the heavier metals.

As an alternative route to group 10 metallopolymers, Lewis explored the use of
trimethylstannyl reagents as alkynyl-transfer (or transmetallation) agents,** 1% pased
on the original success of Lappert in forming M-C o-bonds through this method.'*?
Complexes trans-[(PBus),Pt{u-C=C(C=C),C=C}], ([1]: m = 0; [8]: m = 1), which
includes the first triynediyl-containing platinum metallopolymer ([8]), and
trans-[(XBus),M(u-C=CRC=C)], ([4]: M =Pt, X =P, R = CgHs-4-; [7]: M = Ni, X =P,
R = CeHs-4-; [9]: M = Pd, X = P, R = CgHy-4-; M = Pt, X = As, R = CgH,-2,5-Me,)
were obtained in high yields (88 —92 %) from reactions of [MCI,(XBus);] with
Me3SnC=C{R / (C=C),}C=CSnMejs (1 equiv.) and catalytic Cul (2 — 4 %) in toluene
over various temperatures (30 — 50 °C) and lengths (1 — 12 hours). Adventitiously, this
route favours the formation of high M,, metallopolymers, presumably due to the
increased solubility of the growing polymer chains in toluene rather than amine
solvents. Under these conditions the original platinum metallopolymer, [1], was
obtained with an increased My, of 130 000 gmol™ (vs. the previous M,, maximum of

192 Furthermore,

70 000 gmol™®  determined by Hagihara and co-workers).
trans-[(PBu3),Pd(u-C=CCgH4-4-C=C)],, [9], was obtained with a higher M,, of

30 000 gmol™ (vs. M., 22 000 gmol™ from previous methods).*** During optimisation of

14
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reaction conditions, Lewis and co-workers found that the specific 1 : 1 ratio of metal
dihalide ([MCI,(PBu3),]) to bis-trimethylstannyl reagent (MesSnC=CRC=CSnMej3), in
addition with a Cul catalyst, were vital for yielding polymeric complexes (Scheme 1.5).
At 1:2, metal dihalide : bis-trimethylstannyl, reagent ratios, monomeric complexes
trans-[M(C=CRC=CSnMe3),(PBus),] were obtained, which readily destannylated on
alumina forming trans-[M(C=CRC=CH),(PBus),] in 85 —90 % yields (Scheme 1.5).
Conversely, if a 2:1 ratio is employed, oligomeric complexes are obtained in
85 — 90 % yields (Scheme 1.5).

XBu Me;Sn—-C=C-R-C=C-SnMe; XBu
Cl-M-C (1 equiv. > | ic=c-r-c=c
| Cul cat., NHEt,, toluene o P -
XBus XBug "
Messn—CE(ZC;(';u-iVC)EC-SnMes [7]: M= Ni; X=P; R=CgHy-4-
Cul cat., NHEty, toluene ~ [9: M=Pd; X =P; R = CgH,-4-
[4: M=Pt; X=P; R=CgHy-4-
M = Pt; X = As; R = CqH,-2,5-Me,-4-
XBu
Me;Sn—-C=C-R-C=C-SnMes _ OIS _
(05 eqUiV.) M93sn_C:C_R_C:C_M_C:C_R_C:C_SnMe3
Cul cat., NHEt,, toluene XBujz
M = Pd; X = P; R = CgHy-4-
M = Pt; X = P; R = CgHy-4-
M= Pt, X= P, R= C6H4'4'C6H4'4'
Y .
XBuj XBuj alumina
ClI-M-C=C-R-C=C-M-ClI
XBug XBug
M=Pd; X=P; R =CgHy4- PBUs
M=Pt X=P R=C6H4-4- HCEC_R_CEC_M_CEC_R_CECH
M=Pt X=P; R=CgHy4-CoHy4- PBus
M= Pt, X= P, R = CGH2'2,5'M92'4- M= Pd, R = CGH4-4-
M =Pt X =As; R = CgHy-4- M = Pt; R = CqHy-4-
M= Pt, X= AS, R= C6H4-4-C6H4-4- M= Pt, R = C6H4'4'CGH4-4-

Scheme 1.5: Formations of polymeric, oligomeric and monomeric group 10 complexes

as a result of varying reaction conditions, as reported by Lewis and co-workers.*?

The optical absorption spectra of [1] and [8] displayed several bands between
2.8—5.4¢eV. In each case, the lowest energy bands (also the most intense) were
ascribed to correspond to the polymer band gap. As such, a smaller band gap was found
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for [8] (3.12 eV) than [1] (3.23 eV),™* a result of increased conjugation length, where
the platinum centres are not expected to significantly hinder delocalisation.**
Insertion of a phenyl fragment, as in [4], or pyridine fragment within the polymer
backbone, trans-[(P"Bus),Pt(u-C=C-3-CsH3sN-6-C=C)],, was shown to marginally
reduce m-conjugation and increase this band gap (3.26 eV, 3.24 eV respectively).*** In
contrast, the addition of quaternarised pyridine units, trans-[(P"Bus),Pt{p-C=C-3-
CsH3N(Mel)-6-C=C}],, achieved by reacting [3] with Me3SiC=C-3-CsH3N(Mel)-6-
C=CSiMe; and a catalytic amount of Cul, increased m-conjugation (2.36 eV).'*°
Similarly, the incorporation of anthracene units, trans-[(P"Bus),Pt(u-C=C-CgH4-4-
C=CC14H3-8-C=CCsH4-4-C=C)];, results in more highly conjugated complexes (with a
comparable band gap of 2.48 eV), than structurally related metallopolymers containing
arene and thiophene units, trans-[(P"Bus);Pt(u-C=C-CgH;-4-C=CCgH4-4-C=CCgHy-4-
C=0)]» (3.11eV) and trans-[(P"Bus),Pt(U-C=C-CgH,-4-C=C-2-C4H,S-5-C=CC¢Hy-4-
C=C)]» (2.70 eV)."" As the band gaps for these complexes are all around 3 eV, such
systems can be classified as weak conductors or wide-band gap semi-conductors.** For
the interested reader, a thorough analysis of the vibrational spectra (IR and Raman) of
platinum metallopolymers, determining the relationship between structure and extent of

n-conjugation, has been given by Lewis.*®

As complexes anticipated to display increased thermal and mechanical stability, Lewis
prepared cross-linked metallopolymers of the type trans-[1,3,5-{(XBus),PtC=C-
}:CeHs]ln (X = P, As; Scheme 1.6) via Cul catalysed (13 %) reactions of 1,3,5-
triethynylbenzene with [PtCl,(XBus),] (1.5equiv) in solutions of diethylamine.*®
Though high vyielding (92 — 95 %), products were “virtually insoluble in common
organic solvents”.™® To increase solubility, branch-points based on the 1,3,5-
triethylbenzene motif were included into an established rigid-rod platinum polymer.
Reactions of HC=CCgH;-2,5-Me;-4-C=CH and 1,3,5-triethynylbenzene (in molar ratio
equivalents of 1:10; 1:50 and 1:100) with [PtCl,(XBus);] (1 equiv.) resulted in
formation of branched chain and cross-linked polymers, [(XBus),Pt(C=CCgsH,-2,5-Me,-
4-C=0)]n[1,3,5-{(XBu3),PtC=C-}3C¢Hs]m, in high yields (77 -89 %; Scheme 1.6).
Although the more highly cross-linked polymer (1 : 10 molar ratio) remained insoluble,
the solubility of the other polymers (1 :50 and 1 : 75 molar ratio) in toluene, THF and
CH,Cl, meant that the M, values could be determined as 58000 gmol™” and
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27 000 gmol™ respectively, where analytical data obtained was consistent with

compositions of n and m reflecting the molar ratios of the reagents employed.

BU3X\ /
P
CH ¢ XBus
1, /7
] Ii(tBlgI + A.HC=C Cul cat > Ii(tBLg‘C
XB o NHEL, XBu,
us us
'CH C
= \ XBu
A=1 /Pt/ 3
L BU3X \ _In
B.HC=C C=CH X=P,As
Cul cat., NHEt,,
reflux, 24 h
Bu.P. _/
13 pt
Y C PBus

W

I?BU3 FI)BUB
Fl’t—CEC C=C —Fl’t—CEC
PBU3 n PBU3
C\ /PBU3
Pt

L BU3P/ \
A:B,n:m=1:10,1:50,1:100

—m

Scheme 1.6: Synthesis of cross-linked platinum metallopolymers, as reported by

Lewis.'*®
1.2.4. 6-bonded main chain group 9 metallopolymers

Although copper halide-catalysed reactions of metal dihalides with alkynes in amine
solvents is a highly successful route to forming metallopolymers, the synthesis is
limited to group 10 metal complexes due to the instability of other metal dihalides in the
amine solvents, prompting the derivation of alternative routes.*>** In 1991, the first
rhodium metallopolymers, mer-trans-[(PX3)s(H)Rh(u-C=CRC=C)], (X =Me, "Bu;
R=CgHy-4-, CgHs-4-CeHy-4-; Scheme 1.7) were prepared by Marder from C-H

activation reactions of diynes and Rh-phosphine complexes.*?
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[RhMe(PMe,).] HC=C-R-C=CH

(1 equiv.) X3P, /H
> Rh-C=C-R-C=C
=C-R-C= X3P PX
[Rh(P"Bus)4]BPh, + MeLi HC=C-R-C=CH 3 3 ]

(1 equiv.) X = Me; R=CgHy-4-
X=Me; R= CGH4-4-C6H4-4-
X ="Bu; R = CgHy-4-

Scheme 1.7: The first reported syntheses of rhodium metallopolymers, as reported by

Marder.?

Alkynylstannanes, pioneered in use for the formation of trans-bis(alkynyl) metal
complexes by the Lewis group, have also been used in the formation of rhodium
metallopolymers. Reactions of [RhCI(PPhs)s] or [RhCI(PMe3)s] with Me3sSnC=CCgHy-
4-CgHy-4-C=CSnMes (1 equiv.) in toluene or THF gave trans-[(MesSn)(PPhs),Rh(u-
C=CCg¢Hy-4-CeHy-4-C=C)], and trans-[(Me3Sn)(PMe3)sRh(u-C=CCgH4-4-CsHy-4-
C=C)], in high vyields (77% and 72 % respectively) after oxidative addition
accompanied by loss of both chloride and phosphine ligands, the product structure being
confirmed by IR and mass spectrometry in addition to elemental analyses. The limited
solubility of these polymers in all common organic solvents precluded further
characterisation. Notably, varying the molar quantities of reagents in this case had no
effect on the product outcome, with excess reagents being recovered.

Alkynylstannanes were also used in the formation of the first Co"

-containing
metallopolymer, trans-[(N")sCo(u-C=CCgHs-4-C=C)],; isolated as a soluble, air-stable
and high M,, (15800 gmol™) species (where (N'),=3,3"-(1,3-propanediyldinitrilo)-
bis(2-butanone)dioximato(1-)-N,N',N",N", otherwise known as 3,9-dimethyl-4,8-

diazaundecane-2,10-dione dioxime; Scheme 1.8).'?
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Scheme 1.8: Synthesis of the first Co''-containing metallopolymer, as reported by
Lewis.*?

The trans-bis(alkynyl) configuration of the Co"

-containing metallopolymer was
confirmed by IR spectroscopy (showing a single v(C=C) band at 2103 cm™) with further
structural information inferred from single crystal diffraction studies on the related
mononuclear complex trans-[Col(C=CSiMes)N’s]."** The lowest energy (and most
strongly absorbing) bands in the UV-Vis-NIR spectrum were assigned as m-m*
transitions. In comparison to the free ligand HC=CCgHy4-4-C=CH, the n-n* band energy
(and by inference the m-n* energy gap) was 0.28 eV lower for the polymeric complex,

evincing extended conjugation through the Co™ metal fragments.

1.2.5. ¢-bonded main chain group 8 metallopolymers

In 1991, in a preliminary communication, the Lewis group described the first linear
main chain metallopolymers containing a group 8 metal. The iron-based polymers,
trans-[Fe(depe),(C=CRC=C)], (R = CgHy-4-, [10]; C¢H:-2,5-Me,-4-) were prepared
from Cul catalysed reactions of [FeCl,(depe),] with Me3sSnC=CRC=CSnMe; (1 equiv.)
in toluene.’”® Notably, conducting the reactions in diethylamine, required in the
formation of group 10 metallopolymers, was found to result in the instantaneous

decomposition of the dichloride starting material.

Following this initial report, in 1993, the full group 8 triad of soluble metallopolymers,
trans-[(PP");,M(u-C=CRC=C)], ([10]: M = Fe, PP’ = depe, R = CgHs-4-; [11]: M = Ru,
PP’ = depe, R = C¢Hy-4-; M = Ru, PP’ = depe, R = CgH,-2,5-Mey-4-; M = Ru, PP’ =
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depe, R = CgHy-4-CsHy-4; [12]: M = Os, PP’ = dppm, R = CgHy-4-; M = Os, PP’ =
dppm, R = C¢H-2,5-Me;,-4-; M = Os, PP’ = dppm, R = C¢Hy-4-CgHy-4-), were prepared
from Cul-catalysed (13 %) reactions of [MCIy(PP’);] with Me3SnC=CRC=CSnMe3
(1 equiv.) in refluxing toluene solutions, in moderate to high yields (45 — 70 %).** Even
at this time, the authors stated that “the role of Cul in such reactions is not yet very well
understood.”* Several years later, in 2002, Sonogashira also reported that “zhe role of
the Cul catalyst remain[s] obscure”** The group 8 metallopolymers were readily
characterised by various spectroscopic methods (IR, *H NMR and *P{'H} NMR),
supporting a trans-arrangement of the alkyne ligands about the metal centre, in addition
to elemental analyses and GPC, which indicated a high degree of polymerisation
(M, =18 486 — 170 000 gmol™). The paper also included the first structural
characterisation of a trans-bis(alkynyl) Ru" complex supported by two chelating
bis-phosphine  ligands, trans-[Ru(C=CCgHs)2(dppe)2], [13], confirming the

trans-arrangement of alkynyl ligands about the octahedral metal centre.

As a means to exploring the extent of m-conjugation in group 8 metallopolymers, Lewis
prepared polymeric complexes trans-[Ru(CO)2(P"Bus),(u-C=CRC=C)], (R = C¢Hs-4-,
[14]; CeH2-2,5-Me,-4-, [15]) in high yields (81 %) from Cul catalysed (27 %) reactions
of trans-[RuCl,(CO),(P"Bus),] and Me3SnC=CRC=CSnMe; (1 equiv.) in CH,Cl,
solutions (reflux, 24 hours) in addition to the model bimetallic ruthenium complex,
trans-[{CI(P"Bus)2(CO),Ru},(U-C=CCeHs-4-CgH4-4-C=C)] (84 %), [16], through an
analogous reaction in a THF solution using half an equivalent of Me3SnC=CCgH;-4-
CgH4-4-C=CSnMez.** On comparison between the polymers [14, 15] and bimetallic
model complex [16], it was found that [14, 15] have experimentally determined band
gaps (3.50, 3.51 e¢V) and v(C=C) frequencies (2084, 2085 cm™) of lower energy than
[16] (4.40 eV, 2106 cm™) as a result of increased z-conjugation through the group 8
metal centres, consistent with previously published data.’® 2 1 |n elucidating the
effect of ancillary ligands on the underlying electronic structure, [14], bearing mixed
carbonyl and phosphine ligands, has a larger optical band gap (3.51 eV) and a higher
V(C=C) frequency (2084 cm™) than bis-depe supported [11] (3.19 eV, 2046 cm™),*
containing all phosphine ligands, suggesting that electron donating ancillary ligands

give rise to more highly conjugated polymeric materials.
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In seeking to determine the effect of the metal on the electronic structure of
metallopolymers, the vibrational spectra of mono-metallic model complexes were
examined. The v(C=C) frequencies of first row group 8 complexes, trans-
[Fe(C=CCgHs)a(depe),] (2035 cm™)** and trans-[Fe(C=CCgHs),(dmpe),] (2037cm™)*%
were lower than closely related second row complexes trans-[Ru(C=CCgHs)2(PMes)4]
[17], (2055cm™),*!  [13] (2061cm™)*  and  trans-[Ru(C=CCgHs)-(depe),]
(2054 cm™),** which are in turn lower than third row group 10 complexes
trans-[Pt(C=CCgHs)2(PMe,Ph),] (2100 cm™)*®  and  [Pt(C=CCgHs)(dppe)]
(2110 cm™).*® A similar trend is observed for v(C=C) frequencies in polymeric
complexes, with trans-[(dppe);Ru(u-C=CCgHs-4-C=C)]n, (2056 cm™),*  trans-
[(dppm),Ru(u-C=CCeH,-4-C=C)], (2065 cm™)* and [12] (2064 cm™),** having lower
frequency v(C=C) bands than the related group 10 metallopolymers, [7] (2075 cm™)*
and [9] (2096 cm™).*? Of course, such analyses ignore the role of kinematic effects in
vibrational spectroscopy, but may give a first order approximation of the degree of
conjugation (increasing conjugation being correlated with decreasing alkyne / C=C

character and hence decreased v(C=C) frequency).

Using extended Huckel theory, Frapper and Kertesz investigated the electronic
structures of metallopolymers of the type trans-[(L)xM(C=CRC=C)], (where M =e.g.
Mo, Fe, Pt, Hg; L =e.g. CO, PHs; R=e.g. C=C, CgHs-4-), in order to account for
experimental observations.™* The highest occupied crystal orbitals (HOCOs) and lowest
unoccupied crystal orbitals (LOCOs) of the polymeric complexes show similar nodal
properties to the HOMOs and LUMOs of the mono-metallic fragments, trans-
[(L)XM(C=CRC=CH),], but have reduced band gaps due to the increasing number of
conjugated alkyne units (Figure 1.3), consistent with the experimental observation of

smaller optical band gaps for polymers.
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Figure 1.3: Schematic molecular orbital diagram, showing the stabilisation of the
LUMO in H(C=C),H complexes, as a representative example, with increasing number

of alkyne fragments (n). The additional stabilisation is minor after n = 4 or 5.

The HOMOs/HOCOs are predominantly more metal / ancillary ligand, M(L)x, in
character whereas the LUMOs/LUCOs are more acetylenic, C=C, supported by
density of states calculations. Therefore altering the nature of the metal ancillary
ligands, L, will perturb the HOMOs / HOCOs more strongly than the LUMOs / LUCOs.
Complexes containing strongly m-accepting carbonyl ancillary ligands stabilise the
HOMO / HOCO to a greater extent than those containing phosphine ancillary ligands,
due to the additional interaction between CO(r, *) with M(d) (of correct symmetry),*?
systematically lowering the energies of the M(L)x fragment orbitals. Consequently, the
HOMO-LUMO (HOCO-LUCO) gap is increased as the LUMO/LUCO remains
largely unaffected, also accounting for trends in the experimentally determined optical
band gaps. In contrast, with more electron releasing ancillary ligands (demonstrated for
the case where L = PMej vs. PH3)12 the HOMO is more destabilised, leading to smaller
HOMO-LUMO (HOCO-LUCO) gaps. Furthermore, Friend and Lewis have found that
the Mulliken charges on the metals are more positive with carbonyl (more accepting)
ancillary ligands rather than phosphine (less accepting, more donating) ligands.*? The
energies of the HOMOs / HOCOs also strongly correlate with M(d) energies. Therefore
higher energy d-orbitals, i.e. of first row metals compared with second row metals, will
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destabilise the HOMO / HOCO, evincing smaller HOMO-LUMO (HOCO-LUCO) gaps
(as the LUMO / LUCO again remains largely unaffected), consistent with experimental
observations (Figure 1.4). By way of example, trans-[(PH3)4Fe(u-C=CCgHy-4-C=C)],
has a smaller computed band gap (2.82 eV) than trans-[(PH3)sRu(u-C=CCgHy4-4-C=C)],,
(3.10 eV).

”*%( \
< \ \ HOMO
J M(3d)" J#
g \\ '/, \\\
i {JF c=C(n)
B .

Figure 1.4: Schematic molecular orbital diagram showing the greater destabilisation of
the HOMO in representative complexes, trans-[M(C=CR),(L)x], with higher energy
first row metals (M = e.g. Fe, left) than lower energy second row metals (M = e.g. Ru,
right).

Turning to comparisons between group 8 and group 10 systems, the calculated energies
of the LUMOs/LUCOs are lower for systems based on square planar group 10
fragments, of the type trans-[(PH3),M(u-C=CCgH4-4-C=C)], (M =Ni, Pd, Pt), by
0.2 — 0.3 eV than octahedral group 8 systems, such as trans-[(PH3)sM(u-C=CCgHy-4-
C=0)]» (M = Fe, Ru), as a result of stabilising M(z,) interactions."* Therefore smaller
HOCO-LUCO gaps might be expected for group 10 metallopolymers, although this
does not account for the experimental observations of Friend and Lewis.*> The
calculated HOMO / HOCO energies of such complexes are instead found to be a result
of several competing factors, depending not only on the M(d) energies, but also how
diffuse the HOMO / HOCOs are and the degree of antibonding interaction between the
metal and organic chain (forming the HOMO / HOCO), in addition with the M-C bond
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length. Therefore a higher M(d) energy (such as for Ru vs. Pt) combined with a more
diffuse HOMO / HOCO and shorter M-C bond length (where Ru-C < Pt-C as Ru(d) is
better matched energetically with C=C(x) than Pt(d)) will increase the energy of the
HOMO / HOCO, leading to reduced HOMO-LUMO (HOCO-LUCO) gaps for the
group 8 octahedral complexes,** accounting for experimental observations. Most
unsurprisingly, variation of the metal identity in addition with the ancillary ligands will
have a combined effect on the resultant band gap, and hence the mn-conjugation. As a
clear example, the optical band gap of the platinum metallopolymer [4] (3.26 eV)™ is
between that of the two ruthenium polymers: [11] (3.19 eV)*! and [14] (3.51 eV)."

1.3. Trans-bis(alkynyl) complexes: deconstructing the

metallopolymer

1.3.1. Introduction

Although monomeric and oligomeric metal acetylide complexes have been synthesised
in support of metallopolymer research, both as starting materials and in order to
understand the underlying electronic structures of the highly conjugated systems, these
deconstructed units are intriguing and important materials in their own right. The wider
range of synthetic possibilities associated with smaller molecular systems, in contrast to
metallopolymers, allows the formation of a truly vast array of unique molecular
architectures with novel material properties derived from the common trans-
[M(C=CR),L,] fragment. As noted for metallopolymers, the integration of metal units
within an unsaturated framework in a molecular system can tune the physical, optical
and electronic properties, such as extent of conjugation, through variations in the nature
of the metal (identity, oxidation state, coordination number, geometry, size etc.) and
ancillary ligands (electronics, sterics etc.), and therefore complexes can be elegantly
tailored to fit specific applications. Examples of useful material and optoelectronic
properties of monomeric and oligomeric metal acetylide complexes include: non-linear
optical response;*?*?° high through-molecule conductance, of importance to molecular

137, 138

electronics;****** luminescent properties;***** liquid crystalline behaviour; and

strong visible absorbance that leads to applications as photo-sensitisers.** 14°
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In 1984, Bruce noted, at that time, that the chemistry of monomeric and oligomeric
metal acetylide complexes chiefly encircled group 10 metal complexes, due to the
stagnation of synthetic developments required for other metallic groups.®” For example,
the formation of group 8 acetylide complexes was inhibited by the sensitivity of
complexes towards acids, water, alcohols or amines, resulting instead in the formation
of alkyl, acyl or carbene complexes. The main routes to trans-bis(alkynyl) complexes at
this time closely related to those used in the formation of metallopolymers, including:
reactions of metal halide complexes with terminal alkynes in an ammonia or amine
solution;3 101 141142 reactions of metal halide complexes with alkynyl-tin reagents'*® 14
or reactions of metal halide complexes with alkynyl-lithium reagents.***™*" In the
30 years since these comments, there has been a huge effort to address these synthetic
shortcomings leading to remarkable development in the area, with the number of papers
relating to the chemistry of monomeric and oligomeric metal acetylide complexes
surpassing 20 000 by 2003.2*® Whilst the area now defies comprehensive review, there

are several excellent summaries of aspects of this chemistry available. 4%

Although ancillary ligands supporting ruthenium acetylide complexes are known to

! terpyridines*® and carbonyls,*® 1>

include macrocyclic amines, the most commonly
reported examples are based on ruthenium phosphine fragments.®® %% This is
presumably due to the availability of mono- and bi-dentate phosphine ligands in
addition to the gamut of electronic and steric properties that can be engineered with
such ligands.™®® The following discussion will therefore concentrate on the synthesis
and applications of trans-bis(alkynyl) complexes of ruthenium bearing phosphine

ligands, which are most relevant to the topic and content of this Thesis.

1.3.2. Ruthenium trans-bis(alkynyl) complexes featuring tetrakis-phosphine

ligands

Conceptually, the simplest trans-bis(alkynyl) ruthenium complexes to consider are
those  bearing four equivalent ~mono-dentate  phosphine  ligands, i.e.
trans-[Ru(C=CR),(PR3)s]. The first trans-bis(alkynyl) complex to contain the
{Ru(PMes),} motif was reported by Werner in 1985 through the initial reduction of
trans-[RuCl,(PMes)s] with sodium amalgam, yielding [Ru(H)(nZ-CHZPMeg)(PMeg)g]
(82 %), followed by reaction with two equivalents of HC=CCg¢Hs, which gave trans-
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[Ru(C=CCgHs)2(PMes)4], [17], (Scheme 1.9).°° Formation of trans-[17] is thought to
proceed via initial formation of cis-[17], before rapid isomerisation in the benzene

solvent.

MesP. PMe
PMe 3N 3

[RUCI,(PPhs)s] - 3 » CI-RU-C
exane Me3P PMe3

Na / Hg
benzene
70 °C
Tw

Me,P.

MesR PMes HCEC@ Sen
C=C-RU-C=C < Me3P:Ru:C 2
/ benzene MesP~ 1 H

MezP PMe, rt PMe;
[17] 3d

Scheme 1.9: Synthesis of the first trans-bis(alkynyl) tetrakis-trimethylphosphine

ruthenium complex, [17], as reported by Werner.'®°

Although the reactivity of [17] was not discussed at this time, the intermediate complex
[Ru(H)(n’-CH,PMe,)(PMes)s] was reported to be air-sensitive, which, coupled with the
use of Na/ Hg amalgam and the long duration of the reaction to produce it, has limited
the wider applications of this compound as a reagent. Several years later, in 1991, Lewis
revised the synthesis of [17] by reaction of trans-[RuCl,(PMe3)4] with Me3SnC=CCg¢Hs
(excess) in refluxing THF, although a reaction time was not given (Scheme 1.10).**!
Despite the synthetic challenges presented with the use of highly toxic trimethylstannyl
reagents, the complex is obtained in a quantitative yield, albeit as air-sensitive yellow
crystals. The extended complex, trans-[Ru(C=CCgHj-4-CgH4-4-C=CSnMes),(PMe3)4],

was also obtained in an analogous procedure (Scheme 1.10).**
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Scheme 1.10: Syntheses of trans-[Ru(C=CR),(PMes)s] complexes using

trimethylstannyl reagents, as reported by Lewis.'*

In 1994, Rappert and Yamamoto again amended the synthesis of [17] through the
reaction of cis-[Ru(H)2(PMes)s] with phenylacetylene in acetone (two hours, 60 °C).**
Similar complexes obtained by this method include trans-[Ru(C=CSiMes),(PMe3)4] and
trans-[Ru(C=CCOOMe),(PMes),]. Despite the lower yields obtained (21 — 65 %), the
wide availability of terminal alkynes and ease of work-up (where products are obtained
cleanly after filtration from the reaction medium) is synthetically appealing. However,
the preparation of the starting material, cis-[Ru(H).(PMej3)4], requires the use of sodium

amalgam®®? or lithium reagents.*®

The most facile synthesis of trans-[Ru(C=CR),(PMe3)4] (R = CgHs, [17]; CeHs-4-OMe,
CesHs-4-Me, 'Bu, Me, SiMes, H) to date was devised by Field.*** The trans-bis(alkynyl)
compounds are obtained as moderately air-stable solids in average to good yields
(38 — 75 %) via o-bond metathesis reactions of cis-[RuMe(PMes),]*** **° with terminal
alkynes, HC=CR, in either acetone or THF (Scheme 1.11). However, the products are
invariably obtained as isomeric mixtures (cis- and trans-), with separation only possible
by fractional crystallisation. A higher concentration of the cis-isomer is found for all

cases, except when R = SiMes.

In a separate report, the sensitivity of both cis- and trans-[Ru(C=CR),(PMe3)4]
(R =C¢Hs, [17]; CgHy-4-OMe, CgHy-4-Me, 'Bu, Me, SiMe; H) complexes towards
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acids was explored. Reactions of the isomeric mixtures with either HBF,4.Et,O or 2,6-
lutidinium tetrafluoroborate yielded stable, cationic n3-butenynyl complexes, [Ru{n®-
HC(R)=CC=CR}(PMe3)4]"
formation of mixed alkynyl-vinylidene complexes (Scheme 1.11).*%® This work also

in average to good yields (50 — 80 %), via the in situ

included the first structurally characterised alkynyl-vinylidene complex containing
unsubstituted alkynyl and vinylidene fragments; trans-[Ru(C=CH)(=C=CH,)(PMe3)4]".
The Field group further explored the chemistry of {Ru(PMes),} complexes with the
formation of cyclometalated [Ru{HC(C¢H3-4-R")=CC=CCgH4-4-
R’} (PMe3)s] (R’ = 'Bu, Me, H; 49 — 64 % vyields), through the reaction of n°-butenynyl
complexes with Me,Mg in THF (Scheme 1.11).%¢’

ruthenaindenes,

MesR PMe PMes
PMe 3N 3 Me,M
[RuCl3.3H,0] 3 > Cl- Ru cl 2Mg Me;P. | * “Me
MeOH Me.P PM THF MesP~ | “Me
reflux 3 €3 Me3
5h
HC=CR
THF or acetone
40°C
2h
b BF, y
N©®
@ P
MesR PMe; R U MesR PMe; 3
R-CzC-R(Zc=Cc, = RCCRuCCRandMe3PtR\CCR
H THF Me,P C=C-R
MesP PMe, rt MesP PMe, PMe3
Via 2m-24h
Rl
H
Me;P CI Me,P
MesP- |®C R Me,Mg MesP-2/ _C-y
MesP~ C THF MegP~ | C
MeSP C r.t. M93P //C
R overnight c’
Rl

Scheme 1.11: General synthesis of trans-[Ru(C=CR),(PMes)4] and related complexes

from cis-[RuMe,(PMe3)s] where R = CgHs, CgHs-4-OMe, CgHy-4-Me, 'Bu, Me, SiMes

H and R’ = 'Bu, Me, H, as reported by the Field group.'®* 1% ¢7
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Although several trans-bis(alkynyl) tetrakis-trimethylphosphine ruthenium complexes
have been prepared, research within this area is limited by the generally low to
moderate stability of these species in air, their acid sensitivity (forming n>-butenynyl
complexes) and difficulty in obtaining isomerically pure material from the most facile
preparative sequences. To date, no mono- or trans-bis(alkynyl) complexes containing
the related {Ru(PEt3)s} motif, a simple alkyl extension to the phosphine ligands, are

known.

Ruthenium  trans-bis(alkynyl) tetrakis-trimethyl and tetrakis-triethylphosphite
complexes, trans-[Ru(C=CR),{P(OMe)s}s] and trans-[Ru(C=CR),{P(OEt)s}4], [18],
are known, although this area remains largely unexplored. Of the few reports

33, 168, 169 g,ch compounds are air stable® and are prepared from the easily

available,
accessible, stable starting materials trans-[RuCl,{P(OMe)s},]** and trans-
[RUCI{P(OEt)s}s], [19].° The only synthesis of trans-[Ru(C=CR):{P(OX)s}4]
complexes (X = Me: R = CgHs, Bu, CeHa-4-Me; X = Et: R = CgHs [18c]," Bu, CeHa-
4-Me) of which we are aware, involves the reaction of trans-[RuCl,{P(OX)s}4] with
excess lithium acetylide, LiC=CR, in solutions of THF.* The reaction is thought to
proceed step-wise via the mono-alkynyl complex, trans-[RuCI(C=CR){P(0OX)s}4].
Although the reaction time is rapid (15 minutes) and workup is synthetically simple
(trituration from either methanol or ethanol), the reaction is low yielding (~ 35 %) and
requires the use of sensitive alkynyl-lithium reagents. Further reactions of the
trans-bis(alkynyl) complexes with electrophillic reagents (HBF4.Et,O, CF3SOsMe, Iy,
CeHsN," and CISCgHs3-2,4-(NO,),), in solutions of either diethyl ether or CH,Cl,,
yielded alkynyl-vinylidene complexes, trans-[Ru(C=CR)(=C=CRR’){P(0X)3}4]"
(R"=H, Me, I, N=NCgHs, SCgH3-2,4-(NO7),) within ~ 1 — 2 hours in moderate to good
yields (55 — 80 %; Scheme 1.12).

" The numbering scheme for specific complexes of the type [Ru(C=CR),{P(OEt)3}.], [18], is expanded in
Chapter 5
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X)
HBF,.Et,0 (XO)R F(OX)s
$22° > R-C=C-R4ZC=C!

(XO)sP ‘p(ox>3

X = Me; R = CgHj
X = Et; R = CgHj, 'Bu, CgH4-4-Me

(XO)sR P(OX)
R-CZC-R @c ch
(XO)3P P(OX)

MeOTf

Y

X= Me, R= C6H5

(XO)3R  P(OX)s SCl X = Et; R = CgHs, Bu, CgHy-4-Me
R-C=C-R{(-C=C-R

(XO)sP 'P(OX)s

X= Me, R = C6H5
X = Et; R = CgHy [18c], 'Bu NO, (EO)R P(OEt)

CeHa-4-Me
(EtO)sP P(OEt

Y

NO,

(EtO);R P(OEt)sp
R-C=C-Ry

(@c=c: NN
(EtO);P P(OEt),

R= C6H5, CGH4-4-Me

Y

Y

| (EtO)sR P(OEt/@
2 Qc C- Ru

(EtO)sP P(OEt),

Scheme 1.12: Synthetic routes to alkynyl-vinylidene complexes bearing the tetrakis-

trialkylphosphite motif.

Substituted mixed alkynyl-vinylidene complexes, trans-
[Ru(C=CR){=C=C(R"RHP(OX)s}s]° (Scheme 1.12) are stable to further ligand
substitution reactions. In contrast, although isolable, the unsubstituted mixed alkynyl-
vinylidene complex trans-[Ru(C=CCgHs){=C=C(H)C¢Hs}{P(OEt)3}4]" rearranges in a
CH,Cl,  solution to  give the  n-butenynyl  complex  [Ru{n’-
HC(CgHs)=CC=CC¢Hs H{P(OEt)3}4]" after two hours (85 %; Scheme 1.13). Upon
incorporation of excess of HC=C'Bu into the initial CH,Cl, solution, the mixed 1’
butenynyl complex [Ru{n*-HC(‘Bu)=CC=CC¢Hs}(P(OEt)s)s]" was instead formed in a
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high yield (>80 %) after 90 minutes (Scheme 1.13). The reaction is proposed to
proceed from trans-[Ru(C=CCgHs){=C=C(H)CsHs}{P(OEt)s}s]" via a n*>HC=CCgHs
complex, trans-[RU(C=CCgHs)(n?*-HC=CCgHs){P(OEt);}4]", to the five-coordinate
complex, [Ru(C=CCgHs){P(OEt)3}4]", which may then react with excess introduced
terminal alkyne, HC=C'Bu (Scheme 1.13).

(EtO)sP %(OEt) H (EtO)3P P(OEY);
(Et0);F P(OEt)@ (E1O)P P(OEY),

H fe
(OEP  Cc g (EtO)sR ¢

®
(EtO)s P‘R@C < ~  (EtO);P- Ru®

(EtO)sP-
(OSEt) P '9 HCEC@ (EtO)sP P(OEt);

or
HC=C-'Bu

R= CGH5, tBU

Scheme 1.13: Proposed formation of ‘asymmetric’ n’-butenynyl complexes from

unsubstituted alkynyl-vinylidene phosphite complexes.®

Alternatively, n3-butenynyl complexes bearing the {Ru{P(OEt)s},} motif have been
prepared from initial reactions of [RuH.{P(OEt);}4] with HBF4.Et,O (1 equiv.) at
— 30 °C in diethyl ether, yielding cis-[RuH(n?-H2){P(OEt)s}4]BF, as a white precipitate,
followed by the room temperature reaction with HC=CR (6 equiv.) in mixed diethyl
ether / CH,Cl, solutions, forming [Ru{n*-HC(R)=CC=CR}{P(OEt);}s]" (R = CgHa-4-
Me; 'Bu) as white powders in moderate yields (> 55 %).2*® Presumably alkynyl-

vinylidene intermediates were also involved in this reaction sequence.

The synthesis of mono-alkynyl tetrakis-trialkylphosphite complexes of the type
trans-[RuCl(C=CR){P(OX)s}4] has been achieved through reactions of
trans-[RuCl,{P(OX)3}4] with HC=CR (10 equiv.) in THF solutions in the presence of
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NEt; (10 equiv; Scheme 1.14).**® Despite the modest yield (30 —40 %) and excess
reagents required, the route circumvents the use of alkynyl-lithium reagents. The
reaction is thought to proceed via a n’-alkyne complex subsequently followed by a
1,2-hydrogen shift to give the vinylidene trans-[RuCI(=C=CHR){P(OEt)s}4]", which,

upon deprotonation by the amine, then gives the acetylide product.

CI—E{Q—CI EL (10 e > CI-RU-C=C
(XO)3P p(ox)3 3( GQUIV.)

—< :)—R

/ N\
X0);P
THE (XO)sP P(OX);

X = Me, Et[19] reflux X = Me; R = CgHs, CgHy-4-Me,
50 m-3h CgHy-4-C=CH

X = Et; R = CgHg, CgHy-4-Me,
CeHy-4-C=CH,

SiMej, 'Bu, COOMe

Scheme 1.14: Formation of mono-alkynyl tetrakis-trialkylphosphite complexes, trans-
[RuCl(C=CR){P(0OX)3}4].

Synthetic routes to bimetallic alkynyl-bridged complexes bearing tetrakis-
trialkylphosphite ligands have also been considered.'®°
[RuCl(C=CCgH4-4-C=CH){P(OMe)3}4] and trans-[RuCl(C=CCgH,-4-
C=CH){P(OEt)3}4] with trans-[RuCl,{P(OMe)s}4] and [19], respectively, in mixed
THF / NEt; solutions were unsuccessful, yielding intractable mixtures of products, the
reaction of [19] with HC=CCgH,4-4-C=CH (0.5 equiv.) in a THF / NEts solution in the
presence of a halide abstracting agent, NaPFs (3 equiv.), unexpectedly yielded a
pentakis-triethylphosphite complex, trans-[{Ru{P(OEt)s}s}.(1-C=CCg¢Hy-4-
C=C)][PFs]2 (30 %; Scheme 1.15). The complex was characterised by the observation

Although, the reactions of trans-

of two AB4 multiplets in the **P{"H} NMR spectrum and is inert to further substitution

reactions with alkynes.
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(EtO);R, P(OEt);

M (EtO);R_P(OEt); (EtO)sR P(OEt);
Cl- Ru Cl > | (EtO);P- Ru c= COC C- Ru P(OEt); |[PFg|,
(EtO)P P(OEt)s (EtO)aP P(OEt) (EtO)P P(OEt)
[19]

i) HCECOCECH (0.5 equiv.), NaPFg (3 equiv.), NEt; / THF, reflux, 2.5 h

Scheme 1.15: Formation of a binuclear pentakis-triethylphosphite complex, as reported
by Albertin.'®°

1.3.3. Ruthenium trans-bis(alkynyl) complexes featuring bis-chelating

phosphine ligands

As noted earlier, trans-bis(alkynyl) complexes bearing chelating bis-phosphine ligands
are prominent throughout the literature. The combination of the trans-geometry and
electron donating ancillary ligands is expected to facilitate delocalisation along the
RC=C-M-C=CR backbone.*"**"

1.3.3.1. [RuCl,(dppm)]

In 1984, Chaudret and Commenges reported that cis-[RuCl,(dppm).], cis-[20], is
selectively obtained (~ 100 % yield) as the thermodynamic product from the reaction
between [RuCl;(DMSO),], [21], and 1,2-bis-diphenylphosphinomethane (dppm;
2 equiv.) in toluene (80 °C, 15 hours).'* Alternatively, trans-[20] is obtained (75 %)
from the addition of [RuCls.3H,0], dissolved in water, to an EtOH solution of dppm
(2.5 equiv.) followed by heating for two hours under reflux.*” In chlorinated solvents,
isomerisation of trans-[20] to cis-[20] occurs by thermolysis over ten hours, whereas the
reverse process (cis-[20] to trans-[20]) occurs photochemically, albeit over several
days.'™® As a result of the trans-effect, previously observed by Chatt and Hayter in
1961, the cis-positioned chlorides of cis-[20] opposite strongly donating phosphine
ligands, are more labile, hence are more easily substituted, than those of trans-[20]. For
this reason, cis-[20] is the commonly preferred starting material in chloride substitution

reactions.
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1.3.3.2. Mono and trans-bis(alkynyl) complexes featuring the {Ru(dppm),}

fragment

Dixneuf and co-workers have described the highest cited and arguably most efficient
route to mono-vinylidene, mono- and trans-bis(alkynyl) ruthenium complexes bearing
the {Ru(dppm),} motif from cis-[20] (Scheme 1.16) during their exploration of novel
unsaturated organometallic complexes for catalytic applications.®* *>* The route, based

177178 relies on the step-wise abstraction

on earlier work with half-sandwich complexes,
of chloride ligands from cis-[20] by NaPFs in CH,Cl, solutions to generate a reactive,
five-coordinate, 16e” Ru' species in situ. This species reacts with alkynes in the usual
fashion via an initial =-complex which then rearranges to give vinylidene complexes of

the type, trans-[RuCI(=C=CHR)(dppm),]*.*"

A
/FPhs i) or ii) PhR PPhy 4
PhP—Ry<Cl » | CI-Ru=C=C| |PF
PhoP” | Cl - e TR|©
2 Ph,P,
\—PPh, 2 \/Pth
cis-[20] R = H, Me, 'Bu, "Bu, CgH5 [22d]",
CH,OH, CH,0OMe, COOMe,
CH,CI
liii)
A A\
Ph PhoR PPhy iv) Ph,RPPh,
Me3Si0-C~C=C-C=C-RU-C=C-R  =<—"—  CI-R4-C=C-R
Ph thP\/PPhZ Ph2P\/PPh2
R = "Bu, CgHs R = H, Me, 'Bu, "Bu, CgH5 [23d],

CH,OH, CH,0OMe, COOMe

i) NaPFg (2 equiv.), HC=CH (excess), r.t., 4 h

ii) NaPFg (2 equiv.), HC=CR (2.2 equiv.),r.t., 4 h

iii) DBU (1 equiv.), r.t., 1h

iv) NaPFg (1 equiv.), HC=C-C=C-CPh,0SiMej (1 equiv.), NEt; (2 equiv.), r.t.,, 18 h

Scheme 1.16: Formation of mono- and trans-bis(alkynyl) {Ru(dppm).} complexes, as

reported by Dixneuf and co-workers.* ***

The strongly electron withdrawing character of the vinylidene ligand prevents further

abstraction of the trans-chloride allowing isolation of mono-vinylidene complexes,
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trans-[RuCI(=C=CHR)(dppm).]JPFs (R=H, Me, Bu, "Bu, C¢Hs [22d]",™ CH,OH,
CH,OMe, COOMe, CH,CI), in high yields (72 — 97 %). Addition of base yields the
mono-alkynyl complexes, trans-[RuCI(C=CR)(dppm),] (R =H, Me, ‘Bu, "Bu, C¢Hs
[23d]," CH,OH, CH,OMe, COOMe), in 47 — 65 % isolated yields. The preparation of
these mono-alkynyl {Ru(dppm).} complexes is solvent dependant.’** For example, the
formation of [23d] was less selective in CH,Cl,, with trace amounts of the ‘symmetric’
trans-bis(alkynyl) complex, trans-[Ru(C=CCgHs).(dppm)2], [24d], ¥ being formed
evincing a degree of Ru-Cl bond polarisation in CH,ClI; (leading to chloride labilisation
and abstraction), than in THF. Similarly, the use of alkynyl ligands with more electron-
donating (R) substituents in trans-[RuCIl(C=CR)(dppm),] complexes allows more facile
abstraction of the trans-chloride (stronger o-donation and hence trans-influence),
demonstrated in this case by the formation of ‘asymmetric’ trans-bis(alkynyl)
complexes, trans-[Ru(C=CR)(C=CC=C(C¢Hs),0SiMes)(dppm),] (R ="Bu, CgHs),
albeit in low yields (25 — 28 %). As further evidence of this, Humphrey found that the
‘asymmetric’  trans-bis(alkynyl)  complex,  trans-[Ru(C=CCg¢Hs)(C=CCgHs-4-
NO,)(dppm),] was only obtained (under similar conditions to those described by
Dixneuf) from reactions of [23d] with HC=CCgH4-NO, (albeit in a low yield (30 %))
and not from the reverse reaction, between trans-[RuCl(C=CCgHs-4-NOy)(dppm)],
[23a]," and HC=CCgHs (Scheme 1.17).1°

" The numbering scheme for specific complexes of the type [RUCI(=C=CHCgH4-4-R)(dppm).], [22]", is
expanded in Chapter 2.
Y The numbering scheme for specific complexes of the type [RuCI(C=CCgsH4-4-R)(dppm),], [23], is
expanded in Chapter 2.
Y The numbering scheme for specific complexes of the type [Ru(C=CCgHs-4-R),(dppm).], [24], is
expanded in Chapter 2
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HCECONOZ

A A
Ph,P PPh, (1 equiv.) Ph,P PPh,
CI-R(-C=C NaFF. @ oquiv) c=c- Ru c=c NO,
6 ' Ph,P
thP\/Pth NEt, (excoss) ) \/PPh2

N\

Cl- Ru C=C NaPF, (2
PhZP PPh aPFg (2 equiv.)
\V; 2 NEt; (excess)
[23a] CH,CI,

Scheme 1.17: The synthesis of trans-[Ru(C=CCgHs)(C=CCsH4-4-NO,)(dppm)2]
depends on the electronics of the mono-alkynyl complex governing trans-chloride

labilisation.®

In both reaction schemes shown in Scheme 1.17, small quantities of the ‘symmetric’
trans-bis(alkynyl) complex, trans-[Ru(C=CC¢H4-4-NO,) (dppm).], [24a], were
obtained, evincing ligand scrambling effects (Scheme 1.18). Formation of the second
‘symmetric’ trans-bis(alkynyl) product, [24d], was however not reported, which might
infer complex instability.

A A A
Ph,P_PPh, HCZCR Ph,RPPh, Ph,R PPh,
CI—I/?L\J—CEC—RW»R’CCRUCCR+RCCRuCCR
Ph,P. PPh arts Ph,R PPh Ph,P PPh

2 \/ 2 NEt3 2 \/ 2 2 \/ 2
A\
Ph,R PPh,
+ R-C=C-R(-CzC-R
Ph2P\/PPh2

Scheme 1.18: Anticipated product distribution as a result of ligand scrambling effects.

‘Symmetric’ trans-bis(alkynyl) complexes of the type trans-[Ru(C=CCgHs-4-
R).(dppm).] have been prepared in low to good yields (16 — 62 %) from reactions of
cis-[20] with HC=CCgHy4-4-R (2 equiv.) in the presence of NaPFg (2 equiv.) and

36



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 1

NEt; (5 equiv.) in either refluxing ([24a]: R = NO,; 16 hours) or stirred (R = CgHs-4-
NO,; CH=CHCgH4-4-NO; four hours) CH,Cl, solutions.**

Bimetallic complexes of the type trans-[{Cl(dppm).M},(u-C=CRC=C)] (M = Ru, Os;
R = CgHy-4-, CgHs-3-, CgH2-2,5-Mey-4-, -3-CsH3N-6-, -2-C4H,S-5-) have similarly
been prepared, in moderate yields (25 — 50 %), via the step-wise reactions of cis-
[MCly(dppm),] with HC=CRC=CH (0.5 equiv.) and NaPFg (2 equiv.) in CH,ClI, (stir
eight hours), followed by the addition of DBU (1 equiv.; stir two hours).® In the
‘mixed-valence’ state, Long found that v([C=C]") values (1961 — 1984 cm™) were
comparable  with v(C=C) of related allenylidene  complexes, trans-
[CI(dppm),M(=C=C=CHC¢Hs)]" (M = Ru, Os; 1900 — 1940 cm™), evincing an

extended, delocalised cumulenic structure (Scheme 1.19).'%

A A A A ®
Ph,R, PPh; Ph,R PPh, Ph,R PPh,  —\  PhyP PPh,
CI—,M\—CEC CEC—/IVI\—CI EEm— CI—,M\:C:C:C C:C:C:/M\—CI
thP\/Pth Ph2P\/PPh2 thP\/Pth \—=/ thPvPth

Scheme 1.19: Single oxidation of the polynynyl complex, trans-[{Cl(dppm).M}(u-
C=CCgHs-4-C=C)] (left) is thought to vyield the cumulenic complex, trans-
[{C1(dppm).M}{p-(=C=CC¢H,-4-=C=C=)}]" (right)."®*

Despite this, spectroelectrochemical studies revealed that these ‘mixed-valence’
bimetallic complexes exhibited Class Il behaviour, according to the Robin and Day
classification scheme.’® As determined by delocalisation parameter values (a?)," for the
mono-oxidised ruthenium series, the thiophene bridge (R =-2-C4H,S-5) was found to
facilitate the strongest interaction between metal centres (8.9 x 10%), followed by the
xylene bridge (R = CgH,-2,5-Me,-4-; 6.5 x 10%), then pyridine (R = -3-CsH3N-6-;
4.9 x 10°%) and finally benzene (R = CgH4-4-; 4.4 x 10°).

The Lewis group have also reported the formation of mixed-metal bimetallic
complexes, trans-trans-[{Cl(dppm);Ru}(u-C=CC¢Hy-4-C=C){ML,}] (ML, =

vigz (4.2 x10™%)edvy ),

VmaxT?
Where: ¢ is the molar absorptivity (M™cm™); Avy, is the full width at half height (nm); vma is the
maximum absorption wavelength (nm) and r is the atomic distance between metals (A).
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OsCl(dppm),, [25]; Pt(PEts).Ph, [26]), as a means to optimise electronic communication
between metal centres via a m-conjugated pathway using metal-based donor and
acceptor termini.'®®> Complexes were prepared via the initial reaction of cis-[20] with
NaPFs (2 equiv.) and trans-[{L,M}(C=CCsHs-4-C=CH)] (1 equiv.) in CH.CI,
(four hours, r.t.) followed by a subsequent reaction with DBU (three hours, r.t.).
Although high yielding (85 %), in the formation of [26], minor quantities of the
trimetallic complex trans-trans-[{(dppm).Ru}{pu-(C=CCgH;-4-C=C)Pt(PEt3),Ph},]
were also obtained. The electrochemistry of [25] revealed two, reversible one-electron
oxidation events at —0.48 and — 0.12 V (referenced to internal ferrocene at 0.50 V vs.
Ag / AgCl), attributed to the sequential generations of the redox couples [0s'"] / [Os""]
and [Ru"]/[Ru™]. As the mono-alkynyl complex trans-[OsClI(C=CCgH,-4-
C=CH)(dppm).] has a higher (less negative) first oxidation potential than that in [25]
(—0.16 V vs. —0.48V), the {Cl(dppm),Ru(pu-C=CCgsH,4-4-C=C)} fragment in [25] is
shown to exhibit electron releasing character. Curiously, the first oxidation of trans-
[RUCI(C=CCgH4-4-C=CH)(dppm).], [27a],"" is also higher than the corresponding
redox event in [25] (0.00 V vs. — 0.12 V). Formation of the cumulenic structure in the
mono-oxidised bimetallic complex, [25]" was proposed to account for the unexpected
electrochemical behaviour, although now is more likely described in terms of the
significant ligand character in these redox events.*® More recent investigations have
shown that 1,4-diethynylbenzene bridged bimetallic complexes and associated radical
cations derived by one-electron oxidation exist in solution as a dynamic distribution of
molecular conformers, with electronic character ranging from strongly localised to

delocalised depending on the details of the molecular geometry.'8* 1%

In contrast to the Dixneuf reactions in CH,Cl,, Lynam found that the reaction of cis-
[20] with NaPFg (2.1 equiv.) and HC=CCgHs (2.1 equiv.) in MeOH did not give the
anticipated vinylidene complex, [22d]".**® Instead, over a period of 48 hours, complex
mixtures of products were produced, from which the n3-butenynyl complex E-[Ru(n3-
{HC(CsHs)=CC=CCgeHs})(dppm).]", [28d]*,""" was isolated. By increasing the alkyne
equivalent to a 10 —50 fold excess, a series of n°-butenynyl complexes E-[Ru(n*-
HCR=CC=CR)(dppm)2]JPFs (R =CeHs, [28d]PFs; 'Bu, [29]PFs; "Pr, [30]PFe;

" The numbering scheme for specific complexes of the type trans-[RUCI(C=CCg¢H,-2,5-R,-4-
C=CH)(dppm),], [27], is expanded in Chapter 3.

" The numbering scheme for specific complexes of the type: E-[Ru(HC(CgH4-4-R)=CC=CCg¢H,-4-
R)(dppm),]*, [28]", is expanded in Chapter 2.
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Figure 1.5) were obtained in high yields (60 — 76 %). The E : Z selectivity ratio was
highest when R =CgHs ([28d]") as a consequence of increased steric interactions
between the aryl alkynyl fragment and bulky dppm ancillary ligands. Bond angles and
lengths, from single crystal diffraction data, are consistent with the general structure for
n-butenynyl complexes for [28d, 29]* (Figure 1.5). However, for [30]*, the Ru-C, and
Cp-C¢ bond lengths (see Figure 1.5 for atom labelling scheme) are comparatively shorter
(by ~0.142 and 0.027 A, respectively) whereas C,-C, and Ru-C. bond lengths are
longer (by ~0.049 and 0.025 A, respectively). To account for such structural
differences, when R = "Pr ([30]"), a higher contribution of the resonance form where the
organic fragment is bound as a triene (Figure 1.5), is thought to be present in the

structure.

H H, R
PPh, & -R PPh, C
[o] & |
Ph,P-8,~Ce < > PhP-SR -
PhoP™ /™ ¢ PhoP~ /1 ,C
_p é///b _pP C|:
Ph2 Ia Ph2 R
R [28d]*: R = CgHs
[29]": R ='Bu
[30]: R="Pr

Figure 1.5: The general structure of n°-butenynyl complexes of the type E-[Ru(n’
HCR=CC=CR)(dppm).]" (left), [28d, 29, 30]", and proposed ‘triene’ resonance form

(right).

Despite some early success (Scheme 1.16), in 1997, Dixnuef stated that it was “not
found possible or easily feasible to directly introduce two alkynyl groups on the
Ru(dppm), moiety from the complex RuCl,(dppm),” via iterative chloride ligand
abstractions using NaPFs.* Consequently, alternative routes to trans-
[Ru(C=CR)(C=CR/R")(dppm),] complexes were sought. Lewis found ‘symmetric’
trans-bis(alkynyl) complexes bearing the {Ru(dppm).} motif could be obtained using
trimethylstannyl reagents, successfully preparing [24d] from the reaction of trans-[20]
with Me3sSnC=CC¢Hs (2.5 equiv.) in the presence of catalytic Cul in a CH,CI; solution
(reflux, 48 hours; Scheme 1.20).%°
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Ph,R PPhy Messn—C:C© (2.5 equiv.) Ph,R PPhy
CI-R{-Cl ol il > Qc C-Ri(-C=C
Ph,P PPh ) Ph,P PPh
2 \/ 2 CH2C|2 2 \/ 2
trans-[20] reflux [24d]

48 h

Scheme 1.20: Synthesis of [24d] using alkylstannyl reagents, as reported by Lewis.*

However, this route fails in the formation of mono-alkynyl complexes, for which cis-
[20] / NaPFg works efficiently. Rather, reactions of trans-[20] with one equivalent of
Me;SnC=CCgHs in the presence of catalytic Cul, yielded a mixture of the dichloride
starting material ([20]) and [24d].“° Notably, in the absence of Cul, no reaction occurs.
‘Asymmetric’ trans-bis(alkynyl) complexes, trans-[M(C=CCgHs-4-R)(C=CCgsH4-4-
R")(dppm)2] (M =Ru, Os; R = H, Me; R’ = NO,, H) have been obtained from reactions
of mono-alkynyl complexes trans-[MCI(C=CCgsH4-4-R)(dppm),] with tin acetylides
(1 equiv.) and a Cul catalyst (8 — 13 %) over 3 — 20 hours (Scheme 1.21).%%

VAN
PhoR ,PPh2 PhoR. PPh2
CI—,M\—CECOR @C C- M C= C@—
thP\/PPhZ Ph2P PPh2
M = Ru: R = NO,, [23a]; H, [23d] M=Ru;R=H; R'=NO,
M =0s:R=NO,, H R =NO,; R'=Me
R=H; R'=Me
M=0s;R=H; R'=Me
R=NO, R'=H
R =NO,; R'=Me

i) Meﬁn—CEC—@R’ (1 equiv.), cat. Cul, THF, reflux, 3-20 h

Scheme 1.21: Synthesis of ‘asymmetric’ trans-bis(alkynyl) {Ru(dppm),} complexes

using alkynyl tin reagents.*®’

Reactions shown in Scheme 1.21 are marginally higher yielding (27 — 49 %) than via

the Dixneuf route shown in Scheme 1.16,%

though ligand scrambling effects for the
ruthenium series are still apparent. For example, the reaction of [23a] with two

equivalents of Me3SnC=CCg¢Hs in the presence of catalytic Cul (8 %) in solutions of
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THF (reflux, 2 hours), gave both trans-[Ru(C=CCgHs)(C=CCgH4-4-NO;)(dppm),] and
the ‘symmetric’ trans-bis(alkynyl) complex [24a], in yields of 49% and 17 %
respectively, following chromatographic separation of the reaction mixture on alumina.
If the same reaction was repeated with one equivalent of Me3SnC=CC¢H,4-4-Me, the
distribution of ligand scrambling products is less weighted towards [24a] (8 %),
compared with the ‘asymmetric’ complex trans-[Ru(C=CCgHs-4-NO,)(C=CC¢Hy-4-
Me)(dppm)2] (45 %), although it is uncertain as to whether this is a result of reaction
stoichiometry or the electronic properties of the incoming alkyne. Curiously, the second
‘symmetric’ complex, trans-[Ru(C=CCg¢Hs-4-R),(dppm),] (where R =H, [24d]; Me,
[24e]), is not observed in either of these reactions. Alternatively, the reaction of [23d]
with Me3sSnC=CC¢H4-4-Me (2 equiv.) in the presence of catalytic Cul (13 %) in a
solution of THF (reflux, 2 hours) is reported to yield trans-[Ru(C=CCgHs)(C=CCgsH4-4-
Me)(dppm)] as the only trans-bis(alkynyl) product. However, as the reaction yield
(46 %), is similar to those described above in analogous reaction schemes (45 %, 49 %),
ligand scrambling effects are still likely to be in effect even if the full distribution of

products were not isolated.

A key step in the activation of [20] within reaction sequences leading to mono- and bis-
substituted products is the abstraction of the chloride ligands in a controlled fashion. To
this end, silver(l) salts have been proposed. Winter and Scheiring found that the most
efficient route to di-substituted {Ru(dppm).} complexes containing nitrile-bound
ligands, of the type [Ru(N=CR),(dppm).]**, is via reactions of cis-[20] with AgBF, in
the presence of excess free ligand, N=CR.*® The bis-acetonitrile complex cis-
[Ru(N=CMe),(dppm),][BFs]. was obtained selectively through this method, with
product geometry governed by the steric influence of the phosphine ligands. However,
attempts to form mono-acetonitrile complexes in this way failed, consistently producing
inseparable mixtures of mono- and di-substituted products. Instead, complexes cis-
[RuCI(N=CR)(dppm)2]BF4 (R = Me, Et, 'Bu, CsHs) have been obtained from reactions
of cis-[20] with N=CR in the presence of four equivalents of either NaPFg (R = Me, Et)
or NaSbFgs (R = CgHs) in 62 — 93 % vyields. Alternatively, ligand substitution reactions
of cis-[RuCI(N=CMe)(dppm),]BF4 with N=CEt, N=C'Bu, CsH;N or 4-DMAP give the

nitrile exchange products in 77 — 95 % vyields after 4 — 15 hours. The use of labile nitrile
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complexes as precursors to acetylide complexes does not seem to have been explored or

reported.

In an attempt to isolate the active five-coordinate complex [RuCl(dppm).]*, [31]",
Higgins has explored reactions of trans-[20] with AgOTf or AgBF. (1 equiv.) in
solutions of 1,2-dichloroethane.’®% However the reaction course, monitored by
$pf1H} NMR spectroscopy, was quite unusual. After stirring at room temperature for
one hour, the initial singlet at & — 7.2 ppm, which characterises trans-[20], was replaced
by another singlet resonance (6 — 14.9 ppm); assigned as the chloride bridged adduct,
trans-[{Cl(dppm).Ru}(u-CD{Ag}]" (trans-[32]", Scheme 1.22) on the basis of mass
spectrometry and elemental analysis and by analogy with the crystallographically
characterised complex, cis-[{(dppm).Ru(u-Cl),}>Cu][CuCl;].*** Upon heating the
solution containing trans-[32]" at reflux for 10 minutes, three pairs of second order
triplets were observed in the *P{*H} NMR spectrum at § ~ 0.4 and — 24.8, ~ 0.4 and
—26.0, ~ 0.4 and — 27.5 ppm (showing a mutual coupling between triplet resonances of
75 Hz). As the solution did not contain precipitated AgCl, the isomerisation of trans-
[32]" to both cis-[32]" and cis-[{(dppm)2Ru}.(u-C1)s{Ag}]" (cis-[33]", Scheme 1.22),
was proposed to occur. Though the exact structures of [32, 33]" are unknown, further

evidence to support these compositions was given by mass spectrometry.

thP/\Pth A /TRPh2 /~PPh PhP— 1®
Cl- Ru Cl-Ag ——> PhoP—p /CI; Ag and thP: ~Cl~ g,CL u=PPh;

Ph,P~ CI Ph,PR, “CI7 TClIT | TPPh
Ph P\/PPh2 2 \/P 2 \/PPh thp\/ 2
trans-[32]" c:s-[32] cis-[33]"

Scheme 1.22: Isomerisation of Ru / Ag bridging chloride complexes observed by

Higgins, following reactions of trans-[20] with Ag' salts.!**

Upon heating mixtures of cis-[32]" and cis-[33]" (Scheme 1.22) for a further
30 minutes, precipitation of AgCl was observed. The resultant deep red colour of the
solution, in addition to observation of a further set of second order triplets in the
$pLIH} NMR spectrum (8 6.2 and — 20.6 ppm; 70 Hz), suggested formation of [31]",
however this five-coordinate complex could not be separated from residual cis-[20] in

solution. Notably, alternative reactions of the isomer cis-[20] with AgBF, or AgOTf in
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solutions of 1,2-dichloroethane did increase the percentage formation of [31]" (adjudged
from 3'P{"H} NMR spectroscopy), although the final product remained contaminated
by the dichloride starting material (cis-[20]). Evidence for the formation of [31]" was
also demonstrated through further reactions of the reaction mixture with coordinating
ligands, MeC=N and CO, forming [RuCI(N=CMe)(dppm).]OTf (72 — 87 %) and
[RuCI(CO)(dppm),]OTT ([34]OTf; 78 — 79 %) respectively, where resultant cis / trans

geometries of the products depend on the order of reagent addition.

The reaction of AgOTf (2 equiv.) with trans-[20] in 1,2-dichloroethane (reflux,
40 minutes) has been reported to give [Ru(dppm).][OTf],, although a full procedure
was not given.'® Further reactions of [Ru(dppm),][OTf], with nucleophillic reagents
(NH,I, MeC=N, ethylenediamine), readily yield disubstituted products [RuLz(dppm),]™
(L =1 (n=0), MeCN (n = 2) or L, = ethylenediamine (n = 2)) in good to high yields
(52 — 87 %).1%

Koutsantonis has demonstrated the use of Ag' salts in the preparation of trans-
[RuCI{C=C(bpy)}(dppm),] bearing an electron donating 5-ethynyl-2,2"-bipyridine
(bpy) ligand.*®* The preliminary 15 hour reaction of cis-[20] with AgPFg (7 equiv.) in a
CH,CI, solution in the absence of light is thought to give the five coordinate complex
[31]". Although not isolated or characterised, this step-wise approach allows removal of
Ag' salts by filtration before the subsequent addition of HC=C(bpy) (1.3 equiv.) and
DBU, forming trans-[RuCl {C=C(bpy)} (dppm)-] in a 69 % yield after 2 hours.*** If Ag'
salts are not removed, further chloride abstraction can occur, yielding trace amounts of
trans-[Ru{C=C(bpy)}.(dppm),] which is arduous to separate. For this reason, the use of
NaPFs as a halide abstracting agent was less successful given the partial solubility of
Na' salts in CH,Cl, which prevents complete removal after activation of the ruthenium
complex and prompting formation of mixtures of mono- and trans-bis(alkynyl)
products. Furthermore, attempts to isolate the mono-vinylidene complex trans-
[RuCI{=C=CH(bpy)}(dppm).]* via reactions of cis-[20] with NaPFs in CH,Cl,
solutions with a single equivalent of HC=C(bpy) were also unsuccessful. This is due to
the basicity of the bipyridene ligand, which readily deprotonates the vinylidene in situ,
forming trans-[RuCl{C=C(bpyH)}(dppm),]*. As the mono-alkynyl ligand (albeit

protonated at bpy) is much more electron donating than the mono-vinylidene, the trans-
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chloride is labile, and undergoes further reactions with Na'/ HC=C(bpy) to give
inseparable mixtures of mono-vinylidene, mono-alkynyl and trans-bis(alkynyl)

complexes, in addition to the dichloride starting material ([20]).

Although trans-[Ru{C=C(bpy)}.(dppm),] has been observed as a by-product in the
reactions described above, neither Ag' or Na' salts under a variety of similar conditions
(NayCO3 / CH,Cly; NaPFg/ CH,Cl,; NaOMe / MeOH-CH,Cl,; AgPFs / THF-CH,CI,)
or alternative conditions (SnO,/CH,Cl,; KO'Bu/THF-CH,Cl,) gave complete
conversion to the trans-bis(alkynyl) from either cis-[20] or trans-
[RuCl1{C=C(bpy)}(dppm),]. Attempts to drive reactions further through prolonged
reaction times or increased reaction temperature led only to decomposition.
Furthermore, attempts to form the  ‘asymmetric’  complex, trans-
[Ru(C=CCgHs) {C=C(bpy)}(dppm),], through reactions of [23d] with HC=C(bpy) in the
presence of NaPFg and NEt; in solutions of CH,Cl,, were complicated by ligand
scrambling effects. However, for the first time, all possible trans-bis(alkynyl) ligand
scrambling combinations, including the previously elusive complex [24d], were

observed in this work. 1%

Riera and co-workers have noted that reactions of trans-[RuCl(C=NR)(dppm),]PFe with
silver salts, conducted in order to form trans-[Ru(C=NR),(dppm),]PFs, will induce ring
opening of the chelating dppm ligands, producing complex mixtures of products.'*
Notably, in the same report, the efficiency of TIPFg as a strong, non-oxidising halide
abstractor was demonstrated in the formation of trans-[Ru(C=N'Bu)(dppm){n*k-
(P,0)-P(CsHs),CH,P(CgHs)2.O}[PFs]2 (89 %) from the 24 hour reaction between trans-
[RuCI(C=N'Bu)y(dppm){n*-P(CeHs)2,CH,P=0(CeHs),}]PFs and TIPFs (2 equiv.) in a

CH_ClI; solution (Scheme 1.23).
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Scheme 1.23: Ring extension reactions of the {Ru(dppm),} fragment, facilitated by TI'

salts, as reported by Riera.*®

Winter and Hornung have explored the relative reactivities of halide abstracting agents,
based on Na', Ag' and TI' salts, at the {Ru(dppm),} centre during their studies of
butatrienylidene complexes, trans-[RuCl(=C=C=C=CH,)(dppm),]*. Room temperature
reactions of cis-[20] in CH,CI, or chlorobenzene with HC=CC=CH (excess) in the
presence of either NaPFg or NaSbFs (4 equiv.; 40 minutes) followed by the addition of
NR,R’ (NR2R’ = NEts, NPrs, NEt{(C,H,),0}, Me;NCH,CsHs, Me,NCH,CgH4-3-OMe,
MesTACN; 5-6 equiv.)) gave the mono-alkynyl complexes trans-
[RuCl{C=CC(=CH2)NR2R'}(dppm).]* in variable yields (14 — 80 %) after 24 hours,
evincing formation of the butatrienylidene intermediate, trans-
[RUCI(=C=C=C=CH,)(dppm),]* (IR: 1891 cm™, v(C=C)).*® Although reaction times
are shortened if silver or thallium salts were employed, the reaction selectivity is
reduced, increasing the difficulty of work-up procedures, ultimately leading to lower
yields. The coordination of the TI' or Ag' cations to the alkyne C=C fragments was
proposed to account for these observations.

Though there have been several further {Ru(dppm).} complexes reported bearing

201, 202

mono-alkynyl,**"?% trans-bis(alkynyl) and cumulenic®®?% ligands, especially
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198, 206-208 201, 209

within the areas of non-linear optics and molecular electronics, work with
alkynyl complexes of the {Ru(dppm).} fragment has gradually declined, no doubt a

consequence of the synthetic challenges outlined above.

1.3.3.3. [RuCl,(dppe)]

Sequential abstraction of chloride ligands from cis-[RuCl,(dppe):], cis-[35], is facile in
comparison with both the trans-isomer (trans-[35]), as a result of the trans-effect, and
cis-[20]. Hence cis-[35] is an attractive starting material for the preparation of mono-

and trans-bis(alkynyl) complexes.

The preparation of cis-[35] has been referenced™®” %’ to a 1961 paper by Chatt and
Hayter that reports the synthesis of trans-[35].}"° In this report, trans-[35] is prepared
either via the reaction of RuCl3.3H,O with 1,2-bis-diphenylphosphinoethane (dppe;
2.5 equiv.) in the absence of a solvent at 230 °C for 24 hours (25 % vyield), or (in a
method analogous to the preparation of trans-[20]) through the addition of RuCls.3H,0,
dissolved in water, to an EtOH solution of dppe (2.5 equiv.), followed by heating at
reflux for 2 hours (66 % vyield). The preparation of cis-[35] is also commonly

referenced%, 158, 210-216

to the 1984 method of Chaudret and Commenges, which
describes the formation of cis-[20] from the reaction of [21] with dppm (2 equiv.) in
toluene at 80 °C.}™ However the Low group reported that with dppe, this procedure

210

only yields pure trans-[35] as the thermodynamic product,”™ corroborating an earlier

procedure by Winter and Klinkhammer where trans-[35] was formed (88 %) from an

analogous method after a seven hour reflux in xylene.?®®

To clarify these issues,
Humphrey has described the reaction of [21] with dppe (2 equiv.) in detail, with cis-[35]

being formed (90%) after one hour in refluxing toluene.?*’

In contrast, the reaction of [21] and dppe (2 equiv.) in the alternative solvent CH,Cl, at
room temperature yielded a mixture of cis- and trans-[35], in an approximate 3 : 1 ratio,
after one hour.®® Although recrystallisation from a concentrated CH,Cl,/ hexane
mixture was sufficient to isolate cis-[35] cleanly in a good yield (60 %), isomerisation
to the thermodynamically preferred trans-[35] is accelerated in the presence of light and

in chlorinated solvents.*® For example, cis-[35] will isomerise into a 1 : 1, cis : trans
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mixture after 24 hours at room temperature in CDCls (monitored by **P{"H} NMR
spectroscopy) or a 3 : 1 ratio after 48 hours in CH,Cl,.?*° Hence, recrystallisation in the
dark from non-chlorinated solvents is advised for optimum results. Even though cis-[35]
can evidently be, and has been, isolated cleanly, Lewis and co-workers have noted (on
two separate occasions) the experimental challenges associated with obtaining pure cis-

[35] free from the less reactive trans-[35] isomer by these methods.** %

Recently, in a soon to be published report,”* Humphrey has revealed that the key to
obtaining cis-[35] cleanly is the isomeric purity of the starting material, cis-[21].
Initially, cis/trans isomeric mixtures of [21] are obtained after one hour from the
reaction of RuCl3.3.H,O in dimethyl sulfoxide with ascorbic acid (4 equiv.). The
ascorbic acid facilitates the reduction of ruthenium, allowing the reaction to be
conducted at room temperature. In order to then convert the trans-isomer (trans-[21]) to
the desired cis-product (cis-[21]), the isomeric mixture is heated (150 °C) in dimethyl
sulfoxide for two minutes before selective precipitation with acetone to yield cis-[21]
(80 %). Any of the more soluble trans-isomer remains in solution. Subsequent reaction
of cis-[21] with dppe (2.2 equiv.) in toluene (reflux / 1.5 hours), followed by a rapid hot
filtration and washing the collected yellow solid with boiling toluene, affords the target
complex cis-[35] (90 %). Although not mentioned in the paper, this unusual work-up
procedure is necessary to remove traces of trans-[35], which is slightly more soluble
than cis-[35] in toluene.??

The dissociation of a chloride ligand from cis-[35] is facile in the presence of various
sodium salts to yield the reactive five-coordinate species [RuCl(dppe).]”, [36]". In the
first instance, Morris reported that the overnight reaction of cis-[35] with NaPFg
(5 equiv.) in a mixed EtOH / THF solution readily forms [RuCI(THF)(dppe).]PFs as a
yellow precipitate which, on recrystallisation from solutions of CH,Cl, and Et,0, forms
[36]PFs as red crystals in a near quantitative yield (99 %).%% In a later paper, Touchard
and Dixneuf obtained [36]PFs cleanly, in a reduced time (after six hours), upon reacting
cis-[35] with NaPFg (quantity not given) in CH.Cl., albeit in a lower yield (63 %).?*
Following this, Hidai extended the series of five coordinate complexes, through
reactions of cis-[35] with 1.2 equivalents of NaX (where X = OTf, BAr,4, BPh,) in EtOH
(and in some cases THF) solutions forming [36]X complexes after 12 hours in
64 — 77 % yields.?®
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Morris has stated that in contrast to cis-[35], “trans-RuCl,(dppe), does not react with
reagents such as NaPFs or NaBF, or NaBPh, that precipitate NaCI”.??® However
Humphrey found that [36]PF¢ can be formed from trans-[35] (the more readily

accessible isomer)®*?

under similar conditions to those used from cis-[35]
(NaPFg (3 equiv.) / CH,CI, / 16 hours), although the full synthetic account was not
given in detail.??* Alternatively, Higgins obtained [36]BF4 (56 %) from the 40 minute
reaction of trans-[35] with AgBF, (1 equiv.) in refluxing CH,Cl,.*** Although reactions
with AgOTf in 1,2-DCE were reported to proceed similarly, detailed experimental
conditions were not given until several years later when Low described the formation of
[36]OTf (85 %) from the room temperature (one hour) reaction of trans-[35] and
AgOTf (1 equiv) in CH,Cl,.?*° Reactions of MeOTf with mixtures of cis- and trans-[35]

in CH.Cl, solutions will also give [36]OTf (90 %) selectively after two hours.?®

The five coordinate complex [36]" is a useful entry point to substituted complexes
[RUCI(X)(dppe).]™. Based on the preliminary account by Morris,?? the addition of
[36]OTf to LiCl (10 equiv.) in methanol was shown to yield cis-[35] (84 %) as a pure
precipitate after 15 minutes.”*® The use of [36]" salts as reagents for the preparation of

acetylide complexes are described in more detail below.

1.3.3.4. Mono and trans-bis(alkynyl) complexes featuring the {Ru(dppe).}

fragment

One of the earliest descriptions of alkynyl complexes featuring the {Ru(dppe).}
fragment was given in 1994 by the Dixneuf group who explored vinylidene and alkynyl
complexes as intermediates in various catalytic transformations of alkynes.”?’ In this
account, mono-vinylidene complexes trans-[RuCI(=C=CHR)(dppe).]PFs (R = H, CgHs,
"Bu, SiMes) were obtained in high yields (85 — 90 %) after reactions of cis-[35] with
terminal alkyne, HC=CR (2 equiv.), and NaPFgs (2 equiv.) for 4 hours in CH,Cl,. Upon
subsequent addition of base (pulverised K,COs3), mono-alkynyl complexes trans-
[RUCI(C=CR)(dppe),] (R =H, C¢Hs [37], "Bu, SiMe; [38c]™) were formed in high
yields (70 —75%). In striking contrast to the dppm series, ‘symmetric’ trans-
bis(alkynyl), trans-[Ru(C=CR)(dppe).] (R=CeHs [13], "Bu, SiMes [39]) were

™ The numbering scheme for specific complexes of the type trans-[RuCI(C=CR)(dppe),], [38], is
expanded in Chapter 4.
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obtained in good yields (60 — 67 %) through facile one-pot reactions of cis-[35] with
HC=CR (3 equiv.), NEt3 (6 equiv.) and NaPFg (3 equiv.) in CH,Cl,, though reaction
times were not specified. Addition of NH4PFs (2 equiv.) to CH,CI, solutions of the
trans-bis(alkynyl) complexes resulted in the formation of the first mixed trans-ammine
alkynyl complexes, trans-[Ru(NHz)(C=CR)(dppe)2]PFs (R = CgHs, "Bu, SiMes) in good
yields (67 — 73 %) after 24 hours. In the absence of a ligand (i.e. NH3) capable of
replacing the labile vinylidene / n-alkyne complexes formed from reactions of trans-
[Ru(C=CR),(dppe).] with acid, decomposition took place. The trans-ammine alkynyl
complexes can also be obtained via analogous reactions from mono-alkynyl starting
materials, following initial abstraction of the trans-chloride by NH,", though the
reaction time is extended (72 hours). Such complexes serve as alternative, convenient
starting materials in the preparation of ‘asymmetric’ trans-bis(alkynyl) {Ru(dppe).}
complexes, due to the ready substitution of the ammonia ligand by incoming alkyne
ligands.?® Notably, equivalent one-pot reactions to form trans-ammine alkynyl
complexes bearing the {Ru(dppm).} fragment were unsuccessful, highlighting the
importance of the ancillary ligands in molecular design. Several years later, in 1997,
Dixenuf released the full synthetic account for the formation of mono-vinylidene, mono-
and trans-bis(alkynyl) complexes bearing the {Ru(dppe).} motif (Scheme 1.24).%
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Scheme 1.24: Formation of mono-vinylidene, mono- and trans-bis(alkynyl) complexes

bearing the {Ru(dppe),} motif, as reported by Dixneuf.*®

The ability of NaPFg to promote the abstraction of either one or both chloride ligands is
found to be essential in reactions of cis-[35] with alkynes; where these reactions do not
proceed in its absence. The efficacy of the halide abstracting agent is demonstrated here
by the relatively rapid formations (4 — 12 hours) of both ‘symmetric’ and ‘asymmetric’
trans-bis(alkynyl) complexes, trans-[Ru(C=CR)(C=CR')(dppe).], which necessitate the
non-trivial removal of a trans-chloride from precursor mono-alkynyl complexes, trans-
[RuCI(C=CR)(dppe).]. Although there was no explicit discussion at the time of the
original report,® it is notable that the trans-bis(alkynyl) complexes formed generally
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contain all electron donating substituents (in the case of ‘symmetric’ trans-bis(alkynyl)
complexes) or are formed from mono-vinylidene complexes bearing electron donating
substituents (in the case of ‘asymmetric’ trans-bis(alkynyl) complexes). Recently, Low
found that reactions of [36]OTf in concentrated CH,CI; solutions with HC=CCgHy4-4-R
(2.2 equiv.), where R is a strongly electron donating group (NH, or OMe), formed
trans-[Ru(C=CCgHs-4-R)2(dppe).] in 44 — 48 % yields as pure precipitates in solution
after seven days in the absence of any halide abstracting agent, where isolations of the
products are achieved by a simple filtration.”” In contrast, reactions with terminal
alkynes bearing less electron donating or electron withdrawing substituents through this
method failed to produce useable quantities of the trans-bis(alkynyl) complex, clearly
demonstrating the electronic influence of the para-aryl alkynyl substituent in the
activation (labilisation) of the trans-chloride within intermediate mono-alkynyl

complexes in such reaction schemes.

Despite extensive use of the reactions described in Scheme 1.24, most notably by the

198, 208, 216,230 231 50 Rigaut groups,? 212 232233 poth of whom have mastered

Humphrey
the preparation of cis-[35], Lewis stated that reactions of cis-[35] with NaPFg, terminal
alkyne and base “was not a good route for formation of the Ru(dppe). [acetylide
complexes]. This is because, despite our efforts, cis-[(dppe).RuCl;] could not be
synthesised in a pure form (it being contaminated with trans-[(dppe);RuCl;]).”**’
Instead, Lewis carried out reactions of the less-active trans-[35] with alkyne and NaPFg
to generate mono-alkynyl complexes, trans-[RuCI(C=CR)(dppe).] (R = CsHs-4-Me,
CeHy-4-CgHs, CsH4-4-NO,, [40]; CeH3-2-Me-4-NO,). Despite extended reaction times
(57 days), complexes were obtained in 67 —76 % vyields. In the same paper, the
UV-Vis spectra of mono-alkynyl complexes bearing {Ru(dppe).} and {Ru(dppm).}
fragments were not found to be significantly different, indicating similar underlying

electronic structures.

Synthetic routes to mono-polyynyl {Ru(dppe).} complexes bearing long unsaturated
carbon chains, developed as building blocks for higher molecular architectures, have
been reported by the collaboration of Rigaut and Dixneuf.>** Overnight reactions of
cis-[35] in THF with a slight excess of Li(C=C),SiMe3 (n = 1 —4), formed in situ by the
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reaction of  MeLi  with MesSi(C=C),SiMe; at —-78°C,  vyielded
trans-[RuCl{(C=C),SiMes}(dppe),] complexes in 20 — 70 % yields (Scheme 1.25).

'/\lljph2 /_\ 0.1 M BU4NF /_\

LitC=C}SiMe;  Ph,R PPh, ; Ph,R PPh,
Ph,P—g,—Cl £ 9,'7 3 Clz—l\?ﬁ-(CEC-}SiMe3 (1.1. equiv.) CIZ—I\?G{CEC}H
Ph,P~ | Cl THF hof PRh. " THF Prp o
L_PPh,  -78°C,1h AR rt. 2R_PPh;
cis-[35] rt., overnight [38c]: n = 1 Th n=23
[41]: n=2
[42]: n=3
n=4

Scheme 1.25: Formation of mono-alkynyl {Ru(dppe),} complexes using alkynyl-

lithium reagents.?**

Removal of the silyl group from trans-[RuCl{(C=C),SiMes}(dppe)z] was only
successful for [41, 42] (in 90 — 95 % vyields; Scheme 1.25). For [38c], neither a large
excess of BusNF or solutions of KOH or K,CO3 in methanol were sufficient to induce a
reaction, evincing the strong o-donation of the {RuCl(dppe),}" fragment towards the
silicon atom; extensive hyperconjugation along the Ru-C=C-Si chain®*® and/or the
steric hindrance of the dppe ligands.”** Therefore the Dixneuf route shown in Scheme
1.24 remains the most effective way of accessing trans-[RuCl(C=CH)(dppe).], where

desilylation precedes metal-alkynyl formation.*

Reactions of cis-[35] with even a large addition of the lithium acetylide reagent were
unsuccessful in the preparation of ‘symmetric’ trans-bis(alkynyl) complexes.?** Instead,
trans-[Ru(C=CC=CSiMes),(dppe)2] (77 %) was prepared analogously to [39],% through
the one-pot reaction of cis-[35] with HC=CC=CSiMejs (4 equiv.), NaPFs (4 equiv.) and
NEts (8 equiv.) in CH,Cl,. Although trans-[Ru(C=CC=CSiMe3),(dppe),] reacted readily
with BusNF (1M, 3 equiv.) in THF to form trans-[Ru(C=CC=CH),(dppe).] in a near
quantitative yield (97 %), trans-[Ru(C=CSiMes).(dppe).] ([39]) was inert to desilyation.
Instead, trans-[Ru(C=CH),(dppe),] can be accessed via the reaction of cis-[35] with
NaPFs (3 equiv.) and HC=CSnBuz (3 equiv.) in the presence of NEt; (excess) in
CH.Cl,.*®
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In 2009, Low published a facile, high-yielding (~ 70 — 80 %) and rapid (one hour) route
to mono-aryl alkynyl complexes, trans-[RuCI(C=CCgH4-4-R)(dppe)], via the step-wise
reactions of the active five coordinate species, [36]OTf, with HC=CC¢H4-4-R (1 equiv.;
R =H [37], OMe, NO, [40], Me, CsHj;, COOMe) followed by addition of K,COs
(excess).?!® Crucially, the method relies on the initial isolation of the crude mono-
vinylidene (not characterised) and removal of any excess alkyne (via a thorough hexane
wash) in order to prevent trans-chloride abstraction and subsequent bis-alkynyl
complex formation. Although widely applicable, the route fails in the isolation of trans-
[RuCl(C=CCgH4-4-NHy)(dppe).] as accumulation of the vinylidene is circumvented on
account of the basicity of the aniline fragment. Instead, equilibrium concentrations of
trans-[RuCI(C=CCgHs-4-NH,)(dppe),] are formed, which, in the presence of excess
HC=CCgsHs-4-NH,, reacts further to yield trans-[Ru(C=CCg¢H4-4-NH>),(dppe).], though
the full procedure was not given until five years later.”® Furthermore, reactions of
[36]OTf with HC=CCgHs-4-C=N are complicated, due to presence of the coordinative

and nucleophillic nitrile moiety which competitively binds to the ruthenium centre.?*°

Although reactions of trans-[RuCI(C=CR)(dppe).] ([38]) to form trans-bis(alkynyl)

complexes commonly use NaPFg, first developed by Dixneuf*®

y207, 208, 216, 234, 235 173, 233

and perfected by

Humphre and Rigaut, alternative halide abstracting agents have

F6236-239 and

been reported. Of particular note, several groups have utilised NH4P
KPF.2> 24245 Chloride abstraction from trans-[RuCI(C=CR)(dppe).] by Ag' salts and
subsequent formation of trans-bis(alkynyl) complexes remains unreported. In perhaps
the most closely related chemistry to date, Puerta found that the reaction of the related
mono-alkynyl complex trans-[RuCl(C=CCgHs)(dippe)]
(dippe = diisopropylphosphinoethane) with AgOTf (1 equiv.) and HC=CCgHs (excess)
in a THF solution resulted in two distinct products following the addition of NaBPhy in
EtOH and work-up.?*® The first product, an insoluble grey solid with a v(C=C) stretch
of 2048 cm™, was tentatively assigned as a metal-alkyne polymer, whilst the second, a
yellow, crystalline substance soluble in polar solvents, was characterised as the novel
tetra-nuclear complex, [{(dippe).Ru}2(p-Cl)s(o,n’-C=CCsHs){Aga(pi-dippe)}][BPh.]
(Figure 1.6), following single crystal X-ray diffraction studies. Formation of the tetra-
metallic (Ru,Ag,) complex serves to demonstrate the propensity of alternative reaction

pathways (and subsequent reaction products formed) to dominate between metal-
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alkynyl complexes, bis-phosphines, and Ag' salts and provides reasoning for the

scarcity of such protocols in the literature.

TN
P'Pr, RPr,

/
SN
Cs /C

\C/ /CI\ C BPh,
/R \CI—R
Pr Cl’ P'Pr2

L/P Pr, 'PrzP\/I

Figure 1.6: Product formed from the reaction of trans-[RuCIl(C=CC¢Hs)(dippe);] with
AgOTf, HC=CCgHs and NaBPh,.2*

The factors influencing the lability of the trans-chloride of mono-alkynyl complexes,
trans-[RuCI(C=CR)(dppe),], and role in the formation of ‘symmetric’ trans-
bis(alkynyl) complexes have been explored recently.?”® The effectiveness of TI' salts in
subsequent halide abstraction reactions, where ligand scrambling pathways observed in
analogous reaction schemes with Na' salts are avoided, has been demonstrated. Addition
of TIBF4 (1 equiv.) to concentrated CH,CI; solutions of [36]OTf and HC=CCgH4-4-R
(2.2 equiv.) in the presence of DBU generated ‘symmetric’ trans-bis(alkynyl)
complexes, trans-[Ru(C=CCsH4-4-R)2(dppe)2] (R = Me, CsHy;, OMe, COOMe, NO;,
C=CSiMe; [43a],* C=C'Bu) in good yields (52 — 83 %), except for when R = NO,
(14 %). In this case, the reaction was not complete even after 48 hours, with persistent
mixtures of mono-([40]) and trans-bis(alkynyl) complexes being obtained. Clearly, the
strongly electron-withdrawing nature of the NO, group limits the lability of the trans-

chloride. Furthermore, the poor solubility of the product impeded facile purification.

The reaction protocol was also found to extend to ‘asymmetric’ trans-bis(alkynyl)
complexes, where reactions of trans-[RuCI(C=CCg¢H;-4-R)(dppe).] with HC=CCgH,-4-
R’ (1.1 equiv.) in the presence of TIBF, (1 equiv.) and DBU (excess) in concentrated
CH.Cl, solutions were successful in the rapid (30 minute) formations of trans-
[Ru(C=CCgH4-4-R)(C=CCgH4-4-R")(dppe).] complexes (R = C=CSiMe3;, COOMe; R’ =
NH,, OMe) in 47 — 87 % vyields in high purity (confirmed by elemental analyses). The

¥ The numbering scheme for specific complexes of the type trans-[Ru(C=CR),(dppe),], [43], is expanded
in Chapter 4.
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importance of the strong, non-nucleophillic base DBU as a measure to prevent
vexatious ligand scrambling effects by avoiding accumulation of the vinylidene
intermediate is thought to be crucial for this reaction scheme, in addition to the presence

of the halide abstracting agent TIBF,, ensuing rapid reactions.

In the pursuit of higher molecular weight architectures with novel properties, Dixneuf
has prepared the bimetallic complex, trans-[{Cl(dppe).Ru},(u-C=CC¢H4-4-C=C)], [44],
in a 58 % yield.?!? In the initial step, the reaction of cis-[35] in THF with HC=CCgHg4-4-
C=CH (0.5 equiv.) and NaPFs (2 equiv.) yielded the bimetallic vinylidene complex,
trans-[{Cl(dppe):Ru}{p-(=C=CHC¢H4-4-CH=C=)}][PF¢]., as a pale green solid.
Subsequent deprotonation (NEts) gave [44] after 16 hours (Scheme 1.26). Similarly,
reactions of cis-[35] in CH,Cl, with NaPFg (1 equiv.) and the mono-protected diethynyl
benzene HC=CCgH,-4-C=CSi'Pr; (2 equiv.), formed trans-[RuCI(=C=CHCgH-4-
C=CSi'Prs)(dppe)2]PFs after 15 hours, where subsequent treatment with excess NEt; in
THF afforded the mono-metallic complex trans-[RUCI(C=CCgH4-4-C=CSi'Prs)(dppe)2]
in an 81 % yield (Scheme 1.26). Deprotection of the triisopropylsilyl group is then
achieved by reaction (30 minutes, r.t.) with BusNF (0.5 equiv.) in THF, giving trans-
[RUCI(C=CCgH4-4-C=CH)(dppe)], [45] (93 %; Scheme 1.26). Exposure of the terminal
alkyne allows ready access to novel oligomeric complexes. For example, the mixed
ruthenium-palladium trimetallic complex trans-trans-[{(P"Buz),Pd}H{u-(C=CCgH,-4-
C=C)Ru(dppe).Cl};] (53 %) was prepared by reaction of [45] with [3] (0.5 equiv.) and
NHELt, (excess) in the presence of catalytic Cul (0.9 %) for 20 hours in THF (Scheme
1.26). Such complexes bear obvious relationships to the multi-metallic dppm analogues

described above (see section 1.3.3.2)."8" 1%
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Scheme 1.26: Formation of bimetallic and trimetallic mono-alkynyl complexes

containing the {Ru(dppe).} motif, as reported by Dixneuf.?'°

The bimetallic complex [44] displays two, reversible, one-electron oxidation events
(E12(1) = 0.15 V; E12(2) = 0.55 V), initially attributed to the step-wise oxidations of the
metal centres, and described as revealing an appreciable degree of electronic
communication between the metal termini, permissible through the 1,4-ethynylbenzene

bridge. However, it should be noted that oxidation events of ruthenium acetylide
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complexes have a large degree of ligand character and interpretations of ‘metal-metal’
communication are somewhat over simplified.**® The trimetallic complex trans-trans-
[{(P"Bus),Pd}{u-(C=CCgH4-4-C=C)Ru(dppe).Cl},] instead exhibited a single,
reversible two-electron oxidation (Ei(1) =0.33V) and two further, one-electron,
irreversible oxidations at higher potentials (E12(2) = 1.14 V; E12(3) = 1.38 V). The first
oxidation is attributed to the simultaneous oxidations of both ruthenium metal centres
(or ruthenium-diethynylbenzene fragments), with the two-electron nature being
confirmed by voltammetry with a rotating Pt electrode (2000 rpm). Consequently, the
platinum fragment can be described as an insulator in this case, inhibiting electron

communication between the (metal-alkynyl) termini.

The effectiveness of {Ru(dppe).} fragments as through-charge transport mediators has
been demonstrated through electrochemical investigations of the mixed-metal
trimetallic complex, trans-[{(dppe).RuMp-(C=C(n>-CsHa))Fe(n’-CsHs)}2],**®  which
exhibits three, one-electron oxidations (E12(1)=-0.36V; Ei2(2)=-0.16V;
E1»(3) = 0.53 V). The first two, attributed to the sequential [Fe'] / [Fe'""] redox couples
occur at lower potentials than ferrocene (0 V), evincing the electron releasing nature of
the {RuCI(C=C-)(dppe).} fragment, which has been found to behave electronically
similarly to a methoxy or amino group.?*® The closely related trimetallic complex trans-
[{(dppe)RuM{{p-(C=CC=C(n°-CsH4))Fe(n>-CsHs)}2] with extended C=CC=C bridges

behaves similarly.'*®

Rigaut and co-workers have demonstrated the use of the mono-alkynyl complexes
trans-[RuCI{(C=C),R}(dppe).] (R = H, SiMe3) as starting materials in the formation of

211, 247, 248 For

multiple metal systems in pursuit of redox-active molecular wires.
example, the reaction of trans-[RuCl(C=CC=CC=CH)(dppe),] with Cu(OAc),
(1 equiv.) and DBU (1 equiv.) in pyridine resulted in the formation of a rare, twelve
carbon bridged compound, trans-[{Cl(dppe);Ru},(u-C=CC=CC=CC=CC=CC=C)]
(90 %).%** Alternatively, room temperature reactions of [41] (n = 2; R = SiMes) in THF
with ferrocenium hexafluorophosphate (0.5 equiv.) yielded a diruthenium complex
uniquely featuring an odd numbered carbon bridge in a 75 % vyield after eight hours, via
a [2+2] coupling reaction following cation radical formation ([46]"; Scheme 1.27).247:24

Furthermore, the slow addition of [41] (or trans-[RuCl(C=CC=CH)(dppe)-]), over three

S7



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 1

days, to a single equivalent of trans-[RuCl(=C=C=CRCH;R")(dppe);]BFs (R = Me,
CeHs; R'=H, Me) in a room temperature CH,Cl, solution, generated bimetallic
complexes trans-[{Cl(dppe),Ru}{u-C=CC(Me)=C(R')C(R)=C=C=}]BF4, [47 - 49]"
(Scheme 1.27), in good vyields (79 — 85 %), which feature novel alkynyl-allenylidene
bridges with an odd number of carbon atoms.?*®-?*° Desilyation of the starting material
[41] occurs spontaneously in situ therefore preliminary deprotection reactions are not
necessary. The ‘W’ structure of [47 — 49]" is implied from spectroscopic analysis,
where a 2D NOESY cross peak is not observed between the methyl group and R’ on the
bridge fragment, in addition to single crystal X-ray diffraction data (for [47]") and
supporting quantum chemical calculations.?”® The analogous reaction of [42] with
trans-[RuCIl(=C=C=CMe;)(dppe).]OTf produced the first bimetallic complex to be
bridged by nine conjugated carbon atoms (in a 49 % yield); though the reaction time is

greatly increased (19 days).?*

n Fe(n5-CsHs),]PF M H A
PhoR_PPh, [ ((T(])5<:qu5i3/2]) ° | PnR PPh, & PhR PPh
CI-R(-C=C-C=C-SiMe, v e e RU-C=C-C/ C=C= c- Ru Cl |PFg
Ph,F PPh Ph,P PPh ¢’ PhP PPh

2 \_/ 2 gth 2 \_/ 2 H H 2 \—/ 2

[41] [46]"

M
Ph,R PPh, R
ci- Ru c=C=C, PFg
H
thP\_/Pth P\H
) S Lo
1 equiv. < .PPh Ph,P.
(1 equiv.) > Ru__ 2 R 2 "Ru PFe
CH,Cl, Ph,P F',\C\\C C//c/: "PPh,
o ~Ph, \clz “c* Phy
Me R

[47]:R=Me; R'=H
[48]": R = CgHs; R' = H
[49]*: R = CgHs; R' = Me

Scheme 1.27: Formation of novel diruthenium bimetallic complexes from [41]

featuring odd numbered carbon bridges, as reported by Rigaut .*** 24" %48

Both types of C; bridged bimetallic complexes, [46]" and [47 — 49]" shown in Scheme

1.27, exhibit three redox events; two, one-electron oxidations (one reversible, one

58



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 1

partially reversible) and a single, one-electron reversible reduction.?*® The two oxidation
processes correspond to the separate formations of (formally) [Ru"]/[Ru"] couples
(although considerable carbon-ligand character is likely), while the reduction is
assigned to population of virtual orbitals on the organic linker. The potential separation
between oxidations (AEi, ~ 0.65V; K¢=150x10") ¥ demonstrates the
thermodynamic  stability of the mono-oxidised species with respect to
disproportionation. Although K is often used as a proxy measure of the extent to which
such conjugated bridges facilitate charge delocalisation between metal centres, care is

needed in such interpretations.?® 2>

Electron paramagnetic resonance (EPR) spectroscopy has been used as a means to
quantify the extent of electron distribution over the metal and / or ligand fragments in
the open shell bimetallic complexes by assessments of isotropic g-values (gis;) and
corresponding deviations from the free electron case (ge = 2.0023).%* The mono-
reduced derivatives (i.e. [46 — 49]) display gis, values of ~ 2.0047, which are close to
the free electron case, confirming electron population at the (organic) bridging ligand.
Upon oxidation, forming [46 — 49]%*, gis, Values are only slightly increased (~ 2.024),
implying admixtures of metal and ligand character to describe the cation radical.
Although increasing the conjugation of the bridge might be expected to lower gis, in the
corresponding mono-oxidised forms, gis, for the mono-oxidised allenylidene bridged
bimetallic complex, trans-[{Cl(dppe).Ru}{u-(=C=C=C(C¢Hs)CsHy-4-
C(C¢Hs)=C=C=)}][OTf]», > is comparable (2.0244) with the shorter derivates.

In a later paper, two alkynyl-allenylidene bridged bimetallic complexes were
successfully linked via the central organic fragment, as a means to resourcefully
increase complex dimensionality.?* The tetra-metallic complex [50]** (Scheme 1.28)
bearing two ‘W-shaped’ units, was formed in a high yield (72 %) as stable green
crystals after [41] (2 equiv.) was added to a room temperature CH,Cl, solution of trans-
[{Cl(dppe):Ru}{p-(=C=C=C(Me)CsHj-4-CsH4-4-C(Me)=C=C=)}][OTf], over three
days. Data obtained from electrochemical and spectroscopic investigations are near-

identical with the related alkynyl-allenylidene bimetallic complex [48]", evincing the

K. = exp(CiE)

Where: K. = disproportionation constant; AE;., = potential difference between first and second oxidations;
F = faraday constant and R = gas constant; T = temperature (298 K).
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lack of communication between linked chains due to the central biphenyl fragment,

which is assumed to be rotated out of the plane of conjugation on steric grounds.

- N —
EEZIS\RU cllotf ——» | CI- Ru c=c=C [oTf],
2lVPPh2 thp\_/PPh2 O
[36]OTf
mn
O Ph,RPPh,
" c=C=C= Ru Cl
e
Ph,P" PPh
! A
- _ M
Phap ) (" PPh, Ph,R PPh,
Cl< UPF’hz PhyP. R’u ~Cl oTf) Cl- Ru C=C-C=C-SiMe; [41]
Ph,P- C\ | C”’ "PPh, 2 Ph2P PPh2
Sc...C...C”
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g ¥
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Ph, _C. _.C._ Ph
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Scheme 1.28: Formation of a bridging alkynyl-allenylidene tetra-ruthenium complex,
[50][OTf],, as reported by Rigaut.>
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1.4. Current applications of trans-bis(alkynyl) ruthenium

complexes, trans-[Ru(C=CR),L 4]

Given the development of facile and high yielding synthetic protocols over the past two
decades or so, it is unsurprising to find that the number of potential applications of
trans-bis(alkynyl) complexes of ruthenium has increased. Herein is described some of

these main research areas.
1.4.1. Molecular electronics

With a backdrop of rich redox chemistry and evidence of extensive delocalisation along
the {C=C}-[Ru]-{C=C} backbone, in addition to established synthetic foundations,
trans-bis(alkynyl) complexes bearing {Ru(dppe).} fragments are emerging as an

important class of compounds within the area of molecular electronics.? 2>

Wang has investigated factors governing the charge transport through single molecules
of trans-[Ru(C=CCgHy4-4-SAc),(dppm),], [51], and AcSCeH4-4-C=CCgHy-4-C=CCeH4-
4-SAc, [52], in Aujmolecule|Au junctions via scanning tunnelling microscopy (STM)
and conducting-probe atomic force microscopy (CP-AFM) measurements.?”® Although
topographical images revealed a lower surface coverage of [51] than [52], due to the
steric demands of the bulky ancillary ligands, the calculated electronic decay constant
(B)" of [51] (1.01+0.25 A™) is comparable with [52] (1.11 +0.18 A™) and alkane-
thiols of similar lengths (1.07 — 1.2 A™%).%%%0 |n accordance, STM break junction®*
measurements revealed a higher conductance value for [51] (2.45 + 0.90 x 10™ Go) than
[52] (0.46 + 0.26 x 10™ Gy) (Figure 1.7). The second, higher (H) conductance peak in

262, 263

the histogram may be attributed to alternative sulphur-gold contact geometries or

the presence of two (or more) molecules within the junction.?®

X \alues are calculated via the STM apparent height method.”® Conductance G as a function of
molecular length, |, is given by G o e=FL%’
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Figure 1.7: Conductance histograms of [51] (top) and [52] (bottom), obtained by the
STM break junction method®®! where L and H refer to low and high conductance

respectively. (Adapted with permission from ref’®. Copyright 2008 American Chemical
Society).
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Although the molecular length of [51] (1.88 nm) is shorter than [52] (2.01 nm),
undoubtedly contributing somewhat to the higher conductance value obtained for the
metal complex, UV-Vis spectroscopy experiments indicated a lower HOMO-LUMO
band gap for [51] (355 nm, 3.46 eV) than [52] (334 nm, 3.69 eV). Furthermore, DFT
calculations on [51] revealed that the energy of the HOMO, which spans the entire
length of the molecular backbone, is comparable with the gold Fermi level and would
indicate that a low tunnelling barrier to conductance through the HOMO of [51] exists
within Aul|[51]|Au junctions. The integration of ruthenium fragments within conjugated
wire backbones is therefore an advantageous design element to optimise through-charge
transfer. In contrast, as square-planar Pt(d) and Pd(d) orbitals are too low in energy to
effectively overlap with C=C(m) orbitals? (hence the Pt / Pd-C=C bond is chiefly
regarded as offering o-character), resultant molecules should display insulating
properties (at least for hole-based, HOMO-mediated conduction mechanisms), to which
Mayor and co-workers have found is true for [Pt(C=CCgH4-4-SAc)o(PPhs),]. %%

A parallel series of neutral, redox-active molecular wires of varying lengths (2.4 to
4.9 nm), containing 1,4-diethynylbenzene linker units and isocyanide binding groups
has been prepared by Rigaut in order to elucidate trends between charge transport and

length within organometallic wires ([53 — 55]; Figure 1.8).2%% %'

m
Ph,R PPh,
CN@C Cc- Ru Cc= CONC
Ph,P’ PPh,

\
(53]
[ M
Ph,R PPh; Ph,R_PPh,
CNOC C-RU-C= COC C-Ri(-C= CONC
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(54]
Ph,R, PPh2 Ph,R, Pth Ph,R PPh2
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PhoR_PPh, PhoR_PPh, PhoR_PPh,
[59]

Figure 1.8: Organometallic molecular wires [53 — 55] of growing lengths, featuring the
233, 257

{Ru(dppe),} fragment.
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Broad, low energy, highly absorbing bands in the UV-Vis spectra of complexes
[53 — 55] are assigned to overlapping MLCT (Ru(drn) to C=C(n*)) and intra-ligand (IL)
(C=C(n to =*)) transitions. On increasing molecular length ([53] to [54] to [55]), a
bathochromic shift in the apparent maximum wavelength (Amax) IS Observed, consistent
with an increased degree of conjugation and reduction in the HOMO-LUMO gap. The
‘wire-like’ properties of [53 — 55] have been assessed using cyclic voltammetry, with
the separation of redox events (attributed to the metal centres) taken as a proxy measure
of conductance. Although voltammograms are broadened as a result of the competitive
and fluxional binding of the terminal isocyanide groups to the electrode surface, the
number of reversible redox events is consistent with the number of integrated metals for
the series. The first oxidation potentials of [54] (— 0.20 V) and [55] (- 0.20 V) are both
less positive than [53] (0.12 V), as a result of increased conjugation length. For [55], the
second and third oxidations appear coincident (0.10 V), though are believed to be two
overlapping, independent processes rather than a genuine two-electron event. All three
complexes [53 — 55] form loosely packed self-assembled monolayers (SAMSs) on gold
surfaces, each with a surface coverage of 1 —2 x 10" molecules / cm? (estimated from
surface cyclic voltammetry studies), where maximum coverage is calculated as 4 x 10"
molecules / cm?.2®” Ellipsometry and X-ray photoelectron spectroscopy (XPS) studies
reveal SAM thickness, although increasing linearly, is shorter than the estimated
molecular lengths by 0.1 — 0.6 nm, suggesting a tilted arrangement of molecules at the
electrode surface. Reflection-absorption infrared spectroscopy (RAIRS) showed that
although v(C=N) of the free molecules are ~ 50 cm™ lower in energy than v(C=N) of
molecules bound to gold surfaces, band intensities are unchanged, indicating a lack of

physisorbed multi-layers on the SAMs.

Complexes [53 — 55] were integrated within Au|lmonolayer|Au junctions by both
conducting-probe atomic force microscopy (CP-AFM) and crossed-wire (X-wire)
methods and exhibited sigmoidal current-voltage curves at room temperature,
characteristic of molecular conductance. For this series of complexes, based on three
A-1’257, xiii

points, these authors report a B value of 0.09 which is lower than purely

organic systems of comparable lengths such as oligoacenes bearing thiol

Xl It is however noted that for the series of complexes, [53 — 55], a change in charge transport mechanism
upon extending the molecular length was observed. Such charge transport mechanisms are discussed
further in section 4.2. of Chapter 4.
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(B =0.49 A1?*® and isocyanide (B =0.50 A™)**® binding groups, thiol capped OPVs
(B=053-0.99 AY)?*® and thiol capped OPEs (0.94—0.99 A™%),%° reflecting the
superior frontier orbital matching between the organometallic wires and gold Fermi

levels.

Rigaut has also reported the synthesis and electronic characterisation of a further series
of molecular wires bearing thioacetate-protected thiol binding groups: trans-
[Ru(C=CCgHs-4-R)2(dppe)2] ([56]: R = CH,SAC; [59]: O(CH2)sSAC); trans-[{(RCsH.-
4-C=C)(dppe)2Ru},(H-C=CCeH4-4-C=C)] ([57]: R = CH,SAC; [60]: O(CH,)sSAC); and
trans-trans-[{(dppe),Ru}{pu-(C=CCgHs-4-C=C)Ru(dppe)(C=CCsHs-4-R)},] ([58]: R =
CH,SAC; [61]: O(CH,)sSAc).?? Results obtained from cyclic voltammetry and UV-Vis
spectroscopy experiments of [56 — 61] are comparable with the isocyanide series of
complexes [53 — 55].2* %" Within Aulmonolayer|Au junctions (achieved by CP-AFM),
a smaller B value (0.10 A™) was obtained for the series of complexes bearing shorter
terminal groups ([56 — 58]) than longer terminal groups ([59 — 61]; 0.16 A™)*V
evincing increased resistance (tunneling barriers) in complexes [59 — 61] as a

consequence of integrating (more extended) non-conjugated fragments.?®’

Based on their earlier synthetic work,'"?

the collaboration of Winter and Rigaut have
investigated the electronic effect of introducing ethynylvinyl(phenylene) bridges into
molecular wires.”®® Complexes of the type, trans-[{(dppe).RuM{p-(C=CCeH4-4-
CH=CH){Ru(CO)(P'Prs),.R}},] (R = ClI, 1n2-0,CCsH,-4-SAc), exhibited four reversible,
one-electron redox events at low potentials (between —0.31 and 0.63 V). Altering the
coordination number of the terminal metal fragments from 5 to 6 (from R = Cl to
n?-0,CCsH4-4-SAc) was found to lower all oxidation potentials by ~ 0.09 V. Most
remarkably, IR-spectroelectrochemical investigations (for R = CI), supported by
guantum chemical calculations, revealed that the charge(s) are fully delocalised over the
21-atom conjugated wire backbone, advantageous for efficient charge transport. When
R = n%-0,CCsH4-4-SAc, v(C=0) stretches of the benzoate ligands are largely unaffected
upon oxidation, establishing a disconnection between the Ru-Ru-Ru conjugation path

and terminal electrode binding fragment.

*¥ The tunnelling decay parameters given for the series of complexes [56 — 58] and [59 — 61] were each
calculated based on three points. Notably, for both series, a change in charge transport mechanism upon
extending the molecular length was observed. Such charge transport mechanisms are discussed further in
section 4.2. of Chapter 4.
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The Rigaut group have also demonstrated the capacity of bimetallic ruthenium

complexes, containing dithienylethene bridges, to operate as photo- and electro-chromic

molecular switches (Figure 1.9).2"
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Figure 1.9: Photo- and electrochemical switching observed in bimetallic ruthenium
complexes [62 — 65] bridged by dithienylethene (DTE) units.*"”

The UV-Vis spectra of neutral open-[62 — 64] complexes, display intense absorption
bands within the range 340 — 344 nm, with large molar absorptivity coefficients (&)
between 28 280 — 50 200 M cm™, assigned to intra-ligand (IL) transitions of the central
DTE unit. Broadening of the absorption bands in the spectra arises due to the plethora
of electronic transitions occurring on account of the presence of rotamers in solutions.
Upon exposure to UV light (Amax = 350 nm), these optical absorption bands are replaced
by a broad absorption band centred between 714-718 nm (e=25767—
47553 M em™) and a higher energy shoulder band between 660 —688nm (¢ =
23 750 — 44 524 M™cm™), indicating ring closure and formation of closed-[62 — 64].

Quantum chemical calculations (for [62]) revealed that the first excited state of the open
form (open-[62]") reflects a mixed MLCT/IL, {RuC=C}(d/m) to DTE(n*),
HOMO-LUMO transition, whereby sufficient electron density is deposited onto the two
methyl substituents of the DTE bridge to photochemically induce ring closure, hence

increasing the conjugation of the system and systematically turning the switch ‘on’. The
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first excited state of the closed form (closed-[62]") also exhibits a mixed MLCT / IL,
{RuC=C}(d/ n)DTE(x) to {RuC=C}(d / ®)DTE(n*), HOMO-LUMO transition, which
in contrast to the situation described above, removes electron density from the central
DTE fragment leading to ring opening as a result of photochemically induced bond
breaking, subsequently turning the switch ‘off’. Consequently, upon systematic
exposure of the closed-[62 — 64] to visible light, the original optical spectrum (of
open-[62 — 64]) is recovered with minimal intensity loss, indicating efficient

reversibility of the bimetallic DTE switch.

Cyclic voltammetry (CV) based investigations of complexes [62 — 64] revealed that an
electrochemical stimulus can also induce ring closure.)”® At moderate scan rates
(5 Vst), open-[62 — 64] complexes exhibit a single, broad, two-electron, reversible
wave between 0.36 —0.58 V arising from simultaneous, one-electron oxidations of the
two independent, non-conjugated ruthenium centres. At slow scan rates (0.2 Vs™?), the
original single oxidation event loses reversibility and on the reverse scan, two new
redox events are observed at lower potentials with a potential separation (AE;.;) of
~0.12 V, interpreted as evincing electronic communication between the metal centres,
and in turn suggesting that generation of the more conjugated form, closed-[62 — 64],
occurs on the CV timescale. Compared with purely organic DTE-based systems and
alternative bridging-DTE bimetallic (Ru, Os, Fe, Co) systems featuring terpyridine

ancillary ligands,?** 2"

the oxidative ring closing mechanism favourably occurs at lower
potentials with the integration of {Ru(dppe).} units. Unfortunately incorporation of an
amine group into the molecular structure ([65]), to serve as a surface binding group to
assemble the organometallic molecular switch within a molecular junction, was found
to perturb the underlying electronic structure to such as degree as to render

electrochemical stimuli ineffective.

The ring closing process is thought to proceed via a bi-radical mechanism after
generation of the di-oxidised open form, open-[62 — 65]**, provided the thiophene
fragments are in an anti-parallel conformation (favoured on the basis of steric
arguments). For complexes [62 — 64], the di-oxidised closed form, closed-[62 — 64]*", is
lower in energy by 0.026 —0.477 eV than open-[62 — 64]**, favouring cyclisation by

intramolecular radical coupling. However for [65], closed-[65]%* is higher in energy by
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0.011 eV than open-[65]**, disfavouring the process. Moreover, the magnitude of
atomic spin densities calculated for the two methyl substituents of the central DTE
bridge are lower for open-[65]** (0.04) than open-[62 — 64]** (0.10 —0.18), despite
comparable Me-Me distances (between 3.655 — 3.745 A for all complexes), which are

within range for cyclisation.””*

Although an electrochemical stimulus is insufficient to
control the molecular switching properties for [65], UV-Vis measurements reveal that

photo-chemical switching still remains an option.

Chen and Rigaut have successfully fabricated Au|molecule|/Au molecular transport
junctions of trans-[{(AcSC¢H4-4-C=C)(dppe).Ru}.(u-DTE)], [66] (c.f. R = C=CCgsHy-
4-SAc in Figure 1.9),>" using on-wire lithography (OWL).?”® Quantum chemical
calculations in the free (unbound) state show that the open form, open-[66], has a
distance between the sulphur anchor atoms of 33.1 A, while the closed form,
closed-[66], is longer by 1.1 A, reflecting the more ‘rod-like’ nature of the closed form.
This is especially true given that the determined angle between internal {RuC=C}
alkynyl fragments (calculated using projected straight lines) is wider in closed-[66]
(~ 158 °) than open-[66] (~ 135 °). Constraining the length of open-[66] to mimic that
of closed-[66] requires an energetic constraint of only 0.03 eV, therefore geometric
transformations between open- and closed-[66] in a junction are anticipated to occur
without necessitating molecule-electrode detachment. Base deprotection of the
thioacetate groups by ammonia exposed thiol groups to give [66’], which could be
assembled in a junction. The closed form, closed-[66'], exhibited a sigmoidal current-
voltage (I-V) curve, with the experiment conducted in the dark, under vacuum and at
low bias (<1 V; Figure 1.10).

68



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity
Chapter 1

20 1

10 +

Current / pA
o

-10 -

-20 4

-30 4

-1.0 -0.5 0.0 05 1.0
Voltage / V

Figure 1.10: Resultant I-V curves of [66] within an OWL generated nano-device
(forming [66']); initially as the closed-[66'] complex (black squares) and then after
systematic exposure to visible light (700 nm; red dots) for 150 minutes, forming
open-[66'], and then UV light (365 nm; blue triangles) for 30 minutes, reforming
closed-[66']. (Reproduced from ref?’? with permission from The Royal Society of
Chemistry.)

After visible light irradiation (Amax =700 nm) for 150 minutes (Figure 1.10), photo-
chemically generating open-[66"], the current decreased considerably. Further
irradiation with UV light (A = 365 nm) for 30 minutes prompted the reformation of the
original sigmoidal I-V curve of closed-[66'] (Figure 1.10), albeit with lower maximum
current values, demonstrating the applicability of [66] / [66'] to operate as a molecular
switch. Attempts to fabricate devices using open-[66'] initially were less successful. The
less linear-like geometry of open-[66’] was thought to circumvent successful junction
formations in this case. Although the ‘on/off’ switching mechanism of [66] within
junctions ([66']) is somewhat stable for several cycles, the reversibility declines over
time. These authors have proposed several reasons for the observed phenomenon, which
are: the stochastic behaviour of thiols on gold, promoting molecule-substrate
desorption; the ductility of gold substrates, especially during the ring opening

transformation, potentially rendering new thiol-gold contacts less favourable or the
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decomposition of molecules over time by UV irradiation. The ‘open/ closed’
(‘off / on’) switching process of [66] within junctions ([66"]) can also be controlled by
electrochemical stimuli.?™* As such, these molecules are the first to display multi-mode
switching conductivity as a result of both electrochemical and photochemical stimuli,

hence further supporting application of [66] as a resettable electronic logic gate.

In the pursuit of more complex molecular architectures for molecular electronics,
anticipated to display novel properties, the trimetallic complex, trans-trans-
[{(dppe).Ru}{p-(DTE)Ru(dppe)(C=CCgsH4-4-SAc)},] has also been investigated.?™
Conversion from the stable open-open-form (displaying an absorption maximum, Amax,
at 357 nm) to the stable closed-closed-complex (Amax = 733 nm), occurs facilely under
both photochemical and electrochemical control. Notably, UV-Vis spectroscopy and
CV experiments tracking the switching processes of the trimetallic complex, in addition
with I-V curves obtained following integration within a junction, exhibit very similar

characteristics to the bimetallic analogue, [66] / [66'].

The data output (displayed as histograms) obtained from single molecule conductance

measurements represent a range of values, reflecting variations in (but not limited to):

262

molecular tilt-angle;*®* the number of molecules confined within a junction;?®* the

nature of molecule-surface contact and site of binding, such as on flat terraces (type A,
Figure 1.11), near step edges 2*® or adjacent adatoms'’ on one (type B, Figure 1.11) or
both (type C, Figure 1.11) contacts.?” Hence, changes in the both chemical composition
of the binding groups and surface roughness are expected to influence the conductance
profiles. Whilst thiolate-on-gold contacts have been widely used for conductance

276-278 209, 265, 267, 279

studies of both organic and organometallic compounds, there has been

an increasing body of work in recent years exploring alternative molecule-surface

contacts, 27> 278, 280-282

70



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 1

Figure 1.11: Contact modes A, B and C observed in Au|molecule|Au junctions are
expected to contribute to the number of bands observed in resultant conductance
profiles. Higher conductance values are obtained with increasing surface roughness (i.e.

from A - B > C). Orange and red colour coding represents molecule-metal contact.

Ethynyl trimethylsilane, -C=CSiMes, has been identified as a potential surface binding
group by Fichou,?®*%% As0?® and Watcharinyanon®’ in addition to the Cea, Low and
Nichols collaboration.?” 2% In contrast to the multiple conductance signatures exhibited
by, for example, thiolate contacted compounds (Figure 1.7), conductance profiles of
trans-[Ru(C=CCgHj-4-C=CSiMe3),(dppe).], [43a], and Me3SiC=CCgH;-4-C=CCgH;-4-
C=CCgH4-4-C=CSiMes, [67], (obtained via the I(s) method)®®* showed only a single
conductance peak. Whilst a detailed model of the contact is currently being reviewed, it
is clear that the -C=CSiMej3 contact permits a more precise, single value description of
the conductance through the linear Au|molecule|Au array. The organometallic complex
[43a] displays a higher conductance value (5.10+0.9910° Gy) than [67]
(2.75 + 0.56 10™ Gy). Even though [43a] is expected to be slightly shorter than [67], the
difference in conductance values is thought to better reflect the more superior alignment
of frontier orbital energies of [43a] with the gold Fermi level.

Recently, in 2014, Fabre and Humphrey have reported the covalent attachment of redox
active Ru / Fe molecular wires, bearing {Ru(dppe).} fragments, to hydrogen terminated
Si(111) surfaces in order to generate rapid charge storage materials (Scheme 1.29).2%°
The approach also has merit in looking ahead towards a hybrid silicon-molecular

electronics technology.?® In the unbound state, trans-[Ru(C=CFc)(C=CCgHa-4-
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C=CH)(dppe)2], [68], and trans-[Ru(C=CCgsHs)(C=CFcC=CH)(dppe).], [69], (where
Fc =ferrocenyl or -diyl) display two, reversible, single-electron oxidations,
corresponding to [Fe']/[Fe""] and (formally) [Ru']/[Ru""] couples, in addition to a
single-electron, irreversible oxidation event at higher potentials, thought to correspond
to (formally) [Ru""] / [Ru']. On comparing between [68, 69], binding a second ethynyl
fragment to ferrocene (in [69]) was found to increase Ej2(1) by 0.10 V, while E1(2)

and Ey/»(3) are similar.

M
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Scheme 1.29: Redox active Ru/Fe molecular wires [68, 69] covalently bound to
hydrogen terminated Si(111) surfaces, forming [68’, 69"][Si(111)], as reported by Fabre
and Humphrey.”®

Grafting the molecules [68, 69] to a Si(111) surface was achieved following exposure to
UV light (Amax = 254 nm) for four hours in the presence of Si(111)-H surfaces, forming
[68', 69'][Si(111)] (Scheme 1.29), with the resulting surface assemblies characterised
by XPS. The lower molecular surface coverage of [69][Si(111)]
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(1.1 £ 0.1 x 10" mol cm™®) compared with [68"][Si(111)] (1.3 + 0.1 x 10™ mol cm)
results from the free rotation of the cyclopentadieneyl ligands about the iron centre,
which is more significant in [69"][Si(111)], being closer to the Si(111) surface,
preventing a systematic and optimised molecular surface alignment. Quantum chemical
calculations do not show significant differences in the bond distances and atomic spin
densities comprising the central (chemically unchanged) portion between mono-cationic

surface-bound and mono-cationic unbound structures.

Surface CV experiments on [68"][Si(111)] arrays reveal two, one-electron oxidation
events. On comparison with data obtained for the free molecule, [68], E12(1) values are
similar, suggesting a surface-confined redox species however E;;(2) values are
comparatively lower in [68"][Si(111)] (by ~ 0.2 V), to which Fabre and Humphrey have
assigned to the increased stability of [Ru'"] / [Ru""] as a result of the strong ion pairing
between the electrolyte counter ions (ClO4) and dicationic molecular state. If the
electrode potential is increased further than the second redox event of [68"][Si(111)], the
first [Fe"]/[Fe""] event diminishes whilst the second [Ru']/[Ru"] event remains
unaffected. For the first [Fe'] / [Fe""] and second (formally) [Ru"]/ [Ru'""] events, rate
constants for electron transfer from the metal to the surface (Kapp) Of [68’][Si(111)] were
calculated as 560 + 60 and 320 + 80 s™, respectively, which are on average higher than
kepp Values reported previously (140 +60s™ to 350 + 150 s™) for half-sandwich iron
complexes, [Fe(C=CR)(dppe)(n°-CsMes)] (R = CgHa-4-C=CH, CgH4-3-C=CH, CgH,-4-
C=CCgH4-4-C=CH) also bound to Si(111) surfaces.”®* Surface CV experiments of
[697][Si(111)] arrays reveal a single, one-electron oxidation within the expected region
for the first [Fe']/ [Fe""] redox process occurring in [69], at comparatively identical
values (kapp = 640 + 80 s™). However, if the potential window is increased, the expected
second [Ru"] / [Ru'""] event is revealed in the first scan, yet is absent from subsequent
cycles whereas the first [Fe']/[Fe'""] event still remains, but is shifted to higher
potentials (by 0.18 V).

The fragility of [68’, 69'][Si(111)] molecules at higher oxidations was in part attributed
to reactions of trace oxygen at the ruthenium-alkynyl radical, severing the molecule-

surface assembly and forming electrochemically silent (within the observed

289

electrochemical window) ruthenium carbonyl complexes.”™ Alternatively, protonation
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of the dication, via reactions with residual solvent or unreacted Si-H may have occurred,
forming electrochemically silent (within the observed electrochemical window)
ruthenium vinylidenes complexes. The increased spin density found on the mono-
oxidised ferrocenyl terminus compared with mono-oxidised ruthenium units in the
triplet state dications was further proposed as a contributing factor to rationalise such

observations.

The propensity of mixed ruthenium trans-bis(alkynyl) / dysprosium complexes to serve
as prospective single molecule magnets (SMMs), within the area of molecular
spintronics, has been investigated by Rigaut and co-workers.?** 2*® The incorporation of
ruthenium fragments favourably increased the redox reversibility (enhancing the SMM
properties), whilst providing design versatility. The group has also, very recently
(2015), explored trans-bis(alkynyl) {Ru(dppe).} complexes as magnetic coupling units
(MCUs) between remote radicals.?®* Notably, the antiferromagnetic coupling between
two nitronyl nitroxide units was higher (—2.1cm™) with a central {Ru(dppe)}
fragment than a central {Pt(PPhs)s} fragment (— 1.0 to — 0.1 cm™),”* the only other
organometallic MCU complex to date.

The recent work of Berke and co-workers is also worth mentioning here in their
investigation of related iron acetylide complexes, bearing the {Fe(depe),} motif
(depe = diethylphosphinoethane), as molecular components.*** 131 2%%: 2% | nparticular,
bimetallic complexes trans-[{R(depe).Fe}.(u-C=CC=C)] (R=SH, C=N, N=C=S,
N=C=Se, C=CC=CSnMes, C=CSnMej3) were synthesised with a view to elucidating the
role of conjugated binding groups on molecular conductance.™** ?*® Binding groups that
could form either covalent or coordinative bonds with gold electrodes were chosen to
weight electron delocalisation towards the termini (leads), following frontier orbital
reorganisation on molecular binding, in order to achieve high conductance values as the
injection barrier height will be decreased. In the junction, complexes with direct C-Au
coupling (R=C=CC=C-, C=C-, established after cleavage of the SnMes group)
exhibited the highest current (6.0 x 107 to 7.2 x 10" A)**® and conductance values
(8.9 x 107 Gy); ™ three orders of magnitude higher than the analogous complex bearing
the N=C=S group (1.5 x 10" to 2.2 x 107 A;?*® 7.9 x 10 Gy),"* which must reflect

the increased strength of molecule / Au molecular orbital hybridisations in C-Au
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contacts. The complexes trans-[{(MesSnC=C)(depe),Fe},(u-C=CC=C)] and trans-
[{(Me3SnC=CC=C)(depe).Fe}(u-C=CC=C)] are anticipated to outperform the best
molecular wires to date (of comparable lengths), with smaller B values (4.4 nm?,
determined from experimental values at 1 V bias, or 3.5 nm™, calculated from DFT at
zero bias)™*°

Au-C bonds (4.0 — 6.0 nm™).%”

than purely organic polyphenylene complexes coupling to electrodes via

1.4.2. Solar cells

Despite their capacity to form expansive molecular arrays with broad absorption
profiles and vibrant redox chemistry, trans-bis(alkynyl) complexes bearing
{Ru(dppm).} and {Ru(dppe).} fragments have received little attention for applications
as dyes in solar cells. The first account of a ruthenium acetylide complex investigated
for bulk hetero-junction application, as a novel donor material to function within solar
cells, was reported only recently (2011) by the collaboration of Colombo, Falciola and
Luzzati ([70]; Figure 1.12).*®

S
M N\ /N M
PhR PPh, g 7\ PR PP,
C=C-RI-C=C—( o> C=C-Ri-C=C
Ph,P’ PPh Ph,R PPh
2 \_/ 2 2 \_/ 2
[70]

Figure 1.12: The trans-bis(alkynyl) di-ruthenium complex [70], featuring a
benzothiodiazole and thiophene based bridging unit, was synthesised as a novel donor

material to function within solar cells.?®®

The UV-Vis spectrum of [70] revealed two strong absorption bands: Amax = 393 nm
(e =35011 M*cm™) and 633 nm (¢ = 35 340 M'cm™). Compared with the individual
organic bridge fragment, HC=C-2-C4H,S-5-CgH,N,S-4-2-C4H,S-5-C=CH, (Amax =
322 nm; € =7592 M*cm™ and Amax = 464 nm; € = 6960 M cm™), the organometallic
bands of [70] are red shifted (therefore extending coverage of the solar spectrum) and
are more intense, demonstrating the effectiveness of {Ru(dppe).} integration in the

design of dyes. Platinum complexes are also emerging as effective donor molecules in
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solar cells due to effective inter-system crossing from increased spin-orbit coupling of
heavier elements.*®® On comparing the optical profile of [70] with the platinum
analogue  (Amax= 372nm; &= 40900 M*cm® and  Anx= 549 nm;
& = 28 400 M*cm™),%* substituting {Ru(dppe),} for {Pt(PBus),} in the complex shown
in Figure 1.12, bands are of similar intensity, but are again red shifted for [70], which is

deemed advantageous for broader solar spectrum coverage.

The effectiveness of electron transfer from the donor molecule [70] to an electron
acceptor (6,6-phenyl-Cgi1-butric acid methyl ester, PCBM) was explored using cyclic
voltammetry. The voltammogram of [70] displays a single, two-electron oxidation at
—0.06 V and a single, one-electron reduction at —1.73 VV (both chemically reversible
and electrochemically quasi-reversible) in addition to a single, two-electron oxidation at
1.78 VV (irreversible). The oxidation events have been assigned to the step-wise
formations of [Ru"] / [Ru""] and [Ru""] / [Ru"] redox couples for the two independent,
non-conjugated metal centres (although the involvement of the ethynyl fragments
should be considered), whereas the reduction is assigned to electron population at the
organic bridge. PCBM displays three reversible, one-electron reductions at — 1.13 V,
—1.52Vand —2.01 V. The anticipated donor-acceptor mechanism from [70] to PCBM
was confirmed by fluorescence spectroscopy measurements where the fluorescence
spectrum of [70] is quenched upon addition of PCBM. The charge separated state of
[70][PCBM] was found to be lower in energy than the singlet state of [70] (by 0.5 eV),
proving yet further evidence for trans-bis(alkynyl) ruthenium complexes to operate

within this area; although the preliminary power conversion efficiency was low (0.1 %).

The first examples of ‘asymmetric’ trans-bis(alkynyl) {Ru(dppe).} complexes,
featuring strong internal donor and acceptor fragments for a dynamic ‘push-pull’
mechanism, as photo-sensitisers in dye-sensitised solar cells (DSSCs) have also been
prepared ([71]; Figure 1.13).3%®
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= NC  OH
[71]
Figure 1.13: Complex [71] is proposed to operate as a photo-sensitiser in a DSSC,

featuring a terminal carboxylic acid group for effective binding to TiO, surfaces.>®

The UV-Vis spectrum of [71] revealed an intense broad absorption band at
Amax = 520 nm (g = 30 600 M*cm™), corresponding to a HOMO-LUMO (MLCT-type)
transition. Compared with the purely organic analogue (Amax =374 nm;
£ =12 300 M*cm™),*" the electronic absorption profile is red-shifted and of higher
intensity, endorsing the integration of {Ru(dppe),} units as a viable design strategy. A
single, reversible one-electron oxidation is found for [71] at 0.60 V. Consequently, the
HOMO position is anticipated to favour effective redox-shuttle processes with iodine
(where the [I]* / [I] couple is determined at ~ 0.45 V) during oxidised dye regeneration
in the operational cell. The LUMO position (—1.37 V), deduced from the HOMO
position and optical band gap, is higher than the conduction band of TiO,, permitting
charge injection from the oxidised dye to the semi-conductor. After grafting molecules
to thin TiO, films, forming [71'], UV-Vis bands are blue shifted by ~ 50 nm; attributed
to either the deprotonation of the terminal carboxylic acid group or dye aggregation.
Surface ATR-FTIR experiments on [71’] confirmed anchoring of ruthenium molecules
via the carboxylic acid group, determined from the absence of v(C=0) at 1713 cm™.
The presence of v(COO) at 1575 and 1360 cm™, indicated linkage through bidentate
chelation (binding to one titanium atom) or bridging mode (binding to two titanium
atoms). Following integration of [71] within a DSSC, a power conversion efficiency of
7.32 % was obtained; the highest value for an organometallic photo-sensitiser bearing

alkynyl units to date.

Colombo and Biagini have also investigated ‘asymmetric’ trans-bis(alkynyl)
{Ru(dppe),} complexes as candidates for photo-sensitisers within DSSCs ([72, 73];
Figure 1.14).3% In contrast, power conversion efficiencies of [72, 73] (0.3 — 1.5 %) were

significantly lower than the benchmark ruthenium dye, N719 (8.1 %) as a result of
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narrower absorption profiles and favorable charge-recombination processes,

highlighting the importance of functional group selection.

M
H Ph,RPPhy H
,/c@c;c—sg—c;c@c\\ 0
NQC Ph,RP  PPh, C—(

H \ NG  OH
[72]
’S\N CgH
M v eH13
Ph,R_PPh, s Y H
C=C-Ru-C=C d
/N \ / S NS O
PhZP\—/Pth C\(
CeH13 NG OH
[73]

Figure 1.14: Complexes [72, 73] are proposed to operate as photo-sensitisers within
DSSCs.%%

1.4.3. Non-linear optics

As {CIRu(dppm),} and {CIRu(dppe).} are both good donor fragments and both
{Ru(dppm).} and {Ru(dppe).} motifs readily facilitate the formation of highly
conjugated / delocalised trans-bis(alkynyl) complexes, there has been much interest in

231, 303, 304

the optical properties of such systems, especially within the area of non-linear

optics (NLOs). Given that Humphrey and co-workers have reviewed progress within

305-308

this field extensively, only selected examples will be discussed here for illustrative

purposes.

In 1995, Lewis and co-workers found that mono-alkynyl {Ru(dppm),} complexes,
trans-[RuCl(C=CC¢H4-4-R)(dppm),] containing an electron withdrawing nitro group,
R =NO,, [23a], exhibited lower energy v(C=C) bands than those bearing electron
donating groups (R = H [23d], Ce¢Hs, Me [23e]), evincing a donor-acceptor
relationship.®® In the following year, Humphrey made a similar observation with trans-
[RUCI(C=CCgH;s-4-R)(dppm),] (R = NO; [23a], H [23d], CsH4-4-NO,, CH=CHCsH;-4-
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NO,) complexes.™®

Calculated quadratic optical non-linearities were found to be higher
for mono-alkynyl complexes with electron withdrawing groups in addition with
complexes bearing extended unsaturated ligands and where the relative orientation of
the aryl fragment favours m-conjugation, hence establishing a design strategy for future
molecules tailored for NLO application. Since these important discoveries, the optical
properties of a plethora of linear, one-dimensional, metal acetylide complexes have

been explored.1?® 16310312

Higher molecular architectures, such as dendritic molecules, have also received
attention within this field, exhibiting strong NLO activity. Although “the differences in
optical nonlinearities on replacing bidentate diphosphine [replacing {Ru(dppe).} with
{Ru(dppm)2}] are minor”** {Ru(dppe),} is a more appropriate fragment to employ
than {Ru(dppm).} on synthetic grounds, given the increased capacity for trans-
chlorides to be substituted from mono-alkynyl complexes of the former than the
latter.?” NLO measurements (Z scan method; 800 nm laser) have been made with both
first and second generation organometallic dendrimers, trans-
[{(CsHsC=C)(dppe).Ru}s{p-C=CCeH4-4-C=C-1,3,5-C¢H3(C=CCeH4-4-C=C-),}] and
trans-[{(CsHsC=C)(dppe).Ru(u-C=CC¢H4-4-C=C)Ru(dppe) } s{-C=CCgH;-4-C=C-

1,3,5-CgH3(C=CCgH4-4-C=C-),}].>*® From the first to the second generation dendrimer,
there is only a slight blue shift (8 nm) observed in the resultant UV-Vis spectra, hence
optical transparency is favourably preserved with increasing dimensionality, while the
molar absorptivity constant is increased 4-fold (from 11.6 x 10*M™ecm™ to
4.2 x 103 M™*ecm™). Furthermore, a significant increase in the two-photon absorption
cross-section  value (o) was observed (from 7.0+1.2x10%cm’s to
4.8 + 0.5 x10™" cm®s) evincing the potential for higher molecular weight organometallic

dendrimers as efficient two photon absorption complexes within the area of NLOs.

The development of wavelength-tunable lasers has allowed broad spectral range NLO
studies (520 nm — 1600 nm; as opposed to single wavelength studies) of first and second
generation dendrimers featuring mono- and trans-bis(alkynyl) {Ru(dppe).} fragments

based on a 1,4-diethylbenzene-1,3,5-benzene core.**

At wavelengths up to 1000 nm,
these complexes are effective two-photon absorption materials

(6,=3.7+0.8x10%cm’ to 3.5+0.5x 10" cm®s). Above 1000 nm, large three-

79



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity
Chapter 1

photon absorption values are obtained (with effective two-photon absorption
cross-section values, ozfr, = 6.5+ 2.0 x 10%° cm®s to 1.4 + 0.4 x 10" cm®s). Further
dendritic complexes studied for NLO activity, bearing {Ru(dppe).} fragments, have

included those based on 1,3,5-triazine;*™ tri(ethynylphenyl)amine®

in addition to
1,3,5-substituted benzene cores 2% #37:240.242.316 A\Ithough significant progress has been
made in this field, research is limited generally by the time-consuming syntheses of the

dendrimers.**
The NLO activity of zinc tetraphenylporphyrin complexes bearing terminal trans-

bis(alkynyl) ruthenium fragments, [{Znpor}{H-(C=CCsHs-4-C=C)Ru(dppe)2(C=CCsHa-
4-R)}4] (R = H [74], NO, [75], OMe [76]; Figure 1.15), has also been investigated.?*

M
Ph,R PPh, [74:R=H

[Rul = —R(- [75]: R = NO,
PhR_PPh;  [76]: R = OMe

Figure 1.15: Zinc tetraphenylporphyrin complexes [74 — 76] bearing terminal trans-

bis(alkynyl) ruthenium fragments are anticipated to display NLO properties.?*

The multi-metallic complexes [74 — 76] exhibit three oxidations, at ~ 0.45, 0.86 and
121V, ina4:1:1 ratio, corresponding to the simultaneous oxidations of the four
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independent ruthenium centres followed by sequential oxidations of the zinc-porphyrin
core. Compared with [{Znyo}(C=CCsHs-4-C=CH)4], oxidation of the zinc-porphyrin
core, {Znyor}, in [74 — 76] is lower (less positive) by ~ 0.05 V reflecting the weakly
electron releasing nature of trans-bis(alkynyl) {Ru(dppe).} fragments. In the UV-
Vis-NIR spectra, [74 — 76] exhibit several bands between 300 — 650 nm. Bands
corresponding to the central zinc-porphyrin fragment {Znpo} are similar in maximum
wavelength to [{Znper} (C=CCgH4s-4-C=CH)4], with additional bands observed near
330 nm, assigned to Ru(d)/C=C(n*) MLCT transitions. Preliminary NLO
measurements (Z scan method; 530 — 1600 nm), revealed that [74 — 76] are effective
two-photon abortion materials around 1100 nm (o, = 4.2+ 05 x 10*cm’ to
6.0+ 3.0 x 10*cm®s ) and 710 nm (0, = 1.3 + 0.1 x 10*"cm*s to 1.5 + 0.5 10*"cm*s).

Humphrey has further demonstrated the capacity of trans-[RuCl(C=CCgHs-4-R)(dppe)-]
(R =H, [37]; C=CCgHs, [77]) and trans-[Ru(C=CCsHs)(C=CCgsH4-4-R)(dppe).] (R = H,
[13]; C=CCg¢Hs, [78]) complexes to operate as NLO electrochromic switches.” 3
Complexes [13, 37, 77, 78] exhibit a single reversible to quasi-reversible oxidation
(ipa/ ipc = 0.9 — 1.0) between 0.55 — 0.60 V, which was assigned to the [Ru"] / [Ru""]
couple, although DFT calculations suggest an appreciable degree of Ru(d) / C=C(n)
mixing occurs in the oxidation event. In the UV-Vis-NIR spectra, neutral complexes,
[13, 37, 77, 78], are featureless in the NIR region (< 20 000 cm™) whereas mono-
oxidised complexes, [13, 37, 77, 78]", display intense bands (where ¢ is within the
range 2 x 10°M™2em™ to 3.6 x 10* M*cm™), which have been assigned to the promotion
of an electron from C=C(xn) to the partially occupied HOMO. As a result, optical
transitions are ‘switched-on’ following oxidation at a low potential. NLO studies
(Z scan method; 800 nm laser) show an increase in the two-photon absorption cross-
section values (o7) from the neutral complexes ([77]: o, =— 5.4 + 2 x10™* cm®*s and
[78]: o0,=-3.0+0.7x10%cm*) to the mono-oxidised complexes ([77]":
o, =1.1+0.5 x10™ cm? and [78]": 3.1 + 0.7 x10™*® cm®s). Several further examples of

NLO switches have been reported by Humphrey and co-workers.?*" 242317
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1.4.4. Sensors

The superior frontier orbital matching between Ru(d) / C=C(n) fragments results in
efficient through-charge transfer between remote groups and the metal, forming highly
conjugated molecules. Consequently, optical profiles of ruthenium acetylide complexes
are highly sensitive to changes on both electronic and geometric grounds, leading to
application as sensors. Furthermore, optical spectra of organometallic complexes
commonly extend into the useful visible spectral region, allowing for rapid naked-eye
detection. As the area is still in its infancy there are only few reports in the literature,

especially bearing the {Ru(dppe).} motif.

In 2005, Fillaut reported the first instance of a {Ru(dppe).} acetylide complex to show
sensory application, through colorimetric recognition.®*® The optical spectra of
complexes bearing fragments based on thiazolidinedione, rhodanine and
6-hydroxyuracil moieties ([79 — 81]; Figure 1.16) were changed after exposure to low
analyte concentrations of fluoride (F), acetate ([OAc]) and phosphate ([H2PO.])
anions. Guests are bound to the host through H-bonding interactions.

o)
n S\)LNH
Ph,R_PPh, C
Cl-R{-Cz= COQ 0
PhoR_PPh, H
[79]
S

. Ko
PhaR PPhy X
CI-R(-C= COQ el
Ph,R" PPh

2 :

(80]

m H
Ph,R_PPh, o N\I//O
CI-RU-C=C / |
Ph,P PPh c*

A T
H O
(81]

Figure 1.16: Complexes [79 — 81] studied for anion recognition.3®
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Complex [79] (Amax =490 nm, &= 2.5 x 10* M ecm™) underwent an identical colour
change (Amax = 415 nm, ¢ = 2.3 x 10* M*lem™) upon addition of either [F]” (6 equiv.) or
[OAC] (10 equiv.). Similarly, [80] (Amax =550 nm, € =2.6 x 10* M*cm™) does not
show selectivity between these two anions, although does display heightened sensitivity
as a lower anion equivalent (2 equiv.) is required to complete the colour change (Amax =
465 nm, ¢ = 2.2 x 10° M cm™). In contrast, [81] (Amax = 590 nm, & = 4.0 x 10* M cm™)
displays both high selectivity and sensitivity towards F, exhibiting a full colour change
(Amax = 480 nm, &= 2.6 x 10° M cm™) after only a four-fold addition of the anion,
whereas [AcO] and [H.PO4]" required significantly larger concentrations (260 and
1000 equiv. respectively) to achieve the same effect. Complex [81] has two potential
(-NH) binding sites. Calculated equilibrium constants for initial anion binding with [81]
were comparable (log K; = 4) for all three anions, however were notably different for
binding the second, indicating that the observed differences of [81] (vs. [79, 80]) are a
result of electronic changes imposed after initial complexation. Binding a second [AcO]
or [H,PO4]" molecule is disfavoured by electrostatic interactions and instead favoured
for F forming strong H-bond interactions with the available -NH binding site.
Displacement of the bound anion can be achieved with the addition of water in all three
cases, and the original spectra recovered. A more detailed study of these complexes was

given by the authors several years later.**

Fillaut has also reported a mono-alkynyl {Ru(dppe),} complex bearing a

hydroxyflavone unit as a potential sensor for heavy metals ions ([82]"; Figure 1.17).3%°

M
Ph,R PPh,
l\/leCN—I/?L\l—CEC
Ph,R PPh
2 \—/ 2

Figure 1.17: Complex [82]" studied for heavy metal ion recognition, as reported by

Fillaut.3?°

The UV-Vis-NIR spectrum of [82]" reveals a strong MLCT band (Amax =405 nm,
e =2.9 x 10* Mlem™). After excitation of [82]" (at 400 nm), luminescence is observed

(Amax = 560 nm, ¢ = quantum vyield of emission = 0.016, 't = singlet lifetime = 2.1 ns).
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The fluorescence emission arises from a singlet state of the flavonol fragment, which is
decoupled from the metal centre in the excited state. Given that the addition of M™" (Li",
Na*, Ba®*, Ca**, Cd**, Mg*, Co®*, Cr®*, Ni**, Zn** and Pb*" as perchlorate salts) to
acetonitrile solutions of [82]" had no noticeable effect on the original absorption
spectrum, the optical effect following UV irradiation (Amax =365nm) of the M™
containing solutions was investigated. In general, the resultant absorption and emission
spectra were unchanged from standard [82]" solutions. However, for Pd®* containing
solutions, both the absorption (Amax =465nm) and florescence (Amax =605 nm,
¢ =0.0083, 1= < 1ns) spectra were notably different; hence [82]" shows strong
potential as an efficient Pd®* sensor. The Pd®* ion is bound in a 1 : 1 stoichiometry to

the terminal hydroxyl of the flavone unit.

The capacity for a supramolecular, mono-alkynyl {Ru(dppe).} complex to operate as a

sensor for nitroaromatics ([83 / 84 / 83]; Scheme 1.30) has also been described.?*
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Scheme 1.30: The responsiveness of the supramolecular complex, [83/84/83],

towards nitroaromatics has been studied by Fillaut.?*

Between [83 /84 /83], and the free organic fluorophore [84], selectivity towards the
detection of general aromatic and aliphatic complexes is similar. In addition, the
efficiency of fluorescence quenching by (responsiveness towards) nitroaromatics, such
as 2,4-dinitrotoluene (DNT), is similar, as determined from Stern-Volmer plots.
Consequently, complexation of terminal ruthenium [83] fragments to the organic
fluorophore [84] (i.e. formation of [83/84/83]) is not shown to affect the n-n
interaction between the electron-deficient nitroaromatic and electron rich [84].

1.4.5. Nanocars

Molecular architectures featuring the {Ru(dppe).} motif also include the formation of a
whimsical molecular ‘Nanocar’ ([85]; Figure 1.18). Vives and Tour have proposed the
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conceptually appealing model that the bulky phosphine ancillary ligands can potentially
serve as surrogate molecular tyres, when bound to a rigid organic core (chassis), where
the rolling motion of the molecular car along a surface (as opposed to sliding) depends
on the low rotation barrier of the alkyne to metal bond and good physisorption to the
surface.®** The proposal for rotation of the trans-bis(alkynyl) {Ru(dppe);} ‘tyres’
resonates with previous discussions concerning the spectroscopically observed

distribution of conformers in solution.
PhyP, PPh2 Ph,R PPh2
OB CyroroiDy-ose O oiitio-O)
PhoR PPhy PhoR PPhy

PrOQOPr

/17

PrO@—OPr

Ph,R, PPh2 Ph,R, PPh2
OB Oremo e {2 e ()
PhoR_PPh; Ph,R_ PPN,

[85]

Figure 1.18: Formation of a Nanocar, [85], featuring {Ru(dppe).} fragments as

molecular tyres.®**
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1.5. Summary and Thesis outlook

The catalyst for the plethora of research on trans-bis(alkynyl) complexes can be
attributed to the initial discovery of highly conjugated, rigid and soluble platinum
polymers, by Hagihara and co-workers in 1977.1%° From this point, after overcoming
many synthetic challenges, several further linear main chain metallopolymers with
structural modifications were developed, where changes in the metal centre, ancillary
ligands and linker fragments provided strong foundations to understand the role of these
fragments on electronic transport. In turn, research of metallopolymers then migrated
towards the study of the mono- and multi-metallic comprising fragments, offering much
more by way of molecular design and as such, the anticipated material properties. Great
efforts are being made by the scientific community to exploit such novel properties,
with the corresponding number of current and potential applications growing, serving to
highlight the importance of continued research within this area. However, formation of
intricate architectures is not without synthetic obstacles. Although many have been

circumvented or overcome, several are still evident.

The overarching focus for this Thesis is to explore the role of the ancillary ligands
(specifically (dppm),, (dppe). and {P(OEt)s}4) with regards to the synthesis, electronic
structure and charge transfer (in both solution and solid state) of trans-bis(alkynyl)
ruthenium complexes. The following body of work will commence by highlighting,
addressing, and in some cases overcoming, a few of the major synthetic challenges
encountered with trans-bis(alkynyl) {Ru(dppm).} complexes, which have contributed
to their declining prevalence within this field (Chapters 2 — 3). Subsequently, the effect
of multiple-metal integration along a conjugated wire backbone on the underlying
electronic structure will be investigated for related trans-bis(alkynyl) {Ru(dppe).}
complexes (Chapter 4). Finally, this Thesis will investigate relatively unexplored trans-
bis(alkynyl) tetrakis-triethylphosphite complexes, and their capacity to operate as
superior organometallic wires (Chapter 5). The experimental techniques of
spectroscopy, single crystal X-ray diffractometry, cyclic voltammetry and
spectroelectrochemistry are relied upon heavily in order to explore and optimise
synthetic transformations and investigate the underlying electronic structures of trans-

bis(alkynyl) ruthenium complexes, with support from quantum chemical calculations.
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CHAPTER 2

Reactions of alkynes with cis-[RuCl,(dppm)]:

exploring the interplay of vinylidene, alkynyl

and n°-butenynyl complexes

2.1. Abstract

Reactions of cis-[RuCl,(dppm)], cis-[20], with various terminal alkynes of the type
HC=CC¢Hs-4-R in the presence of TIBF, have resulted in formation of cationic
vinylidene complexes, trans-[RuCl(=C=CHCgH4-4-R)(dppm);]° (R =NO,, [22a]";
COOMe, [22b]"; C=CSiMes, [22c]"; H, [22d]"; Me, [22e]"; OMe, [22f]"). These
complexes can be isolated as the respective tetrafluoroborate salts or treated in situ with
a suitable base (Proton Sponge, 1,8-bis-dimethylaminonapthalene) to yield the mono-
alkynyl complexes, trans-[RuCI(C=CCgHs-4-R)(dppm)2] (R = NO,, [23a]; COOMe,
[23b]; C=CSiMes, [23c]; H, [23d]; Me, [23e]; OMe, [23f]). Through similar reactions
of cis-[20] with two equivalents of alkyne, TIBF, and base, trans-bis(alkynyl)
complexes, trans-[Ru(C=CCgHs-4-R).(dppm),], can be isolated when R is an electron
withdrawing substituent (R = NO,, [24a]; COOMe, [24b]; C=CSiMes, [24c]), whereas
reactions with alkynes bearing electron donating substituents form cationic ng-butenynyl
complexes, E-[Ru{n*-HC(CgH4-4-R)=CC=CCgHs-4-R}(dppm).]* (R =Me, [28e]";
OMe, [28f]"). The molecular structures of [23b — f], [24b] and [28¢]BF,, together with
those of trans-[RuCI(CO)(dppm),]BF,4, [34]BF4, and trans-[Ru(C=CSiMes),(dppm)-],
[86], are reported and discussed, making comparisons with previously reported, closely
related structures where appropriate. Electrochemical studies show that complexes
[22]BF4, [23] and [24] generally display a single, quasi-reversible, one-electron ligand-
centred oxidation and a single, irreversible, one-electron metal-centred oxidation.
Vinylidene complexes [22]" also exhibit a further one-electron reduction associated
with the vinylidene ligand. This work highlights the importance of the electronic

character of the alkyne in governing product outcome upon reaction with cis-[20],
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which contrasts with the more uniform behaviour of cis-[RuCl,(dppe).], cis-[35], and
[RuCl(dppe),]OTf, [36]OTf, with similar reagents. Aspects of this work have been

published,! and further details are given here.

2.2. Introduction

Moore’s law, describing the pace of silicon technology development, states that roughly
every two years transistor densities on an integrated circuit will double; increasing
device functionality and performance with a systematic decrease in device size.? In
accordance with this technological forecast, current state of the art devices featuring
scaled silicon transistor sizes of 22 nm (first generation tri-gate transistor; Intel
Ivy-Bridge and Haswell chips) and 14 nm (second generation tri-gate transistor
featuring taller, thinner fins; Intel Broadwell chips) have been realised. However this
trend is nearing the physical limits of solid materials, with effects such as interconnect
delays and quantum tunnelling (caused as a result of gate oxide unreliability associated
with the very thin features) leading to excessive heat and power dissipation, collectively
inhibiting optimised performances.® Whilst improved device design, such as Intel’s 3D
“fin’ based transistors (finFET), can alleviate some of these problems in the short to
medium term, prohibitive fabrication costs, as described in Moore’s Second Law,4
motivates the exploration of entirely new paradigms for future technologies. As a result,
current research is now focussed towards replacing some conventional solid state circuit
components with molecules operating as self-contained electronics; hence the advent of
molecular electronics, of which the journal Science named, perhaps rather
optimistically, “the breakthrough of the year” in 2001.

In principle, molecules which act as self-contained electronic devices or components
could make a step change in the Moore’s Law progression given typical molecular sizes
of ~ 2 — 4 nm and high packing densities achieved in well-ordered molecular films.
Molecules provide rich structural and electronic variety, in addition to controlled and
large-scale uniform production through chemical syntheses (a ‘bottom-up’ approach).
Therefore, tailoring both the physical and chemical properties is achievable at a fraction
of the cost (by utilising spin-coating or simple self-assembly production techniques)*

with minimal structural defects.®
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The most basic component of a molecular circuit is the molecular wire, which can be
described as a molecule able to facilitate charge transport between two (or more)
internal reservoirs via a (typically) n-conjugated pathway. The term was first coined by
Lehn in his description of charge transport through a caroviologen molecule
(Figure 2.1).” This internal charge transport mechanism is far superior in speed and
efficiency than through-space electron transport, thus allowing for longer ranges, and

faster rates, of electron transfer.

Figure 2.1: The first reported molecular wire, as described by Lehn.’

The electronic properties of individual molecular wires can be probed by physically
inserting the single molecule between two macroscopic electrodes,® forming
metal|molecule|metal junctions. Whilst the great majority of work within this area has
been directed towards understanding the ‘wire-like’ properties of organic molecules
(organic molecular wires), the incorporation of metal fragments within a conjugated
n-system (organometallic molecular wires) allows further fine tuning of the frontier
orbital energies to better match electrode Fermi levels, whilst also introducing redox-
active hopping sites, both of which potentially lead to higher conduction values.”™ As a
clear demonstration, Wang and co-workers showed that the conductance of
oligo(phenylene)ethynylene (OPE) complexes, of varying lengths, is enhanced with the
incorporation of ferrocene units.*” In contrast, integrating Pd", Pt", Au" or Hg" metals
into a m-conjugated wire backbone results in an inefficient ‘wire’ performance as a
direct result of poorly matched M(d)-C=C(x) frontier orbital energies, consequently
impeding ground state electron transfer between termini through the introduction of
additional tunnelling barriers.'* For example, the Pt" containing complex trans-
[Pt(C=CC¢Hy4-4-SAcC)2(PPhs),] displays insulating properties when measured in a
junction® whilst the Ru" containing complex trans-[Ru(C=CCgHa4-4-SAc)(dppm),],
[51], with a more conjugated M(d)-C=C(n) electronic structure and higher lying

HOMO, displays much more significant conductance behaviour.*?
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The introduction of redox-active metals within a ‘wire-like’ framework can be used as a
design strategy to accomplish a prototypical molecular transistor. In this case, the
internal metal operates as a ‘dopable’ semiconductor, regulating through-charge transfer
from the source to the drain in response to the potential applied by a third gate
electrode. Consequently, a variety of current-voltage (I-V) traces are possible as a
function of the gate potential. As a further advantage, organometallic derivatives are
more synthetically diverse than their organic counterparts, and variation of metal
ancillary ligands presents as a facile method for system modification in terms of
physical properties, such as solubility, and electronic properties. The presence of
electron releasing ligands, such as pyridine or tributylphosphine, are expected to help
facilitate (and hence improve) internal charge-transfer, whereas the reverse is true for
electron accepting ligands, such as carbonyls, as has been demonstrated in the
investigation of electron transportation between terminal ferrocene units in trans-
[Ru(C=CFc),(L)s] complexes.”® However, such trends have not yet been explored

within a molecular junction.

Despite decades of research, the field of molecular electronics is still in its infancy and
considerable progress is needed before this technology can be exploited. As an active
topic of study within this field, several groups have explored the influence of the nature
and length of the alkynyl fragments and surface binding groups on the extent of
conjugation in mono- and multi-metallic group 8 complexes bearing acetylide
fragments.*™ 2% However, given the importance the metal supporting ligands might
play in tuning solubility, redox potentials and chemical stability, optimisation of the

metal ligand sphere should also be an important consideration in the molecular design.

Ruthenium trans-bis(alkynyl) complexes of the type trans-[Ru(C=CR’),(dppe)],
bearing bis-chelating diphenylphosphinoethane (dppe) ligands, have been widely
discussed as potential components in the area of molecular electronics,?* 2> 2! due to

15 <wire-like’ behaviour,232> 32 3

the extensive Ru(d)-C=C(xn) frontier orbital mixing,
and facile synthesis from cis-[35]** * or five-coordinate [36]X (X = PFs, OTf).**% In
contrast, trans-[Ru(C=CR’),(dppm),] complexes, bearing related bis-chelating
diphenylphosphinomethane (dppm) ligands with a reduced P-Ru-P bite angle, are less

commonly encountered.
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As described in Chapter 1, earlier reports have described the preparation of trans-
[Ru(C=CR"),(dppm),] complexes from cis-[20], or the intermediate mono-alkynyl
complexes trans-[RuCI(C=CR")(dppm)-], and terminal alkynes in the presence of NaPFg
and various bases in reactions that take place over 12 — 24 hours. However, yields of
these complexes are often low (< 30%).3*! Trimethylstannylalkynes have also been
used in related transformations employing a Cul catalyst.**** Furthermore, reactions of
cis-[20] with more than one equivalent of alkyl or phenyl acetylenes and NaPFg in
methanol can be intercepted by the formation of n3-butenynyl products.** The hemi-
lability of the dppm ligands, contributing to the convolution of the reaction medium, has

also been observed.* 48

In seeking to explore the influence of supporting ligands on the molecular electronic
properties of trans-bis(alkynyl) complexes of ruthenium, as a complementary study of
trans-[Ru(C=CR'),(dppe),] complexes, this Chapter will focus attention on trans-
[Ru(C=CR"),(dppm).] complexes. Within this Chapter, simple synthetic protocols for
the preparations of trans-[RuCI(=C=CHCgHs-4-R)2(dppm),]* (R = NO,, [22a]’;
COOMe, [22b]"; C=CSiMes, [22c]’; H, [22d]"; Me, [22e]"; OMe, [22f]"), trans-
[RUCI(C=CCgH;s-4-R)(dppm).] (R = NO, [23a]; COOMe, [23b]; C=CSiMes, [23c]; H,
[23d]; Me, [23e]; OMe, [23f]), trans-[Ru(C=CCsHs-4-R).(dppm),] (R = NO,, [24a];
COOMe, [24b]; C=CSiMe;, [24c]) and E-[Ru{n’-HC(CsH4-4-R)=CC=CCgH4-4-
R}(dppm)2]" (R = Me, [28e]"; OMe, [28f]") complexes are reported from reactions of
cis-[20] with HC=CCgH;s-4-R in the presence of TIBF, and a suitable base (Proton
Sponge, 1,8-bis-dimethylaminonaphthalene) in CH,CI, solutions. Moreover, the role
played by the electronic character of the alkynyl substituents, in directing the product

distribution between trans-bis(alkynyl) and n3-butenynyl complexes, is explored.
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2.3. Results

2.3.1. Synthesis of vinylidene complexes: trans-[RuCl(=C=CHCgH,-4-
R)(dppm)2]BF,

The use of TIBF, as a halide abstracting agent in the facile formation of trans-
bis(alkynyl) ruthenium complexes from trans-[RuCI(C=CR")(dppe).] has recently been
demonstrated.” This method has now been applied to cis-[20] in order to circumvent
synthetic problems described by others in the reactions of cis-[20] and terminal alkynes

45, 47,48 a5 described in

with alternative halide abstracting agents (eg. Ag' and Na' salts),
Chapter 1.* *" * Reactions of CH,Cl, solutions of cis-[20] with various terminal
alkynes of the type HC=CCgHy-4-R (1 equiv.), in the presence of TIBF4 (1. equiv), have
resulted in the formation of vinylidene complexes, [22]BF,4, in moderate to high yields
(66 —83%; R = NO,, [22a]BF;; COOMe, [22b]BF;; C=CSiMes, [22c]BF4; H,

[22d]BF4; Me, [22e]BF, and OMe [22f]BF,) after 1 — 2 hours (Scheme 2.1).

_ - A |
o P/\I?Phél HC:C@R (1 equiv.) Ph,R PPh, N
2P~Ru< . > CI-Ru=C=C_ BF
PR e TIBF, (1 equiv.) Phop’ ‘l;,Ph *
PPh, CH,Cl, VAR
cis-[20] r.t.
1-2h L R

[22a]BF,: R = NO,
[22b]BF,: R = COOMe
[22¢]BF,: R = C=CSiMe,
[22d]BF,: R = H
[22e]BF,: R = Me
[22f]BF,: R = OMe

Scheme 2.1: Synthesis of complexes [22a — f]BF,.

Evidence for the formation of the vinylidene cations [22]* is found in the *"H NMR
spectra where quintet (or unresolved multiplet) resonances for the vinylidene protons
were observed between & 2.94 — 3.36 ppm, with a *Jpy coupling of 3 Hz. In the
BC{*H} NMR spectra, low field multiplet resonances for the carbene-like Ru=C carbon
nuclei (6 352.7 — 360.9 ppm; Table 2.1), coupling to the four cis-phosphines, and singlet
resonances for the Ru=C=C carbon nuclei (6 109.4—111.1 ppm) confirmed the
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presence of the vinylidene ligand. In the IR spectra, v(Ru=C=C) bands
(1605 — 1653 cm ) further support vinylidene functionality. The purities of
[22a, b, d — f]BF,; have been confirmed by elemental analyses. However, despite
spectroscopic evidence for the formation of [22c]BF,, this complex failed to give an
acceptable analysis (Anal. Found: C, 56.12; H, 4.08; Calc. for Cg3HssBCIF4P4RUSIH: C,
63.52; H, 4.91).

Table 2.1: Selected “*C{'H} NMR spectroscopic data (ppm), as reported in the
experimental section, for {Ru(dppm),} vinylidene, [22]", (CD.Cl,) and mono-alkynyl
complexes, [23], (CDCls).

[22]" [23]
Complex R Co/ppm  %ep/Hz  Cu/ppm  “Jep/Hz
a NO, 352.5 14 147.6 16
b COOMe 355.4 14 144.8™ -
c C=CSiMe3 356.0™ - 130.8 15
d H 358.2 13 123.0 15
e Me 359.5 15 120.4 15
f OMe 362.5™ - 118.2 15
m-multiplet

Although complexes [22]BF, are relatively stable in solution short-term, over prolonged
periods of time (~ 16 —24 hours), reaction with adventitious water results in the
formation of the carbonyl complex, trans-[RuCI(CO)(dppm).]BF4, [34]BFs;. The
crystallographically determined structure of [34]" is shown in Figure 2.2 (determined
from the tetrafluoroborate salt), and does not differ significantly from that previously
published.*®
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Figure 2.2: Solid state structure of [34]", with counter ion (BF4) and hydrogen atoms
removed for clarity. Ellipsoids for key atoms are drawn at the 50 % probability level.
Selected bond lengths / A: Ru(1)-CI(1) 2.441(1), Ru(1)-C(1) 1.863(5), Ru(1)-P(1)
2.410(1), Ru(1)-P(2) 2.385(1), Ru(1)-P(3) 2.374(1), Ru(1)-P(4) 2.394(1), C(1)-O(1)
1.125(6). Selected bond angles / °: CI(1)-Ru(1)-C(1) 174.1(2), Ru(1)-C(1)-O(1)
178.2(4), P(1)-Ru(1)-P(2) 69.50(4), P(3)-Ru(1)-P(4) 69.79(4), P(1)-Ru(1)-P(3)
171.13(4), P(2)-Ru(1)-P(4) 168.40(4).

2.3.2. Synthesis of mono-alkynyl complexes: trans-[RuCIl(C=CCgH;-4-
R)(dppm):]

Following formation of [22]BF; in situ, filtration to remove the precipitated TI' salts and
subsequent addition of Proton Sponge immediately generates the mono-alkynyl
complexes, trans-[RUCI(C=CCgHs-4-R)(dppm)2], [23], in high yields (74 —92 %;
R =NO,, [23a]; COOMe, [23b]; C=CSiMes, [23c]; H, [23d]; Me, [23e]; OMe [23f];
Scheme 2.2). Proton Sponge was chosen as the base for practical reasons, simplifying
the work-up procedure with a facile filtration to remove precipitated salts (including the
conjugate acid of Proton Sponge) followed by precipitation of [23] from the filtrates by
addition of hexanes generally proving sufficient to give the complexes in good yield and

purity.
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Meo,N  NMe,
SN . R
PhR PPh, W (excess) Ph,P. PPh,
Cl-Ru=C=C_ BF, » CI-R(-C=C R
PhoR PPh2 Q C':2tC'2 PhoR PPh,
R 10m [23a]: R = NO,
) [22]BF, ) [23b]: R = COOMe
generated in situ [23c]: R = C=CSiMe3
[23d]: R = H
[23e]: R = Me
[23f]: R = OMe

Scheme 2.2: Synthesis of complexes [23a — f].

Due to the strongly m-accepting nature of the vinylidene ligand, abstraction of the trans-
chloride from [22]" (the preliminary step in forming bis-alkynyl complexes, vide infra)
is slow, allowing selective formation of the mono-vinylidene ([22]") in situ and
subsequent mono-alkynyl products ([23]). However, failure to control the 1:1: 1, cis-
[20] : TIBF, : alkyne, stoichiometry or failure to allow complete formation of the mono-
vinylidene before addition of the base, results in contamination of the product by the
trans-bis(alkynyl) complexes trans-[Ru(C=CCgHs-4-R).(dppm),], [24], which are

difficult to separate from the desired products.

Evidence for the formation of [23] is found in the *C{*H} NMR spectra, where quintet
(or unresolved multiplet) resonances for the Ru-C carbon nuclei (6 118.2 — 147.6 ppm;
Table 2.1), coupling to the four phosphines, and singlet resonances for the Ru-C=C
carbon nuclei (6 111.9 —117.0 ppm) confirmed the presence of the alkynyl ligand. In
the IR spectra v(RUC=C) bands, observed within the range 2058 — 2083 cm™, further
support the acetylide nature of the products. The purities of [23a, b, c] have been
confirmed by elemental analyses. The elemental analysis obtained for [23e] (Anal.
Found: C, 67.87; H, 4.78. Calc. for CsgHs;CIP4Ru: C, 69.40; H, 5.04.) likely reflects
partial desolvation of the crystalline sample (Calc. for Cs9HsCIP4Ru x 0.5 CH,Cl,: C,
67.22; H, 4.93), which has been structurally determined with one CH,Cl, solvate
molecule (see section 2.3.4.) whilst the elemental analysis obtained for [23f] (Anal.
Found: C, 64.53; H, 4.22. Calc. for CsgHs;CIOP4Ru: C, 68.33; H, 4.96) better reflects
the solvated crystalline sample (Calc. for CsgHs,CIOP,Ru x CH,Cl,: C, 64.23; H, 4.77),
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which has been structurally determined with one CH,Cl, solvate molecule (see section
2.3.4.). Finally, the structures of [23b — f] have been determined by single crystal X-ray
diffraction studies (see section 2.3.4.), the structure of [23a] having been previously
reported,™ which confirmed the structural assignments based on NMR and

IR spectroscopies.

2.3.3. Synthesis of trans-bis(alkynyl) complexes: trans-[Ru(C=CCgH,-4-
R).(dppm);] and n*-butenynyl complexes: E-[Ru(n*-{HC(CsH4-4-
R)=CC=CCsH,-4-R})(dppm).]BF4

One-pot reactions of cis-[20] with TIBF4 (2 equiv.), HC=CCgH4-4-R (2.2 equiv) bearing
electron withdrawing substituents (R = NO,, [24a]; COOMe, [24b]; C=CSiMes, [24c])
and Proton Sponge (excess) in CH,CI, solutions allowed the isolation of trans-
bis(alkynyl) complexes trans-[Ru(C=CCgsHy4-4-R)2(dppm).], [24], in moderate to good
yields (48 — 80 %) after prolonged reaction times (16 hours — 3.5 days; Scheme 2.3).
Evidence for the formation of [24] is found in the **C{*H} NMR spectra with multiplet
(unresolved quintet) resonances for the Ru-C carbon nuclei (8 136.7 —150.1 ppm),
coupling to the four mutually cis-phosphines, and singlet resonances for the Ru-C=C
carbon nuclei (6 116.2 — 119.0 ppm). In the IR spectra v(RuC=C) bands observed within
the range 2053 — 2062 cm™ confirmed the presence of the alkynyl ligands. The purities
of [24a, b] have been confirmed by elemental analyses. The structure of [24b] has also
been determined by single crystal X-ray diffraction (see section 2.3.4.), the structure of

[24a] having been previously reported.®

In contrast, analogous one-pot reactions of cis-[20] with more electron-rich alkynes
HC=CCgHs-4-R (2.2 equiv; R = Me, [28e]*: OMe, [28f]") yielded cationic n°-butenynyl
complexes E-[Ru(n3-{HC(CGH4-4-R)=CCECC6H4-4-R})(dppm)z]BF4, [28]" (Scheme
2.3).
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A
Ph,R PPh,
R—< >7CEC—I/?15—CECA< —
Ph,R PPh,

—
\Y
/\Pph2 [24a]: R = NO,
PhZP\R’lu’CI [24b]: R = COOMe
Ph,R” | Cl [24c]: R = C=CSiMe,
\—PPh,
cis-[20] — H —
[ O
PhoP—gy—~C BF
| 4
Ph2F\>: F{ \,C
Ph, ©
L R _

[28e]BF,: R = Me
[28f|BF,: R = OMe

NMe, NMe,
i) HCECOR (2.2 equiv.), TIBF, (2 equiv.), (excess), CH,Cl,, r.t.

Scheme 2.3: Synthesis of complexes [24a — c] and [28e — f]".

Evidence for the formation of [28]" includes the observation of four doublet of doublet
of doublet (ddd) resonances in the **P{"H} NMR spectra from the four inequivalent
phosphorus atoms, two of which are in a mutually trans-arrangement and show a large
2Jpp coupling constant (318 Hz, [28e]"; 322 Hz, [28f]"), consistent with previously
published data.”® In the *H NMR spectra, singlet resonances for the R group methyl
protons were observed at & 2.34 ([28e]") and & 3.81 ppm ([28f]"), while doublet
resonances for the vinyl protons were observed at & 5.55 ([28e]") and & 5.53 ppm
([28f]"), with a *Jpy coupling of 5 Hz. The inequivalence of the four dppm protons in
the *H NMR spectra also supported their asymmetric arrangement within this structure.
The coordination of the alkyne group to the metal centre was confirmed by doublet
resonances at 8 108.7 ([28e]") and & 108.5 ppm ([28f]") in the *C{*H} NMR spectra for
C! (where [Rum?-{HC*(R")=C>C?*=C'R'})(dppm),]BF4), with a 2Jcp coupling of 22 Hz.
The purity of [28e]BF, has been confirmed by elemental analysis. Furthermore, the

structure of [28e]” (Figure 2.13) has been determined by a single crystal X-ray
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diffraction study (see section 2.3.4.), which confirmed the structural assignments made

on the basis of the spectroscopic data.

In an attempt to isolate trans-bis(alkynyl) complexes containing electron donating
groups, cis-[20] was reacted with HC=CCgHs-4-Me (excess) and TIBF, (2 equiv.) in
NH'Pr, (excess) and THF. Although unsuccessful in this case, an analogous test reaction
with HC=CSiMej; allowed the formation of trans-[Ru(C=CSiMe3),(dppm):], [86], in a
high yield (80 %).

As discussed in Chapter 1, Dixneuf has previously reported the formation of
‘asymmetric’ trans-bis(alkynyl) {Ru(dppm),} complexes of the type trans-
[Ru(C=CR)(C=CR’)(dppm)] bearing electron donating R /R’ groups (R = C¢Hs, "Bu;
R’ = C=CC(CgHs),0SiMes) in low yields (25— 28 %).** More recently, Low has
demonstrated the efficacy of TI' salts in the higher yielding (47 — 87 %) preparation of
‘asymmetric’ trans-bis(alkynyl) complexes of the type trans-[Ru(C=CCgHs-4-
R)(C=CCgH4-4-R')(dppe)2] (R = COOMe, C=CSiMes; R’ = NH,;, OMe) bearing
electron withdrawing groups.”® With a view to accessing ‘asymmetric’ trans-
bis(alkynyl) complexes based on the trans-{Ru(dppm),} fragment, a CH,Cl, solution of
[23a] was reacted with TIBF4 (2 equiv.), in the presence of HC=CCgH4-4-COOMe (1
equiv.) and Proton Sponge (excess), and the course of the reaction monitored by in situ
$1p£1H} NMR spectroscopy (Figure 2.3).
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“ [23a]

ppm

Figure 2.3: In situ unlocked *P{"H} NMR (300 MHz) solution spectroscopy
monitoring of the reaction between [23a], TIBF; (2 equiv.), HC=CC¢H4-4-COOMe
(1 equiv.) and Proton Sponge (excess) in CH,ClI, after i) stirring at room temperature for
3 days, and then subsequently heating the solution at reflux for ii) 2 hours; iii)

6 hours; iv) 16 hours and v) 48 hours.

With reference to the **P{*H} NMR spectra shown in Figure 2.3, as the reaction
progressed, the starting material [23a] (s, 6 — 7.1 ppm) wholly transformed into two new
products giving singlet signals at 6 — 4.2 and — 4.4 ppm, consistent with the formation of
multiple trans-bis(alkynyl) complexes. Purification was limited to precipitation with an
anti-solvent (hexanes) by the general instability of trans-bis(alkynyl) {Ru(dppm),}
complexes on chromatographic medium and as such, no pure complexes were isolated
from the reaction mixture. However, the mass spectrum (MALDI from methanol
solutions) taken of the crude mixture indicated formation of [24b] ([M + H]™: 1189 m/z)
whilst the IR spectrum (CH-Cl,) revealed a broad band at 2055 cm™ with a shoulder at
2075 cm™, consistent with multiple v(RuC=C) environments. Ligand scrambling effects

44, 48, 51

have previously been observed at the {Ru(dppm).} centre, and are likely

complicating the reaction profile here as well as accounting for the low yields obtained

by Dixneuf.*
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2.3.4. Single crystal X-ray diffraction studies

Single crystal X-ray structure determinations have been carried out for the complexes
trans-[RuCIl(C=CCgH4-4-COOMe)(dppm)-], [23b] as a CH,CI, solvate (Figure 2.4);
trans-[RuCl(C=CCgH,4-4-C=CSiMe3)(dppm).], [23c] as a CH,CI, solvate (Figure 2.5);
trans-[RUCI(C=CCgHs)(dppm),], [23d] (Figure 2.6); trans-[RUCI(C=CC¢Hy-4-
Me)(dppm),], [23e] as a CH,CI, solvate (Figure 2.7); trans-[RuCI(C=CCgH;s-4-
OMe)(dppm),], [23f] as a CH,CI, solvate (Figure 2.8) and trans-[Ru(C=CCgHj-4-
COOMe),(dppm)2], [24b] as a CHCI3 solvate (Figure 2.9). The atom labelling scheme
and representation of the torsion angle © are given in Figures 2.10 and 2.11,
respectively, to clarify important bond lengths and angles of complexes [23b —f, 24Db]
which have been summarised in Tables 2.2 and 2.3, together with those of literature
complexes trans-[RuCl(C=CCgH4-4-NO,)(dppm)-], [23a],*° and trans-[Ru(C=CCgH4-4-
NO,),(dppm),], [24a]>* for comparison.

Figure 2.4: A plot of a molecule of [23b], with solvent of crystallisation (1 x CH,Cl,)
and hydrogen atoms removed for clarity. Ellipsoids for key atoms are drawn at the 50 %

probability level.
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Figure 2.5: A plot of a molecule of [23c], with solvent of crystallisation (1 x CH,Cl,)
and hydrogen atoms removed for clarity. Ellipsoids for key atoms are drawn at the 50 %

probability level.

Figure 2.6: A plot of a molecule of [23d], with hydrogen atoms removed for clarity.

Ellipsoids for key atoms are drawn at the 50 % probability level.
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Figure 2.7: A plot of a molecule of [23e], with solvent of crystallisation (1 x CH,Cl,)
and hydrogen atoms removed for clarity. Ellipsoids for key atoms are drawn at the 50 %

probability level.

Figure 2.8: A plot of a molecule of [23f], with solvent of crystallisation (1 x CH,Cl,)
and hydrogen atoms removed for clarity. Ellipsoids for key atoms are drawn at the 50 %

probability level.
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Figure 2.9: A plot of a molecule of [24b], with solvent of crystallisation (1 x CHCI3)
and hydrogen atoms removed for clarity. Ellipsoids for key atoms are drawn at the 50 %

probability level.

A
PhoR PPhy — R PhoR PPh, —
Cl-Ru-C'=C*-Q¢  )—R R@C3'—cz‘§c1'—$g—c1zc2—ci /R
PhoRPPhy = PhoR PPh;
[23] [24]

Figure 2.10: The atom labelling schemes of complexes [23] and [24] used in Tables 2.2
and 2.3.

Figure 2.11: Representation of angle 6 in trans-[RuCl(C=CCg¢Hy4-4-R)(dppm)], [23],
and trans-[Ru(C=CCgHs-4-R)2(dppm),], [24], complexes.
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Table 2.2: Selected bond distances (A) and torsion angles (6/°) for: trans-
[RuCl(C=CCgH4-4-COOMe)(dppm)], [23Db]; trans-[RuCl(C=CCgHy-4-
C=CSiMes)(dppm),],  [23c];  trans-[RuCl(C=CCg¢Hs)(dppm),], [23d]; trans-
[RuCl(C=CCgH4-4-Me)(dppm),], [23€]; trans-[RuCl(C=CCgsH4-4-OMe)(dppm),], [23f]
and trans-[Ru(C=CCgH4-4-COOMe),(dppm).], [24b] (this work) together with trans-
[RuCl(C=CCgH4-4-NO,)(dppm),], [23a]*° and trans-[Ru(C=CCgHs-4-NO,)o(dppm)s],
[24a].**
Complex Ru-C* C'=¢* c2C? Ru-Cl Ru-P** 0
[23a] 1.998(7) 1.190(8) 1.428(8) 2.483(2) 2.332(2),2.379(2), 84.1
2.332(2), 2.358(2)
[23b] 2.019(3) 1.181(4) 1.464(4) 2.4862(7) 2.3427(7),2.3692(7), 92.5
2.3247(7), 2.3678(6)
[23c] 2.010(3) 1.187(4) 1.432(4) 2.4629(8) 2.3404(7),2.3138(8), 9.1
2.3302(7), 2.3593(8)
[23d] 2.004(1) 1.201(3) 1.436(3) 2.4511(4) 2.3445(5), 2.3454(5), 25.3
2.3557(5), 2.3205(5)
[23e] 1.999(4) 1.221(5) 1.427(5) 2.4938(9) 2.3487(8),2.3358(8), 82.3
2.3312(8), 2.3744(8)
[23f] 2.014(9) 1.15(1) 1.45(1) 2.558(2) 2.338(2), 2.315(2), 2.7
2.348(2), 2.347(2)

[24a] 2.051(3) 1.207(4) 1.427(5) - 2.344(1), 2.344(1), 138
2.3341(9), 2.3341(9)
[24b] 2.085(6) 1.150(7) 1.457(8) - 2.331(2), 2.360(1), 80.3

2.331(1), 2.360(1)
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Table 2.3: Selected bond angles (°) for: trans-[RuCl(C=CCgH4-4-COOMe)(dppm)-],

[23Db]; trans-[RuCl(C=CCgH4-4-C=CSiMe3z)(dppm)2], [23c]; trans-
[RuCI(C=CCgHs)(dppm),], [23d]; trans-[RuCl(C=CCgHs-4-Me)(dppm),], [23€]; trans-
[RuCl(C=CCgH4-4-OMe)(dppm)-], [23f] and trans-[Ru(C=CCgHy-4-

COOMe),(dppm)2], [24b] (this work) together with trans-[RuCl(C=CCgHs-4-
NO,)(dppm)2], [23a]*° and trans-[Ru(C=CCgH4-4-NO2)(dppm)2], [24a].*

Complex CI-Ru-C' Ru-C'=C* c’=c*C?® PL-Ru-P* P?-Ru-P® P-Ru-P*P*-Ru-P*
[23a] 177.7(2) 176.8(5) 168.4(7) 177.9(1) 177.2(1) 70.2(1) 71.0()
[23b] 175.3(1) 1755(2) 172.9(3) 178.0(1) 177.7(1) 71.1(1) 70.9(1)
[23c] 173.8(1) 173.93) 177.7(4) 177.1(1) 176.3(1) 72.0(1) 71.6(1)
[23d] 177.9(1) 177.4(2) 175.2(2) 174.4(1) 178.9(1) 72.2(1) 71.8(2)
[23e] 173.9(1) 1755(3) 172.5(4) 177.0(1) 177.3(1) 71.7(1) 71.4(1)
[23f] 174.7(2) 177.8(8) 169.1(1) 179.1(1) 179.9(1) 70.8(1) 71.2(1)

[24a] 180° 178.3(3) 173.9(4) 180 180 70.8 70.8
[24b] 180° 177.7(5) 172.0(6) 180 180 71.0(1) 71.0(0)
& for Cl read C(1')

The complexes [23b], [23e] and [23d] all crystallise in the triclinic space group P1,
whilst [23c], [23f] and [24b] crystallise in the monoclinic space groups P2;/n, P2; and
C2/c space groups, respectively. The P-Ru-P bond angles between cis-phosphines
(~ 70 °) and those between trans-phosphines (~ 178 °) and Cl / C(1')-Ru-C(1)= angles
(173.8 — 180 9), indicate approximate octahedral geometry about the ruthenium centre,
in agreement with the previously reported structures of [23a] and [24a].*® ** The bond
angles along the 5-atom CI-Ru-C(1)=C(2)-C(3)- and —C(1")-Ru-C(1)=C(2)-C(3)- chains
are close to 180 °, confirming a rod-type structure, with slight deviations that may be
attributed to molecular packing and steric effects.

McGrady has analysed the electronic structures of [Ru(C=CR’)(PHs)2(1>-CsMes)] and
trans-[RuCI(C=CR")(PHs)4] complexes (where R’ = H, CgHs, CgH4-4-NO>), and found
that electronic variation of the alkynyl fragment will synergistically affect both the
o-forward and =-backbonding effects between C=C(n) and M(d), therefore
interpretations of Ru-C=C bond length perturbations cannot be based solely on

backbonding interactions.>? Further to this, Low has shown that the orientation adopted
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by the phenylene ring system relative to the RuP, fragment determines the effectiveness
of M(d) / C=C(n) orbital overlaps, and hence the extent to which the m-donor or
acceptor properties of the remote substituent can be inferred from solid-state structural

parameters.®

The angle 6 (Figure 2.11) provides a convenient proxy measure for the alignment of the
aryl (Ar) n-system with M(d) on geometric grounds. Angles close to 0° or 90° give rise
to the most effective overlaps and hence greatest correlation of structural and electronic
properties.?® For complexes [23a] and [23b] bearing electron withdrawing R groups, the
Ru-ClI distances cluster at the shorter end of the range, whilst those from [23e] and [23f]
bearing the more electron-rich tolyl and anisole rings are significantly longer. These
complexes adopt conformations in the solid state with 6 angles close to the idealised
values. However, less clear trends in Ru-Cl bond lengths with nature of the aryl
substituent are observed for [23c] (6 = 10°) and [23d] (6 = 25°). Similarly, [23e] and
[23f] have, on average, shorter Ru-P bond lengths than [23a] and [23b] (by ~ 0.01 A)
consistent with increased Ru-P backbonding arising from the increased c-donation to
the metal from the alkynyl fragments.

The Ru-C(1) bond length appears insensitive to the electronic nature of the R
substituent for mono-alkynyl complexes [23a — f] (determined within the narrow range
of 1.998(7) —2.019(3) A). Humphrey similarly found that introduction of a strongly
withdrawing para-substituent (R = NO,, C¢H4-4-NO>) had little effect on the Ru-C(1)
bond length, comparing trans-[RUCI(C=CCgH4-4-CsHa-4-NOy)(dppm)2] (1.994(4) A)
and [23a] (1.998(7) A)*® with trans-[RuCI(C=CCeHs)(dppe)2], [37] (2.007(5) A),*
although the electronic effect due to different ancillary ligands, nor the alignment of
Ar(m) / M(d), was discussed.” In contrast, the Ru-C(1) bond lengths vary significantly
between trans-bis(alkynyl) complexes [24a] (2.051(3) A)* and [24b] (2.085(6) A)
reflecting the differences in o-donor / w-acceptor strengths of the phenylene fragments
compared with the chloride of mono-alkynyl complexes.

In seeking to understand the influence of the dppm and dppe ligands on molecular
structure, comparable complexes featuring these ligands were sought. The search is
compounded by the range of 6 values adopted in these complexes. Following a
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systematic survey of mono-alkynyl {Ru(dppe),} complexes,®® only the pairing of
trans-[RUCI(C=CCgH,-4-COOMe)(dppe).]* and the dppm analogue [23b] (this work)
are found with similar optimised 6 values (close to 90 °) and thus may be directly
compared. All bond lengths and angles are similar except for the longer Ru-Cl bond
length (by 0.056 A) and shorter average Ru-P bond lengths (by 0.017 A) of [23b]
reflecting the increased o-donor / m-acceptor strength of the dppm ligands compared

with dppe.

During the exploration of trans-bis(alkynyl) {Ru(dppm),} complexes, the
bis(trimethylsilyl)ethynyl complex [86] was also structurally characterised
(Figure 2.12). Given that such complexes are not affected by 0 wvalues, direct

comparisons can be made with similar systems bearing alternative ancillary ligands.
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Figure 2.12: Solid state structure of one molecule of [86], with solvate (0.25 x CH,Cl,)
atoms and hydrogen atoms removed for clarity. Ellipsoids for key atoms are drawn at
the 50 % probability level. Selected bond lengths / A; molecule 1: Ru(1)-C(1) 2.057(5),
Ru(1)-C(6) 2.060(5), Ru(1)-P(1) 2.314(1), Ru(1)-P(2) 2.317(1), Ru(1)-P(3) 2.319(1),
Ru(1)-P(4) 2.326(1), C(1)-C(2) 1.203(7), C(6)-C(7) 1.219(7); molecule 2: Ru(1)-C(1)
2.067(5) Ru(1)-C(6) 2.050(5) Ru(1)-P(1) 2.317(1), Ru(1)-P(2) 2.319(1), Ru(1)-P(3)
2.330(1), Ru(1)-P(4) 2.320(1), C(1)-C(2) 1.214(7), C(6)-C(7) 1.200(7). Selected bond
angles / °; molecule 1: C(1)-Ru(1)-C(6) 174.5(2), Ru-C(1)-C(2) 174.4(4), Ru-C(6)-C(7)
176.1(4), P(1)-Ru(1)-P(2) 72.65(4), P(3)-Ru(1)-P(4) 72.14(4), P(1)-Ru(1)-P(3)
177.07(4), P(2)-Ru(1)-P(4) 178.93(4); molecule 2: C(1)-Ru(1)-C(6) 174.2(2), Ru-C(1)-
C(2) 173.4(4), Ru-C(6)-C(7) 175.5(4), P(1)-Ru(1)-P(2) 72.46(4), P(3)-Ru(1)-P(4)
72.25(4), P(1)-Ru(1)-P(3) 178.22(4), P(2)-Ru(1)-P(4) 177.82(4).

The complex [86] is found to crystallise in a triclinic crystal system containing two
independent molecules, with a P1 space group. The P-Ru-P bond angles between cis-
phosphines (~ 72 °) and those between trans-phosphines (~ 176 °) in addition to the
C(1)-Ru-C(6) angle (~ 174 °), indicates octahedral geometry about the ruthenium centre
supported by the chelating dppm ligands and two trimethylsilyl-ethynyl ligands,
consistent with the {Ru(dppm),} series presented here. Few crystallographically
determined bis(trimethylsilyl)ethynyl ruthenium complexes exist.>*>® Within this family
of complexes (trans-[Ru(C=CSiMes)»(dmpe),],>® trans-[Ru(C=CSiMe3),(CO)»(PEts),]**
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and trans-[Ru(C=CSiMes)2(PMes)s]™), Ru-C(1/6) and C(1/6)=C(2/7) bond lengths (see
Figure 2.12 for labelling scheme) are similar. However, the average Ru-P bond length
(Ru-Payg) of [86] (2.319 A) is shorter than trans-[Ru(C=CSiMes),(PMes)s] (2.335 A),
yet longer than trans-[Ru(C=CSiMes),(dmpe),] (2.305 A), establishing that the
o-donor / w-acceptor properties of the dppm ligands are increased compared with PMe;
in the former and decreased compared with dmpe in the latter. The longer Ru-Payg length
of trans-[Ru(C=CSiMe3),(CO),(PEts)2] (2.369 A) is reflective of the strong m-accepting

nature of the carbonyl ligands, which limits backbonding to the phosphines.

A molecule of E-[Ru(n®-{HC(CsH4-4-Me)=CC=CCgsH4-4-Me})(dppm)2]BF,, [28€]", is
shown in Figure 2.13.

Figure 2.13: A plot of the cation [28e]", with solvate (0.5 x C3HgO), counter ion
([BF4] ) and selected hydrogen atoms removed for clarity. Ellipsoids for key atoms are
drawn at the 50 % probability level. Selected bond lengths / A: Ru(1)-C(1) 2.386(4),
Ru(1)-C(2) 2.208(4), Ru(1)-C(3) 2.136(4), Ru(1)-P(1) 2.372(1), Ru(1)-P(2) 2.3496(9),
Ru(1)-P(3) 2.3127(7), Ru(1)-P(4) 2.3684(9), C(1)-C(2) 1.259(5), C(2)-C(3) 1.367(5),
C(3)-C(4) 1.343(6). Selected bond angles / °: C(1)-Ru(1)-C(3) 68.1(1), C(1)-C(2)-C(3)
150.9(4), C(2)-C(1)-C(12) 144.1(4), C(2)-C(3)-C(4) 135.7(4), P(1)-Ru(1)-P(2) 70.90(3),
P(3)-Ru(1)-P(4) 70.47(4), P(1)-Ru(1)-P(3) 94.70(3), P(2)-Ru(1)-P(4) 167.75(3).
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The complex [28e]BF, is found in an orthorhombic crystal system and a Pca2; space
group. The chelating dppm ligands adopt a mutually cis-position with the n*-butenynyl
ligand, exhibiting E-stereochemistry, occupying the remaining two coordination sites in
the equatorial plane around the approximately octahedral cationic ruthenium centre.
Structures of this type are not uncommon.” °°°® Albertin and Bordignon have
structurally characterised E-[Ru(n*-{HC(CeH4-4-Me)=CC=CCgH4-4-
Me}){P(OEt),Ph}4]BF,4, thus allowing the role of the ancillary ligands in these
complexes to be explored.>® The Ru{P(OEt),Ph}, complex has a shorter Ru-Payg bond
length (2.329 vs. 2.351 A) reflecting the stronger o-donor / m-acceptor strength of the
P(OEt),Ph ancillary ligands, compared with dppm. Although Ru-C(3) and C(3)=C(4)
bond lengths are comparable between the two complexes (see Figure 2.13 for atom
labelling scheme), in the Ru{P(OEt),Ph}4 derivative, both the Ru-C(2) (2.244 A) and
C(2)-C(3) (1.39(2) A) bond lengths are longer, whilst the C(1)=C(2) (1.23(2) A) length
is shorter. As the structures of n°>-butenynyl complexes have been previously described
with a fractional contribution of triene resonance form (Figure 2.14),* the data might
indicate that complexes bearing less strongly o-donating / n-accepting ligands (such as
dppm vs. P(OEt),Ph) will contain a higher proportion of the triene to account for these

differences.
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Figure 2.14: Resonance forms of n°-butenynyl complexes of the type, E-[Ru(n3-
{HC(C¢H4-4R)=CC=CC¢H4-4-R})(dppm).]* with the generally accepted structure on
the left and the proposed triene structure on the right.

In order to suitably explore the role of the R substituent in such complexes, [28e]" (this
work) can be compared with E-[Ru(n*-{HC(CsHs)=CC=CCgsHs})(dppm)2]BF., [28d]".*°
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Between the structures, Ru-Payg, C(1)=C(2), C(2)-C(3) and C(3)=C(4) bond distances
are similar (see Figure 2.13 for atom labelling scheme). However, for [28d]", the Ru-
C(1) (2.404(4) A), Ru-C(2) (2.230(4) A) and Ru-C(3) (2.156(4) A) bond lengths are
collectively longer, reflecting the increased c-donor character of the tolyl substituent.
Interestingly, in the same  paper by  Lynam,”®  E-[Ru(n’-
{HC("Pr)=CC=C"Pr})(dppm),]BF4, [30]*, was structurally characterised with the
shortest average Ru-C(1/2/3) bond length (2.226 A) of their series (E-[Ru(n’-
{HCR'=CC=CR'})(dppm)2]BF4: R’ = C¢Hs, [28d]"; "Bu, [29]"; "Pr, [30]") in addition to
very similar C(1)=C(2) (1.301(6) A), C(2)-C(3) (1.345(6) A) and C(3)=C(4)
(1.369(6) A) bond lengths implicating a higher proportion of the triene resonance
structure for the saturated R’ group (R’ = "Pr, [30]"), compared with aryl-containing R’
groups (R’ = C¢Hs, [28d]"; CsHs-4-Me, [28€]7), hence further elucidating the role of the
R substituent.

2.3.5. Electrochemistry

The electrochemical responses of complexes [22]BF,, [23] and [24] were examined by
cyclic voltammetry (CV) in 0.1 M tetra-butylammonium hexafluorophosphate
([IN"Bus]PFs) CH,CIl, solutions. Potentials are quoted against ferrocene using an internal
decamethylferrocene / decamethylferrocenium reference ([Fe(n’-CsMes)]/ [Fe(n’-
CsMes),]" = —0.48 V vs. [Fe(n>-CsHs)2] / [Fe(n>-CsHs)2]") (Table 2.4).%° In all cases,
the first oxidation process of complexes [22], [23] and [24] displayed quasi-reversible
electrochemical behaviour at the electrode interface, with AE, (Epc — Epa) Values being
close to that of the internal standard at slow scan rates, but increasing with increasing
scan rate. At room temperature there was evidence of electrochemical-chemical (EC)
behaviour, with i > ipa, but with improvement to the chemical reversibility evident at

reduced temperatures (dry ice / acetone bath), where current ratios approach unity.
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Table 2.4: Selected electrochemical data (V) of vinylidene [22]", mono-alkynyl [23]
and trans-bis(alkynyl) [24] {Ru(dppm).} complexes where: Ei,(n) = half-wave
potential of "™ oxidation; E1/,(red) = half-wave potential of reduction; AE;., = potential
difference between first and second oxidations and AE.g1 = potential difference
between first oxidation and reduction.
Complex Eip(1) Eip(2) Eip(red) AE1,  AEreg:
[22a]"  1.07 135 —-179 0.28 2.44
-1.37
[22b]"  1.04 133 -113 0.29 2.17
[22c]" 091 128 -109 0.37 2.19
[22d]" 0.92 126 —-1.04 034 1.96
[22e]"  0.84 1.27 -109 043 1.93
[22f]" 0.72 1.02 -1.17 0.30 1.89
[23a] 0.23 119 -176 0.96 1.97

[23b] 013  1.18 - 1.05 -
[23c] 006  1.07 - 1.00 -
[23d] 003  1.08 - 1.06 -
[23¢] 0.00  1.03 - 1.03 -
[23f] -0.08 0.79 - 0.87 -
[24a] 024 094 -169 070 1.93
[24b] 013 096 - 0.83 -
[24c] 006  1.06 - 1.00 -

The vinylidene complexes ([22]BF,) all display two, one-electron oxidation events (the
first quasi-reversible, the second irreversible; except [22f]BF, where both are quasi-
reversible) and a single, one-electron, irreversible reduction event. The trend in E1;2(2),
which span some 0.35 V, follows the electronic properties of the alkynyl ligand, leading
to the assignment of these events as oxidation largely of the phenylene fragment. In
turn, Ey(2) is, with the exception of [22f]BF,, less sensitive to the nature of the R
group and is therefore assigned to a more metal-centred, [Ru'] / [Ru"""], oxidation. In the
case of [22f]BF,, the combination of the strongly electron-donating OMe group and
{Ru(dppm).} fragment may lead to greater stabilisation of the second oxidation
product. The reduction, Ej,x(red), can be attributed to reduction of the vinylidene ligand
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(population of the singlet carbene-like C(p) orbital at C,).%* For [22a]BF,, R = NO,, the
vinylidene reduction overlaps the reduction of the terminal NO, group, indicated by the
doubly higher peak current and slightly larger AE, value (90 mV) versus the internal
standard (70 mV).

The mono-[23] and bis-[24] alkynyl complexes display two, one-electron oxidation
events (the first quasi-reversible, the second irreversible; except [23f] where both
oxidations are quasi-reversible). For [23a], a one-electron reduction of the nitro group is
also observed. In the case of [24a], the two nitro aromatic reductions are overlapped, as
evidenced by the larger apparent AE, value (190 mV) compared with the internal

standard (80 mV) and larger peak current.

For [23], higher E1/2(1) values are found for complexes containing electron withdrawing
R groups ([23a — c]) than those bearing electron donating R groups ([23e — f])
(Figure 2.15).
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Figure 2.15: Cyclic voltammograms of representative trans-[RuCl(C=CC¢H4-4-R)(dppm)]
complexes where R = NO,, [23a] (red line); H, [23d] (black line) and OMe, [23f], (blue
line) showing the electronic dependence of the para-substituent on first oxidation potential.
Scans were recorded in 0.1M [N"Bu,]PFs CH,CI; solutions in an acetone / dry ice bath at

rates of 100 mVs™ and have been normalised to the maximum current of [23b].
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For related mono-alkynyl trans-[RuCl(C=CCgH;s-4-R)(dppe).] complexes, Humphrey
and co-workers have determined a near-perfect positive, linear free-energy relationship
(LFER) exists between the Hammett electronic substituent parameter of the para-
substituted R group (cpara) and E1(1),%% which is consistent with observations made
here in the {Ru(dppm).} series, reflecting a strong electronic origin for this
phenomenon. As the first oxidation potentials (E12(1)) of [23] track the electronic
properties of the alkynyl ligand, the event likely arises from depopulation of an orbital
with considerable ligand character whereas the second oxidations likely have more
metal character, which is in keeping with the [22]BF, series and previous assignments

based on the electrochemical responses of ruthenium(ll) alkynyl complexes.®
2.4. Discussion

The formation, isolation and characterisation of the vinylidene complexes [22]BF, and
mono-alkynyl complexes [23] allowed the sequence of events leading to the formation
of trans-bis(alkynyl) complexes [24] vs. the n’-butenynyl complexes [28]" to be
followed by in situ (unlocked) 3P{*H} NMR spectroscopy (Figures 2.16 and 2.17).
From a mixture of cis-[20], TIBF4 (2 equiv.), HC=CCsH4-4-R (2.2 equiv.) and Proton
Sponge (excess) in a CH,CIl, solution, the mono-alkynyl complexes [23] (s,
~ 6 — 7.0 ppm) begin to form within 5 minutes. As the reaction proceeds, [23] reacts
further to give the trans-bis(alkynyl) complexes [24] (s, ~ 6 — 4.0 ppm). For cases when
the R substituent is electron withdrawing (Figure 2.16), [24] was ultimately formed
without any appreciable by-products. However, when the R substituent is electron
donating (Figure 2.17), before complete conversion of [23] to [24], the n>-butenynyl
complex [28]" is observed as four new **P{*H} NMR resonances in a characteristic
ABMX coupling pattern.** As the reaction proceeds, the product distribution shifts to
give the n°-butenynyl species cleanly without any appreciable by-products, implying the
intermediacy of [24] in the formation of [28]".
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Figure 2.16: In situ unlocked *P{*H} NMR (400 MHz) solution spectroscopy
monitoring of cis-[20], TIBF, (2 equiv.), HC=CCgH4-4-COOMe (2.2 equiv.) and Proton
Sponge (excess) in CH,Cl, at room temperature after: i) 5 minutes; ii) 20 minutes; iii)
1 hour; iv) 3 hours; v) 7 hours and vi) 30 hours.
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Figure 2.17: In situ unlocked 3P{*H} NMR (400 MHz) solution spectroscopy of cis-
[20], TIBF4 (2 equiv.), HC=CCgHs-4-Me (2.2 equiv.) and Proton Sponge (excess) in
CH,Cl, at room temperature after: i) 5 minutes; ii) 75 minutes; iii) 2 hours; iv) 3 hours;

V) 24 hours and vi) 48 hours.

In the cases where R is an electron donating group, attempts were made to purify the
reaction mixture at intermediate times and isolate the spectroscopically-observed
intermediate trans-bis(alkynyl) complexes, though these were unsuccessful; yielding
only the n-butenynyl complex, [28]BF,; suggesting further reaction on work-up
(indicating the acid-sensitivity of [24] and / or the instability of [24] containing electron
donating substituents). Interestingly, upon extending the reaction time leading to the
formation of trans-[Ru(C=CCg¢H;-4-COOMe),(dppm),] ([24b]) from 30 to 48 hours
(Figure 2.18), minor amounts of the corresponding n°-butenynyl complex ([28b]") were

observed in solution.
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Figure 2.18: In situ (unlocked) *P{*H} NMR (400 MHz, CDCls) spectrum following
the reaction of cis-[20], TIBF4; (2 equiv.), HC=CC¢H4-4-COOMe (2.2 equiv.) and
Proton Sponge (excess) in CH,Cl, at room temperature after 48 hours. Resonances
corresponding to the proposed formation of [28b]" are indicated with asterisks, while

the resonance at 6 — 4.0 ppm corresponds to [24b].

This implies that the nature of the R group determines the rate of n*-butenynyl complex
formation, where vinylidene, [22]", mono-alkynyl, [23], and trans-bis(alkynyl)
complexes, [24], are formed as intermediates in the overall transformation from cis-[20]
to [28]*. Though the formations of complexes of the general type [23],%%%% %% 53¢7 [24]*>
42,51, 6870 and [28]* "™ are not uncommon, the role of the incoming alkyne in the

transformations to these complexes has not yet been explored.

A proposed mechanism for the formation of {Ru(dppm)2} n°-butenynyl complexes from
reactions of cis-[20] in methanol solutions with HC=CCgHs in the presence of NaPFg

and base has been previously reported (Scheme 2.4).%

130



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 2
A A
/~PPh; ) PhoR_PPh;  H i) Ph,R PPh,
E: :Z\Ru/gll + NaPFgq ‘f Cl- Ru= c=C’ ~— CI- RU C=C
1
2 \/PP thP\/Pth iv) thP\/Pth
cis-[20] [22d]* [23d]
i) || i)
H
PPh, A
) [ 25 PhoR PPh, H
vii) Pho,P~r,—C ~———>  Cl- Ru®C C.
_ N ~
l Ph2F\>_ F{ o] C\Z& Ph,P’ g\\

—Ru
PhoP™ ¢
\__P 1y
Ph, € \ vi)|[v)
( 5 H
. a2 o ii) [RPN2 c/@
[28d] PhP-&g =C* " o PhP—g,-CZ

PhoR” R|u \© W) PR G
2 \/Eh C\\\C 2 \/Pth\\C

cis-[24d]
cis-[Cd]*

Scheme 2.4: Proposed mechanism for the reaction between cis-[20], NaPFg,
HC=CCgHs and base in methanol, where: i) + HC=CCgHs; ii) — HC=CCgHs; iii) —H"
iv) + H"; v) — HCI; vi) + HCI; vii) — C1.*

In the mechanism described above, initial reaction of cis-[20] with NaPFg is thought to
form the active five coordinate complex, [RuCl(dppm).]* ([31]"; not shown in Scheme
2.4). Subsequent addition of the terminal alkyne, HC=CCgHs, yields the mono-
vinylidene complex [22d]" which is then rapidly transformed into [23d] upon
deprotonation.*® The formation of the neutral complex [Bd] and the cationic
n®-butenynyl complex [28d]" was confirmed via *'P{"H} NMR spectroscopy. The
additional intermediate complexes [Ad]", cis-[24d] and cis-[Cd]® were not

unambiguously defined, but were proposed on the basis of in situ NMR monitoring of
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13C-labelled experiments. During the reaction between
trans-[RUCI(=C**=CHCqHs)(dppm)2]* with HC=CCeHs, an intermediate low field
quartet resonance in the *C{*H} spectrum (5 363.1 ppm, 2Jpc = 15.5 Hz) was observed,
implicating the presence of the intermediate complex [Ad]" bearing a vinylidene ligand
cis- to only three phosphines, with the fourth not bound to the ruthenium centre.
Notably, the hemi-lability of dppm ancillary ligands has been observed previously and
is not a novel characteristic.”® After a prolonged reaction time, mixtures of
E-[Ru(n*-{HC(CeHs)=C**C=CCgHs})(dppm).]* and
E-[Ru(n®*-{HC(CgHs)=CC**=CCgHs})(dppm),]* were obtained in approximately equal
quantities. In order to account for the uptake of C*2 at both C? and C°, the ‘symmetric’
complex cis-[24d] was proposed, establishing an alternative mechanistic route from
[23d] to the n°-butenynyl complex [28d]* with cis-[Cd]" having been included to
account for the propensity of alkynyl ligands to be protonated. Interestingly,
{Ru(dppe),} n’-butenynyl complexes have not been observed in analogous reaction
schemes.* Hence the unique formations of {Ru(dppm).} n>-butenynyl complexes are
thought to arise as a consequence of the comparatively more strained phosphine bite
angle, which no doubt contributes to Ru-P dissociation and the hemi-lability of dppm
ligands (c.f. [Ad]", Scheme 2.4).

In the cases of reactions reported here, which differ from the Lynam work with the
inclusion of TIBF, in the reaction mixture and reactions instead conducted in CH,Cl,
(vs. NaPFs / MeOH), no spectroscopic evidence for either [A]" or [B] could be obtained
(Figures 2.16 and 2.17). Rather, deprotonation of vinylidene complexes [22]" affords
mono-alkynyl complexes, [23] and a subsequent reaction with the efficient halide
abstracting agent TIBF4 presumably then forms the five coordinate species [D]", which,
in the presence of a terminal alkyne and excess Proton Sponge, gives trans-[24], which
is likely to occur via the intermediate alkynyl-vinylidene species trans-[C]"
(Scheme 2.5).
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Scheme 2.5: Proposed mechanism for the reaction of cis-[20], TIBF;, HC=CCgHs-4-R

and base in CH,Cl,, where: i) + HC=CR'; ii) — HC=CR'; iii) —
vi) + Cl; vii) + base (B); viii) — base (B); R' =

H;iv) + H; v) - C

CeHs-4-R (a: R = NOy; d: R =H and f:

R = OMe). Quantum chemically calculated free energies for the case where B =

pyridine are shown in italics. *geometry optimisation resulted in [28a]".
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From trans-[24] (Scheme 2.5), it is possible to envisage two alternate routes to [28]",
either via the reverse reaction to give trans-[C]" and isomerisation to the key
cis-alkynyl vinylidene cis-[C]" or through initial isomerisation to the cis-bis(alkynyl)
complex (cis-[24]) prior to protonation to give cis-[C]". On the one hand, the route
trans-[24] - trans-[C]" = cis-[C]" = [28]" is similar to that proposed by Rappert and
Yamamoto to account for the formation of mn’-butenynyl complexes from
trans-[Ru(C=CCgHs)2(PMes)s], [17].”® On the other hand, the formation of n®-butenynyl
complexes from cis-[24] (Schemes 2.4 and 2.5) is similar to the formation of
n-butenynyl complexes from reactions of cis-[Ru(C=CCgHs){P(CH.CH,PPh,)s}] with
weak acids (pKa(NH4)= 9; pKu(EtOH) = 18; c.f. pKy(Proton Sponge) = 12.1 (in

water)’’ — 18.62 (in NCMe)"® observed by Bianchini and colleagues.”

The rate of formation of intermediate cis-[24] (Scheme 2.5) might be enhanced by the
more favourable trans-effects in the case of reactions with alkynes bearing electron-
withdrawing substituents, but the lower basicity of the alkynyl ligands will limit
equilibrium concentrations of both cis- and trans-[C]* (Scheme 2.5) as well as reducing
the nucleophilicity of the alkynyl C, in cis-[C]". In contrast, electron-donating
substituents will destabilise cis-[24] but stabilise the vinylidene intermediates cis- and
trans-[C]".

In order to gain further insight into these different mechanistic possibilities and also to
rationalise the observed substituent effects, the potential energy surface for the
formation of [28]" (in Scheme 2.5) was examined using DFT at the
PBEO-D3/def2-TZVPP//BP86/SV(P) level with solvation corrections applied in
CH.Cl,. All calculations were conducted by Dr J. M. Lynam at the University of York
and details of the computational methods employed have been included in the
experimental section (see section 2.6.1.). All energies are Gibbs energies at 298.15 K.
Complexes bearing three different R substituents (a: R = NO,; d: R = H and f:
R = OMe; where R’ = CgHy4-4-R in Scheme 2.5.) were examined and in each case, the

alkynyl-vinylidene complex cis-[C]" was taken as the reference point.

The calculations indicate that in the cases of [24] and [C]", the trans-isomers are more

thermodynamically favourable than the corresponding cis-arrangement of ligands,
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although the differences are relatively small (~ 10 kJmol™). The isomerism of trans-
[C]" to cis-[C]" and trans-[24] to cis-[24] was not modelled but is thought to proceed
via a five-coordinate intermediate with a k'-bound dppm ligand. In order to assess the
differences in acidity of the vinylidene ligands, deprotonation of the cationic complexes
[C]” by pyridine (B = pyridine in Scheme 2.5), to give a pyridinium cation and [24],
was modelled. The data indicate that in all cases, except [24a], deprotonation of the
alkynyl vinylidenes ([C]") by pyridine is thermodynamically unfavourable. There is a
pronounced substituent effect with the greatest difference in energy between the (less
favourable) bis-alkynyl complexes ([24]) and the alkynyl-vinylidene species ([C]")
arising when two OMe substituents (f) are present (33 —35 kJmol™). The energy
difference is much smaller in the NO,-containing case (a; 5 kmol™). This trend may
simply represent the increased basicity of the alkynyl ligands in the presence of the
OMe group.

The formation of the n°-butenynyl ligand from intermediate cis-[C]" proceeds through a
low energy transition state, TS; (Scheme 2.5). There is a small substituent effect in this
case with the barrier to C-C bond formation being lowest in the case of the
OMe-substituted complex (f; AG = + 12 kJ mol™) and greatest in the case of the
NO.-derviative (a; AG = + 23 kJ mol™). This is consistent with the relative
nucleophilicity of the alkynyl ligands coupling with the electrophilic metal-bound
carbon of the vinylidene. However, given that the barriers are very small, the
calculations predict that the C-C bond formation step from cis-[C]" will be extremely
rapid at 298 K, regardless of the substituent employed. The observed experimental
substituent effect, where the presence of electron donating groups favour the formation
of the n-butenynyl complexes, may be more readily explained on the basis of the
protonation states of the complexes. The presence of the more basic (OMe-containing)
alkynyl ligand (f) will increase the proportion of alkynyl-vinylidene complexes [C]”
thus promoting the formation of the n3-butenynyl complex [28]", whereas in the case of
the NO,-containing species (a), the proportion of these intermediate complexes [C]*
will be lower, hence a much slower formation of the n*-butenynyl complex [28]" is
exhibited.
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One additional aspect of the calculations is that a dynamic reaction coordinate analysis
of TS; (and also the corresponding Z-isomer, c.f. TS, shown in Scheme 2.6) reveals that
the transition state does not directly connect cis-[C]" to [28]", but to an isomeric
complex, [28']" in which the butenynyl ligand is bound in an n'-fashion. At all levels of
theory employed, [28']" is at lower energy than [28]" for the hydrogen- and methoxy-
substituted complexes, by 9 and 8 kJmol™ respectively, where geometry optimisation of
the corresponding NO,-substituted species resulted in generation of [28a]*. Although
the energy differences here are small and so care should be taken in interpreting such
data, the calculations would indicate that [28]" and [28"]" should both be in equilibrium
in solution. This is consistent with the fact that the alkyne functionality in n°-butenynyl

ligands is labile and may be readily replaced by donor ligands such as CO.®

These calculations also explain the stereochemical outcome of the reaction as the
E-substituted n>-butenynyl ligand is obtained. As shown in Scheme 2.6, the calculations
indicate that the intermediates and transition states which lead to complex Z-[28d]"
(cis-Z-[Cd]" and TS;) are only slightly higher in energy than the corresponding
complexes that lead to the experimentally observed E-isomer (by 9 and 6 kimol™
respectively). However, Z-[28d]" is far higher in energy than the E-isomer, E-[28d]"
(— 47 kdmol™ compared to — 94 kdmol™), as is Z-[28d"]* (- 62 kimol™ vs. — 103 kJmol™
for E-[28d']"). This indicates that the reverse reaction from Z-[28d"]" to cis-Z-[Cd]" has
a barrier of 84 kdmol™ and may be reversible at 298 K, implying that the reaction is

under thermodynamic control.
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Scheme 2.6: Proposed mechanism for the formation of the Z-isomer of the n>-butenynyl

complex, Z-[28d]". Quantum chemically calculated free energies are shown in italics.

2.5. Conclusions

In summary, TIBF, has been shown to be a reliable and efficient halide abstracting
agent in the transformation of cis-[20] into mono-vinylidene and mono-alkynyl
complexes. Although trans-bis(alkynyl) complexes,
trans-[Ru(C=CCgHs-4-R),(dppm),], can be obtained from terminal alkynes
HC=CC¢Hs-4-R containing electron withdrawing R substituents, terminal alkynes
containing electron donating R substituents promote further reaction to give cationic
n®-butenynyl complexes  E-[Ru(n*-{HC(CsHs-4-R)=CC=CCgH,-4-R})(dppm),] BF..
Although electron donating R substituents increase the nucleophilicity of C' in the
incoming alkyne, (HC'=C°C¢H4-4-R), which increases the nucleophilicity and

electrophilicity of the alkynyl and vinylidene C, carbons (respectively) in the
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intermediate alkynyl-vinylidene complexes, it appears that it is the control of the
protonation state by raising the energy of the bis-alkynyl complex that promotes the formation
of the n>-butenynyl complexes. Such experimental observations are assumed to be a direct
and unique result of the decreased phosphine bite angle in the {Ru(dppm),} motif when
compared with the {Ru(dppe).} fragment, where analogous results are not observed.
Ultimately, this work is evidence that the ancillary ligands are an important

consideration in effective molecular engineering.

2.6. Experimental

2.6.1. General considerations

All reactions were carried out under an atmosphere of dry nitrogen using standard
Schlenk techniques. Dichloromethane was dried over CaHy, all other solvents were
standard reagent grade and used as received. No special precautions were taken to
exclude air or moisture during workup. The compounds cis-[20];%°
HC=CCeH4-4-NO;*" HC=CCgH,-4-COOMe;* HC=CCgHy-4-C=CSiMes™ and TIBF,*
were synthesised by literature methods. All other reagents were commercially available

and used as received.

Safety spectacles and gloves were worn at all times, and all experiments conducted in
an efficient fume hood, following completion of appropriate COSHH assessments.
Relatively non-toxic solvents were disposed of in the appropriate waste solvent
container (chlorinated / non-chlorinated). Given the extremely toxicity of TIBF,, the
reagent was separately weighed in a sealed container in a fumehood. The solid was
transferred to the reaction flask using a disposable paper funnel. The paper funnel was
discarded immediately after use into a thallium-containing solid waste receptacle. For
larger scale reactions, a secondary containment flask was utilised during the reaction
period. Reactions reported below involving TIBF4, (generally) produce equimolar
amounts of TICI, which is similarly extremely toxic. After completion of the reaction,
following isolation of TICI / residual TIBF, by the work-up procedures reported, the

salts were either disposed of by i) dissolving in HNO3 (ag.) and transferring into a
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thallium-containing solvent waste container or ii) in a thallium-containing solid waste

container (along with the chromatographic medium, celite etc.).

NMR spectra were recorded at 25 °C either on a Varian Inova 300 (*H, 300.2 MHz; *'P,
121.5 MHz), Jeol 400 (*H, 399.78 MHz; **C, 100.53 MHz; °F, 376.17 MHz; B,
128.27 MHz), Varian Mercury-400 (*H, 399.97 MHz; *'P, 161.10 MHz), Bruker
AV500 (*H, 500.23 MHz; *'P, 202.50 MHz; *3C, 125.77 MHz), Bruker Avance 600 (*H,
600.1 MHz; *C, 150.9 MHz; *F, 564.6 MHz; 3P, 242.9 MHz) or a Varian
VNMRS-700 (*H, 699.73 MHz; °C, 175.95 MHz ; *'P, 279.89 MHz) spectrometer
using CDCl3 or CD,CI;, as the solvent. Chemical shifts were determined relative to
internal residual solvent signals (*H, 8= 7.26 ppm, 5.32 ppm; *3C, 5= 77.2 ppm,
54.2 ppm) or external 85% HsPO, (*'P, 5 = 0.0 ppm).® FT-IR spectra were measured on
an Agilent Technologies Cary 660 spectrometer or a Nicolet Avatar 360 spectrometer
from solutions in CH,CI; in a thin-layer cell fitted with CaF, windows. ESI-MS and
APCI-MS were recorded on a Waters LCT Premier XE mass spectrometer in positive or
negative ion mode from solutions in methanol. MALDI-MS were recorded using an
Autoflex Il TOF/TOF mass spectrometer (Bruker Daltonik, GmbH) equipped with a
337 nm laser. Cyclic voltammetry was carried out using Autolab PGSTAT 30 or
Princeton Applied Research Versastat 3 potentiostats, with a platinum disc working
electrode, a platinum wire counter electrode and a platinum wire pseudo-reference
electrode from solutions in CH,Cl, containing 0.1 M [N"Bu,]PFs as the electrolyte.
Potentials are reported vs. ferrocene / ferrocenium ([Fe(n’-CsHs)2] / [Fe(n’-CsHs)z]™ =
0V)® using a decamethylferrocene / decamethylferrocenium internal standard
([Fe(n>-CsMes)7] / [Fe(n’-CsMes),]” = —0.48 V).

For quantum chemical calculations, initial optimisations were performed at the
(R1-)BP86/SV(P) level, followed by frequency calculations at the same level. Transition
states were located by initially performing a constrained minimisation (by freezing the
internal coordinates that change most during the reaction) of a structure close to the
anticipated transition state. This was followed by a frequency calculation to identify the
transition vector to follow during a subsequent transition state optimisation. A final
frequency calculation was then performed on the optimised transition state structure. All

minima were confirmed as such by the absence of imaginary frequencies and all
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transition states were identified by the presence of only one imaginary frequency.
Single-point calculations on the (RI-)BP86/SV(P) optimised geometries were performed
using the hybrid PBEO functional and the flexible def2-TZVPP basis set. The
(R1-)PBEO/def2-TZVPP SCF energies were corrected for their zero point energies,
thermal energies and entropies (obtained from the (RI-)BP86/SV(P)-level frequency
calculations). In all calculations, a 28 electron quasi-relativistic ECP replaced the core
electrons of Ru and Rh. No symmetry constraints were applied during optimisations.
Solvent corrections were applied with the COSMO dielectric continuum model® and
dispersion effects modeled with Grimme’s D3 method.?> ® All calculations were
performed using the TURBOMOLE V6.4 package using the resolution of identity (RI)

approximation.®”*°

2.6.2. Syntheses and characterisations of mono-vinylidene complexes

- A _
Ph,R PPh,  H? 4
Cl-Ru=C'=C2 3 C4  |BFs
thPvPth C/J “es-H
!
/Cfi
i NO, |

Synthesis of trans-[RuCl(=C=CHCgH.-4-NO,)(dppm),] BF4, [22a]BF,

A mixture of cis-[20] (0.050g, 0.05mmol), TIBF, (0.016 g, 0.05mmol) and
HC=CC¢H4-4-NO, (0.0082 g, 0.05 mmol) in CH,Cl, (5 ml) was stirred under N, for
two hours. The solution colour changed from yellow to red and a white solid (TICI)
precipitated. The TICI was removed by filtration through a HPLC Teflon filter (20 um
pores) and the filtrate concentrated to ~ 1 ml by rotary evaporation. Excess diethyl ether
was then added to the red solution, resulting in the instantaneous precipitation of a
red solid which was collected by filtration, washed with diethyl ether (3 x 10 ml) and
hexanes (3 x 10 ml) and then air dried (0.049 g, 80 %).

IR (CH,Cly, cm™): 1635 v(Ru=C=C), 1550 v(N=0), 1340 v(N-0). *H NMR (CDCls,
400 MHz) &/ ppm: 3.36 (quin., J =3 Hz, 1H, H%), 5.21 (dt, J =16, 5 Hz, 2H, CH,,
dppm), 5.42 (dt, J = 16, 5 Hz, 2H, CH, dppm), 5.65 (apparent doublet, splitting = 8 Hz,
2H, H*), 7.23 (t, J = 8 Hz, 8H, Hy, dppm), 7.25 (t, J = 8 Hz, 8H, Hyy, dppm), 7.31 — 7.38
(m, 8H, H,, dppm), 7.42 (t, J=8Hz, 4H, H,, dppm), 7.45 (apparent doublet,
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splitting =8 Hz, 2H, H°), 7.44-750 (m, 12H, H, and H, dppm). *P{'H}
NMR (CDCls, 400 MHz) &/ ppm: — 17.3 (s, Ru(dppm).). **F NMR (CDCls, 400 MHz)
§/ppm: —155.3 (s, BFs). “C{'H} NMR (CD.Cl,, 400MHz) &/ppm: 46.2
(t,J =12 Hz, CH,, dppm), 110.4 (s, C%), 124.2 (s, C°), 127.2 (s, C%), 128.8 (s, Cm,
dppm), 129.4 (s, Cy, dppm), 131.6 (s, C,, dppm), 131.8 (s, C,, dppm), 132.4 (quin., J =
13 Hz, C;, dppm), 132.7 (s, Co, dppm), 133.5 (quin., J = 13 Hz, C;, dppm), 133.6 (s, Co,
dppm), 136.2 (s, C*), 145.8 (s, C°), 352.5 (quin., J = 14 Hz, C'). ASAP (+)-MS (m/2):
1052 [RuCI(=C=CHCg¢H4-4-NO,)(dppm),]*. Anal. Found: C, 60.94; H, 4.28; N, 1.34.
Calc. for CsgHagBCIF4sNO,P4Ru: C, 61.10; H, 4.34; N, 1.23.

- A _
Ph,R PPh,  H?
Cl-Ru=C'=C2 , BF,
/7 N C/ 3 H5
PhoR PPh, Scs-

\Y k ,

Synthesis of trans-[RuClI(=C=CHCgH;-4-COOMe)(dppm);]BF4, [22b]BF,

A mixture of cis-[20] (0.050 g, 0.05 mmol), TIBF; (0.016 g, 0.05mmol) and
HC=CCgH4-4-COOMe (0.0087 g, 0.05 mmol) in CH,Cl, (5 ml) was stirred under N, for
one hour. The solution colour changed from yellow to orange / brown and a white solid
(TICI) precipitated. The TICI was removed by filtration through a HPLC Teflon filter
(20 um pores) and the filtrate concentrated to ~ 1 ml by rotary evaporation. Excess
diethyl ether was then added to the orange/brown solution, resulting in the
instantaneous precipitation of a pale brown solid which was collected by filtration,
washed with diethyl ether (3 x 10 ml) and hexanes (3 x 10 ml) and then air dried
(0.046 g, 75 %).

IR (CH.Cly, cm™): 1717 w(C=0), 1635 v(Ru=C=C). 'H NMR (CD.Cl,, 700 MHz)
8/ ppm: 3.13 (quin., J = 3 Hz, 1H, H?), 3.90 (s, 3H, CH3), 5.14 (dt, J = 15, 5 Hz, 2H,
CH,, dppm), 5.36 (dt, J=15, 5Hz, 2H, CH,, dppm), 5.58 (apparent doublet,
splitting = 8 Hz, 2H, H?), 7.25 (t, J = 7 Hz, 16H, Hy, dppm), 7.31—7.36 (m, 8H, H,,
dppm), 7.40 — 7.46 (m, 16H, H, and H,, dppm), 7.41 (apparent doublet, splitting = 8 Hz,
2H, H). "B NMR (CD.Cl,, 500 MHz) &/ppm: — 2.0 (s, BF4). *F NMR (CD,Cl,,
500 MHz) & / ppm: — 152.5 (s, BFy4). **P{*H} NMR (CDCls, 700 MHz) & / ppm: — 16.6
(s, Ru(dppm)y). *C{*H} NMR (CD.Cl,, 500 MHz) &/ ppm: 46.4 (t, J = 13 Hz, CHj,
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dppm), 52.6 (s, CHs), 110.7 (s, C?), 127.2 (s, C%), 128.2 (s, C%), 129.1 (t, J = 3 Hz, Cp,
dppm), 129.7 (t, J = 3 Hz, Cpn, dppm), 129.8 (quin., J = 12 Hz, C;, dppm), 130.2 (s, C°),
131.3 (quin., J =12 Hz, C;, dppm), 132.0 (s, C,, dppm), 132.3 (s, Cp, dppm), 132.6 (s,
C®, 132.9 (quin., J =3 Hz, C,, dppm), 133.9 (quin., J =3 Hz, C,, dppm), 166.9 (s,
C=0), 355.4 (quin., J = 14 Hz, C'). ASAP (+)-MS (m/z): 1065 [RuCI(=C=CHCgH-4-
COOMe)(dppm)2]*, 521 [RuCl(dppm)]*. Anal. Found: C, 61.04; H, 4.08. Calc. for
CeoHs2BCIF,0,P4Ru: C, 62.49; H, 4.55.

- A _
Ph,R PPh,  H?
Cl-Ru=C'=C2 , BF,

Ph,P PPh, C na5-HS
AR

Synthesis of trans-[RuUCI(=C=CHCgHj-4-C=CSiMe3)(dppm),]BF4, [22C]BF4

A mixture of cis-[20] (0.049 g, 0.05mmol), TIBF, (0.016 g, 0.06 mmol) and
HC=CCgH;-4-C=CSiMe3 (0.011 g, 0.06 mmol) in CH,CI, (5 ml) was stirred under N,
for two hours. The solution colour changed from yellow to brown and a white solid
(TICI) precipitated. The TICI was removed by filtration through a HPLC Teflon filter
(20 um pores) and the filtrate concentrated to ~ 1 ml by rotary evaporation. Excess
diethyl ether was then added to the brown solution, resulting in the instantaneous
precipitation of a brown solid which was collected by filtration, washed with diethyl
ether (3 x 10 ml) and hexanes (3 x 10 ml) and then air dried (0.041 g, 66 %).

IR (CH.Cly, cm™): 1605 v(Ru=C=C). *H NMR (CDCl3, 600 MHz) & / ppm: 0.25 (s, 9H,
SiMes), 3.00 (quin., J = 3 Hz, 1H, H?), 5.14 (dt, J = 15, 4 Hz, 2H, CH,, dppm), 5.42 (d,
J =15, 4 Hz, 2H, CH,, dppm), 5.43 (apparent doublet, splitting = 8 Hz, 2H, H?), 6.82
(apparent doublet, splitting = 8 Hz, 2H, H°), 7.21 (t, J = 8 Hz, 8H, Hm, dppm), 7.22 (t,
J=8Hz, 8H, Hp, dppm), 7.32 - 7.35 (m, 8H, Ho, dppm), 7.35 (t, J =8 Hz, 4H, H,,
dppm), 7.38 —7.44 (m, 12H, H, and H,, dppm). *P{*H} NMR (CDCls, 600 MHz)
8 /ppm: — 16.3 (s, Ru(dppm),). *C{*H} NMR (CDCls, 600 MHz) &/ ppm: 0.19 (s,
SiMes), 46.2 (quin., J = 13 Hz, CH,, dppm), 94.6 (s, C®), 105.0 (s, C*), 110.1 (s, C?),
120.5 (s, C%), 126.9 (s, C%), 127.7 (s, C°), 128.7 (s, Cm, dppm), 129.3 (s, Cyn, dppm),
129.6 (quin., J =13 Hz, C;, dppm), 131.1 (quin., J =13 Hz, C;, dppm), 131.4 (s, C,,
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dppm), 131.7 (s, Cp, dppm), 132.1 (s, C°), 132.7 (s, Co, dppm), 133.6 (s, Co, dppm),
3559-356.1 (m, C'). ESI (+)-MS (m/z): 1103 [RuCl(=C=CHCgHy-4-
C=CSiMej)(dppm)2]*, 905 [Ru(dppm),]”.

N\
Ph,R PPh,  H? 4

Cl-Ru=C'=C2 _ BF
A 3.c4 5 4
thP\/PPh2 (/3 \\p5,H
/C6
\HG

Synthesis of trans-[RuCI(=C=CHCgsHs)(dppm),]BF4, [22d]BF,4

A mixture of cis-[20] (0.050¢g, 0.05 mmol), TIBF, (0.016 g, 0.05mmol) and
HC=CCgHs (6 pL, 0.06 mmol) in CH,CI, (5 ml) was stirred under N, for one hour. The
solution colour changed from yellow to orange and a white solid (TICI) precipitated.
The TICI was removed by filtration through a HPLC Teflon filter (20 pum pores) and the
filtrate concentrated to ~ 1 ml by rotary evaporation. Excess diethyl ether was then
added to the orange / brown solution, resulting in the instantaneous precipitation of a
pale yellow / brown solid which was collected by filtration, washed with diethyl ether
(3 x 10 ml) and hexanes (3 x 10 ml) and then air dried (0.047 g, 82 %).

IR (CH2Cly, cm™): 1605 v(Ru=C=C). 'H NMR (CD.Cl,, 400 MHz) &/ppm: 3.10
(quin., J =3 Hz, 1H, H?), 5.03-5.10 (m, 2H, CH,, dppm), 5.11 —5.18 (m, 2H, CHy,
dppm), 5.56 (d, J = 8 Hz, 2H, H*), 6.79 (t, J = 8 Hz, 2H, H?), 6.92 (t, J = 8 Hz, 1H, H°),
7.22 —-7.32 (m, 16H, Hp, dppm), 7.32 — 7.42 (m, 16H, H,, dppm), 7.48 (t, J = 8 Hz, 8H,
Ho,, dppm). F NMR (CD,Cl,, 400 MHz) &/ppm: — 152.8 (s, BF). *P{'H}
NMR (CD,Cl,, 400 MHz) &/ppm: — 15.4 (s, Ru(dppm),). *C{"H} NMR (CD.Cl,,
400 MHz) & / ppm: 46.7 (t, J = 12 Hz, CH,, dppm), 111.1 (s, C?), 126.9 (s, C%), 127.9 (s,
C*%, 129.5 (s, Crn, dppm), 130.0 (s, Cm, dppm), 131.3 — 131.8 (m, C;, dppm), 132.14 (s,
C%, 132.4 (s, C°), 132.3 (s, C,, dppm), 132.7 (s, C,, dppm), 132.9 (s, C,, dppm), 134.0
(s, Co, dppm), 3582 (quin., J=13Hz, C. ESI (+)-MS (m/z): 1007
[RuCI(=C=CHCsgHs)(dppm).]*. ESI (-)-MS (m/z): 87 [BF4]". Anal. Found: C, 63.01; H,
4.55. Calc. for CsgHsoBCIF4P4RuU: C, 63.67; H, 4.52.
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Synthesis of trans-[RuCl(=C=CHCgHs-4-Me)(dppm).]BF4, [22e]BF,4

A mixture of cis-[20] (0.047 g, 0.05mmol), TIBF, (0.015g, 0.05mmol) and
HC=CC¢H4-4-Me (7 pL, 0.06 mmol) in CH,CI, (5 ml) was stirred under N, for one
hour. The solution colour changed from yellow to orange and a white solid (TICI)
precipitated. The TICI was removed by filtration through a HPLC Teflon filter (20 um
pores) and the filtrate concentrated to ~ 1 ml by rotary evaporation. Excess diethyl ether
was then added to the orange/brown solution, resulting in the instantaneous
precipitation of a pale orange / brown solid, which was collected by filtration, washed
with diethyl ether (3 x 10 ml) and hexanes (3 x 10 ml) and then air dried (0.046 g,
83 %).

IR (CHCly, cm™): 1646 v(Ru=C=C). *H NMR (CDCls, 400 MHz) & / ppm: 2.16 (s, 3H,
CHs), 2.94 (quin., J = 3 Hz, 1H, C=CH), 5.11 (dt, J = 15, 5 Hz, 2H, CH,, dppm), 5.41
(dt, J =15, 5Hz, 2H, CH,, dppm), 5.36 (apparent doublet, splitting = 8 Hz, 2H, H%),
6.50 (apparent doublet, splitting = 8 Hz, 2H, H°), 7.12— 7.26 (m, 16H, Hy, dppm),
7.26 — 7.37 (m, 16H, H,, dppm), 7.37 — 7.45 (m, 8H, H,, dppm). **F NMR (CDCls,
400 MHz) & / ppm: —152.4 (s, BF,). **P{"H} NMR (CDCls, 400 MHz) & / ppm: — 15.9
(s, Ru(dppm),). *C{*H} NMR (CD,Cl,, 500 MHz) &/ ppm: 21.2 (s, CHs), 46.5 (t,
J =12 Hz, CH,, dppm), 110.6 (s, C?), 123.8 (s, C%), 127.6 (s, C*), 129.2 (t, J = 3 Hz, Cp,
dppm), 129.8 (t, J = 3 Hz, Cy, dppm), 129.6 (s, C°), 130.4 (quin., J = 13 Hz, C;, dppm),
131.6 (quin., J =13 Hz, C;, dppm), 132.0 (s, Cp, dppm), 132.3 (s, Cp,, dppm), 133.2
(quin., J=3Hz, C,, dppm), 134.1 (quin., J =3 Hz, C,, dppm), 136.6 (s, C°), 359.5
(quin., J = 15 Hz, CY). ASAP (+)-MS (m/z): 1021 [RuCI(=C=CHCsH4-4-Me)(dppm).]".
Anal. Found: C, 62.65; H, 4.28. Calc. for Cs9H5,BCIF4P4RuU: C, 63.89; H, 4.73.
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Synthesis of trans-[RuCI(=C=CHCgH-4-OMe)(dppm),] BF 4, [22f]BF4

A mixture of cis-[20] (0.050¢g, 0.05mmol), TIBF, (0.016 g, 0.05mmol) and
HC=CC¢H4-4-OMe (7 pL, 0.05 mmol) in CH.Cl, (5 ml) was stirred under N, for one
hour. The solution colour changed from yellow to orange and a white solid (TICI)
precipitated. The TICI was removed by filtration through a HPLC Teflon filter (20 um
pores) and the filtrate concentrated to ~ 1 ml by rotary evaporation. Excess diethyl ether
was then added to the orange/brown solution, resulting in the instantaneous
precipitation of a pale yellow / brown solid that was collected by filtration, washed with
diethyl ether (3 x 10 ml) and hexanes (3 x 10 ml) and then air dried (0.050 g, 83 %).

IR (CHCly, cm™): 1653 v(Ru=C=C). *H NMR (CD.Cl,, 500 MHz) & / ppm: 3.05 — 3.12
(m, 1H, H?), 3.71 (s, 3H, CHs), 5.09 (dt, J = 16, 4 Hz, 2H, CH,, dppm), 5.16 (dt, J = 16,
4 Hz, 2H, CH,, dppm), 5.49 (apparent doublet, splitting = 8 Hz, 2H, H*), 6.35 (apparent
doublet, splitting = 8 Hz, 2H, H°), 7.24 —7.32 (m, 16H, Hy, dppm), 7.33—7.41 (m,
16H, H,, dppm), 7.45 —8.41 (m, 8H, H,, dppm). B NMR (CD.Cl,, 400 MHz) & / ppm:
— 2.0 (s, BFy). *F NMR (CD.Cl,, 400 MHz) &/ppm: —152.6 (s, BF,). *'P{"H}
NMR (CD,Cl,, 500 MHz) &/ppm: — 15.9 (s, Ru(dppm),). “*C{*H} NMR (CD,Cl,,
500 MHz) & / ppm: 46.7 (t, J = 13 Hz, CH,, dppm), 56.0 (s, CHs), 110.5 (s, C?), 114.7
(s, C°), 118.7 (s, C%), 129.2 (s, C*), 129.6 (t, J = 3 Hz, Cyn, dppm), 130.2 (t, J = 3 Hz, C,
dppm), 130.8 (quin., J =13 Hz, C;, dppm), 132.2 (quin., J = 13 Hz C;, dppm), 132.7 (s,
Cp, dppm), 133.0 (s, Cp, dppm), 133.6 (quin., J=3 Hz, C,, dppm), 134.5 (quin.,
J=3Hz, C, dppm), 158.8 (s, C°), 362.5—362.6 (m, C'). ASAP (+)-MS (m/z): 1037
[RUCI(=C=CHCgH,-4-OMe)(dppm),]*. Anal. Found: C, 62.90; H, 4.57. Calc. for
CsoHs,BCIF,OP4Ru: C, 62.98; H, 4.66.
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2.6.3. Syntheses and characterisations of mono-alkynyl complexes

4 5
A & 4 éH
Ph,R PPh, C=C

ci-Ri-c=c?-c?  c5-No,
PR PP, 7

Synthesis of trans-[RUCI(C=CCsH4-4-NO,)(dppm),], [234]

A mixture of cis-[20] (0.050 g, 0.05mmol), TIBF,; (0.016 g, 0.05mmol) and
HC=CCg¢H4-4-NO, (0.0083 g, 0.05 mmol) in CH,CI, (5 ml) was stirred under N, for
two hours. The solution colour changed from yellow to red and a white solid (TICI)
precipitated. The solution was then transferred, via cannular filtration (- TICI), into a
separate dry, degassed flask containing 1,8-bis-dimethylaminonapthalene (Proton
Sponge) (0.046 g, 0.21 mmol) in CH,CI, (2 ml), where the red solution colour darkened
instantly. The solution was stirred for a further ten minutes, then filtered through celite
to remove reaction salts. The red filtrate is concentrated to ~ 0.5 ml by rotary
evaporation then excess hexanes added, resulting in the instantaneous precipitation of a
red solid. The solid was collected by filtration, washed with hexanes (3 x 20 ml) and air
dried (0.049 g, 88 %). Crystals of the complex were obtained from a CH,Cl, / hexanes
layer diffusion.

IR (CH,Cly, cm™): 2058 v(RuC=C), 1579 v(N=0), 1322 v(N-0). 'H NMR (CDCls,
400 MHz) o/ppm: 4.86-5.05 (m, 4H, CH, dppm), 5.95 (apparent doublet,
splitting = 8 Hz, 2H, H*), 7.09 (t, J = 8 Hz, 8H, Hy, dppm), 7.18 (t, J = 8 Hz, 8H, Hnp,
dppm), 7.26 (t, J = 8 Hz, 4H, H,, dppm), 7.31 (t, J = 8 Hz, 4H, H,, dppm), 7.36 — 7.41
(m, 8H, H,, dppm), 7.42 —7.46 (m, 8H, H,, dppm), 7.78 (apparent doublet, splitting =
8 Hz, 2H, H. *P{"H} NMR (CDCls, 400 MHz) &/ppm: —7.1 (s, Ru(dppm).).
Bc{"H} NMR (CDCls, 500 MHz) & / ppm: 50.2, (t, J = 11 Hz, CH,, dppm), 115.8 (s,
C?), 122.9 (s, C°), 127.7 (s, Cmm, dppm), 127.8 (s, Cm, dppm), 129.5 (s, C,, dppm) 129.7
(s, Cp, dppm), 129.8 (s, C%, 133.3 (t, J = 3 Hz, C,, dppm) 133.8 (t, J = 3 Hz, C,, dppm),
133.9 (quin., J = 11 Hz, C;, dppm), 134.7 (quin., J = 11 Hz, C;, dppm), 137.6 (s, C),
141.9 (s, C°, 1476 (quin., J=16 Hz, CY. MALDI (+)-MS (m/z): 1051
[RUCI(C=CCgH4-4-NOy)(dppm), + H]", 870 [Ru(dppm)2]*. Anal. Found: C, 66.30; H,
4.48; N, 1.39. Calc. for CsgHssCINO,P4Ru: C, 66.21; H, 4.60; N, 1.33.
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Synthesis of trans-[RuCI(C=CCgsH4-4-COOMe)(dppm),], [23b]

A mixture of cis-[20] (0.050 g, 0.05mmol), TIBF; (0.017 g, 0.06 mmol) and
HC=CC¢H4-4-COOMe (0.0086 g, 0.05 mmol) in CH,CI, (5 ml) was stirred under N,
for one hour. The solution colour changed from yellow to orange and a white solid
(TICI) precipitated. The solution was then transferred, via cannular filtration (— TICI),
into a separate dry, degassed flask containing 1,8-bis-dimethylaminonapthalene (Proton
Sponge) (0.045 g, 0.21 mmol) in CH,Cl, (2 ml), where solution colour immediately
changed from orange to yellow. The solution was stirred for a further ten minutes, then
filtered through celite to remove reaction salts. The yellow filtrate is concentrated to
~ 0.5 ml by rotary evaporation then excess hexanes added; resulting in the instantaneous
precipitation of a yellow solid. The solid was collected by filtration, washed with
hexanes (3 x20 ml) and air dried (0.048 g, 86 %). Crystals of the complex were
obtained from a CH,Cl; / pentane layer diffusion.

IR (CH2Cly, cm™): 2073 v(RuC=C), 1705 v(C=0), 1590 v(C-0). 'H NMR (CDClj,
400 MHz) & / ppm: 3.84 (s, 3H, CH3), 4.86 —4.95 (m, 4H, CH,, dppm), 6.00 (apparent
doublet, splitting = 8 Hz, 2H, H*), 7.06 (t, J = 8 Hz, 8H, Hy, dppm), 7.72 (t, J = 8 Hz,
8H, Hm, dppm), 7.23 (t, J =8 Hz, 4H, H,, dppm), 7.29 (t, J =8 Hz, 4H, H,, dppm),
7.37—-7.43 (m, 8H, H,, dppm), 7.43 —7.49 (m, 8H, H,, dppm), 7.48 (apparent doublet,
splitting =8 Hz, 2H, H°). *P{"H} NMR (CDCl;, 400 MHz) &/ppm: —6.8 (s,
Ru(dppm),). *C{*H} NMR (CDCl;, 600 MHz) & / ppm: 50.4 (quin., J = 10 Hz, CHj,
dppm), 51.8 (s, CHs), 113.9 (s, C?), 123.2 (s, C?), 127.7 (s, Cm, dppm), 128.5 (s, C°),
129.3 (s, Cp, dppm), 129.5 (s, Cp, dppm), 129.9 (s, C*%, 133.5 (s, Cq, dppm), 133.8 (s,
Co, dppm), 134.2 (quin., J=10Hz, C;, dppm), 134.9 (quin., J=10Hz, C;, dppm),
135.6 (s, C%), 144.7-145.0 (m, C'), 167.8 (s, C=0). MALDI (+)-MS (m/z): 1189
[RUCI(C=CCgH4-4-COOMe)(dppm), + H]*, 870 [Ru(dppm),]*. Anal. Found: C, 62.96;
H, 4.67. Calc. for CgoHs;ClIO,P4,Ru x CH,Cl,: C, 63.76; H, 4.65.
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Synthesis of trans-[RUCI(C=CCgH4sC=CSiMes)(dppm)2], [23c]

A mixture of cis-[20] (0.11 g, 0.12 mmol), TIBF4 (0.035 g, 0.12 mmol) and HC=CCgH,-
4-C=CSiMe; (0.035¢g, 0.12 mmol) in CH,Cl, (5ml) was stirred under N, for
75 minutes. The solution colour changed from yellow to orange and a white solid (TICI)
precipitated. The solution was then transferred, via cannular filtration (— TICI), into a
separate dry degassed flask containing 1,8-bis-dimethylaminonapthalene (Proton
Sponge) (0.088 g, 0.48 mmol) in CH.Cl, (2 ml), where solution colour immediately
changed from orange to yellow. The solution was stirred for a further ten minutes, then
filtered through celite to remove reaction salts. The yellow filtrate is concentrated to
~ 0.5 ml by rotary evaporation then excess hexanes added; resulting in the instantaneous
precipitation of a yellow solid. The solid was collected by filtration, washed with
hexanes (3 x 20 ml) and air dried (0.11 g, 80 %). Crystals of the complex were obtained
from a CH,Cl, / MeOH layer diffusion.

IR (CHCly, cm™): 2146 v(C=CSiMes), 2073 (RUC=C). *H NMR (CD,Cl,, 700 MHz)
o/ ppm: 0.23 (s, 9H, SiMes), 4.88 —4.98 (m, 4H, CH,, dppm), 5.95 (apparent doublet,
splitting = 8 Hz, 2H, H*), 6.96 (apparent doublet, splitting =8 Hz, 2H, H°), 7.04 (t,
J=8Hz, 8H, Hy, dppm), 7.17 (t, J = 8 Hz, 8H, Hy, dppm), 7.21 (t, J = 8 Hz, 4H, H,,
dppm), 7.28 (t, J = 8 Hz, 4H, H,, dppm), 7.36 — 7.44 (m, 8H, H,, dppm), 7.44 — 7.50 (m,
8H, Ho, dppm). *'P{"H} NMR (CDCls, 400 MHz) &/ ppm: — 6.6 ppm (s, Ru(dppm).).
BC{"H} NMR (CD,Cl,, 700 MHz) &/ ppm: — 0.3 (s, SiMes), 49.8 (t, J = 10 Hz, CH,
dppm), 93.2 (s, C%), 106.0 (s, C'), 112.9 (s, C?), 116.0 (s, C°), 128.3 (t, J =3 Hz, Cp,
dppm), 128.4 (t, J = 3Hz, Cp,, dppm), 129.9 (s, C,, dppm), 130.1 (s, Cp,, dppm), 130.4 (s,
C%, 130.8 (quin., J=15Hz, C), 131.1 (s, C°), 131.4 (s, C°), 134.0 (t, J =3 Hz, C,,
dppm), 134.3 (t, J = 3 Hz, C,, dppm), 135.4 (quin., J =11 Hz, C;, dppm), 135.9 (quin.,
J=11Hz, C;, dppm). MALDI (+)-MS (m/z): 1102 [RuCI(C=CCg¢Hy-4-
C=CSiMes)(dppm)2]*, 933 [RuCl(dppm), + C,H,]*. Anal. Found: C, 68.51; H, 5.35.
Calc. for Ce3Hs57CIP4RUSI: C, 68.59; H, 5.21.
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Synthesis of trans-[RuCI(C=CCgHs)(dppm).], [23d]

A mixture of cis-[20] (0.049 g, 0.05mmol), TIBF, (0.016 g, 0.05mmol) and
HC=CC¢Hs (6 pL, 0.06 mmol) in CH,CI;, (5 ml) was stirred under N for one hour. The
solution colour changed from yellow to orange and a white solid (TICI) precipitated.
The solution was then transferred, via cannular filtration (— TICI), into a separate dry
degassed flask containing 1,8-bis-dimethylaminonapthalene (Proton Sponge) (0.041 g,
0.19 mmol) in CH,CI; (2 ml), where solution colour immediately changed from orange
to yellow. The solution was stirred for a further ten minutes, then filtered through celite
to remove reaction salts. The yellow filtrate is concentrated to ~ 0.5 ml by rotary
evaporation then excess hexanes added, resulting in the instantaneous precipitation of a
yellow solid. The solid was collected by filtration, washed with hexanes (3 x 20 ml) and
air dried (0.047 g, 90 %). Crystals suitable for single crystal X-ray diffraction were
grown from a CH,CI; / hexanes layer diffusion.

IR (CHCly, cm™): 2081 v(RuC=C). *H NMR (CDCl;, 600 MHz) & / ppm: 4.89 — 4.93
(m, 4H, CH,, dppm), 6.11 (d, J =7 Hz, 2H, H%), 6.83 (t, J=7 Hz, 1H, H®), 6.89 (t,
J=7Hz, 2H, H°), 7.07 (t, J = 8 Hz, 8H, Hy, dppm), 7.17 (t, J = 8 Hz, 8H, Hy, dppm),
7.23 (t, J = 8 Hz, 4H, H,, dppm), 7.28 (t, J = 8 Hz, 4H, H,, dppm), 7.43 — 7.54 (m, 16H,
Ho, dppm). *P{*H} NMR (CDCls, 300 MHz) &/ ppm: —5.2 (s, Ru(dppm),). *C{*H}
NMR (CDCls, 600 MHz) & / ppm: 50.4 (t, J = 10 Hz, CH,, dppm), 112.5 (s, C?), 122.4
(s, C%, 123.0 (quin., J = 15 Hz, C'), 126.9 (s, C°), 127.6 — 127.7 (m, Cy,, dppm), 129.2
(s, Cp, dppm), 129.4 (s, C,, dppm), 130.3 (s, C*), 130.8 (s, C*), 133.6 (t, J = 3 Hz, C,,
dppm), 133.9 (t, J =3 Hz, C,, dppm), 134.5 (quin., J =11 Hz, C;, dppm), 135.3 (quin.,
J=11Hz, C;, dppm). ESI (+)-MS (m/z): 1032 [RuCI(C=CCgHs)(dppm), + MeOH]",
1007 [RUCI(C=CCgHs)(dppm), + H]", 933 [RuCl(dppm), + C,H4]".
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Synthesis of trans-[RuCl(C=CCgH4-4-Me)(dppm),], [23€]

A mixture of cis-[20] (0.050¢g, 0.05mmol), TIBF, (0.016 g, 0.05mmol) and
HC=CC¢H4-4-Me (7.5 uL, 0.06 mmol) in CH.Cl, (7 ml) was stirred under N, for
one hour. The solution colour changed from yellow to orange and a white solid (TICI)
precipitated. The solution was then transferred, via cannular filtration (— TICI), into a
separate dry, degassed flask containing 1,8-bis-dimethylaminonapthalene (Proton
Sponge) (0.045 g, 0.21 mmol) in CH.Cl, (2 ml), where solution colour immediately
changed from orange to yellow. The solution was stirred for a further ten minutes, then
filtered through celite to remove reaction salts. The yellow filtrate is concentrated to
~ 0.5 ml by rotary evaporation then excess hexanes added, resulting in the instantaneous
precipitation of a bright yellow solid. The solid was collected by filtration, washed with
hexanes (3 x 20 ml) and air dried (0.050 g, 92 %). Crystals suitable for single crystal
X-ray diffraction were grown from a CH,Cl; / pentane layer diffusion.

IR (CHCly, cm™): 2082 v(RuC=C). 'H NMR (CDCls, 400 MHz) & / ppm: 2.20 (s, 3H,
CHs), 4.86 — 4.93 (m, 4H, CH,, dppm), 6.03 (apparent doublet, splitting = 8 Hz, 2H,
H*), 6.71 (apparent doublet, splitting = 8 Hz, 2H, H°), 7.07 (t, J = 8 Hz, 8H, Hy,, dppm),
7.17 (t, J = 8 Hz, 8H, Hy, dppm), 7.23 (t, J = 8 Hz, 4H, H,, dppm), 7.27 (t, J = 8 Hz, 4H,
H,, dppm), 7.42 — 7.54 (m, 16H, H,, dppm). *P{*H} NMR (CDCl3, 400 MHz) & / ppm:
— 6.6 (5, Ru(dppm),). *C{*H} NMR (CDCls;, 500 MHz) & / ppm: 21.1 (s, CH3), 50.2 (t,
J =10 Hz, CHy, dppm), 111.9 (s, C?), 120.4 (quin., J = 15 Hz, C%), 127.2 - 127.7 (m,
Cm, dppm), 127.6 (s, C°), 128.8 (s, C%), 129.1 (s, Cp, dppm), 129.3 (s, Cp, dppm), 130.0
(s, C%, 131.5 (s, C®), 133.6 (s, Co, dppm), 133.9 (s, Co, dppm), 134.6 (quin., J = 10 Hz,
Ci, dppm), 1354 (quin.,, J=10Hz, C;, dppm). MALDI (+)-MS (m/z): 1020
[RUCI(C=CCgH4-4-Me)(dppm)2]*, 933 [RuCl(dppm), + C,H4]*, 905 [RuCl(dppm)2]’,
870 [Ru(dppm)z]®. Anal. Found: C, 67.87; H, 4.78. Calc. for
CsoHs1CIP4Ru % 0.5 CH,Cly: C, 67.22; H, 4.93.
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Synthesis of trans-[RuCI(C=CCsHs-4-OMe)(dppm),], [23f]

A mixture of cis-[20] (0.050¢g, 0.05mmol), TIBF, (0.017 g, 0.06 mmol) and
HC=CC¢H4-4-OMe (7 pL, 0.05 mmol) in CH,Cl, (5 ml) was stirred under N, for
one hour. The solution colour changed from yellow to orange and a white solid (TICI)
precipitated. The solution was then transferred, via cannular filtration (— TICI), into a
separate dry degassed flask containing 1,8-bis-dimethylaminonapthalene (Proton
Sponge) (0.045 g, 0.21 mmol) in CH,Cl, (2 ml), where solution colour immediately
changed from orange to yellow. The solution was stirred for a further ten minutes, then
filtered through celite to remove reaction salts. The yellow filtrate is concentrated to
~ 0.5 ml by rotary evaporation then excess hexanes added, resulting in the instantaneous
precipitation of a yellow solid. The solid was collected by filtration, washed with
hexanes (3 x 20 ml) and air dried (0.041 g, 74 %). Crystals suitable for single crystal
X-ray diffraction were grown from a CH,Cl, / diisopropylether layer diffusion.

IR (CHCly, cm™): 2083 v(RuC=C). 'H NMR (CDCls, 400 MHz) & / ppm: 3.72 (s, 3H,
CH3), 4.85 —4.96 (m, 4H, CH,, dppm), 6.04 (apparent doublet, splitting = 8 Hz, 2H,
H*), 6.40 (apparent doublet, splitting = 8 Hz, 2H, H°), 7.06 (t, J = 8 Hz, 8H, Hy,, dppm),
7.16 (t, J = 8 Hz, 8H, Hpn, dppm), 7.23 (t, J = 8 Hz, 4H, H,, dppm), 7.27 (t, J = 8 Hz, 4H,
H,, dppm), 7.42 — 7.52 (m, 16H, H,, dppm). **P{*H} NMR (CDCls, 400 MHz) & / ppm:
— 6.6 (s, Ru(dppm),). *C{"H} NMR (CDCls, 600 MHz) & / ppm: 55.3 (s, CH3), 50.5 (t,
J =11 Hz, CH,, dppm), 111.4 (s, C?), 112.6 (s, C°), 118.2 (quin., J = 15 Hz, C'), 123.8
(s, C%), 127.6 (s, Cm, dppm), 127.8 (s, Cm, dppm), 129.1 (s, Cp, dppm), 129.4 (s, C,,
dppm), 131.1 (s, C*), 133.6 — 133.7 (m, C,, dppm), 133.8 — 133.9 (m, C,, dppm), 134.6
(quin., J = 10 Hz, Ci, dppm), 135.4 (quin., J = 10 Hz, C;, dppm), 155.5 (s, C%). MALDI
(+)-MS (m/z): 1036 [RUCI(C=CCgH4-4-OMe)(dppm).]*, 933 [RuCl(dppm), + CoH4]",
905 [RuCl(dppm).]*, 870 [Ru(dppm).]®. Anal. Found: C, 64.53; H, 4.22. Calc. for
CsoHsCIOP,Ru x CH,Cl,: C, 64.28; H, 4.77.
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2.6.4. Syntheses and characterisations of trans-bis(alkynyl) complexes
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Synthesis of trans-[Ru(C=CCsH4NO,)(dppm).], [24a]

A mixture of cis-[20] (0.049 g, 0.05 mmol), TIBF, (0.032 g, 0.10 mmol), HC=CCgHy-4-
NO;, (0.016 g, 0.11 mmol) and 1,8-bis-dimethylaminonapthalene (Proton Sponge)
(0.068 g, 0.32 mmol) in CH,Cl, (5 ml) was stirred under N, for 3.5 days. The red
solution colour darkened over the reaction period and a white solid (TICI) precipitated.
The solution is then carefully concentrated to ~ 3 ml under high vacuum and filtered
through celite to remove TICI and reaction salts. The red filtrate was concentrated to
dryness by rotary evaporation and purified by column chromatography on alumina
(basic, oven-dried; 30 : 70 40 — 60 petroleum ether : CH,Cl,). The first red band was
collected, concentrated to ~ 0.5 ml by rotary evaporation then excess hexanes added;
resulting in the instantaneous precipitation of a dark red solid. The solid was collected
by filtration, washed with hexanes (3 x 10 ml) and then air dried (0.048 g, 80 %).

IR (CH2Cly, cm™): 2053 v(RUC=C), 1581 v(N=0), 1322 v(N-O). *H NMR (CDCls,
400 MHz) o/ppm: 4.83-490 (m, 4H, CH,, dppm), 6.16 (apparent doublet,
splitting = 8 Hz, 4H, H*), 7.12 (t, J = 8 Hz, 16H Hy, dppm), 7.30 (t, J = 8 Hz, 8H, Hp,
dppm), 7.35-7.45 (m, 16H, H,, dppm), 7.83 (apparent doublet, splitting = 8 Hz, 4H,
H®). *P{"H} NMR (CDCls, 400 MHz) &/ ppm: — 4.1 (s, Ru(dppm),). *C{*"H} NMR
(CDClg) &/ ppm: 52.3 (t, J = 11 Hz, CH,, dppm), 119.0 (s, C?), 123.2 (s, C°), 127.8 (s,
Cm, dppm), 129.6 (s, C,, dppm), 130.0 (s, C?%, 133.4 (s, Co, dppm), 135.2 (quin.,
J=11Hz, C;, dppm), 137.7 (s, C%), 142.7 (s, C%), 150.1 (quin., J = 15 Hz, C). MALDI
(+)-MS (m/z): 1162 [Ru(C=CCgH4NO,)2(dppm),]*, 870 [Ru(dppm),]*. Anal. Found: C,
68.27; H, 4.50; N, 2.37. Calc. for CgsHsoN,O4PsRuU: C, 68.15; H, 4.51; N, 2.41.
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Synthesis of trans-[Ru(C=CCsH4-4-COOMe),(dppm)2], [24b]

A mixture of cis-[20] (0.051 g, 0.05 mmol), TIBF, (0.032 g, 0.10 mmol), HC=CCgH;-4-
COOMe (0.019 g, 0.12 mmol) and 1,8-bis-dimethylaminonapthalene (Proton Sponge)
(0.069 g, 0.32 mmol) in CH,Cl, (5 ml) was stirred under N, for 36 hours. The yellow
solution colour darkened over the reaction period and a white solid (TICI) precipitated.
The solution is then carefully concentrated to ~ 1 ml under high vacuum and then
filtered through a short pad of alumina (basic, oven-dried) to remove TICI and reaction
salts. The first yellow fraction is collected, concentrated to ca 0.5 ml by rotary
evaporation then excess hexanes added, resulting in the instantaneous precipitation of a
bright yellow solid. The solid was collected by filtration, washed with hexanes
(3 x 10 ml) and diethyl ether (3 x 5 ml) then air dried (0.038 g, 60 %). Crystals suitable
for single crystal X-ray diffraction were grown from a CDCI3/ 40 — 60 petroleum ether
layer diffusion.

IR (CH.Cl,, cm™): 2062 v(RuC=C), 1705 v(C=0). 'H NMR (CDCl;, 400 MHz)
&/ ppm: 3.79 (s, 6H, CH3), 4.74 —-4.80 (m, 4H, CH,, dppm), 6.15 (apparent doublet,
splitting = 8 Hz, 4H, H%), 7.02 (t, J = 8 Hz, 16H Hy, dppm), 7.18 (t, J = 8 Hz, 8H, Hp,
dppm), 7.34 —7.48 (m, 16H, H,, dppm), 7.55 (apparent doublet, splitting = 8 Hz, 4H,
H°). **P{*H} NMR (CDCls, 400 MHz) &/ ppm: — 4.0 (s, Ru(dppm),). *C{*H} NMR
(CDCls) &/ ppm: 51.8 (s, CH3), 52.4 (t, J = 10 Hz, CH,, dppm), 117.3 (s, C?), 123.5 (s,
C%), 127.7 (s, Cm, dppm), 128.7 (s, C°), 129.3 (s, Cp, dppm), 129.8 (s, Ch, 133.5 (s, Co,
dppm), 135.6 (quin., J = 11 Hz, C;, dppm), 135.8 (s, C®), 141.1 (quin., J = 15 Hz, CY),
167.8 (s, C=0). MALDI (+)-MS (m/z): 1189 [Ru(C=CC¢H4-4-COOMe),(dppm), + H]",
870 [Ru(dppm),]*. Anal. Found: C, 70.62; H, 5.05. Calc. for C;oHsgO4P4Ru: C, 70.69;
H, 4.92.
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Synthesis of trans-[Ru(C=CCgsHy4-4-C=CSiMes),(dppm)2], [24c]

A mixture of cis-[20] (0.051 g, 0.05 mmol), TIBF, (0.032 g, 0.10 mmol), HC=CCgHy-4-
C=CSiMej3 (0.022 g, 0.11 mmol) and 1,8-bis-dimethylaminonapthalene (Proton Sponge)
(0.073 g, 0.34 mmol) in CH.Cl; (5 ml) was stirred under N, for 16 hours. The yellow
solution colour darkened over the reaction period and a white solid (TICI) precipitated.
The solution is then carefully concentrated to ~ 3 ml under high vacuum and then
filtered through celite to remove TICI and reaction salts. The yellow filtrate is
concentrated again to ~ 1 ml by rotary evaporation then excess diethyl ether added
(~ 10 ml); resulting in the instantaneous precipitation of a yellow solid. The mixture is
left in the fridge for several hours to aid precipitation before filtering. The collected
yellow solid was washed with cold diethyl ether (1 x 5 ml) and hexanes (3 x 15 ml) and
then air dried (0.033 g, 48 %).

IR (CH,Cl,, cm™): 2149 v(C=CSiMe3), 2058 v(RuC=C). *H NMR (CDCl3, 400 MHz)
o/ ppm: 0.26 (s, 18H, SiMes), 4.80 — 4.89 (m, 4H, CH,, dppm), 6.15 (apparent doublet,
splitting = 8 Hz, 4H, H?), 7.07 (apparent doublet, J = 8 Hz, 4H, H>), 7.09 (t, J = 8 Hz,
16H, Hm, dppm), 7.25(t, J =8 Hz, 8H, Hp, dppm) 7.41-7.55 (m, 16H, H,, dppm).
$1pfIH} NMR (CDCls, 400 MHz) &/ ppm: — 3.8 ppm (s, Ru(dppm),). *C{"H} NMR
(CDCls, 600 MHz) & / ppm: 0.3 (s, SiMes), 52.4 (t, J = 11 Hz, CH,, dppm), 93.3 (s, C®),
106.9 (s, C'), 116.2 (s, C?), 129.4 (s, C°), 127.6 (s, Cm, dppm), 129.2 (s, C,, dppm),
129.9 (s, C%, 131.0 (s, C°), 131.5 (s, C%), 133.4—133.6 (m, C,, dppm), 135.8 (quin.,
J =10 Hz, C;, dppm), 136.7 — 137.0 (m, C*). ASAP (+)-MS (m/z): 1265 [Ru(C=CCgH,-
4-C=CSiMe3),(dppm), + H]*, 1264 [Ru(C=CCgH4-4-C=CSiMes),(dppm),]*, 1067
[Ru(C=CCgH4-4-C=CSiMes)(dppm).]*, 870 [Ru(dppm),]”.
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Synthesis of trans-[Ru(C=CSiMes3),(dppm)2], [86]

A mixture of cis-[20] (0.11 g, 0.11 mmol) HC=CSiMe3 (0.17 ml, 1.23 mmol) and TIBF,4
(0.072 g, 0.29 mmol) in NH'Pr, (4 ml) and CH,Cl, (2 ml) was heated under a gentle
reflux (30 °C) under N, for 24 hours. The yellow solution colour lightened over time
and a white solid (TICI) precipitated. The solution was then filtered through celite to
remove TICI and reaction salts and filtrate concentrated to dryness by rotary
evaporation. The brown residue was extracted with minimum CH,Cl,, layered with
MeOH (1:6) and left in the freezer for several hours, forming a bright yellow
precipitate. The precipitate was collected by filtration, washed with MeOH (1 x 20 ml)
and hexanes (2 x 20 ml) then air dried (0.11 g, 80 %). Crystals suitable for single crystal
X-ray diffraction were grown from a CH,Cl, / hexanes layer diffusion.

IR (CH.Cly, cm™): 1997 v(C=C). *H NMR (CDCls, 600 MHz) & / ppm: — 0.49 (s, 18 H,
SiMe3), 4.80 — 4.87 (m, 4H, CH,, dppm), 7.13 (t, J =8 Hz, 16H, Hy, dppm), 7.24 (t,
J=8Hz, 8H, H,, dppm), 7.56 —7.64 (m, 16H, H,, dppm). **P{"H} NMR (CDCls,
400 MHz) & /ppm: —3.6 (s, Ru(dppm),). *C{"H} NMR (CDCls) &/ppm: 1.17 (s,
SiMes), 51.7 (t, J = 10 Hz, CH,, dppm), 118.7 (s, C?), 127.4 (s, Cm, dppm), 129.0 (s, Cp,
dppm), 133.8 (s, Co, dppm), 136.5 (quin., J =11 Hz, C;, dppm), 152.1 (quin., J = 14 Hz,
CY. MALDI (+)-MS (m/z): 967 [Ru(C=CSiMes)(dppm)2]*, 870 [Ru(dppm).]*. Anal.
Found: C, 67.73; H, 5.73. Calc. for CsoHgP4RuUSI>: C, 67.65; H, 5.87.
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2.6.5. Syntheses and characterisations of n°-butenynyl complexes
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Synthesis of E-[Ru(#3-{HC(CsH4-4-Me)=CC=CCsHs-4-Me})(dppm);] BF 4, [28€] BF,

A mixture of cis-[20] (0.049 g, 0.05 mmol), TIBF4 (0.032 g, 0.11 mmol), HC=CCgHy-4-
Me (14.5puL, 0.11 mmol) and 1,8-bis-dimethylaminonapthalene (Proton Sponge)
(0.066 g, 0.31 mmol) in CH,CI, (8 ml) was stirred under N for 40 hours. A white solid
(TICI) precipitated from the yellow solution over the reaction period. The yellow
solution is concentrated carefully to half volume under high vacuum then filtered
through a HPLC Teflon filter (20 um pores) to remove TICI and reaction salts. To the
yellow filtrate, CH,Cl, (~ 5 ml) and diethyl ether (~ 30 ml) are then added and solution
left in the fridge overnight, where large yellow crystals formed round the flask. The
solvent is decanted, crystals washed with diethyl ether (3 x 10 ml) and hexanes
(3 x 10 ml) then air dried before collection (0.042 g, 56 %). Crystals suitable for single
crystal X-ray diffraction were grown from an acetone / pentane layer diffusion.

IR (CH,Cl,, cm™): 1967 v(C=C), 1606 v(C=C). *H NMR (CD.Cly, 400 MHz) &/ ppm:
2.34 (s, 6H, CH3), 4.20 (dt, J = 15, 11 Hz, 1H, CH,, dppm), 4.50 (dt, J = 15, 11 Hz, 1H,
CH,, dppm), 4.93 — 5.07 (m, 2H, CH,, dppm), 5.55 (d, J = 5 Hz, 1H, H®), 6.18 (apparent
doublet, splitting = 8 Hz, 2H, H®), 6.36 —7.76 (m, 40H, Ph, dppm), 6.85 (apparent
doublet, splitting = 8 Hz, 2H, H?), 7.14 (apparent doublet, splitting = 8 Hz, 2H, HY),
7.29 (apparent doublet, splitting= 8 Hz, 2H, H2). "B NMR (CD,Cl,, 400 MHz)
8/ ppm: — 2.1 (s, BF,). 1°F NMR (CD.Cl,, 400 MHz) & / ppm: — 149.9 (s, BF4). *'P{*H}
NMR (CDCls, 400 MHz) & / ppm: — 27.2 (ddd, J = 318, 49, 26 Hz, dppm), — 16.9 (ddd,
J =318, 40, 26 Hz, dppm), — 14.0 (ddd, J = 40, 26, 10 Hz, dppm), — 0.2 (ddd, J = 49, 26,
10 Hz, dppm). *C{*H} NMR (CD,Cl,, 400 MHz) & / ppm: 21.7 (s, CHs), 22.0 (s, CH3),
42.0 (t,J = 24 Hz, CH,, dppm), 45.2 (t, J = 24 Hz, CH,, dppm), 108.7 (d, J = 22 Hz, C°),
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126.7 (s, C%), 128.9 —139.9 (m, Ph, dppm), 129.7 (s, C?), 130.2 (s, C' or C*%), 130.4 (s,
C?), 131.0 (s, C%), 138.9 (s, C* or C*?), 139.8 (s, C*). ESI (+)-MS (m/z): 1101 [Ru(n*-
{HC(C¢H4-4-Me)=CC=CCgH4-4-Me})(dppm)2]*. Anal. Found: C, 68.59; H, 4.68. Calc.
for CegHsoBF4P4RuU: C, 68.67; H, 5.00.
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Synthesis of E-[Ru(#*-{HC(CeHs-4-OMe)=CC=CCsH,-4-OMe})(dppm),] BF 4, [28f] BF,
A mixture of cis-[20] (0.10 g, 0.11 mmol), TIBF4 (0.065 g, 0.22 mmol), HC=CCgHs-4-
OMe (30 pL, 0.23 mmol) and 1,8-bis-dimethylaminonapthalene (Proton Sponge)
(0.078 g, 0.43 mmol) in CH,CI, (20 ml) was stirred under N, overnight. A white solid
(TICI) precipitated from the yellow solution over the reaction period. The solution was
then filtered through celite to remove TICI and reaction salts and the yellow filtrate
concentrated to half volume. To the yellow solution, diethyl ether (~ 30 ml) is then
added and left for several days, where large yellow crystals formed round the flask. The
solvent was then decanted, crystals collected by filtration, washed with diethyl ether
(3 x 10 ml) and hexanes (3 x 10 ml), then air dried (0.066 g, 50 %).

IR (CH,Cl,, cm™): 1870 v(C=C), 1602 v(C=C). *H NMR (CD:Cl,, 400 MHz) & / ppm:
3.81 (s, 3H, CHg), 3.81 (s, 3H, CHs), 4.21 (dt, J = 15, 11 Hz, 1H, CH,, dppm), 4.49 (dt,
J =15, 11 Hz, 1H, CH,, dppm), 4.93 —5.03 (m, 2H, CH,, dppm), 5.53 (d, J =5 Hz, 1H,
H®), 6.23 (apparent doublet, splitting = 8 Hz, 2H, H®), 6.36 — 7.74 (m, 40H, Ph, dppm),
6.56 (apparent doublet, splitting = 8 Hz, 2H, H?), 6.87 (apparent doublet, splitting =
8 Hz, 2H, H'), 7.29 (apparent doublet, splitting = 8 Hz, 2H, H'). !B NMR (CD.Cl,,
400 MHz) &/ ppm: — 2.1 (s, BF4). °F NMR (CD.Cl,, 400 MHz) & / ppm: —153.1 (s,
BF,). *P{"H} NMR (CD.Cl,, 400 MHz) &/ppm: — 25.4 (ddd, J = 322, 48, 26 Hz,
dppm), — 16.4 (ddd, J = 322, 35, 26 Hz, dppm), — 13.2 (ddd, J = 35, 26, 9 Hz, dppm),
0.69 (ddd, J = 48, 26, 9 Hz, dppm). *C{*H} NMR (CD.Cl,, 400 MHz) & / ppm: 42.2 (t,
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J =26 Hz, CH,, dppm), 45.4 (t, J =26 Hz, CH,, dppm), 56.1 (s, CHj3), 56.3 (s, CHj3),
108.5 (d, J = 22 Hz, C°), 114.8 (s, C* or C*), 114.9 (s, C®or C%), 127.7 — 133.2 (m, Ph),
130.3 (s, C?), 132.8 (s, C%), 159.8 (s, C'), 160.8 (s, CY). ESI (+)-MS (m/z): 1133 [Ru(n*
{HC(CgHs-4-OMe)=CC=CCgH4-4-OMe})(dppm)2]*.
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CHAPTER 3
Rapid Markovnikov addition of HCl to a

pendant alkyne: evidence for a quinoidal

cumulene

3.1. Abstract

Reactions of cis-[RuCl,(dppm),], cis-[20], with TIBF, and 1,4-diethynylbenzenes result
in the formation of the vinylidene cations
trans-[RUCI(=C=CHC¢H,-2,5-R,-4-C=CH)(dppm)2]*, [87]", (R = H, [87a]"; Me,
[87b]"). Subsequent reactions with [N"Bu,]Cl result in nucleophilic attack by chloride at
the coordinated organic ligand, but not at the expected metal-bound (C,) carbon atom.
Instead, complexes trans-[RuCIl(C=CCgH2-2,5-R,-4-CCIl=CH,)(dppm)2], [89], (R = H,
[89a]; Me, [89Db]) were isolated which, when coupled with quantum calculations carried
out by Dr. J. M. Lynam of the University of York, provides evidence for an
intermediate quinoidal cumulene complex of the type,
trans-[RuCIl(=C=C=C¢H,-2,5-R»-4-=C=CHy)(dppm).]", [88]". Aspects of this work

have been published," and further details are given here.
3.2. Introduction

Metallocumulene complexes, [Ln,M=C=(C),=CRR’]*" have attracted appreciable
interest over the past few decades.”® Donation of the carbene-like :C(c) lone pair to an
empty M(d) and synergistic © backbonding interactions from a filled M(d) orbital to an
empty C(p or =n*) orbital, forms a strong M=C bond, effectively stabilising highly
reactive, free cumulenylidene compounds, :C(=C),=CRR'.” The use of

8-10

metallocumulenes in molecular electronics and non-linear optics** has been

anticipated stemming from the extensive conjugation along the metallocumulene
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chain,*? allowing electronic communication between remote sites through an established
n framework. Alternating electrophilic / nucleophilic character along the carbon

backbone has also lead to applications of metallocumulenes as reagents in catalysis.**™*°

The simplest members of the M=C family are transition metal carbenes, i.e.
[LnM=CABJ*, where A, B =alkyl, H, OR, NR,, X etc.. Such complexes have been

d,""** especially within the area of catalysis.?*** This is no doubt a

widely studie
consequence of the fact that substituents A and B effectively govern the electronic
ground state configuration of the free carbene fragment and hence the nature of the
M=C bond upon complexation, systematically altering the reactivity of the metal-
carbene. Two main types of transition metal carbene complexes exist: Fischer carbenes
and Schrock carbenes. In Fischer carbenes, bonding of the singlet carbene carbon (Ccar)
to the metal (M) (where A and/or B are heteroatoms in this case) follows traditional
o forward / & backbonding descriptions (Figure 3.1).® In Schrock carbenes, bonding of
the triplet carbene carbon (Ccyp) to the metal (M) (where A and B are now alkyl
substituents) is alternatively described as electron sharing between singly occupied
Cea(sp?) and Ceann(p,), Which are of similar energy, with two singly occupied M(d)

(Figure 3.1).°

Figure 3.1: Bonding descriptions of Fischer (left) and Schrock (right) carbenes.

Fischer carbenes are typically formed at electron-rich, low oxidation state metal centres
containing m-acceptor ligands, e.g. [W(CO)s]*®® and react as electrophiles.?’
Alternatively, Schrock carbenes are generally formed at electron-deficient, high
oxidation state metal centres containing n-donating ligands, e.g. [Ta(n>-CsHs),]**,® and
generally react as nucleophiles, therefore are commonly regarded as transition metal
ylides (c.f. the Wittig reaction).?®
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Transition metal vinylidenes, the simplest unsaturated carbene complexes, are found as
important intermediates and key precursor molecules in numerous catalytic processes; 2
including the dimerisation,®® polymerisation® and cycloaromatisation®® reactions of
alkynes. Many synthetic routes to vinylidene complexes are known.***! Of these, the
reaction of half-sandwich metal chloride complexes with terminal alkynes, HC=CR, in
the presence of a halide abstracting agent is one of the most facile and highest yielding
routes to half-sandwich vinylidenes.® Such a route has proven especially versatile,
serving as the synthetic foundation for Dixneuf and co-workers to access trans-diopic
ruthenium vinylidenes bearing chelating phosphine ligands.*>** The relative stability of
vinylidene complexes parallels the degree of electron density at the metal centre; hence
electron donating ancillary ligands are optimal.> * The mechanisms for vinylidene
formation have been extensively reviewed by Lynam.*® Notably, rates of formation are
increased in the presence of electron releasing alkynes.*” *® Metal vinylidenes offer both
an electrophillic C, and a nucleophillic Cg hence the scope for further reactions is vast,

and as such, this reaction chemistry has been reviewed extensively.® 49!

Allenylidene, [L,M=C=C=CRR’] complexes, serving as single carbon extensions to
transition metal vinylidenes, are also well documented in the literature.® °>*° Formation
of the first metal allenylidene complexes, [M{=C=C=C(CsHs)(NMe,)}(CO)s] (M =Cr,
W), was reported by Fischer in 1976 from the step-wise reactions of
[M{=C(OEt)CH=C(CgHs)(NMe,)}(CO)s] with either BF3 or AlEt; (1 equiv.) in CH,Cl,,
followed by addition of THF as a weak base.*® Single crystal X-ray diffraction studies
of [Cr{=C=C=C(CgHs)(NMe,)}(CO)s] revealed a Cr-C, bond length of 2.015(15) A,
falling between the lengths of a single M-C and double M=C bond, and very short
Co-Cp (1.236(22) A) and C,-N (1.372(21) A) bond Iengths, which collectively indicated
a significant contribution of the mesomeric alkynyl form (Scheme 3.1) to the overall

structure.
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o
(OC)sCr=C=C=C_ <«—>» (0OC)sCr-C=C-C.®
NMe, NMe,

Scheme 3.1: Both the cumulenic (left) and mesomeric (right) resonance forms are said
to account for the solid-state structure of [Cr{=C=C=C(C¢Hs)(NMe,)}CO)s].*°

This initial discovery did not however galvanise interest in the field and only a few
reports of metal allenylidene complexes followed,” *® until 1982 when Selegue
discovered that the room temperature reaction of [RuCl(PMes),(n>-CsHs)] with
HC=CC(C¢Hs),0OH and NH4PF; (reagent quantities not reported) in an ethanol solution
generated [Ru{=C=C=C(CgHs).}(PMes),(n>-CsHs)]" in a 76 % yield after 27 hours,
evincing the high acidity of Cg in the intermediate hydroxyl-vinylidene complex,
[Ru{=C=CHC(C¢Hs),OH}(PMes)-(n>-CsHs)]*  which favours rapid dehydration
(Scheme 3.2).°* This concept formed the basis for a general synthesis of metal
allenylidene complexes. The chemistry of allenylidenes, including the more unusual

synthetic routes, has been reviewed by Bruce,* Gimeno® and Selegue.® >

Ph

|

HC=C-C-OH b Ph
= Ph 2, " Coon = Ph
Me,p U~ NHiPFs . Me,p - C=C THO . MepusC=CEC
3 476 €3 H -My €3 Ph
PMe3 EtOH PMe3 PMe3
r.t.
27 h

Scheme 3.2: Synthesis of metal allenylidene complexes, as initially reported by

Selegue.*?

It follows from the alternating charge density of the carbon atoms along the allenylidene
chain and contributions to the HOMO and LUMO that electrophiles will generally add
to Cs. For example, the room temperature reactions of
[Mn(=C=C=CR,)(C0),(n°>-CsHs)] (R = 'Bu, CsHs) with HX (excess; X = CF5COO, ClI,
BF,) in diethyl ether or CH,Cl, generate [Mn(=CCH=CR,)(CO),(n>-CsHs)]X

complexes in 33 — 93 % vyields.> In contrast, nucleophiles will attack at either C, or (O
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depending on the electronic and steric demands of the ancillary ligands and nature of the
metal. By way of example, [Os{=C=C=C(C¢Hs),}(CO)(P'Prs)(n>-CsHs)]PFs in
methanol will slowly (12 hours) transform to
[0s{=C(OMe)CH=C(CsHs),}(CO)(P'Prs)(n>-CsHs)]" (90 %; Scheme 3.3),°° whereas
the reaction of trans-[RuCI{=C=C=C(C¢Hs),}(dppm),]BF4, bearing more sterically
demanding and electron donating ancillary ligands, reacts with NaOMe (10 equiv.) in
methanol to yield trans-[RuCl{C=CC(CsHs),(OMe)}(dppm).] (55 %) after only 2 hours
(Scheme 3.3).>

0s=C=C=C] > 0s=C Ph

\

OC pipr, Ph 1r2th OC pipy, ,C:C\Ph
L H
pho? PPh pho? PPh Ph
PARN ’ 2 /Ph i 20\ ’ 2 ’
CI-RiZc=c=C NaOM'a(g’Heq”'V') » CI-Ru-CzC-C-OMe
Ph,P | Ph e Ph,P | Ph
R PPh; o0 R PPh;

r.t.

Scheme 3.3: Nucleophilic attack (here: methoxy) of metal allenylidene complexes is

possible at both C, (top) and C, (bottom) depending on the nature of the metal endcaps.

Butatrienylidene complexes, [L,M=C=C=C=CRR’], are more reactive than transition
metal allenylidenes, hence are more difficult to prepare, with earlier reports only
inferring existence from analysis of reaction products.®*® The first stable
butatrienylidene complex to be isolated and fully characterised, both by spectroscopic
methods and a single crystal X-ray diffraction study, was reported by Ilg and Werner.*
The low temperature reaction of [Ir(H).CI(P'Prs),] with NEt; (1 equiv.) and
HC=CC(OTf)=C(CgHs), (1L equiv.) in solutions of hexane yielded
[IrCI{=C=C=C=C(C¢Hs),}(P'Pr3),] (77 %) as an olive green solid. The numerous

% showed that

further reactions reported for this butatrienylidene complex,®
electrophiles (such as CF3sCO,H) will, in general, add across the Cg=C, bond (forming
[1Ir{=C=CHC(OC=0CF3)=C(CgHs),}(P'Prs),]). Alternatively, Bruce demonstrated that
nucleophillic attack of butatrienylidenes will occur at C,, as reactions of the

unsubstituted butatrienylidene intermediate, [Ru(=C=C=C=CH,)(PPhs)2(1°-CsHs)]"
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(formed in situ at low temperature from the reaction of [Ru(THF)(PPhs)2(n’-CsHs)]PFe
with HC=CC=CH) with various nucleophiles generated products of the type
[Ru{=C=C=C(MeNu)}(PPhs),(n>-CsHs)]" (Nu = NPh,, N-methylpyrrole) or
[Ru{C=CC(Nu)=CH,}(PPh3),(n>-CsHs)]* (Nu = PPh). *’

Examples of longer metallocumulenes are rare,* %

and for reasons of synthetic
convenience, extended cumulene ligands of odd chain lengths are more readily
accessible using Selegue-type synthetic strategies, than those with an even number of
carbon atoms in the cumulated chain, which require higher order poly-ynes or synthons.
For example, Dixneuf and co-workers successfully synthesised and characterised the
stable pentatetraenylidene complex, trans-[RuCl{=C=C=C=C=C(CsHs).}(dppe).]PFs
(Scheme 3.4), six years prior to the isolation of the first butatrienylidene.”® Moreover,
whilst a heptahexaenylidene’ complex has been isolated (albeit stabilised with two
dimethylamino-substituents), the existence of a hexapentaenylidene complex has only

been inferred from the isolation and characterisation of addition products.”

Ph
|
HC=C-C=C-C-0SiMe; (2 equiv. M
ﬁﬁ’th o 3 (2 equiv) Ph,R PPh, Ph
E?E;Rlu:gll NaPF- @ oauv) > CI-RU-C=C-C=C-C-0SiMe;
2 6 ' Ph,P PPh Ph
L_PPh; NEt, (4 equiv.) WA
cis-[35] THF
4 h,r.t. Ph3;CPFg (1 equiv.)
CH,Cl,
r.t.
30m
Y
M
Ph,R /PPhZ Ph
Cl-Ru=C=C=C=C=C__ |PFs
Ph,P PPh, Ph

\

Scheme 3.4: Synthesis of the first pentatetraenylidene complex, as reported by

Dixneuf.”™

Through computational investigations of trans-[RuCI{(=C),CH2}(PHs3),] and
[Cr{(=C),CH,}(CO)s] (n=1-9) complexes, Nazzareno found that odd-membered

metallocumulenes (n = 2, 4, 6, 8) have polarised polyyne-like character with alternating
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C-C / C=C bonds along the carbon backbone,” while even-membered metallocumulenes
(hn=1, 3, 5 7, 9) are better described as organic cumulenes.”® A lack of a
thermodynamic upper limit upon increasing cumulene chain length indicated that
synthetic difficulties in accessing even metallocumulenes are an unlikely factor of
inherent stability, but more a consequence of the increased reactivity of the exposed
carbon chain. Furthermore, as the cumulene backbone does not display significant
polarisation (from Mulliken charge calculations) the observed reactivities of
metallocumulenes towards nucleophiles and electrophiles is likely determined by
frontier orbital considerations rather than charge distributions. The composition of the
calculated orbitals further supports this finding as the HOMO has more metal character
with significant contributions from even numbered carbons whereas the LUMO shows
more organic ligand character with higher contributions from odd numbered carbons.
As a result, nucleophillic attack (LUMO population) of metallocumulenes is expected at
odd numbered carbons while electrophillic attack (HOMO depopulation) is anticipated
at even numbered carbons, consistent with experimental observations. The metal centre
is not expected to significantly influence the underlying electronic structure, and hence

reactivity, of metallocumulenes.”

In 2009, Nazzareno proposed that the butadiyne to butatrienylidene isomerisation of
[Ru(HC=CC=CH)(PMe3)2(n>-CsHs)]*  occurs initially via a 1,2-hydrogen shift
(analogous to simpler alkyne rearrangements for d® metal complexes),*® forming an
ethynyl-vinyl intermediate, [Ru(=C=CHC=CH)(PMe3)2(n’-CsHs)]" (Scheme 3.5).”
Following this, a deprotonation / protonation process (i.e. a proton migration from Cg to
Cs) then occurs forming the more stable butatrienylidene  product,
[Ru(=C=C=C=CH,)(PMe3)a(n°-CsHs)]", via an intermediate buta-1,3-diynyl species
(Scheme 3.5).
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Scheme 3.5: Accepted mechanism for the ethynyl-vinyl to butatrienylidene
isomerisation supported by the [Ru(PMes)a(n°>-CsHs)] " centre.”

We speculated that this might be a general route to preparing metallocumulenes
containing cumulated quinoidal fragments in which the integration of a phenylene
fragment serves as a method to stabilise (and therefore access) higher chain cumulenes
(Scheme 3.6).

® H - H*
[Ru]=C=C ‘—HT‘ [Ru]—CEC@CECH
o

\\CH - H+ + H+

® /=\
[Ru=C=C=C_ C=C=CH,
\—/

Scheme 3.6: Proposed (general) route to higher chain metallocummulenes containing

quinoidal fragments.

Although 4-ethynylphenyl vinylidenes are known, with ground state structures lying

firmly to the phenylvinylidene isomer,’®®*

preliminary calculations carried out by
Dr.J. M. Lynam (University of York) on the isomeric vinylidene and quinoidal
cumulene complexes, trans-[RuCI(=C=CHCg¢H;-4-C=CH)(dppm),]* ([87a]") and

trans-[RUCI(=C=C=Cg¢H4-4-=C=CH,)(dppm)2]* ([88a]"), revealed the quinoidal form to
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lie only some 41 kdmol™* higher in energy, and was therefore identified as a potential

target for investigation.

In this Chapter, a rapid synthetic protocol for the preparation of
trans-[RuCl(C=CCgH;-2,5-R,-4-CCI=CH,)(dppm)2], [89], is reported from reactions of
cationic vinylidene complexes trans-[RUCI(=C=CHCgH>-2,5-R,-4-C=CH)(dppm)]",
[87]%, with [N"Bu4]CI in CH,ClI, solutions, indicating the intermediacy of the quinoidal
cumulene, trans-[RuCl(=C=C=C¢H,-2,5-R»-4-=C=CH,)(dppm).]", [88]".

3.3. Results

3.3.1. Synthesis of trans-[RuUCI(=C=CHC¢H>-2,5-R,-4-C=CH)(dppm),]"

complexes

As an initial step towards accessing  metallocumulene  complexes,
trans-[RUCI(=C=C=C¢H,-2,5-R,-4-=C=CH,)(dppm).]", [88]", the synthesis of related
vinylidene complexes, trans-[RuClI(=C=CHCgH,-2,5-R,-4-C=CH)(dppm);]" (R = H,
[87a]"; Me, [87b]") was explored. Room temperature reactions of cis-[20] with TIBF,
(1 equiv) and an excess of either 14-diethynyl benzene ([87a]") or
1,4-diethynyl-2,5-dimethylbenzene ([87b]") in CH.,CI,, gave the anticipated vinylidene
complexes [87a]" (87 %) and [87b]" (67 %) after 80 minutes (Scheme 3.7).

R
HC—CQC—CH (excess) B B
A
/~PPha Ph,P PPh, H
Ph,P—R,~Cl R A SR
PhoR 1 Cl TIBF, (1 equiv.) > | ClfRu=C=C BF4
2 4 : Ph,P PPh
\-PPh, CH,Cl, VAR
cis-[20] 80m
r.t. R \\
L "CH_|
[87a]*: R=H
[87b]*: R = Me

Scheme 3.7: Synthesis of complexes [87]BF,.
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The 'H NMR spectra of [87]BF, supports the formation of the vinylidene complexes
with singlet resonances (integrating to one proton) observed at & 3.04 ([87a]") and
5 3.18 ppm ([87b]"), corresponding the terminal alkyne protons, in addition to quintet
resonances (also integrating to one proton) observed at § 3.07 ([87a]") and & 3.46 ppm
([87b]"), corresponding to the vinylidene protons, showing a “Jue coupling of 3 Hz to
the four mutually cis-phosphorus atoms. Low field resonances at & 356.2 ([87a]") and
§354.7 ppm ([87b]") in the ¥*C{*H} NMR spectra confirmed the presence of the
carbene-like C, carbon of the vinylidene ligand, showing unresolved coupling to the
four phosphorus atoms. Formation of [87]" was also confirmed by mass spectrometry,
where molecular ion peaks ([87a]", 1031 m/z; [87b]", 1059 m/z) were observed, and by
IR spectroscopy confirming a terminal alkyne with v(C=C) stretches at 2074 cm™ and
2099 cm™ for [87a]" and [87b]*, respectively. The purities of the [87]BF, salts have
been confirmed by elemental analyses.

The vinylidene cations [87]" appeared to be stable in solution. No spectroscopic
(*H NMR, *'P{*H} NMR, IR) evidence for a formal 1,7-hydrogen migration to [88]"
was found. In light of this, the possibility of trapping the putative quinoidal cumulene
by addition of nucleophillic chloride was explored. The weakly-basic properties of
chloride avoids deprotonation of the vinylidene (and subsequent formation of
trans-[RuCIl(C=CCgH2-2,5-R,-4-C=CH)(dppm).], [27]), whilst competitive ligand

substitution reactions at the metal centre are rendered inconsequential.

3.3.2. Synthesis of trans-[RuCl(C=CCgsH,-2,5-R,-4-CCI=CHy,)(dppm),]

complexes

Addition of [N"Bu4]Cl (1.2 equiv.) to [87]BF, in room temperature CH,Cl, solutions
resulted in the rapid (one hour) formation of a single new compound identified as
trans-[RuCI(C=CC¢H»-2,5-R»-4-CCI=CH,)(dppm).], [89], (R = H, [89a]; Me, [89D]) in
high yields (74 and 92 % respectively; Scheme 3.8).
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Scheme 3.8: Synthesis of complexes [89].

The formation of [89] is evidenced spectroscopically. The *H NMR spectra display two
doublet resonances for the geminal protons on the terminal alkene (6 5.33 and
8 5.60 ppm ([89a]) and & 5.23 and & 5.52 ppm ([89b])) with a mutual “Juy coupling of
1.5 Hz. The presence of the alkene group was confirmed by resonances at 6 110.0 and
§ 140.7 ppm ([89a]) and & 114.2 and & 139.4 ppm ([89b]) in the *C{*H} NMR spectra,
the latter showing cross peaks in a 'H-"*C HMBC experiment to the two geminal
protons described above in each case. The peak intensities of quaternary carbons are
often low, especially those showing coupling to other nuclei. To this end, although
Ru-C can be resolved in the *C{*H} NMR spectrum of [89b] (as a quintet at
& 146.8 ppm with a 2Jcp coupling of 19 Hz), this feature is undetected in the analogous
spectrum of [89a]. The observation of v(RUC=C) bands at 2074 cm™ ([89a]) and
2065 cm™ ([89b]) in the IR spectra instead confirmed the presence of the alkynyl
functionality while the observation of v(C=C) bands at 1591 cm™ ([89a]) and 1597 cm™
([89Db]) affirmed the terminal alkene functionality. The chloride addition is established
from the observation of [M + H]" peaks, at 1067 ([89a]) and 1095 m/z ([89b]), in the
mass spectra. The purity of [89b] has been confirmed by elemental analysis. The
elemental analysis obtained for [89a] (Anal. Found: C, 65.97; H, 4.70. Calc. for
CsoHsoClP4Ru: C, 67.53; H, 4.73.), likely reflects partial desolvation of the crystalline
sample (Calc. for CgHs0Cl.P4sRuU x 0.5 CH,Cly: C, 65.51; H, 4.64), which has been
structurally determined with two CH,CI; solvate molecules (see section 3.3.3).

The usual basicity of the alkynyl ligand in [89] has been demonstrated by the addition
of HBF4Et;O to [89b], forming  trans-[RuCI(=C=CHCgH,-2,5-Me,-4-
CCI=CH,)(dppm),]BF4 (85 %).
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3.3.3. Single crystal X-ray diffraction studies

The structures of [89a] (Figure 3.2) and [89b] (Figure 3.3) have been elucidated by
single crystal X-ray diffraction studies, which confirmed structural predictions made on

the basis of spectroscopic evidence.

Figure 3.2: Solid state structure of [89a], with solvent of crystallisation (2 x CH,Cl,)
and hydrogen atoms removed for clarity. Ellipsoids of key atoms are drawn at the 50 %
probability level. Selected bond lengths / A: Ru(1)-CI(1) 2.490(2), Ru(1)-C(1)
2.042(10), Ru(1)-P(1) 2.371(2), Ru(1)-P(2) 2.342(3), Ru(1)-P(3) 2.325(2), Ru(1)-P(4)
2.361(3), C(1)-C(2) 1.109(13), C(2)-C(3) 1.48(2), C(3)-C(4) 1.43(2), C(3)-C(8) 1.44(1),
C(4)-C(5) 1.32(2), C(5)-C(6) 1.40(1), C(6)-C(7) 1.39(2), C(7)-C(8) 1.37(2), C(6)-C(9)
1.47(2), C(9)-C(10) 1.330(15), C(9)-Cl(2) 1.743(12). Selected bond angles / °: CI(1)-
Ru(1)-C(1) 177.3(2), Ru(1)-C(1)-C(2) 176.1(10), C(1)-C(2)-C(3) 169.3(12), C(6)-C(9)-
Cl(2) 115.8(9), C(6)-C(9)-C(10) 128.5(12).
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Figure 3.3: Solid state structure of [89b], with solvent of crystallisation (1.5 x CH,Cl,)
and selected hydrogen atoms removed for clarity. Ellipsoids of key atoms are drawn at
the 50 % probability level. Selected bond lengths / A: Ru(1)-Cl(1) 2.4819(5), Ru(1)-
C(1) 2.025(2), Ru(1)-P(1) 2.3738(5), Ru(1)-P(2) 2.3380(4), Ru(1)-P(3) 2.3330(5),
Ru(1)-P(4) 2.3381(4), C(1)-C(2) 1.179(3), C(2)-C(3) 1.440(3), C(3)-C(4) 1.412(3),
C(3)-C(10) 1.401(3), C(4)-C(5) 1.393(3), C(5)-C(6) 1.400(3), C(6)-C(9) 1.406(3), C(6)-
C(7) 1.482(3), C(7)-C(8) 1.322(3), C(7)-Cl(2) 1.757(3), C(9)-C(10) 1.392(3). Selected
bond angles / °: CI(1)-Ru(1)-C(1) 177.86(5), Ru(1)-C(1)-C(2) 177.36(17), C(1)-C(2)-
C(3) 172.7(2), C(6)-C(7)-ClI(2) 116.32(15), C(6)-C(7)-C(8) 125.6(2).

Both [89a] and [89b] crystallise in the triclinic space group P1. The geometry about the
ruthenium centre is approximately octahedral, defined by two chelating bis-phosphine
ligands in addition to single alkynyl and chloride ligands in a mutually
trans-disposition, with CI(1)-Ru(1)-C(1)=C(2)-C(3) bond angles close to 180 °. Slight
deviations from ideal octahedral geometry may be attributed to the restricted bite angle
of the dppm ligand, increasing steric interactions between the conjugated organic ligand

and the bulky dppm ligands, and crystal packing effects.

The lower precision of the crystal structure determination of [89a] precludes a rigorous
structural comparison here with [89b], though structures are expected to be similar.

Between [89a] and [89b], all corresponding bond lengths except for C(1)=C(2) are
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equivalent within statistical error, confirming the anticipated similarities and
demonstrating the comparable ¢ donor / @ acceptor strengths of the two alkynyl ligands.
The inconsistent C(1)=C(2) bond length is longer in [89b] by 0.07 A. This may indicate
the cumulenic form (C=C) is favoured with the marginally more electron rich organic
ligand of [89Db], though the poorer crystal quality demands caution in interpretation
when evaluated within the context of other values obtained. For both [89a] and [89b],
bond lengths comprising the terminal C(CI)=CH, motifs are in close agreement with
analogous chloro-vinyl fragments found in similar organic compounds, supporting

structural identity.®> %

3.4. Discussion

3.4.1. Mechanistic considerations for the formation of trans-
[RuCl(C=CCsH;-2,5-R,-4-CCI=CHy,)(dppm),] complexes

In organic chemistry, the Markovnikov rule is used to predict the product
regiochemistry of HX addition (X =halogen) to unsymmetrical alkenes and terminal
alkynes, where the halide will formally add to the most substituted carbon
(Scheme 3.9). This is due to the increased stability of the carbocation in this position
following the initial addition of the proton to the multiple bond. Anti-Markovnikov
products do exist and are generally a feature of radical induced reactions (Scheme 3.9).
Although the uncatalysed addition of HX to unsubstituted alkenes is slow, the
uncatalysed addition of HX to terminal alkynes is even slower, despite both reactions

being exothermic.®’

H X
HX ' :C:C:
H R
Markovnikov
HC=CR
X X H X, R
" > /C:C\ and /C:C\
H H R H H

Anti-Markovnikov

Scheme 3.9: Application of Markovnikov’s rule to terminal alkynes.
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Complexes [89] are formed as formal Markovnikov products following the addition of
“HCI’ to the pendant alkyne of the vinylidene complexes [87]". The ease of the reaction
(with products [89] formed within one hour) demonstrates the efficacy of metal

fragments in such transformations.

In order to determine if the addition of the weakly-basic nucleophile, chloride to the
terminal alkyne of the vinylidene isomer proceeds via a mechanism involving a
quinoidal cumulene intermediate [88]", the mechanism of the transformation from [87]"
to [89] has been considered in collaboration with Dr. J. M. Lynam (University of York)
where competition between two potential pathways for nucleophilic attack by chloride
at cationic complexes (Pathway A: Scheme 3.10 and Pathway B: Scheme 3.11) was

examined.

A R
PhoR /Féth H

A\
) u Ph,R PPh,
Cl-Ru=Cc=Cc, R < = =~  CI-Ru-C=C C=CH
PhoR PPN, Q +H PhoR PPN,

R
R G [27a]: R=H
CH [27b]: R = Me
[87a]": R=H
[87b]*: R = Me
_ H+ + H+
AN R A R
PhoR PPh, Cl Ph,R PPh, /Tl
Cl-Ru-C=C c, = ci®Ruxcic C=CH,
Ph,R PPh, CH, Ph,P PPh,
\Y; R \% R
[89a]: R = H [88a]": R =H
[89b]: R = Me [88b]": R = Me

Scheme 3.10: First proposed mechanism for the reaction of [87]" with nucleophilic

chloride: Pathway A.
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Scheme 3.11: Second proposed mechanism for the reaction of [87]" with nucleophilic

chloride: Pathway B.

In the first case (Pathway A, Scheme 3.10), rearrangement of [87]" to give cumulene
[88]" could occur via a deprotonation / reprotonation proton shift (via [27]). The
cumulated system [88]" would then undergo direct nucleophilic attack at C” (where
trans-[RUCI(=C'=C?=C¢H,-2,5-Ry-4-=C"=C®H,)(dppm);]) to give [89]. Metal-bound,
carbene carbon atoms of vinylidene ligands are highly electrophilic,? and initial attack
at C' of the vinylidene [87]" (where trans-[RuCI(=C'=C?*HCgH,-2,5-R,-4-
C’=C®H)(dppm),]) might have been rationally anticipated to give trans-
[RuCI(CCI=CHC¢H;-2,5-R,-4-C=CH)(dppm)], [90], (Pathway B, Scheme 3.11). The
possibility of direct nucleophillic attack of the chloride at [27] was dismissed due to the
lack of an observed reaction between [27a] (for synthesis see experimental section) and
[N"Bug]Cl until the addition of HBF; (i.e. following in situ formation of the vinylidene
[87a]") where [89a] is then formed. Both these Pathways (A and B, for when R = H)
were evaluated through a quantum chemical investigation conducted by Dr. J. M.
Lynam. Details of the computational methods employed have been included in the

experimental section (see section 3.6.1.) for completeness.

In the case of Pathway A (Scheme 3.10) the calculations demonstrated that the
quindoidal species [88a]", lies only 41 kdmol™ higher in energy than the vinylidene
[87a]" and, given that in the presence of even weak bases (such as acetate or chloride)
low energy proton shuttle pathways become available for transition metal vinylidene

%. % rapid interconversion between [87a]" and [88a]* via [27a] is proposed.

complexes,
However, the difference in energy between the two isomers ([87a]" and [88a])

indicates that the equilibrium lies in favour of [87a]", as was noted spectroscopically. In
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both Pathways A and B, linear transit scans were performed to model the approach of
chloride to C* of [87a]" and C’ of [88a]" (Figure 3.4).

180 ®
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140- ® °

P o ---------------------------
100_-
80—-
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40

Relative Gibbs Free Energy / kJ mol

20 +

34 32 30 28 26 24 22 20 18

C-Cl distance / A
Figure 3.4: Linear transit scans for nucleophilic attack of chloride on complexes [87a]"
(C! position, blue dots) and [88a]" (C’ position, red dots). Free energies are at 298 K
and relative to the optimised structure of [89a]. The dotted line shows the relative
energy of [87a]" and free chloride.

The energy of a series of complexes with varied C-Cl distances were probed; those
species exhibiting C-Cl bond lengths between 3.3 A and 2.2 A all exhibited single
imaginary frequencies corresponding to C-Cl bond formation. To try to determine the
origin of the outlier shown with a C-Cl distance of 2.8 A, points were calculated either
side in smaller increments (2.75 and 2.85 A). However, such points were unsuccessful
in providing an explanation for the anomalous result; hence the outlier is likely an
artefact of the calculations. Although the kinetic barriers for attack by chloride at C* in
[87a]" and C’ in [88a]" appear to be broadly similar, and relatively low, it is clear that
the formation of [89a] is thermodynamically preferred as this complex lies 129 kdmol™
lower in energy than [87a]” with free chloride (shown as a dotted line in Figure 3.4),
and 105 kJmol™ lower in energy than [90a]. Indeed, the free energy of formation of

[90a] is only favourable by 14 kJmol™ when compared to [87a]" and free chloride.
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Given that the transit scan shows that the greatest barrier to the reverse reaction would
be 75 kdmol™, attack at C* is expected to be reversible and so the calculations provide
an explanation as to why nucleophilic attack at this site is not observed, in addition to
steric arguments. This is further evidenced by the lack of an experimentally-observed
reaction between trans-[RuCI{=C=CH(C¢Hs)}(dppm).]*, [22d]*, and [N"Bu4]ClI.
Therefore the DFT calculations not only indicate that [88a]" is accessible in solution,
but that there is a significant thermodynamic preference for nucleophilic attack at the
coordinated quinoidal cumulene ligand. The nature of the products obtained from these
reactions support such assignments. Attack of nucleophillic chloride at C” of [87]" is
shown to principally occur as products [89] are obtained in high yields (72 — 94 %)
without significant formation of *'P-containing side products. As discussed in the
introduction, Nazzareno has reported that nucleophillic attack at straight chain
metallocumulenes is expected to occur at odd numbered carbon sites.” In the proposed
quinoidal cumulene intermediate, [88]", the attack site is odd numbered (C’; if a linear

counting sequence is adopted); supporting formation of a quinoidal cumulene.

In considering the scope of the vinylidene / cumulene rearrangement, it is interesting to
note that Markovnikov addition of HBr to the pendant alkyne in
[Mn(=C=CHCgH4-4-C=CH)(CO)2(n>-CsHs)] has also been observed (forming
[Mn(=C=CHCgH-4-C(Br)=CH,)(CO)a(1°>-CsHs)]).”®  Although at that time, no

quinoidal cumulene was implicated in the process.
3.4.2. Further reactions evincing quinoidal cumulene intermediates
In order to determine the generality of rapid Markovnikov additions of ‘HCI’ to metal

supported pendant alkynes, evincing quinoidal cumulene intermediates, variations of the

coordination sphere about the ruthenium metal centre were considered (Scheme 3.12).
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Scheme 3.12: Proposed reaction scheme to form half-sandwich ‘HCI’ addition
products, [Ru(C=CCgH4-4-CCI=CH,)(PP)(n>-CsRs)], [92] from the respective
vinylidene complex [Ru(=C=CHCgH,-4-C=CH)(PP")(n°-CsRs)] ", [91]".

In an attempt  to initially ~ isolate  the  vinylidene complexes
[RU(=C=CHCgH4-4-C=CH)(PP')(n>-C5Rs)]", [91]" (PP")(n*-CsRs) = (PPhs)x(n’-CsHs),
[91a]"; (dppe)(n°>-CsMes), [91b]h), metal-alkynyl complexes
[Ru(C=CCgH4-4-C=CH)(PP")(n°-CsRs)], [93], were reacted at room temperature with
HBF4.Et,O (1 equiv.) in solutions of CH,CIl,. However, such efforts proved
unsuccessful, resulting only in significant decomposition, where analysis of the crude
reaction mixtures by *P{"H} NMR spectroscopy revealed formation of several
unidentified 3'P-containing side products. The successful transformation from
[Ru(C=CCeHs)(PPhs)z(n*-CsHs)] to  [Ru(=C=CHCgHs)(PPhs)2(n>-CsHs)]BF; in an
analogous manner, as originally reported by Bruce,* discounted the unreliability of the
acid reagent (HBF4.Et,0) and systematically inferred the sensitivity of [91]" towards
strongly acidic reagents, prompting derivation of an alternative route. The synthesis of
[93], including precursor complexes [Ru(C=CCgH4-4-C=CSiMes)(PP')(n°-CsRs)],
where (PP)(n>-CsRs) = (PPha)2(n°-CsHs) and (dppe)(n°-CsMes), in addition to a
modified synthesis of [Ru(C=CCgHs)(PPhs).(>-CsHs)], have been included in the

experimental section.

Formation of [91]° was instead achieved upon reacting [RUuCI(PP')(n>-CsRs)]
((PPY(*-CsRs) = (PPha)o(n’-CsHs), [91a]"; (dppe)(n*-CsMes), [91b]") with excess
1,4-diethynyl benzene at room temperature in the presence of NH4PFg (2 equiv.) in
dilute solutions of CH,Cl,. The *H NMR spectra of [91]" support the formation of the

vinylidene isomers with single integration, singlet resonances observed at

180



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 3

53.04 ([91a]") and & 3.01 ppm ([91b]") for the terminal alkyne protons and single
integration triplet (or unresolved multiplet) resonances observed at & 5.39 ([91a]") and
54.37 ppm ([91b]") for the vinylidene protons, coupling to the two mutually
cis-phosphorus atoms. Low field triplet (or unresolved multiplet) resonances at 6 354.2
([91a]") and 352.8 ppm ([91b]") in the *C{*H} NMR confirmed the presence of the
vinylidene ligand (Ru=C), showing coupling to the two phosphorus atoms. Formation of
[91]" was also confirmed by mass spectrometry, where both molecular ion peaks [91a]"
(817 m/z) and [91b]" (761 m/z) were observed, and by IR spectroscopy confirming the
preservation of the terminal alkyne, with v(C=C) stretches observed at 2107 cm™
([91a]") and 2106 cm™ ([91b]").

The reaction progress between [91a]" and [N"Bus]Cl (1.2 equiv.) in a CH,CI; solution
was monitored by unlocked *P{"H} NMR spectroscopy. After the complete
consumption of [91a]" (16 hours), the crude reaction mixture was purified by column
chromatography (basic alumina, CH,Cl,) and major species analysed using *H NMR

spectroscopy (Figure 3.5).
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Figure 3.5: 'H NMR (CDCls, 300 MHz) spectra of A) starting material, [91a]" and B)
the major species obtained after the 16 hour room temperature reaction between [91a]”

and [N"Bug4]Cl in CH,Cl, and subsequent purification by column chromatography.

The *H NMR spectrum of the major species obtained (B, Figure 3.5) contains a set of
doublet resonances (85.39, 5.67 ppm), each integrating to a single proton, with
coupling constants of 1.5 Hz. Such resonances are characteristic of the geminal protons
observed in [89], implying ‘HCI’ addition at pendant alkynes following formation of a
quinoidal cumulene intermediate is possible for alternative coordination spheres of
ruthenium. Although the proposed ‘HCI’ adduct,
[Ru(C=CCgH4-4-CCI=CHy)(PPhs)»(n°>-CsHs)] ([92a]) could not be isolated cleanly from
the crude reaction mixture, further evidence for the formation of [92a] was given by

mass spectrometry (ESI) with the molecular ion peak, [92a]” (852 m/z), being observed.

In an analogous procedure, [91b]" was added to a solution of [N"Bu,]Cl (1.2 equiv.) in
CHCl, and stirred overnight at room temperature. In this case, there was a lack of any
reaction, adjudged by both *H and *'P{"H} NMR spectroscopy, even after an increased
quantity of [N"Bu,s]CI (to 3 equiv.). This contrast, to the behaviour of [91a]" under

similar conditions, might reflect the steric bulk of [91b]" preventing base-assisted
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proton migrations, as the more electron donating [91b]" (vs. [91a]") would be expected
to support formation of the quinoidal structure more readily. Alternatively, an increased
stabilisation of the vinylidene [91b]" relative to [91a]® may give rise to a greater
energetic barrier to proton migration (vinylidene / cumulene interconversion) and
subsequent ‘HCI’ addition for the {Ru(dppe)(n>-CsMes)} centre compared with
{Ru(PPh3)>(n°-CsHs)}. In an attempt to overcome this possible energy barrier, the
reaction was repeated under reflux conditions. The crude reaction residue was then

examined by *H NMR spectroscopy (Figure 3.6).

1 H | H
B)
5.65 5.50 5.35
U lppml ol
A) 1]5-(‘5MC5
CoH =C
oH4 —C=CH C=CH
Dppe k«
LTV " N
7.8 7.0 6.2 54 4.6 3.8 3.0 2.2
ppm

Figure 3.6: *H NMR (CDCls) spectra of A) starting material, [91b]" (600 MHz) and B)
the major species obtained after the 16 hour reflux of [91b]" with [N"Bu4]CI in CH,Cl,
followed by removal of solvent, extraction with diethyl ether and subsequent filtration
(300 MHz).

The presence of the two characteristic geminal doublet resonances (5 5.34, 5.60 ppm)
each integrating to a single proton with mutual 2J,y coupling constants of 1.5 Hz (B,
Figure 3.6) suggests [92b] is the major product in the reaction of [91b]" with [N"Bu,]ClI
at elevated temperature. Further evidence for this assignment comes from mass

spectrometry (ESI) of the crude sample, with the protonated molecular ion peak
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[92b + H]" (797 m/z) observed, and IR spectroscopy, with a collection of v(RuC=C)
bands observed within the range 2037 — 2064 cm™; implying metal-alkynyl
functionality. The formation of [92b] under these conditions would confirm that an
increased kinetic barrier to rearrangement from [91b]" to [92b] (vs. [91a]” to [92a])

exists.

The second major product formed in this reaction
([91b]" / [N"Bu4]Cl / reflux / 16 hours) is [Ru(C=CCgH4-4-C=CH)(dppe)(n°>-CsMes)],
[93b], formed by deprotonation of [91b]", confirmed by comparison with authentic
spectra (see experimental section). Previous synthetic studies with the {Ru(dppm).}
motif suggest deprotonation of the vinylidene to give the metal-alkynyl is a key step in
the generation of the quinoidal cumulene complex and is likely observed as a product in
this reaction due to the increased acidity of Cy in [91b]", which contains electron

releasing ancillary ligands.

3.5. Conclusions

Facile extension of cumulene length through the introduction of a phenyl fragment,
yielding a quinoidal cumulene, was anticipated at a {Ru(dppm),} centre after quantum
chemical calculations revealed the quinoidal complex to be energetically accessible by
proton migration. The vinylidene complexes, [87]", did not show any evidence for
formation of the cumulene [88]" in quantities detectable by solution state NMR
spectroscopy, indicating any equilibrium is heavily weighted to the side of the
vinylidene. Addition of the weak, non-basic nucleophile chloride to the vinylidene
complexes [87]" resulted in the selective formation of ‘“HCI’ addition products, [89],
where the observed site of nucleophilic attack (C) is evidence for an intermediate
quinoidal cumulene. No evidence was found for nucleophillic attack at the conventional
C! position of [87]"; an assumed consequence of the steric interference at the metal
centre supported by bulky dppm ancillary ligands. Analogous transformations from
half-sandwich vinylidenes, [91]", to the corresponding ‘HCI’ addition products, [92],
have also been observed, supporting the generality of rapid Markovnikov addition
reactions of ‘HCI’ to pendant alkynes operating via a quinoidal cumulene complex, at

least in the case of ruthenium complexes. Further work in this area should look towards
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exploring the effects of other aromatic and heterocyclic moieties as conjugated spacers
to support extended cumulated ligand structures and investigate dipolar additions to

these extended carbon-rich, unsaturated ligands.

3.6. Experimental

3.6.1. General considerations

All reactions were carried out under an atmosphere of dry nitrogen using standard
Schlenk techniques. The reaction solvent CH,Cl, was dried over CaH, whilst MeOH
was dried over magnesium turnings and iodine. All other solvents were standard reagent
grade and used as received. No special precautions were taken to exclude air or
moisture during workup. The compounds: cis-[20],** HC=CCgH4-4-C=CH,»
HC=CCgH4-4-C=CSiMes,* Me3SiC=CCeH,-2,5-Me,-4-C=CSiMe;
[RUCI(PPhs)2(n°-CsHs)],*° [RuCl(dppe)(n°>-CsMes)]** and TIBF,* were synthesised by
literature methods. AIll other reagents were commercially available and used as

received.

Safety spectacles and gloves were worn at all times, and all experiments conducted in
an efficient fume hood, following completion of appropriate COSHH assessments.
Relatively non-toxic solvents were disposed of in the appropriate waste solvent
container (chlorinated / non-chlorinated). Given the extremely toxicity of TIBF,, the
reagent was separately weighed in a sealed container in a fume hood. The solid was
transferred to the reaction flask using a disposable paper funnel. The paper funnel was
discarded immediately after use into a thallium-containing solid waste receptacle. For
larger scale reactions, a secondary containment flask was utilised during the reaction
period. Reactions reported below involving TIBF4, (generally) produce equimolar
amounts of TICI, which is similarly extremely toxic. After completion of the reaction,
following isolation of TICI / residual TIBF, by the work-up procedures reported, the
salts were either disposed of by i) dissolving in HNO3 (ag.) and transferring into a
thallium-containing solvent waste container or ii) in a thallium-containing solid waste

container (along with the chromatographic medium, celite etc.).
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NMR spectra were recorded at 25 °C on Jeol 400 (*H, 399.78 MHz; **C, 100.53 MHz;
Br 376.17 MHz), Bruker AV500 (*H, 500.23 MHz; *'P, 202.50 MHz; “C,
125.77 MHz), Bruker Avance 600 (*H, 600.1 MHz; *C, 150.9 MHz; *°F, 564.6 MHz;
$1p 242.9 MHz) or a Varian Inova 300 (*H, 300.2 MHz; *C, 75.5 MHz) spectrometers
using CDCl; or CD,Cl; as the solvent. Chemical shifts were determined relative to
internal residual solvent signals (*H, *3C),% or external 85% HsPO, (*'P & = 0.0 ppm).
FT-IR spectra were measured on an Agilent Technologies Cary 660 spectrometer or a
Nicolet Avatar 360 spectrometer from CH,Cl, solutions in a thin-layer cell fitted with
CaF, windows. ESI-MS and APCI-MS were recorded on a Waters CT Premier XE mass
spectrometer in positive or negative ion mode from solutions in methanol. Elemental

analyses were performed at the London Metropolitan University.

Initial optimisations were performed at the (RI-)BP86/SV(P) level, followed by
frequency calculations at the same level. Transition states were located by initially
performing a constrained minimisation (by freezing internal coordinates that change
most during the reaction) of a structure close to the anticipated transition state. This was
followed by a frequency calculation to identify the transition vector to follow during a
subsequent transition state optimisation. A final frequency calculation was then
performed on the optimised transition state structure. All minima were confirmed as
such by the absence of imaginary frequencies and all transition states were identified by
the presence of only one imaginary frequency. Single-point calculations on the
(R1-)BP86/SV(P) optimised geometries were performed using the hybrid PBEO
functional and the flexible def2-TZVPP basis set. The (RI-)PBEO/def2-TZVPP SCF
energies were corrected for their zero point energies, thermal energies and entropies
(obtained from the (R1-)BP86/SV(P)-level frequency calculations). In all calculations, a
28 electron quasi-relativistic ECP replaced the core electrons of Ru. No symmetry
constraints were applied during optimisations. Solvent corrections were applied with the
COSMO dielectric continuum model®’

D3 method.”® % All calculations were performed using the TURBOMOLE V6.4
100-108

and dispersion effects modelled with Grimme’s

package using the resolution of identity (RI) approximation.
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3.6.2. Syntheses and characterisations of organic compounds

H° Ho
H4 CG_HG
‘c4.c5

H1—C1ECZ—C§_/>—CECH

Synthesis of HC=CCgH;-2,5-Mey-4-C=CH

A mixture of Me3SiC=CCgH,-2,5-Mey-4-C=CSiMe; (1.39 g, 4.7 mmol) and K,CO3
(2.05 g, 14.9 mmol) in MeOH (30 ml) and H,O (4 ml) was stirred overnight. To quench
the reaction, water (30 ml) and CH,CI, (30 ml) were then added to the mixture, forming
two layers. The organic layer was washed three times with water and twice with brine
before being dried over magnesium sulphate. The pale yellow solution was then filtered
through filter paper and filtrate concentrated to dryness, where a white precipitate
formed and was collected (0.67 g, 93 %).

IR (CH,Cl,, cm™): 2104 v(C=C). *H NMR (CDCls, 600 MHz) & / ppm: 2.38 (s, 6H, H®),
3.32 (s, 2H, HY, 7.30 (s, 2H, H*). ¥C NMR (CDCls, 300MHz) & / ppm: 20.0 (s, C),
82.26 (s, C1), 82.31 (s, C?), 122.5 (s, C%), 133.4 (s, C*), 138.0 (s, C°). ESI(+)-MS (m/z):
154 [HC=CCg¢H,-2,5-Me,-4-C=CH]".

3.6.3. Syntheses and characterisations of trans-{Ru(dppm).} complexes

Ph,R PPh,  H? 4
CI—/R\u:C1:CfC3/ ca . |BFs
thP\/Pth ; \\?5—H
—Cb
o7
CS
\H8

Synthesis of trans-[RuCl(=C=CHCgH4-4-C=CH)(dppm);]BF4, [87a] BF,4

A mixture of cis-[20] (0.11 g, 0.11 mmol), TIBF, (0.034 g, 0.12 mmol) and
HC=CCg¢H4-4-C=CH (0.085 g, 0.67 mmol) in CH,Cl, (6 ml) was stirred under N, for
80 minutes. The solution colour changed from clear yellow to dark orange and a white
solid (TICI) precipitated. The solution was then filtered through a HPLC teflon filter

187



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity
Chapter 3

(20 um pores) to remove TICI and the orange filtrate concentrated to ~ 2 ml by rotary
evaporation. Excess diethyl ether (~ 15 ml) was then added to the filtrate, resulting in
the instantaneous precipitation of a pale brown solid. The solid was collected by
filtration, washed with diethyl ether (3 x 10 ml) and hexanes (2 x 10 ml) then air dried
(0.11 g, 87 %).

IR (CH,Cl,, cm™): 3296 v(CC-H), 2074 v(C=C), 1641 v(Ru=C=C). *H NMR (CDCls,
600 MHz) & / ppm: 3.04 (s, 1H, H®), 3.07 (quin, J = 3 Hz, 1H, H?), 5.38 (dm, J = 82 Hz,
CH,, dppm), 5.46 (apparent doublet, splitting = 8 Hz, 2H, H*), 6.84 (apparent doublet,
splitting = 8 Hz, 2H, H°), 7.20 — 7.26 (m, 16H, Hy, dppm), 7.32 — 7.38 (m, 8H, H,,
dppm), 7.39 — 7.46 (m, 16H, H,, dppm). **P{*H} NMR (CDCls, 300 MHz) & / ppm:
—15.3 (s, Ru(dppm).). **F NMR (CDCls, 400 MHz) & / ppm: — 153.2 (s, BF,). *C{*H}
NMR (CDCls, 600 MHz) & / ppm: 46.5 (t, J = 13 Hz, CH,, dppm), 83.6 (s, C’), 110.1 (s,
C?), 112.5 (s, C%), 119.3 (s, C%), 127.9 (s, C°), 126.9 (s, C*), 128.8 (s, Cmm, dppm), 129.4
(s, Cm, dppm), 131.5 (s, Cp, dppm), 132.0 (s, Cp, dppm), 130.7 — 131.3 (m, C;, dppm),
131.9 (s, C%), 132.4 (s, Cq, dppm), 133.5 (s, Co, dppm), 355.9 — 356.4 (m, C). ESI(+)-
MS (m/z): 1031 [RuCIl(=C=CHCg¢H4-4-C=CH)(dppm),]", 995 [Ru(=C=CHCgH,-4-
C=CH)(dppm),]", 906 [RuCl(dppm), + H]*. Anal. Found: C, 64.35; H, 4.58. Calc. for
CeoHsoBCIF4P4Ru: C, 64.39; H, 4.51.

Cl-Ru=C'=C2 , ! BF,

Synthesis of trans-[RuCl(=C=CHCg¢H,-2,5-Me,-4-C=CH)(dppm),] BF, [87b] BF4

A mixture of cis-[20] (0.13 g, 0.13 mmol), TIBF,; (0.040 g, 0.13 mmol) and
HC=CC¢H,-2,5-Me,-4-C=CH (0.17 g, 1.1 mmol) in CH,CI;, (6 ml) was stirred under N,
for 80 minutes. The solution colour changed from clear yellow to dark orange and a
white solid (TICI) precipitated. The solution was then filtered through a HPLC teflon
filter (20 um pores) to remove TICI and the orange filtrate concentrated to ~ 2 ml by
rotary evaporation. Excess diethyl ether (~ 20 ml) was then added to the filtrate,

resulting in the instantaneous precipitation of a pale brown solid. The solid was

188



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 3

collected by filtration, washed with diethyl ether (3 x 10 ml) and hexanes (2 x 10 ml)
then air dried (0.10 g, 67 %).

IR (CH,Cl,, cm™): 3299 v(CC-H), 2099 v(C=C), 1636 v(Ru=C=C). *H NMR (CDCls,
600 MHz) & / ppm: 1.32 (s, 3H, H'), 1.75 (s, 3H, H'?), 3.18 (s, 1H, H®), 3.46 (quin,
J=3Hz, 1H, H%), 5.26 (dm, J = 94 Hz, CH,, dppm), 5.46 (s, 1H, H'°), 6.97 (s, 1H, H>),
7.18 — 7.26 (m, 16H, Hy, dppm), 7.30 — 7.36 (m, 8H, Ho, dppm), 7.35 — 7.44 (m, 8H,
H,, dppm), 7.44 —7.54 (m, 8H, H,, dppm). *P{"H} NMR (CDCls, 300 MHz) & / ppm:
—14.4 (s, Ru(dppm)y). *C{*H} NMR (CDCl3, 600 MHz) & / ppm: 17.9 (s, C**), 19.3 (s,
C'?), 45.6 — 46.3 (m, CH,, dppm), 81.5 (s, C"), 105.0 (s, C?), 106.5 (s, C%), 118.6 (s, C?),
125.0 (s, C*), 128.2 — 129.6 (m, Cyy, dppm), 128.7 (s, C®), 130.4 — 132.2 (m, C,, dppm),
130.9 (s, C*°), 133.0 (s, Ho, dppm), 133.2 (s, C°), 134.0 (s, H,, dppm), 354.3 — 355.1 (m,
CY). APCI(+)-MS (m/z): 1059 [RuCl(=C=CHC¢H,-2,5-Mey-4-C=CH)(dppm)]*, 1024
[Ru(C=CCgH,-2,5-Mey-4-C=CH)(dppm),]*, 905 [RuCl(dppm),]*. Anal. Found: C,
64.93; H, 4.79. Calc. for Cg;HssBCIF,P4Ru: C, 64.91; H, 4.75.

A SN
Ph,R PPh, ctce
CI-Ru-C'=C?-C?  C®-CT=CP-H®
PR PP, N7

Synthesis of trans-[RuCIl(C=CCgHy-4-C=CH)(dppm),], [27a]

A mixture of [87a]BF, (0.070 g, 0.063 mmol) and 1,8-bis-dimethylaminonapthalene
(Proton Sponge) (0.050 g, 0.20 mmol) in CH,CI, (3 ml) was stirred under N, for
two hours. The orange solution colour lightened over time and a fine white solid
precipitated. The solution was then concentrated (~ 0.5 ml) via rotary evaporation,
filtered through a very short, basic alumina plug (oven-dried) to remove reaction salts,
eluting with CH,Cl,, into vigorously stirred hexanes where a pale orange / brown solid
precipitated instantly. The solid was collected by filtration and washed with hexanes
(5% 10ml). The solid was then extracted with diethyl ether, filtered and filtrate
concentrated to dryness, yielding a brown solid (0.056 g, 86 %).

IR (CH.Cl,, cm™): 2075 w(RuC=C), 2040 v(C=CH). '*H NMR (CDCl;, 300 MHz)
§/ppm: 3.05 (s, 1H, H®, 4.91 (quin., J = 4 Hz, 4H, CH,, dppm), 5.95 (apparent
doublet, splitting = 8 Hz, 2H, H*), 7.01 (apparent doublet, splitting = 8 Hz, 2H, H°),
7.07, (t, J = 8 Hz, 8H, Hp, dppm), 7.17 (t, J = 8 Hz, 8H, Hy, dppm), 7.23 (t, J = 8 Hz,
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4H, H,, dppm), 7.28 (t, J = 8 Hz, 4H, H,, dppm), 7.40 —7.45 (m, 8H, H,, dppm),
7.45 - 7.50 (m, 8H, Ho, dppm). **P{*H} NMR (CDCls, 300 MHz) & / ppm: — 5.4 ppm
(s, Ru(dppm),). 2C{*H} NMR (CDCls;, 600 MHz) &/ ppm: 50.5 (t, J = 10 Hz, CHj,
dppm), 85.2 (s, C?), 113.1 (s, C%), 115.0 (s, C'), 127.7 (s, Cr, dppm), 129.3 (s, C,,
dppm), 129.5 (s, C,, dppm), 130.1 (s, C*), 131.0 (s, C°), 131.4 (s, CP), 133.5 (s, C,,
dppm), 133.9 (s, C,, dppm), 134.3 (quin., J = 11 Hz, C;, dppm), 135.1 (quin., J = 11 Hz,
Ci, dppm). APCI(+)-MS (m/z): 1031 [RuCl(C=CCgH4-4-C=CH)(dppm), + H]*, 995
[Ru(C=CCgH4-4-C=CH)(dppm),]*. Anal. Found: C, 69.87; H, 4.86. Calc. for
CeoHaoCIP4RuU: C, 69.90; H, 4.79.

A He S
Ph,P PPh, ctcs ¢l

CI-RU-C'=c2-C3  c6-¢7
/s N\ 7/ \~8_148b
PhR PPh, 7 CP-H

\/ H8a

Synthesis of trans-[RuCIl(C=CCgH4-4-CCI=CH,)(dppm).], [89a]

A mixture of [87a]BF, (0.055 g, 0.049 mmol) and [N"Bu4]CI (0.018 g, 0.063 mmol) in
CHCl; (4 ml) was stirred under N for one hour. The orange solution colour lightened
over the reaction period and a fine white solid precipitated. The solvent was then
removed under high vacuum leaving a brown / orange residue. The residue was
extracted with minimum CH,CI, and filtered through a short pad of alumina (basic,
oven-dried) to remove reaction salts, eluting with CH,Cl,. The first orange band was
collected and concentrated to dryness by rotary evaporation, yielding a brown residue.
The residue was then re-extracted with diethyl ether and filtered, until extracts are
colourless. The orange filtrate was then concentrated to dryness by rotary evaporation,
yielding a red / orange solid, which was washed with minimum, cold MeOH (2 x 5 ml)
and then vacuum dried (0.0399g, 74 %). Single crystals, suitable for X-ray
crystallography, were grown by a CH,CI, / pentane layer diffusion.

IR (CH.Cl,, cm™): 2074 v(RuC=C), 1591 v(C=C). 'H NMR (CDCls;, 300 MHz)
8/ ppm: 4.89 (quin., J = 4 Hz, 4H, CH,, dppm), 5.33 (d, J = 1.5 Hz, 1H, H®), 5.60 (d,
J =15 Hz, 1H, H®), 6.01 (apparent doublet, splitting = 8 Hz, 2H, H*), 7.07 (t, J = 8 Hz,
8H, Hn, dppm), 7.17 (t, J = 8 Hz, 8H, Hy, dppm), 7.20 (apparent doublet, splitting =
8 Hz, 2H, H°), 7.24 (t, J = 8 Hz, 8H, H,, dppm), 7.28 (t, J = 8 Hz, 8H, H,, dppm),
7.39 - 7.50 (m, 16H, Ho, dppm). **P{*H} NMR (CDCls, 300 MHz) & / ppm: — 5.4 ppm
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(s, Ru(dppm),). *C{*H} NMR (CDCl;, 600 MHz) & / ppm: 50.4 (t, J = 9 Hz, CH,,
dppm), 110.0 (s, C?), 112.9 (s, C?), 125.1 (s, C°), 127.7 (s, Cm, dppm), 129.3 (s, C,,
dppm), 129.5 (s, C,, dppm), 129.9 (s, C*), 130.3 (s, C%), 133.5 (s, C,, dppm), 133.8 (s,
Co, dppm), 134.3 (quin., J = 12 Hz, C;, dppm), 135.2 (quin., J = 12 Hz, C;, dppm), 140.7
(s, C"). APCI(+)-MS (m/z): 1067 [RuCl(C=CCgH,-4-CCI=CHy)(dppm), + H]*, 1031
[Ru(C=CCgH4-4-CCI=CHy)(dppm),]*, 905 [RuCl(dppm).]*. Anal. Found: C, 65.97; H,
4.70. Calc. for CeoHsoCloP4Ru x 0.5 CH,Cl,: C, 65.51; H, 4.64.

Ph,P PPh, ctce

ci-R4-ci=c2-¢3 c8-c7
Ph,R PPh,  Cc® = TCP-H®
\Y 104 /‘C1\2 H8a
HIZ e

Synthesis of trans-[RuCIl(C=CCgH,-2,5-Me,-4-CCI=CH,)(dppm)2], [89b]

A mixture of [87b]BF,, (0.017 g, 0.015 mmol) and [N"Bu4]CI (0.005 g, 0.018 mmol) in
CH,Cl, (5 ml) was stirred under N for one hour. The orange solution colour lightened
over the reaction period and a fine white solid precipitated. The solvent was then
removed under high vacuum leaving an orange residue. The residue was extracted with
diethyl ether and filtered through a short pad of alumina (basic, oven-dried) to remove
reaction salts, eluting with diethyl ether until extracts are colourless. The yellow /
orange filtrate was then concentrated to dryness by rotary evaporation, yielding a yellow
/ orange solid (0.015 g, 92 %). Single crystals, suitable for X-ray crystallography, were
grown by a CH,Cl, / hexane layer diffusion.

IR (CH.Cl,, cm™): 2065 v(RuC=C), 1597 w(C=C). 'H NMR (CD,Cl,, 400 MHz)
8 /ppm: 1.24 (s, 3H, H™), 2.10 (s, 3H, H'?), 4.89 — 5.08 (m, 4H, CH,, dppm), 5.23 (d,
J=15Hz, 1H, H%), 552 (d, J = 1.5 Hz, 1H, H®), 5.63 (s, 1H, H*), 6.74 (s, 1H, H®),
7.13 (t, 3 = 8 Hz, 8H, Hpm, dppm), 7.21 (t, J = 8 Hz, 8H, Hm, dppm),7.28 (t, J = 8 Hz, 4H,
Hp, dppm), 7.33 (t, J = 8 Hz, 4H, H,, dppm), 7.48 — 7.54 (m, 8H, H,, dppm), 7.56 — 7.62
(m, 8H, Ho, dppm). *P{"H} NMR (CDCl;, 400 MHz) & / ppm: — 6.0 ppm (s,
Ru(dppm),). C{*H} NMR (CD,Cl,, 400 MHz) & / ppm: 17.9 (s, C*%), 18.2 (s, C),
48.6 (t, J = 11 Hz, CH,, dppm), 111.9 (s, C?), 114.2 (s, C?), 126.5 (s, Cm, dppm), 126.7
(s, Cm, dppm), 128.3 (s, C,, dppm), 129.3 (s, C°), 131.0 (s, C*%), 131.4 (s, C%), 132.3 (s,
Co, dppm), 132.4 (s, Co, dppm), 132.7 (s, C°), 133.8 (quin., J = 11 Hz, C;, dppm), 134.3
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(s, C'9), 134.6 (quin., J = 11 Hz, C;, dppm), 135.3 (s, C®), 139.4 (s, C), 146.8 (quin.,
J =19 Hz, C). ESI(+)-MS (m/z): 1095 [RuCl(C=CCgH,-2,5-Me,-4-CCI=CH.)(dppm),
+ H]*, 905 [RuCl(dppm),]*, 871 [Ru(dppm), + H]*. Anal. Found: C, 68.10; H, 4.87.
Calc. for Ce,Hs4CloP4RuU: C, 68.01; H, 4.94.

— /\ ) |'||11/H11 —
thp\ /Pth ,H C11_H11
Cl-Ru=C'=CZ ; I, BF,
thP\/Pth C™ R gs-H®
10
10|-|/C\C9:C'§ 7,CI
H1\2é12 ¢
H12/:12 8
L H Hea" HE

Synthesis of trans-[RuCl(=C=CHCgH,-2,5-Me,-4-CCI=CH,)(dppm),] BF4

A mixture of [89b] (0.030 g, 0.028 mmol) and HBF4.Et,O (7 pL, 0.051 mmol) in
CH,Cl; (4 ml) was stirred under N, for 45 minutes. The solution colour changed from
yellow to orange. The solution was then concentrated to ~ 0.5 ml under high vacuum
and excess diethyl ether added, resulting in the instant precipitation of a pale orange /
red solid. The solvent was decanted and solid washed a further three times with diethyl
ether (2 x 10 ml) and hexanes (1 x 10 ml) and then vacuum dried (0.028 g, 86 %).

IR (CH,Cl,, cm™): 1604 v(Ru=C=C). *H NMR (CD,Cl,, 400 MHz) &/ ppm: 1.38 (s,
3H, H), 1.70 (s, 3H, H?), 3.56 (quin., J = 3 Hz, 1H, H?), 5.27 (dm., J = 156 Hz 4H,
CH,, dppm), 5.21 (d, J = 1 Hz, 1H, H%), 5.49 (s, 1H, H®), 5.57 (d, J = 1 Hz, 1H, H®),
6.83 (s, 1H, H°), 7.24 — 7.50 (m, 40H, Ph, dppm). **P{"H} NMR (CD,Cl,, 500 MHz)
& /ppm: —15.89 (s, Ru(dppm)2). °F NMR (CDCls, 400 MHz) &/ppm: — 152.4 (s,
BF,4). ®C{*H} NMR (CD.Cl,, 500 MHz) & / ppm: 19.3 (s, C'%), 19.4 (s, C*), 46.0 (t,
J =13 Hz, CH,, dppm), 116.3 (s, C?), 130.2 (s, C°), 132.5 (s, C'9), 106.1 (s, C?), 126.0
(s, C%), 128.7 (s, C%), 132.3 (s, C%), 136.4 (s, C%), 139.2 (s, C), 128.6 (t, J = 3 Hz, Cp,
dppm), 129.3 (t, J = 3 Hz, Cy,, dppm), 131.1 (s, C,, dppm), 131.7 (s, Cp, dppm), 132.7 (t,
J =3 Hz, C,, dppm), 133.6 (t, J = 3 Hz, C,, dppm), 354.3 — 354.7 (m, C). ESI(+)-MS
(m/z): 1095 [RuCI(=C=CHCgH,-2,5-Me,-4-CCI=CH,)(dppm).]*, 905 [RuCl(dppm).]".
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3.6.4. Syntheses and characterisations of half-sandwich complexes

_ i —
I 1 C2/ |I-|4
Ru=C'= BF
-4 N 3/C4 4
PhsP PPh, (]‘; \\?5’H5
/Cf’
7
s
AN
H8

Synthesis of [RuCI(=C=CHCgHs-4-C=CH)(PPhs)»(1°-CsHs)] PFs, [91a]PFs’’

A mixture of [RuCI(PPhs)s(n°-CsHs)] (0.050 g, 0.07 mmol), NH4PFs (0.022 g,
0.14 mmol) and HC=CCg¢H,4-4-C=CH (0.081 g, 0.64 mmol) in CH,ClI; (7 ml) was stirred
under N, overnight. The orange solution colour changed to red / brown over the reaction
period and a fine white solid precipitated. The solution was concentrated to ~ 3 ml
under high vacuum before filtering through celite (to remove reaction salts) into rapidly
stirred, ice cold, diethyl ether, resulting in the instant precipitation of a pale pink solid.
The solid was collected by filtration, washed with cold diethyl ether (2 x 10 ml) and air
dried (0.039 g, 60 %).

IR (CH,Cl,, cm™): 2107 w(C=C), 1635 v(C=C), 1600 v(C=C). *H NMR (CDClj,
600 MHz) & / ppm: 3.04 (s, 1H, H®), 5.27 (s, 5H, n°-CsHs), 5.39 (t, J = 2 Hz, 1H, H?),
6.95 (apparent doublet, splitting = 8 Hz, 2H, H*), 7.00 — 7.05 (m, 12H, H,, PPhs), 7.23
(t, J=7 Hz, 12H, Hy, PPhs), 7.31 (apparent doublet, splitting = 8 Hz, 2H, H°), 7.39 (t,
J =7 Hz, 6H, H,, PPhy). *'P{*"H} NMR (CDCls, 300 MHz) & / ppm: 43.1 (s, Ru(PPhs)y).
Bc{"H} NMR (CDCl;, 600 MHz) & / ppm: 78.1 (s, C%), 83.7 (s, C’), 94.8 (s, n°-CsHs),
119.0 (s, C?), 127.5 (s, C*), 128.4 (s, Cn, PPh3), 130.7 (s, C*), 130.8 (s, Cp, PPh3), 131.9
(s, C%, 132.2 (s, C%, 133.5 (t, J=8Hz, C;, PPhs), 133.8 (s, Co, PPhs), 354.2 (t,
J =14 Hz, CY. ESI(+)-MS (m/z): 817 [RUCI(=C=CHCgH,-4-C=CH)(PPhs)2(n’>-CsHs)]",
732 [Ru(PPhs)»(n°-CsHs) + MeCN]".
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Synthesis of [RUCI(=C=CHCgH,-4-C=CH)(dppe)(i°-CsMes)]PFe, [91b] PFg

A mixture of [RuCl(dppe)(n’-CsMes)] (0.069 g, 0.10 mmol), NH,PFs (0.028 g,
0.17 mmol) and HC=CCgH4-4-C=CH (0.14 g, 1.1 mmol) in CH,CI; (25 ml) was stirred
under N, overnight. The orange solution colour darkened over the reaction period and a
fine white solid precipitated. The solution was concentrated to ~ 3 ml under high
vacuum and filtered through a cotton wool pipette (to remove reaction salts) into rapidly
stirred, ice cold, diethyl ether, resulting in the instantaneous precipitation of a pale pink
solid. The solid was then collected by filtration, washed with cold diethyl ether
(3 x 10 ml) and cold hexanes (3 x 10 ml) then air dried (0.072 g, 79 %).

IR (CHCly, cm™): 2106 v(C=C), 1631 v(C=C), 1606 v(C=C), 1599 v(C=C). *H NMR
(CDCl3, 600 MHz) & / ppm: 1.68 (s, 15H, 1n°-CsMes), 2.41 — 2.60 (m, 2H, CH,, dppe),
2.90-3.12 (m, 2H, CH,, dppe), 3.01 (s, 1H, H®), 4.35 — 4.39 (m, 1H, H?), 6.02
(apparent doublet, splitting = 6 Hz, 2H, H*), 6.92 (apparent doublet, splitting = 6 Hz,
2H, H%), 7.08 (t, J=8 Hz, 4H, H,, dppe), 7.34 (t, J =8 Hz, 4H, H,, dppe), 7.42 (t,
J=8Hz, 4H, Hy, dppe), 7.47 (t, J=8Hz, 4H, Hy, dppe), 7.50 - 7.58 (m, 4H, H,,
dppe). *'P{"H} NMR (CDCl;, 600 MHz) &/ ppm: 71.8 (s, Ru(dppe)). *C{*H} NMR
(CDCls, 600 MHz) & / ppm: 10.0 (s, n°-CsMes), 27.9 (t, J = 24 Hz, CH,, dppe), 77.3 (s,
C?), 83.7 (s, C), 103.9 (s, n°-CsMes), 115.9 (s, C?), 125.1 (s, C*), 128.0 (s, C%), 128.6
(s, Crm, dppe), 128.9 (s, Cr, dppe), 131.2 — 131.6 (m, C,, dppe), 131.7 (s, C°), 132.0 (s,
C%), 132.6 (s, C,, dppe), 133.6 — 134.2 (m, C;, dppe), 352.6 — 353.0 (m, C"). ESI(+)-MS
(m/z): 761 [RuCl(=C=CHCgH,-4-C=CH)(dppe)(n°-CsMes)]", 667 [Ru(dppe)(n°>-CsMes)
+ MeOH]", 635 [Ru(dppe)(n°-CsMes)] "
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Synthesis of [Ru(C=CCgHs)(PPhs),(3°-CsHs)]®

A mixture of [RUCI(PPhs),(n°-CsHs)] (0.10 g, 0.14 mmol), NH.PFs (0.023 g,
0.14 mmol) and HC=CCgHs (17 pL, 0.15 mmol) in MeOH (10 ml) was heated at reflux
under N for 30 minutes. The orange solution colour darkened over the reaction period.
The orange solution was then cooled to room temperature before the addition of DBU
(6 drops, excess), resulting in the immediate precipitation of a yellow solid. The solid
was then collected by filtration, washed with MeOH (3 x 10 ml) and hexanes
(2 x 10 ml), then air dried (0.078 g, 71 %).

IR (CHCl,, cm™): 2074 v(RUuC=C), 1605 v(C=C), 1591 v(C=C). *H NMR (CDCls,
600 MHz) &/ ppm: 4.33 (s, 5H, n°-CsHs), 6.99 —7.01 (m, 1H, H®), 7.09 (t, J = 7 Hz,
12H, Hp, PPh3), 7.13—-7.16 (m, 4H, H* and H°), 7.19 (t, J =7 Hz, 6H, H,, PPhy),
7.46 —7.54 (m, 12H, H,, PPhs). *P{*H} NMR (CDCls, 300 MHz) &/ ppm: 51.5 (s,
Ru(PPhs),). *C{*H} NMR (CDCls, 600 MHz) & / ppm: 85.3 (s, 1°-CsHs), 114.5 (s, C?),
116.3 (t, J = 26 Hz, C'), 123.1 (s, C°), 127.4 (t, = 5 Hz, Cp, PPh3), 127.8 (s, C*), 128.5
(s, Cp, PPh3), 130.7 (s, C°), 134.0 (t, J = 5 Hz, C,, PPhs), 139.0 (t, J = 21 Hz, C;, PPhy),
139.2 (t, J = 21 Hz, Ci, PPhs). ESI(+)-MS (m/z): 792 [Ru(C=CCgHs)(PPhs)2(n°>-CsHs)]",
691 [Ru(PPh3)z(n>-CsHs)]™.

HE R
= cLch
\ / \
oh P,Rlu—c1zc2—ci /C6—C7508—SiMe3
3 Y

PPh,

Synthesis of [Ru(C=CC¢H4-4-C=CSiMes)(PPhs)(17°-CsHs)]*®

A mixture of [RuCI(PPhs)x(n>-CsHs)] (0.10 g, 0.14 mmol), NH,BF; (0.032 g,
0.30 mmol) and HC=CCgHy-4-C=CSiMe3 (0.037 g, 0.19 mmol) in MeOH (10 ml) was
refluxed under N, for 3.5 hours. The orange solution colour darkened over the reaction
period. The solution was then cooled to room temperature before the addition of DBU

(4 drops, excess), resulting in the instant precipitation of a yellow solid. The solid was
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then collected by filtration, washed with MeOH (3 x 10 ml) and vacuum dried (0.070 g,
60 %).

IR (CH,Cl,, cm™): 2148 v(C=CSiMes), 2066 v(RuC=C), 1596 v(C=C). ‘H NMR
(CDCls, 300 MHz) & / ppm: 0.24 (s, 9H, SiMes), 4.32 (s, 5H, n°-CsHs), 6.98 (apparent
doublet, splitting = 8 Hz, 2H, H*), 7.07 (t, J = 7 Hz, 12H, Hn, PPhs), 7.19 (t, J = 7 Hz,
6H, Hp, PPhs), 7.24 (apparent doublet, splitting = 8 Hz, 2H, H®), 7.39— 7.51 (m, 12H,
Ho, PPhs). **P{"H} NMR (CDCls, 300 MHz) &/ppm: 51.3 (s, Ru(PPhs),). ®*C{*H}
NMR (CDCl;, 600 MHz) & / ppm: 0.3 (s, SiMe3), 85.4 (s, n°-CsHs), 93.6 (s, C?), 106.7
(s, C"), 115.3 (s, C? or C®), 117.0 (s, C* or C*) 123.6 (t, J=25Hz, CY), 127.4 (t,
J=4Hz, Cyy, PPh3), 128.6 (s, C,, PPh3), 130.4 (s, C*), 131.1 (s, C°), 131.7 (s, C°), 134.0
(t, = 5 Hz, C,, PPhs), 138.8 (t, J = 21 Hz, C;, PPhs), 139.0 (t, J = 21 Hz, C;, PPhy).
ESI(+)-MS  (m/z): 889 [Ru(C=CCgH4-4-C=CSiMes)(PPhs)a(n°>-CsHs) + H]*, 719
[Ru(PPh3)a(n°>-CsHs) + CoHa]"

HE  HP
W ctcl
—_cl=c2_3 6_7T=r8_q;j
Ru-C'=C C\ /C C'=C*-SiMe4

Ph,P" ]
2/PPh2

Synthesis of [Ru(C=CCsH4-4-C=CSiMes)(dppe) (i7°-CsMes)] %

A mixture of [RuCl(dppe)(n>-CsMes)] (0.12 g, 0.18 mmol), NH4BF; (0.034g,
0.32 mmol) and HC=CCg¢H4-4-C=CSiMe; (0.043 g, 0.22 mmol) in MeOH (10 ml) was
refluxed under N, for 3.5 hours. The orange solution colour darkened over the reaction
period. The solution was then cooled to room temperature before the addition of DBU
(10 drops, excess), resulting in the instantaneous precipitation of a yellow solid. The
yellow solid was then collected by filtration, washed with MeOH (3 x 10 ml) and air
dried (0.10 g, 68 %).

IR (CH,Cl,, cm™): 2147 v(C=CSiMes), 2065 V(RUC=C), 1605 v(C=C), 1595 v(C=C).
'H NMR (CDCls, 600 MHz) &/ ppm: 0.23 (s, 9H, SiMes), 1.56 (s, 15H, 1°-CsMes),
2.00-2.14 (m, 2H, dppe), 2.59-2.73 (m, 2H, dppe), 6.64 (apparent doublet,
splitting = 8 Hz, 2H, H*), 7.12 (apparent doublet, splitting = 8 Hz, 2H, H®), 7.19 — 7.32
(m, 12H, Hy and Hy, dppe), 7.32 — 7.39 (m, 4H, H,, dppe), 7.68 — 7.80 (m, 4H, H,,
dppe). *'P{*H} NMR (CDCl;, 300 MHz) &/ ppm: 81.8 (s, Ru(dppe)). *C{"H} NMR
(CDCls, 600 MHz) & / ppm: 0.3 (s, SiMes), 10.2 (s, n°-CsMes), 29.6 (t, J = 23 Hz, CHj,
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dppe), 92.9 (s, n°>-CsMes), 93.2 (s, C%), 106.9 (s, C*), 111.1 (s, C?), 116.3 (s, C3), 127.4
(t, J=4 Hz, Cy, dppe), 127.6 (t, J =4 Hz, Cy, dppe), 129.0 (s, Cp, dppe), 129.1 (s, C,,
dppe), 130.0 (s, C*), 131.4 (s, C°), 131.6 (s, C°), 133.4 (t, J = 4 Hz, C,, dppe), 133.8 (t,
J=4Hz, C,, dppe), 136.0 (t, J =25 Hz, CY), 138.7 — 139.0 (m, C;, dppe). ESI(+)-MS
(m/z): 832 [Ru(C=CCgH4-4-C=CSiMes)(dppe)(n°>-CsMes) + H]*, 761 [Ru(C=CCgH4-4-
C=CH)(dppe)(n°-CsMes) + H]*, 663 [Ru(dppe)(n°>-CsMes) + CoHa]".

HE R
N4 é
cte

Ru-C'=C2-C3  (C6-C7=C8-H8
PhgP™ ] \_7
PPh,

Synthesis of [Ru(C=CCgH4-4-C=CH)(PPhs)2(n°>-CsHs)], [93a]

A mixture of [Ru(C=CCgH4-4-C=CSiMes)(PPhs)2(n°-CsHs)] (0.11 g, 0.13 mmol) and
TBAF.3H,0 (0.041 g, 0.13 mmol) in CH,Cl, (6 ml) was stirred under N, overnight. The
yellow solution colour darkened to brown over the reaction period. The solution was
then concentrated to dryness under high vacuum, yielding a dark brown, oily residue.
The subsequent addition of excess MeOH (~ 20 ml) to the residue resulted in the
formation of a yellow / brown solid. The solid was then collected by filtration, washed
with MeOH (3 x 10 ml) and air dried (0.088 g, 83 %).

IR (CH.Cl,, cm™): 2068 v(RuC=C), 2037 v(C=CH), 1607 v(C=C), 1594 v(C=C).
'H NMR (CDCls, 300 MHz) &/ ppm: 3.07 (s, 1H, H®), 4.32 (s, 5H, n°-CsHs), 7.02
(apparent doublet, splitting = 8 Hz, 2H, H*), 7.08 (t, J = 7 Hz, 12H, Hp, PPhs), 7.20 (t,
J=7Hz, 6H, Hy,, PPhs), 7.24 (apparent doublet, splitting = 8 Hz, 2H, H®), 7.40 — 7.56
(m, 12H, Ho, PPhs). **P{*H} NMR (CDCls, 300 MHz) &/ ppm: 51.4 (s, Ru(PPhs)y).
BCc{"H} NMR (CDCls, 600 MHz) & / ppm: 85.1 (s, C®), 85.4 (s, n°-CsHs), 115.2 (s, C'),
115.9 (s, C?), 123.7 (t, J = 25 Hz, CY), 127.4 (t, J = 4 Hz, Cyy,, PPh3), 128.6 (s, Cp, PPhs),
128.7 (s, C%), 130.5 (s, C%), 131.3 (s, C°), 131.8 (s, C°), 134.0 (t, J =5 Hz, C,, PPhs),
138.8 (t, J =21 Hz, Cji, PPhy), 139.1 (t, J =21 Hz, C;, PPhs). ESI(+)-MS (m/z): 817
[Ru(C=CCgH4-4-C=CH)(PPhs),(n>-CsHs) + H]*, 719 [Ru(PPhs)a(n°>-CsHs) + CoHa]",
301 [Ru(C=CCgH4-4-C=CH)(n°-CsHs)]".
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Synthesis of [Ru(C=CCeH4-4-C=CH)(dppe)(1>-CsMes)], [93b]

A mixture of [Ru(C=CCgH4-4-C=CSiMes)(dppe)(n°-CsMes)] (0.079 g, 0.095 mmol) and
TBAF.3H,0 (0.047 g, 0.15 mmol) in CH,CI, (6 ml) was stirred under N, overnight. The
yellow solution colour darkened to brown over the reaction period. The solution was
then concentrated to dryness under high vacuum, yielding a dark brown oily residue.
The subsequent addition of excess MeOH (~ 20 ml) to the residue resulted in the
formation of a yellow solid. The solid was collected by filtration, washed with MeOH
(3 % 10 ml) then air dried (0.045 g, 62 %).

IR (CH,Cly, cm™): 2065 v(RuC=C), 2036 v(C=CH), 1605 v(C=C), 1595 v(C=C).
'H NMR (CDCl;, 600 MHz) &/ ppm: 1.56 (s, 15H, n°>-CsMes), 2.00 —2.13 (m, 2H,
dppe), 2.59-2.73 (m, 2H, dppe), 3.04 (s, 1H, H®), 6.64 (apparent doublet,
splitting = 6 Hz, 2H, H*), 7.12 (apparent doublet, splitting = 6 Hz, 2H, H°), 7.19 — 7.26
(m, 6H, H,, dppe), 7.28 —7.38 (m, 18H, Hy and Hy, dppe), 7.68 —7.77 (m, 6H, H,,
dppe). *'P{*H} NMR (CDCl;, 600 MHz) &/ ppm: 80.7 (s, Ru(dppe)). *C{"H} NMR
(CDCls, 600 MHz) & / ppm: 10.2 (s, 1°-CsMes), 29.6 (t, J = 23 Hz, CH,, dppe), 85.2 (s,
C?), 92.9 (s, n°-CsMes), 111.1 (s, C?), 115.2 (s, C'), 116.2 (s, C*), 127.4 (t, I =5 Hz, Cp,
dppe), 127.6 (t, J =5 Hz, Cy, dppe), 129.0 (s, C,, dppe), 129.1 (s, C,, dppe), 130.0 (s,
C?%, 131.4 (s, C°), 131.6 (s, C®), 133.4 (t, J =5 Hz, C,, dppe), 133.8 (t, J =5 Hz, C,,
dppe), 136.0 (t, J =24 Hz, C%), 138.6 — 139.1 (m, C;, dppe). ESI(+)-MS (m/z): 761
[Ru(C=CCgH4-4-C=CH)(dppe)(n°-CsMes) + H]", 663 [Ru(dppe)(n°>-CsMes) + CoHa]".
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CHAPTER 4

Synthesis and electronic characterisation of

multi-metallic ‘wire-like’ molecules containing

trans-bis(alkynyl) {Ru(dppe),} fragments

4.1. Abstract

In this Chapter, mono- and multi-metallic complexes containing trans-bis(alkynyl)
{Ru(dppe);} fragments have been prepared. The mono-metallic complexes
trans-[Ru(C=CR),(dppe).], [43] ([43a]: R = CgH4-4-C=CSiMes; [43b]: R = 3-thiophene
(3-th)) serve as reference materials for electrochemical and spectroscopic studies of the
multi-metallic analogues. The 1,4-diethynylbenzene-bridged bimetallic complexes,
trans-[ {(RC=C)(dppe)2Ru},(u-C=CCgH,-2,5-X,-4-C=C)], [94] ([94a]:
R = CgH,-4-C=CSiMes, X = H; [94a-Me]: R = CgH4-4-C=CSiMes, X = Me; [94a-'Pr]:
R = CgH4-4-C=CSiMes, X ='Pr; [94b]: R = 3-th, X = H; [94c-Me]: R = C=CSiMes,
X=Me) were prepared in 44-84% vyields from reactions of
trans-[RuCI(C=CR)(dppe),] with half an equivalent of a 1,4-diethynylbenzene,
HC=CCgH,-2,5-X,-4-C=CH, in CH,ClI, solutions in the presence of TIBF, and DBU.
On reaction of [94] with one equivalent of FcPFg in CH,CI; solutions, mono-oxidised
bimetallic complexes, [94a]PFs, [94a-Me]PFs and [94b]PFs, were obtained. The
trimetallic complexes, trans-trans-[{Ru(dppe)2}{u-(C=CCgsHy-4-
C=C)Ru(dppe)2(C=CR)}2], [95] ([95a]: R = CgH4-4-C=CSiMegs; [95b]: R = 3-th), were
prepared similarly to [94], from reactions of trans-[RuCl(C=CR)(dppe),] and
trans-[Ru(C=CCgHs-4-C=CH),(dppe).], [96], (0.5 equiv.) in 43-66% vyields.
Complexes [43], [94] and [95] coincidently exhibit the same number of reversible, one-
electron oxidation events as integrated metals centres, although redox products likely
involve significant alkynyl ligand character based on the significant (~ — 100 cm™) shift

in key v(C=C) bands on oxidation. The mono-oxidation products [94]" and [95a]",
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which may be described as organic ‘mixed-valence’ complexes, generally exhibit one
principal NIR absorption band (of intra-ligand (n-m*) or organic intervalence charge
transfer (IVCT) character), and several less intense NIR absorption bands (with metal-
to-ligand charge transfer (MLCT) character) within the range 4000 — 16 000 cm™. For
[94]F, principal NIR bands are more intense and (generally) more asymmetric with
increasing steric bulk of the bridge (indicating more delocalised character or Robin and
Day Class Il organic ‘mixed-valence’ complexes). Band profiles in the spectra of
multi-metallic complexes (both neutral and oxidised) are complicated due the presence
of rotamers. The molecular structures of trans-[RuCl(C=CSiMes)(dppe).], [38c],
trans-[Ru(C=C-3-th)(C=CCgH4-4-C=CSiMes)(dppe).], [97],
trans-[Ru(C=CSiMe3)(C=CCgH4-4-C=CSiMes)(dppe).], [98], and
trans-[Ru(C=CSiMe3)(C=CCgH4-4-C=CH)(dppe).], [99], are reported and discussed.
The  heterobimetallic ~ complex  trans-[{(th-3-C=C)(dppe),Ru}(u-C=CCgHs-4-
C=C){AuPPh3}], [100], is also reported and used to form Au|molecule|Au junctions
through the Thermally Induced Decomposition of Organometallic Complexes (TIDOC)

method.

4.2. Introduction

In the design of molecular wires, incorporation of a single metal fragment along the
conjugated wire backbone has been shown to exhibit several favourable properties such
as increased solubility and facile tuning of both electronic and magnetic properties, in
addition to versatile design strategies leading to more diverse molecular architectures, as
described in previous Chapters. The incorporation of multiple metals and the advent of
longer (> 4 nm) oligomeric trans-bis(alkynyl) metal complexes is therefore anticipated
to be a figurative and literal extension of these studies. However, despite the possible
range of properties that multi-metallic ‘wire-like’ complexes might offer, and their
facile preparation via step-wise, modular synthetic schemes, such complexes have only
been modestly explored in the literature. Although the longest single molecular wire to
date is a rigid phenylethylene-based organic complex (Figure 4.1)," measuring 7 nm in
length, similarly impressively long organometallic complexes are being developed,

2-5
I

which predominantly feature polyynyl“™ backbones.
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Figure 4.1: The longest organic molecular wire to be measured to date, featuring
cyanoethyl-protected thiol groups that allow docking to gold surfaces and formation of

Au|molecule|Au junctions following deprotection by NaOMe in THF solutions.*

The conductance of molecular wires decays upon increasing molecular length, either

exponentially in the tunnelling regime (G «< e~F!), or geometrically in the case of
hopping mechanisms (G « %).6 The combination of multiple-metal fragments within a

conjugated backbone can lead to surprisingly low tunneling decay constants (B). For
example, Co'"-containing organometallic wires featuring terpyridine units exhibit an
extremely low attenuation factor (§ = 0.01 A™),” where corresponding values for highly
n-conjugated organic wires (featuring both aromatic and unsaturated fragments) are
typically within the range 0.1 — 0.6 A™.8 Self assembly techniques were used to grow
these Co" wires directly on the electrode surface, with molecular lengths estimated to
have reached up to 40 nm. For analogous Fe'' containing terpyridine wires, an increased
resistance with molecular length (B = 0.28 A™) was found, evincing the importance of
metal identity on conductance. In addition, organometallic wires featuring Zn porphyrin
units and thiol binding groups (reaching up to 5nm in length) exhibit a very low
attenuation factor (0.04 A™)® as a result of the extensive m-conjugation in such

systems.” 1°

Given the plethora of synthetic routes available for the preparation of conjugated,
oligomeric, trans-bis(alkynyl) {Ru(dppe).} complexes (Chapter 1), it is unsurprising to
find that these complexes have emerged as strong candidates as superior molecular
wires. To this end, Frisbie and Rigaut have reported three series of organometallic wires
containing one, two and three {Ru(dppe).} moieties within a conjugated

phenylethynylene backbone featuring various surface binding groups (Figure 4.2).
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M
Ph,R_PPh,
R@C C-RU-C= C@R
thP\_/Pth
[53]: R = NC

[56]: R = CH,SAc
[59]: R = O(CH,)sSAc

M M
PhP. PPh, Ph,R_PPh,
ROC C-RU-C= COC C-RU-Cz= COR
thP\_/Pth thP\_/Pth
[54]: R = NC

[57]: R = CH,SAc
[60]: R = O(CH,)sSAc

Ph,P, PPh2 Ph,P PPh2 Ph,P, Pth
@CCRUCC@CCRUCCOCCRUCCO
PhoR_PPh; PhoR PPN, PhoR_PPh;

[55]: R = NC

[58]: R = CH,SAc
[61]: R = O(CH,)sSAc

Figure 4.2: Organometallic molecular wires, [53 — 61], of increasing lengths featuring
the {Ru(dppe),} fragment, as reported by Frisbie and Rigaut (R = NC,""*? CH,SAc™®
or O(CH,)sSAc).1*

The mechanism by which charge travels from source to drain, via a molecular wire, in a
molecular junction is dependent on molecular length. For shorter molecules such as
mono-metallic trans-bis(alkynyl) complexes, where the continuum density of states of
the two electrodes can span sufficiently far into the junction as to overlap and in effect
be directly electronically coupled,” a direct electron tunnelling charge transport
mechanism prevails. In this case, conductance decays exponentially with molecular
length and is largely independent of temperature. For longer molecules, such as multi-
metallic trans-bis(alkynyl) complexes, charge hopping (thermally permitted formal
oxidations and / or reductions at discrete sites along the length of the molecular wire) is
generally encountered. Contrastingly, this mechanism exhibits strong temperature
dependence and evidence of this behaviour is the common diagnostic. Hopping
mechanisms exhibit a much weaker molecular length dependence,*® where kzp = N7
(ker = rate of electron transfer; N = number of hopping sites and the factor 7 ~ 1 — 2).1°

For example, within the series of mono-, bi- and trimetallic, redox-active molecular
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wires shown in Figure 4.2 featuring {Ru(dppe).} units and thioacetate-protected thiol
binding groups ([59 - 61]), the mono-metallic complex [59] (3.4 nm) exhibited one-step
(metal to metal) direct tunneling behaviour, where conductance was independent over a
range of temperatures (248 — 333 K), while both bimetallic [60] (4.6 nm) and trimetallic
[61] complexes (5.8 nm) evinced the two-step (metal to molecule, molecule to metal)
charge hopping regime, where conductance values were sensitive to changing
temperature.'® For the near-identical series of redox-active molecular wires contacted by
isocyanide binding groups ([53 - 55]; Figure 4.2), both the mono-metallic [53] (2.4 nm)
and bimetallic [54] (3.6 nm) complexes displayed tunneling behaviour.* This difference
has been rationalised as a consequence of the particular binding group employed,** with
the isocyanide anchor being directly conjugated within the ‘wire-like’> backbone
whereas the alkyl-thiol groups (following deprotection) establish a molecule-electrode
charge injection barrier. Curiously, the differences in molecular lengths were not
considered. For the trimetallic complex [55] (4.9 nm), with isocyanide terminal

fragments, Coulomb-blockade like behaviour was observed at low temperature.*?

The crossover length between the tunnelling and hopping regimes for molecular wires
of the type shown in Figure 4.2 has recently (2015) been determined as 6.48 nm (at zero
bias and zero gate voltage) using a blend of computational and theoretical models.*’
Although this critical length is much higher than for OPEs (experimentally determined
at ~ 2.75 nm),*® the length at which the tunneling and hopping mechanisms crossover

can be shifted upon application of external gate potential.

In this Chapter, a series of neutral, redox-active, trans-bis(alkynyl) {Ru(dppe).}
complexes bearing both trimethylsilyl and thienyl binding groups (Figure 4.3) have
been synthesised to further explore the effect of increasing the number of metal
fragments within a conjugated wire backbone, supplementing previous studies in the

literature of analogous complexes bearing isocyanide'! *?

and thioacetate-protected
thiol** ** binding groups. The complexes shown in Figure 4.3 have been primarily
studied by electrochemical and spectroelectrochemical methods as a means to elucidate

the underlying electronic structures.
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M
PhRPPh,
R-C=C-RU-C=C-R

Ph,P” PPh
2\_/ 2

[43]

M A
Ph,R PPh, PhR PPh,
R-C=C-R(-C=C C=C—RU—C=C-R

Ph,P” PPh Ph,P PPh
2\_/ 2 2\_/ 2

[94]

PhR F PPh, PhR T PPh, Phof | PPh,
RCCRuCCOCCRuCCOCCRu C=C-R
PhaR PPh, PhaR PPh, PhaR PPh,

[95]

R=a=§OCEC—SiMe3 |c;=§4©/S (th)

Figure 4.3: Series 1: complexes explored in this Chapter to determine the effect of i)
changing the terminal fragment and ii) increasing the number of {Ru(dppe).} moieties

on the underlying electronic structure.

The trimethylsilylethynyl and 3-thienyl terminal fragments in [43, 94, 95] were chosen
with a view to allowing the study of these complexes within a molecular junction.
However, such studies are time consuming and require specialised application of STM
methods or nanofabricated junction methods. Alternatively, many studies have sought to
gain a degree of information concerning ‘wire-like’ properties of linear molecular
fragments by studying intramolecular electron transfer properties.** ¥* 1% 20 |n turn,
these investigations are often conducted within the framework of ‘mixed-valence’
complexes,” with analyses derived from the classical ‘two-state’ model developed by
Hush?! and Marcus,? and elaborated by others.”® 2* Although reports describing the
influence of the organic ‘bridge’ on electronic structure and charge transfer (or ‘mixed-
valence’) characteristics in (-metal-bridge),- oligomers are common,®?® the influence
of conformational freedom in the bridging component on the electronic structure of
these complexes and hence their electron transfer behaviour, has hardly been

considered. Interestingly, the 2-methyl fragment of the molecular structure of

* A ‘mixed-valence’ state is conditioned if individual redox-active fragments within a molecule are
present in different, stable states, with respect to disproportionation.
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trans-[RuCl(C=CC¢H3-2-Me-4-NO,)(dppe);]*® (Figure 4.4) lies within the pocket
formed by the phenyl rings of one of dppe ligands.

Figure 4.4: Solid state structure of trans-[RuCl(C=CCgHs-2-Me-4-NO,)(dppe)]
viewed along (top) and down (bottom) the C=C-Ru-Cl axis, labeled as reported, with
selected hydrogens removed for clarity.”

This suggests that the rotational orientation of the nitrobenzene moiety can be sterically
restricted hence limiting the range of available conformers or at least biasing the
population distribution. The position of the nitrobenzene ring in the solid state structure
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is such that conjugation of Ar(z) with the metal d-orbitals via the ethynyl fragment

would be promoted. This feature may also persist in the solution state.

In order to further explore this concept, bimetallic complexes bridged by
1,4-diethynylbenzene ([94a]), 1,4-diethynyl-2,5-dimethylbenzene ([94a-Me]) and
1,4-diethynyl-2,5-diisopropylbenzene ([94a-'Pr]) with trimethylsilyl binding groups
(Figure 4.5) have been prepared here and their optoelectronic properties investigated by
electrochemical and spectroelectrochemical methods.

Ph2P PPh, Ph2P PPh,
Meﬁi—CEC—QC C-RU-C= C—@C C—RU—Cz= c@c;c—sn\ﬂ%
Ph2P PPh, Ph2P PPh,

[94a]

Ph2P PPh, Ph2P PPhy
Meﬁi—CECOC C—RU-C=C C=C—RU—C= C@CEC—SiM%
Ph2P PPh, Ph,P PPh2
[94a-Me]

Ph2P PPh, Ph2P PPh,
MeSSi—CECOC C—RU-C=C C=C-Ru—C= COCEC—SiMe3
Ph2P PPh, Ph2P PPh,

[94a-'Pr]

Figure 4.5: Series 2: complexes explored in this Chapter to elucidate the steric role of

bridging moiety on the underlying electronic structure.

Having explored the synthesis and electronic characterisations of multi-metallic ‘wire-
like’ molecules, our attention turns to consideration of how such complexes might be
integrated into device-like structures. As a soft, top-contact electrode fabrication
technique, TIDOC has only emerged recently (2014) and so far has only been used for
organic molecular wires.*® In this technique, the preliminary step is formation of SAMs
of gold-containing complexes onto gold surfaces via the Langmuir-Blodgett technique
(left, Figure 4.6). Following this, complexes are annealed in order to simultaneously

cleave Au-P (or Au-C)* bonds and reduce Au' to Au’, leading to the formation of
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metallic gold nano-particles (GNPs) and gold nano-islands (GNIs) on the film surface
(right, Figure 4.6). Electrical properties of these Aujmonolayer|Au-nano-particle arrays
are measured by recording 1-V curves using conducting-probe atomic force microscopy
(CP-AFM).

PPh;  PPhy  PPhy ) (Au Top Electrode
Al A|“ i ! &

00 O mmpo 00 |

" III " II III

299 9299

O
Au Bottom Electrode |; Au Bottom Electrode

Figure 4.6: Illustrative diagram of the TIDOC method, where the preliminary step
involves SAM assembly (left) followed by the formation of gold nano-particles and
islands as the top-contact electrode (right) through annealing of a gold-containing

complex.*

Some advantages of the TIDOC method over other traditional molecular junction
forming methods include being facile and of low cost in addition to circumventing the
top-contact electrode problem™ without damaging or de-functionalising the wire sub-
structure. As a future outlook, gold nano-particles generated in this way may even
function as seeds in the deposition of a thicker, more uniform top-contact electrode. To
these ends, the mixed metal Ru/Au complex,
trans-[{(th-3-C=C)(dppe),Ru}(u-C=CC¢Hy-4-C=C) {AuPPh3}], [100] (Figure 4.7) has
been prepared as the first organometallic complex to form Au|monolayer|Au junctions
via the TIDOC method.

“I Often, the top-contact electrode penetrates the organic film establishing shorter source-drain pathways
leading to short-circuiting and an invalid device.
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M
_. PhR PPh,
C=C-R{-C=C C=C-Au-PPh,
e Tat
2 \_/ 2
[100]

Figure 4.7: Target complex for exploring the capacity for the conductance of

organometallic complexes to be measured using the TIDOC method.
4.3. Results and discussion

The syntheses of multi-metallic complexes discussed in this Chapter are based on a
common synthetic strategy (Scheme 4.1). The strategy relies on the use of smaller
mono-metallic complexes, trans-[RuCI(C=CR)(dppe),] and trans-[Ru(C=CR),(dppe)-],

and organic building blocks.
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R-C=C-R{-Cl /_\
thF’\_/Pth PhR PPh,
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DBU
\/
N M M
PhR PPh, PhyR_PPh, Ph,R PPh,
R-C=C-RU-C=C C=C-R(-C=zC C=C-RuU-C=C-R
Ph,P PPh Ph,R" PPh Ph,P" PPh
2\_/ 2 2\_/ 2 2\_/ 2
(93]

Scheme 4.1: The syntheses of bimetallic, [94], and trimetallic, [95], complexes

described in this Chapter are based on a common synthetic strategy.

4.3.1. Synthesis of mono-metallic {Ru(dppe).} complexes: building blocks

for higher molecular architectures
4.3.1.1. Mono-alkynyl complexes: RC=C-[Ru]-Cl

In order to access the target multi-metallic complexes outlined for this Chapter (Figures
43 and 4.5), the mono-alkynyl complexes, trans-[RuCl(C=CCg¢H,-4-
C=CSiMes)(dppe)2],**  [38a],  trans-[RuCl(C=C-3-th)(dppe)z], ™"  [38b],
trans-[RuCI(C=CSiMes)(dppe).], [38c], were prepared. Although [38c] has been

' The synthesis of [38b], from the reaction of [36]OTf with HC=C-3-th (1.1 equiv.) and DBU (excess)
in methanol, is presented with thanks to S. Bock of the PJL group. Electrochemical data of [38b],
conducted in a [N"Bus]PFs CH,CIl, solution in an acetone / dry ice bath and referenced to ferrocene using
a decamethylferrocene internal standard, includes: E;»(1) = 0.04 V rev; AE,(1) = 0.09 V; E1p(2) = 0.81V
irrev; AE,(2) =0.16 V; AE,(DMFC) = 0.05 V.
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synthesised previously (in a 70 % yield from the reaction between cis-[RuCl,(dppe)]
(cis-[35]), MeLi (1.6 equiv.) and Me;SiC=CSiMes (3 equiv.) in THF),*® an alternative
method is reported here which circumvents the use of alkynyl-lithium reagents.
Addition of HC=CSiMez (1 equiv.) to a CH,Cl, solution of [RuCl(dppe),]OTf
([36]OTf)and DBU (excess) resulted in the rapid (one hour) formation of [38c] (61 %),
with spectroscopic data consistent with that previously published.®® Crystallisation by
layer diffusion (CDCl;/ MeOH) gave single crystals of [38c] suitable for X-ray
diffraction (Figure 4.8).

Figure 4.8: Solid state structure of [38c], with solvents of crystallisation (0.5 x CDCls,
0.5 x MeOH) and hydrogen atoms removed for clarity. Ellipsoids of key atoms are
drawn at the 50 % probability level. Selected bond lengths / A: Ru(1)-Cl 2.479(1),
Ru(1)-C(1) 2.100(6), Ru(1)-P(1) 2.357(1), Ru(1)-P(2) 2.351(1), Ru(1)-P(3) 2.376(1),
Ru(1)-P(4) 2.375(1), C(1)-C(2) 1.033(9). Selected bond angles / °: C(1)-Ru(1)-ClI
176.4(1), Ru-C(1)-C(2) 171.6(5), P(1)-Ru(1)-P(2) 82.53(4), P(3)-Ru(1)-P(4) 82.42(4),
P(1)-Ru(1)-P(3) 176.05(4), P(2)-Ru(1)-P(4) 177.61(4).

The complex [38c] crystallizes in the monoclinic space group P2;/n. The octahedral
geometry about the metal centre is defined by two chelating bis-phosphine ligands,
chloride and alkynyl ligands in a mutual trans-position. The CI-Ru-C(1)=C(2) bond
angles and those between trans-phosphines, P(1)-Ru(1)-P(3) and P(2)-Ru(1)-P(4) are
close to 180° (~ 175°), while cis-phosphine bond angles, P(1)-Ru(1)-P(2) and
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P(3)-Ru(1)-P(4), are close to 80 ° (~ 82 °) constrained by the chelate ring. Selected bond
lengths of [38c] (this work), in addition with the previously reported structure

trans-[RuCl(C=CH)(dppe),]* for comparison, are summarised in Table 4.1.

Table 4.1: Selected bond lengths (A) for trans-[RuCl(C=CSiMes)(dppe).], [38c], (this
work) and trans-[RuCl(C=CH)(dppe),].**

Complex Ru-Cl  Ru-C(1) C(1)=C(2) Ru-P.,

[38C] 2.479(1) 2.100(6) 1.033(9)  2.365
trans-[RuCl(C=CH)(dppe);] 2.584(2) 1.936(5) 1.190(5)  2.367

The very short C(1)=C(2) bond length of [38c] is taken to be an artifact of the data
collection method,?” and will not be discussed further. The Ru-C(1) distance is
significantly  longer in  [38c] than in the desilylated analogue
trans-[RuCIl(C=CH)(dppe)2], which is inconsistent with ‘hyper-conjugation’ effects to
the silicon centre.3* Rather, the longer Ru-C(1) distance in [38c] is accompanied by a
shorter Ru-Cl distance, and vice-versa, which may be due to the electron withdrawing
influence of the silyl moiety. The Ru-Cl bond lengths seem to be more responsive than

the average Ru-P distances.

4.3.1.2. ‘Symmetric’ trans-bis(alkynyl) complexes: RC=C-[Ru]-C=CR
The  ‘symmetric’
C=CSiMes),(dppe)], [43a],** and trans-[Ru(C=C-3-th),(dppe),], [43b], ™ serve as the
first members of Series 1 (Figure 4.3). Treatment of [43a] with TBAF.3H,0 (2 equiv.)
gave trans-[Ru(C=CCgH,-4-C=CH),(dppe),], [96],** featuring unsubstituted terminal

trans-bis(alkynyl)  complexes, trans-[Ru(C=CCg¢Hy-4-

alkyne fragments, which serves as the central linker unit in the formation of trimetallic

complexes, [95] (Scheme 4.1).

™ The term ‘symmetric’ is adopted here to distinguish complexes trans-[Ru(C=CR),(dppe),] from
‘asymmetric’ examples trans-[Ru(C=CR)(C=CR’)(dppe)_].

"™ The synthesis of trans-[Ru(C=C-3-th),(dppe),], from reactions of [36]OTf and HC=C-3-th (excess)
with either TIBF, (1 equiv.) and DBU (excess) or KO'Bu (2.5 equiv.) in CH,CI, solutions, is attributed
with thanks to S. Bock within the PJL group
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4.3.1.3. ‘Asymmetric’ trans-bis(alkynyl) complexes;, RC=C-[Ru]-C=CR’

‘Asymmetric’ trans-bis(alkynyl) complexes trans-[Ru(C=CR)(C=CR’)(dppe).] present
as complementary building blocks in the sequential assembly of multi-metallic
complexes. The complexes trans-[Ru(C=C-3-th)(C=CCgsH,4-4-C=CSiMes)(dppe)], [97],
which offers both a surface binding thienyl group and a protected alkyne for further
elaboration, and trans-[Ru(C=CSiMe3)(C=CCgH,4-4-C=CSiMe3)(dppe),], [98], were
prepared in 75 and 91 % vyields (respectively) through the room temperature reactions
(5-16 hours) of [38b] or [38a] with TIBF; (1 equiv.), HC=CC¢H4-4-C=CSiMe;
(1 — 3 equiv.) and DBU (excess) in CH,Cl, solutions, based on an earlier procedure
reported by Low and co-workers.®! Selective deprotection of the extended alkyne
fragment in [98] can be achieved upon reaction of [98] with TBAF.3H,0 (1.3 equiv.),
forming trans-[Ru(C=CSiMe3)(C=CCgsH4-4-C=CH)(dppe)2] (92 %), [99]. The strongly
bound trimethylsilyl group on the shorter alkyne fragment has been noted

previously.* 34

Complexes [97 — 99] gave characteristic *H NMR spectra with two apparent doublet
resonances for the two different environments of protons on the 1,4-phenylene fragment
observed at 6 6.60 and 7.25 ppm ([97]), 6 6.41 and 7.21 ppm ([98]) and & 6.43 and
7.21 ppm ([99]), with a mutual splittings of 8 Hz. In the *C{*H} NMR spectra, the
presence of the two different metal-alkynyl groups in complexes [97 — 99] were
confirmed by two singlet resonances (in each case) between & 111.3 —124.3 ppm
(Ru-C=C) in addition to two quintet resonances (in each case) between
§ 127.8 — 153.5 ppm (“Jcp = 15 Hz; Ru-C=C) coupling to four mutually cis-phosphines.
In the IR spectra, broad v(RuC=C) bands within the range 2058 — 2067 cm™ further
supported metal-alkynyl functionality, while v(C=CSiMes) bands at 2147 cm™ in
[97, 98] and a v(C=CH) band at 1994 cm™ in addition with a v(=C-H) band at 3045 cm™
in [99] confirmed the presence of the terminal alkynes. In the mass spectra, molecular
ion peaks ([97], 1202; [98], 1192; [99], 1120 m/z) were observed. The purities of
complexes [97 — 99] have been confirmed by elemental analyses. The structures of [97]
(Figure 4.9), [98] (Figure 4.10) and [99] (Figure 4.11) have also been determined by
single crystal X-ray diffraction, supporting structural assignments based on

spectroscopy.
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Figure 4.9: Solid state structure of [97] with solvent of crystallisation (1 x CDCl3) and
hydrogen atoms removed for clarity. Only one component of the disordered atoms is
shown. Ellipsoids of key atoms are drawn at the 50 % probability level. Selected bond
lengths / A: Ru(1)-C(1) 2.049(5), Ru(1)-P(1) 2.3488(12), Ru(1)-P(2) 2.3554(12), C(1)-
C(2) 1.220(7), C(3)-C(4) 1.238(17). Selected bond angles / °: C(1)-Ru(1)-C(1) 180.0,
Ru-C(1)-C(2) 174.7(4), C(3)-C(4)-Si(1) 175.8(1), P(1)-Ru(1)-P(1) 180.00(6), P(1)-
Ru(1)-P(2) 97.05(4), P(1)-Ru(1)-P(2) 82.95(4).
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Figure 4.10: Solid state structure of [98] with solvent of crystallisation (1 x CH,Cl,)
and hydrogen atoms removed for clarity. Only one component of the disordered atoms
is shown. Ellipsoids of key atoms are drawn at the 50 % probability level. Selected bond
lengths / A: Ru(1)-C(1) 2.067(3), Ru(1)-P(1) 2.3534(8), Ru(1)-P(2) 2.3595(7), C(1)-
C(2) 1.207(5), C(3)-C(4) 1.151(10). Selected bond angles / °: C(1)-Ru(1)-C(1) 180.0,
C(3)-C(4)-Si(1) 176.0(8), Ru-C(1)-C(2) 175.6(3), Si(2)-C(2)-C(1) 174.0(3), P(1)-Ru(1)-
P(1) 180.00(3), P(1)-Ru(1)-P(2) 97.30(3), P(1)-Ru(1)-P(2) 82.70(3).
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Figure 4.11: Solid state structure of [99] with selected hydrogen atoms removed for
clarity. Only one component of the disordered atoms is shown. Ellipsoids of key atoms
are drawn at the 50 % probability level. Selected bond lengths / A: Ru(1)-C(1) 2.070(3),
Ru(1)-P(1) 2.3512(7), Ru(1)-P(2) 2.3513(7), C(1)-C(2) 1.205(4), C(3)-C(4) 1.205(12).
Selected bond angles / °: C(1)-Ru(1)-C(1) 180.0, Ru-C(1)-C(2) 175.7(2), Si(1)-C(2)-
C(1) 171.8(3), C(24)-C(3)-C(4) 174.8(1), P(1)-Ru(1)-P(1) 180.00(4), P(1)-Ru(1)-P(2)
97.18(2), P(1)-Ru(1)-P(2) 82.82(2).

Complexes [97 — 99] are all found in triclinic crystal systems with P1 space groups. The
molecules [97] and [98] are situated on a crystallographic inversion centre. The
structures suffer from some disorder in the position of the alkynyl ligands, and were
refined with a 50 : 50 population of each alkynyl ligand at each site. Disordered solvents
of crystallisation ([97]: CDCls; [98]: CH.CI,) were also present in the crystal. The

structure of [97] is isomorphous with [98].

Disorder with respect to the position of the alkyne fragments has been noted previously
for ‘asymmetric’ trans-bis(alkynyl) complexes, trans-[Ru(C=CR)(C=CR')(dppe),].**
This disorder, combined with the fact that the aryl ring n-systems of the 1,4-diethynyl
benzene fragments in complexes [97 — 99] are not well aligned with Ru-P bonds (i.e.
the Ar(m) systems are not strongly conjugated with the Ru(d) orbitals, with positive

Cortho-Cipso-RU-(PCH2CH2P)centroia @angles determined between 39.2 — 63.4 °) meaning
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limited structural correlations with the electronic character of the substituent,®* impedes

detailed structural analysis of complexes [97 — 99].
4.3.2. Synthesis of bimetallic {Ru(dppe).} complexes

4.3.2.1. Symmetric bimetallic complexes: RC=C-[Ru]-C=CCgH,-2,5-X,-4-
C=C-[Ru]-C=CR

Homo-bimetallic trans-bis(alkynyl) ruthenium complexes are not uncommon having
been prepared by a number of different synthetic strategies.** * 2% 337 The choice of
strategy depends on the specific ancillary ligands, terminal alkynyl substituents and
bridging motifs. Bearing strongest similarities with the work presented here is the
synthetic account given by Rigaut and Frisbie in their formation of bimetallic
trans-bis(alkynyl) complexes based on the {Ru(dppe).} moiety featuring thioacetate-
protected thiol binding groups.*® The complexes trans-[{(RCsH4-4-C=C)(dppe).Ru}»(u-
C=CC¢Hs-4-C=C)] (R=CH,SAc, [57]; O(CH2)sSAc, [60]; 67 — 97 %) were
synthesised through the initial reaction (24 hours, r.t.) of [36]OTf with
HC=CCgH;-4-C=CH (0.5 equiv.) in a CH.CIl, solution, generating the bimetallic
vinylidene  complex, trans-[{Cl(dppe).Ru},{u-(=C=CHCgH,4-4-CH=C=)}][OTf].
(71 %), followed by subsequent reaction (4 days, r.t) with HC=CCgHs-4-R
(R = CH,SACc, O(CH2)sSAC; 3 equiv.), NaPFg (4 equiv.) and NEt; (excess) in CH,Cl,
(Scheme 4.2). The extended duration of the latter reaction is presumably as a
consequence of the strongly bound trans-chloride and the choice of NaPFg as a halide

abstracting agent.
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HCEC@CECH - A _
PPh
Ph P(: : (0.5 equiv.) PhoR PPhy  H
2 Ru Cl |OTf Cl- Ru c=C’ |OTf]|
Ph,P~ F|)Ph CH,Cl, Ph,P PPh 2
L 2 r.t. \ s 2
[36]0Tf 24h PhyR. PP,
C=C= Ru o
H’ thP\_/Pth
HCEC@R
(3 equiv.)
NEt; (excess)
NaPFg (4 equiv.)
CH,Cl,
Ph,R PPh2 Ph,R PPh2 rt,4d

CCRuCC

s

aVa

CCRUCC

Pho,R

PPh2

Phy,R

PPh2

)R =

[57]: R = CH,SAc
[60]: R = O(CH,)sSAc

Scheme 4.2: Synthesis of bimetallic complexes [57, 60]."

Alternatively, bimetallic ruthenium trans-bis(alkynyl) complexes can be built up in a
step-wise manner by initial formation of a mono-metallic vinylidene, addition of the
bridging unit (in a basic medium) followed by reaction with a further mono-metallic
vinylidene (in a basic medium) to produce the target bimetallic compound, as has been
reported for the preparation of trans-[{(HC(=O)NHCgsH4-4-C=C)(dppe).Ru},(u-
C=CCgH4-4-C=C)] (Scheme 4.3).* In this case, the bimetallic complex was obtained in
a similarly high yield (70 %) but in a much reduced reaction time (20 hours) compared
with the preparations of [57, 60]. The bimetallic complex [54], bearing the isocyanide
by reaction of
POCl;

surface
trans-[{(HC(=0)NHCgH,-4-C=C)(dppe)sRu}2(1-C=CCeHa-4-C=C)]
(1.2 equiv.) and NH'Pr; (3 equiv.) in a CH,Cl, solution (Scheme 4.3)

contacting groups, was subsequently prepared

with
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HC=C C=CH
— _ (3 equiv.)
PhR PPh, NEt, (4 equiv.)
Cl- Ru c=C’ OTf (1 equiv.) NaPFg (2 equiv.)
Ph,P PPh CH2Cl,
VAR rt, 20 h
Y

0]
HN\( P o

H Ph,R PPh, J§
B NEL (6 oaun HCECOC C-R{-C= CON H
3 (6 equiv.) Ph,P PPh, H

NaPFg (2 equiv.) s
CH,Cl,
20 h
r.t.
Y
M M\ 0]
H Ph,R PPh2 Ph,R F’Ph2 J\
HTN@C C- Ru C= C—@C C- Ru C= C—@H H
Ph,P PPh PP PPh
o) 2\_/ 2 2\_/ 2

POCI; (1.2 equiv.)
NHPr, (3 equiv.)

CH,CI,
1hat0°C
3-5hatr.t.
Y
M M
thP PPh2 Ph2P PPh2
CN@—C C-RU-Cz= C@—C C-RU-Cz= C@NC
Ph P PPh Ph P PPh
2 \_/ 2 2 \_/ 2

[54]

Scheme 4.3: Synthesis of bimetallic complexes, trans-[{(HC(=O)NHCsH,-4-
C=C)(dppe);Ru}»(U-C=CCsH4-4-C=C)] and [54].*
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Given that ‘asymmetric’, mono-metallic trans-bis(alkynyl) complexes can be prepared
on the {Ru(dppe),} scaffold in rapid (30 minute) reactions involving TI' salts as strong,
non-oxidising halide abstracting agents, we elected to explore the synthesis of novel
bimetallic complexes using this protocol.** The slow addition (dropwise over
30 minutes — one hour) of dilute CH.Cl, solutions of terminal alkyne,
HC=CCgH»-2,5-X»-4-C=CH (0.5 equiv.; X = H, Me, 'Pr), to dilute CH,Cl, room
temperature solutions of trans-[RuCI(C=CR)(dppe).] (R = C¢Hs-4-C=CSiMes, [38a];
3-th, [38b]; SiMes, [38c]), TIBF; (1 — 1.5 equiv.) and DBU (excess), followed by
further reaction (ten minutes — overnight), resulted in the formation of bimetallic
complexes, trans-[ {(RC=C)(dppe),Ru},(1u-C=CCgH,-2,5-X,-4-C=C)], [94], in 44 to
84 % yields (Scheme 4.4).

X
HCECQCECH
8 X M X !
PhoR PPhy (0.5 equiv.) Ph,R PPh, PhyR PPhy
R_Cig_PBL\JF:;: TIBF4 (1 equiv.), DBU (excess) > R_CEE_;QI;;]EC CEE;B‘?;;]EC_R

2 \_/ 2 CH2C|2 2 \_/ 2 X 2 \_/ 2

[38a]: R = CgH,-4-C=C—SiMe;
[38b]: R = 3-th [94a]: R = C¢gH4-4-C=CSiMe3; X =H
[38c]: R = SiMey [94b]: R = 3-th; X=H

[94a-Me]: R = CgH4-4-C=CSiMe;; X = Me
[94a-Pr]: R = CgH4-4-C=CSiMey; X = iPr

s
3th = 5@ [94c-Me]: R = SiMe; X = Me

Scheme 4.4: Synthetic route to bimetallic complexes, [94], outlined in this Chapter.

Evidence for the formation of [94] arises from the *"H NMR spectra, where the four
equivalent phenylene protons of the bridging ligand in [94a] and [94b] are observed as
singlet resonances at 6 6.72 and 6.68 ppm, respectively. For [94a-Me] and [94c-Me],
the two equivalent arylene protons are observed as singlets at 6 6.40 ([94a-Me]) and
6.07 ppm ([94c-Me]), while the two equivalent methyl groups of the same central
fragment are observed as singlets at 6 1.86 ([94a-Me]) and 1.75 ppm ([94c-Me]). In the
case of [94a-'Pr], the arylene protons are similarly observed as a singlet resonance
(6 6.70 ppm) while the two methyl groups of the isopropyl fragments are observed as a
doublet at 0.93 ppm (*Jun = 6 Hz) showing coupling to the proton of the isopropyl
fragment.

223



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 4

For all complexes of [94], singlet resonances in the 3*P{*H} NMR spectra are observed
within the range & 53.4 — 55.5 ppm, confirming the equivalent trans-arrangement of
four phosphine ligands in each bimetallic complex. As a result of the low intensity of
quaternary carbons, combined with the relatively low solubility of these bimetallic
complexes, the characteristic quintet resonances corresponding to the Ru-C carbon
nuclei were not observed in the *C{*H} NMR spectra. However, singlet resonances
corresponding to the Ru-C=C carbon nuclei were found between 6 115.2 — 120.4 ppm.
In the IR spectra, broad v(RuC=C) bands were observed between 2038 — 2066 cm™ (and
at 1992 cm™ for v(C=CSiMes) in [94c-Me]). The purities of [94a], [94a-Me] and [94b]
have been confirmed by elemental analyses. Satisfactory analyses of [94a-'Pr] and
[94c-Me] have not yet been obtained, but spectroscopic information points to the

absence of significant organic or organometallic impurities.

In contrast to the other complexes of [94], [94c-Me] is oxygen and / or moisture
sensitive, as the yellow solid of [94c-Me] can be observed turning red in air (over
~ 10 — 15 minutes) whilst yellow solutions of [94c-Me] rapidly (~ 2 minutes) turn deep
red in reagent grade CH,ClI, (neither dried or degassed). As the IR spectrum of the deep
red / CH,CI, solution showed formation of an intense NIR band, oxidation of [94c-Me]
(forming [94c-Me]") is thought to occur. An identical NIR spectrum was observed
during the spectroelectrochemical investigation of [94c-Me] (see section 4.6),
confirming aerial oxidation and discounting vinylidene formation by protonation, which
are also typically prepared as red solutions. Similar rapid oxidation pathways were also
observed for crude samples of trans-[{(Mes;SiC=C)(dppe),Ru}»(1-C=CCgHs-4-C=C)],
[94c], which could not be isolated and fully characterised due to time constraints.
Nevertheless, the studies of [94c-Me] and the preliminary evidence from [94c] evinces
the additional stabilising effects of terminal aryl ethynyl ligands, as in [94a], [94a-Me],
[94a-'Pr] and [94b].

4.3.2.2. ‘Mixed-valence’ ‘symmetric’ bimetallic complexes: [RC=C-[Ru]-
CECC6H2-2,5-X2-4-CEC-[RU]-CECR]+

Following formation of neutral bimetallic complexes, [94], and evidence of facile
oxidation of [94c-Me], mono-oxidised complexes [94a, a-Me, b]PFs were prepared in
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high yields (91 — 93 %) from reactions (one hour, r.t.) of [94a, a-Me, b] with FcPFg
(1 equiv.) in CH.ClI; solutions (Scheme 4.5).

X M FcPFg

a

Ph,R PPh, Ph,RPPh, (1 equiv.)
R-C=C-RU-C=C C=C—Ri—C=C-R CH.Ci
2v12

thP\_/Pth PhZP\_/Pth o

X
[94]
Ph,P PPh2 Ph,P PPh2
R-C=C-R(-C=C C=C-R{(-C=C-R|PFs
Ph,P PPh2 Ph,P PPh2
[94a]PFs: R = CgHy-4-C=CSiMes; X = H

[94a-Me]PFg: R = CgH,-4-C=CSiMe,; X = Me
[94b]PFs: R = 3-th; X=H

Scheme 4.5: Synthetic route to mono-oxidised bimetallic complexes,
[94a, a-Me, b]PFs.

Evidence for the formations of [94a, a-Me, b]PFs principally arises from the
observation of intense, broad NIR (I\VCT) bands within the range 5468 — 5715 cm™ and
intense v([C=C]") bands some 80 — 100 cm™ lower in frequency than v(C=C) bands
observed in the precursors ([94a, a-Me, b]: v(C=C) 2036 — 2067 cm™:
[94a, a-Me, b]PFs: 1953 — 1966 cm™). In CH,Cl, solutions in air, [94a, a-Me, b]PFs
were found to decompose completely over 10-13hours (monitored by
IR spectroscopy). In contrast, the solid ‘mixed-valence’ form is stable in air for

~ two weeks.
4.3.2.3. ‘Asymmetric’, mixed-metal (Ru / Au) bimetallic complexes

The Ru/Au mixed-metal bimetallic complex, trans-
[{(th-3-C=C)(dppe),Ru}(u-C=CCgHs-4-C=C) {AuPPh3}], [100], was obtained in a high
yield (84 %) from the initial reaction (15 minutes, r.t.) of [97] with TBAF.3H.0
(1 equiv.) in a mixed MeOH / THF solution (generating [99] in situ) followed by the
addition of NaOH (1 equiv.) and [AuCI(PPhs)] (1 equiv.) in a reaction that completed

225



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 4

over 42 hours at room temperature (Scheme 4.6). The related complex
[{(n°-CsHs) (PPhs),RUI(p-C=CCgH4-4-C=C) {AuPPhs}] has been previously prepared in
a 49 % yield from the reaction of [Ru(C=CCgH4-4-C=CH)(PPhs),(n>-CsHs)], [93a],
with [AuCI(PPh3)] (1 equiv.) in a NHEt; solution in the presence of catalytic copper

iodide.®

PhoR PPh
S 20 2 i
&CEC—BQ—CEC@CEC—SN% )

Ph,R" PPh, ) l

L
[97]
S N PhyR /Pth
Q*CEC—RU—CEC C=C-Au—PPh,
— /
Ph,R  PPh,
[100]

i) TBAF.3H,0 (1 equiv.), MeOH / THF, r.t,, 15 m
ii) NaOH (1 equiv.), [AuCI(PPh3)] (1 equiv.), r.t., 42 h

Scheme 4.6: Synthetic route to the Ru / Au mixed-metal bimetallic complex, [100].

Evidence for the formation of [100] includes two apparent doublet resonances in the
'HNMR spectrum (5 6.60 and 7.28 ppm), with a mutual splitting of 8 Hz,
corresponding to the two environments of the four protons comprising the
1,4-diethynylbenzene bridge. In the *P{'H} NMR spectrum, two singlets
corresponding to the two different phosphine ligands are observed at 643.6 and
54.6 ppm (c.f. [AuCI(PPhs)]: &p 30.1 ppm:* [97]: &p 54.5 ppm). Although resonances
corresponding to the alkynyl quaternary carbons (Ru-C) were of too low intensity to be
observed in the *C{*H} NMR spectrum, multiple alkynyl functionality was evinced by
IR spectroscopy, where two principal v(MC=C) bands were observed in the spectrum at
2060 and 2053 cm™. The purity of [100] has been confirmed by elemental analysis,

which provides further evidence to support the identity of the complex.
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4.3.3. Synthesis of trimetallic trans-bis(alkynyl) {Ru(dppe).} complexes:
RC=C-[Ru]-C=CCgH,-4-C=C-[Ru]-C=CCgsH4-4-C=C-[Ru]-C=CR

The synthesis of linear, trimetallic complexes follows that of the bimetallic complexes
where one equivalent of a mono-alkynyl complex is reacted with half an equivalent of
the (now metal-containing) linker unit (Scheme 4.1). The slow addition (dropwise, over
30 — 40 minutes) of dilute CH,Cl, solutions of [96] (0.5 equiv.) to dilute CH,Cl,, room
temperature solutions of trans-[RuCI(C=CR)(dppe)2] (R = C¢Hs-4-C=CSiMes, [38a];
3-th, [38b]), TIBF, (1 — 1.5 equiv.) and DBU (excess), followed by a further overnight
reaction, resulted in the formation of trimetallic complexes;
trans-trans-[{(dppe).Ru}{u-(C=CCeHs-4-C=C)Ru(dppe)2(C=CR)}.], [95], ([95a]:
R = CgHs-4-C=CSiMegs; [95b]: R = 3-th), in 43 — 66 % yields (Scheme 4.7).

M
Ph,R_PPh,
HCEC—QC C-Ru-C= C@CECH [96]
Ph,P PPh,

M
Ph,R PPh, \
R-C=C- Ru Cl (0.5 equiv.)
thp\j’th TIBF, (1-1.5 equiv.)
[38a]: R = CgHy-4-C=CSiMe, gﬁucﬁexcess)
[38b]: R = 3-th 1 2v2
Y
M m M
Ph,R PPh, Ph,R PPh, Ph,R PPh,
R-C=C-R0-C=C czC-R{-c=cC C=C-R(-C=C-R
Ph,P PPh Ph,P" PPh Ph,P PPh
2 \_/ 2 2 \_/ 2 2 \_/ 2
[95a]: R = CgH,-4-C=CSiMes
[95b]: R = 3-th

3-th = §~@’

Scheme 4.7: Synthetic route to trimetallic complexes, [95], outlined in this Chapter.

Notably, the trimetallic complexes trans-trans-[{(dppe).Ru}{p-(C=CC¢Hy-4-
C=C)Ru(dppe).(C=CC¢H4-4-R)}.] (R = CH,SAC, [58]; O(CH3)sSAC, [61]; 63 — 95 %)
have previously been prepared from room temperature reactions of
trans-[RuCl(=C=CHCgH4-4-R)(dppe),][OTf] with [96] (0.5 equiv.), NaPFs (2 equiv.)
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and NEt; (excess) in CH.Cl, solutions lasting over four days™ while trans-trans-
[{(dppe)Rul{p-(C=CCsH4-4-C=C)Ru(dppe)2(C=CCsH4-4-C=CNH(C=0)H)}.] (60 %)
has been obtained from the reaction (20 hours, r.t.) of trans-[Ru(C=CCgHj-4-
C=CH)(C=CCgH4-4-NH(C=0)H)(dppe),] with cis-[35] (0.5 equiv.), NaPFs (2 equiv.)

and NEt; (excess) in a CH,Cl, solution.**

Evidence for the formation of the trimetallic complexes [95] is given by the 'H NMR
spectra, where CH, protons corresponding to the phosphine backbones of the three
{Ru(dppe).} motifs are, in each case, observed as two multiplets in a 2 : 1 ratio within
the ranges of 6 2.57 —2.82 ppm ([95a]) and 6 2.50 — 2.76 ppm ([95b]), inferring the
different {Ru(dppe).} environment of the central metal fragment to the two terminal
{Ru(dppe),} fragments. Low spectral resolution, as a result of the increasing
insolubility of these higher molecular weight molecules in NMR solvents, precluded
absolute assignments of the eight bridge protons, with them instead being observed as a
collection of resonances (reported as multiplets) within the ranges of & 6.62 — 6.72 ppm
([95a]) and & 6.62 — 6.76 ppm ([95b]). In the *P{*H} NMR spectra, two singlets are
observed in a 2:1 ratio at 6 54.6 and 54.7 ppm ([95a]) and 6 54.72 and 54.74 ppm
([95b]), again implicating the relative proportions of the two different phosphine
environments. Although multiplet and singlet resonances corresponding to the
quaternary carbons of the alkynyl fragments (Ru-C and Ru-C=C) were of too low
intensity to be observed in the *C{*H} NMR spectra (with the exception of [95a] where
Ru-C=C resonances are observed at ~ 117 ppm), metal-alkynyl functionality was
supported by IR spectroscopy, where a principal v(RuC=C) band was observed at
2057 cm™ for [95a], whilst a collection of v(RuC=C) bands, of similar intensities, were
observed for [95b] (between 2024 — 2084 cm™). In the mass spectra, although molecular
ions were not observed, significant fragment ions that supported the structural identity
of [95] were observed. For [95a], these included [{(Me3SiC=CCgH4-4-
C=C)(dppe)2Ru} (u-C=CCeH4-4-C=C){Ru(dppe),} + MeCN + H]" (2158 m/z) and
[Ru(C=CCgH4-4-C=CSiMes)(dppe), + MeCN]" (1136 m/z) whereas for [95b] these
included: [{(th-3-C=C)(dppe).Ru} (u-C=CCgH4-4-C=C){Ru(dppe)(C=CCgH;-4-
C=CH)} + H]" (2153 m/z), [Ru(C=C-3-th)(C=CCgH4-4-C=CH)(dppe), + H]" (1131 m/z)
and [Ru(C=C-3-th)(dppe), + MeCN]" (1046 m/z). Although the purity of [95a] has been
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confirmed by elemental analysis, a satisfactory analysis of [95b] has not yet been

achieved.

4.4. Electrochemistry

The electrochemical responses of complexes [43], [94] and [95] were examined by
cyclic voltammetry (CV) in 0.1 M tetra-butylammonium hexafluorophosphate
([IN"Bus]PF¢) CH,CI, solutions in an acetone/dry ice bath, unless otherwise stated
(Table 4.2). All potentials are quoted against the ferrocene / ferrocenium couple
([Fe{n’-CsHs}2] / [Fe{n>-CsHs}.]") = 0V) using an internal decamethylferrocene /
decamethylferrocenium reference ([Fe{n>-CsMes},]/ [Fe{n’-CsMes},]* = — 0.48 V).*?°
Notably, the electrochemical profile of [43a] has been previously studied,* although in
an alternative electrolyte solution ([N"Bus]BF, / CH,Cly), hence has been re-measured
here for consistency and completeness. In all cases, the number of reversible* oxidation
processes parallels the number of integrated metal centres (although these redox
processes are not necessarily metal-centred), where i, / ipc and AE, (Epc - Epa) values are
comparable with those of the (by definition) reversible internal standard
decamethylferrocene upon increasing scan rates, which is consistent with the analogous
series of {Ru(dppe),} molecular wires described by Rigaut and co-workers.’> * At
room temperature there was some minor evidence of electrochemical-chemical (EC)
behavior, with iy values marginally larger than ip, values, but with improvement to the
chemical reversibility evident at reduced temperatures (dry ice / acetone bath), where
current ratios approach unity.

** Defining electrochemical reversibility as the case when iy, / ip. = 1, AE, = 60 mV and i, « /%, where
the rate of electron transfer is mass transport limited.
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Table 4.2: Selected electrochemical data (V) of mono-metallic, [43], bimetallic, [94],
and trimetallic, [95], {Ru(dppe).} complexes.™

Complex El/z(l) E1/2(2) E1/2(3) E1/2(4) AE1> AE;3 AE34

[43a]  0.10* 0.91° - - 081 - -
[43b]  0.00° 0.81° - - 082 - -
[94a] -0.18 0.13* 0.84” 1.03° 031 071 0.19
[94a-Me] —0.20° 0.12* 0.86" 1.09° 0.32 074 0.23
[94a-'Pr] —0.19* 0.13* 0.88° 1.09° 032 075 0.21
[94b] -0.19* 0.12*° 0.80° 1.05° 031 068 0.25
[94c-Me] —0.30° 0.08* 0.93° 1.08° 0.38 0.85 0.15
[95a]° -—0.27° —0.06° 0.15° 0.61° 021 021 0.6
[95b] —0.19* —0.04* 0.14* 0.66° 015 0.18 0.52
[95b]" -0.26° —0.08 0.13° 0.63° 0.18 021 050

%reversible; "quasi-reversible; Cirreversible; 0.2 M [N"Bu,]PF¢ CHCI; solution, acetone / dry ice bath

The ‘symmetric’ trans-bis(alkynyl) complexes [43] display a single, reversible
oxidation and a single, irreversible oxidation at higher potentials, consistent with
previously published data for similar complexes.®* The two oxidations of [43] exhibit a
degree of alkynyl character, where both Ey/(1, 2) of [43b] bearing electron releasing
thienyl fragments are more facile than [43a] (by 0.10 V) bearing modestly electron
accepting trimethylsilyl substituents.

Bimetallic complexes, [94], generally display four oxidations in the CH,Cl, solvent
window (Figure 4.12). The first two are reversible while the third is quasi-reversible
and the fourth irreversible with the exception of [94c-Me] where both the third and
fourth oxidations are irreversible. Interestingly, the corresponding oxidation events
between the four extended complexes of [94] ([94a], [94a-Me], [94a-'Pr] and [94b])
occur at very similar potentials, only differing in each individual case by 0.01 — 0.08 V.
Consequently, changing the terminal fragment ([94a] vs. [94b]) or bridging fragment
([94a] vs. [94a-Me] vs. [94a-"Pr]) has little effect on the underlying electronic structure
of these complexes. This collectively indicates a highly delocalised structure for [94]™,

especially given that the oxidation potentials of [43] were notably different as a result of

I Additional characterisation for [95b] includes: Eix(5), 0.82 V% Eix(6), 0.95 VC Ey(7), 1.09 VE.
Electrochemical data for the mixed-metal complex [100] has been included in the experimental section.
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the electronic character of the terminal fragment. In keeping with these observations, the
oxidation potential values for [54] (E12(1) = — 0.20; E12(2) = 0.11; E12(3) = 0.94 V)
collected under analogous conditions are comparable with the data reported here.'!
Between [43] and [94], E1/2(1) values are lower in [94] (by 0.18 — 0.30 V) as a result of
increased conjugation.” ** The low Ey(1, 2) values of [94] may lead to further
application of these complexes as convenient redox switches, but such studies are

beyond the scope of this work.
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1.0—-
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0.6—-
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Figure 4.12: Cyclic voltammogram of [94a-'Pr] as a representative bimetallic complex,
showing four redox waves within the solvent window. The voltammogram was obtained
from a 0.1 M [N"Bu,]PFs CH,CI, solution cooled with a dry ice / acetone bath at a scan
rate of 100 mVs™ and has been referenced against internal decamethylferrocene (not
shown).

Complex [95a] proved to be too insoluble in 0.1 M [N"Bus]PFs / CH,CI, for accurate
measurement. In contrast, the more soluble complex [95b] exhibited several one-
electron redox waves (the first three reversible, the fourth quasi-reversible) in this

medium (Figure 4.13).
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Figure 4.13: Cyclic voltammogram of [95b] showing several redox waves within the
solvent window. The voltammogram was obtained from a 0.1 M [N"Bu,]PFs CHCl,
solution cooled with a dry ice / acetone bath at a scan rate of 100 mVs™ and has been

referenced against internal decamethylferrocene (not shown).

Both [95a] and [95b] were soluble in the alternative electrolyte solution 0.2 M
[N"Bu4]PFs / CHCI3, hence the electrochemical responses were also examined in this
medium. In each case, only four redox waves were observed (Figure 4.14), with the
additional processes noted above (Figure 4.13) assumed to occur outside the solvent
window. Between the two structures of [95], redox potentials E;»(1—4) differ by only
0.01 -0.02 V indicating that, as with the bimetallic series, changing the terminal
fragments from —C=C-3-th to -C=CCgH,4-4-C=CSiMe; does not significantly affect the
redox chemistry.
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Figure 4.14: Cyclic voltammograms of [95a] (black solid line) and [95b] (black dashed
line) displaying four oxidations at similar potentials within the solvent window. Scans
were conducted in 0.2 M [N"Bus]PFs CHCI5 solutions, cooled with dry ice / acetone
baths, at rates of 100 mVs® and have been referenced against internal
decamethylferrocene (not shown).

4.5. Spectroelectrochemistry

Although variation of the electronic properties of phosphine ligands in order to optimise

through-charge transport has already been explored,**?

the importance of both steric
and symmetry effects are somewhat lacking. Recently, the Low and Kaupp groups
subjected a series of trans-[Ru(C=CCgH4-4-R),(dppe)2] complexes (R = Me, CsHy;,
OMe, COOMe, NO,, C=CSiMes; [43a], C=C'Bu, NH,) to electrochemical,
spectroelectrochemical and computational investigation.®* The convoluted NIR band
envelope produced upon mono-oxidation of trans-[Ru(C=CCgH4-4-R),(dppe),], forming
trans-[Ru(C=CCgH4-4-R).(dppe).]”, could be explained by considering populations of
rotamers in solution rather than only a single, lowest energy structure. From potential
energy surface calculations, three closely lying minima were identified (Figure 4.15).
Such structures differ in the orientation of the aromatic rings of the aryl-alkynyl

fragments with respect to the RuP, plane and the five membered rings formed by the
233




Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity
Chapter 4

Ru(dppe) coordination motif. Low intramolecular barriers permit each of these distinct

conformers to be thermally populated in solution.
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Figure 4.15: Schematic representations of the three lowest energy rotamers found for
trans-[Ru(C=CCgH4-4-R),(dppe),]” complexes, where red and blue lines represent the
aromatic rings of the two aryl-alkynyl fragments (-C=CCgH4-4-R).*

Whilst calculations with no single conformation could adequately model the
experimentally observed spectra, it was found that the superposition of computationally
determined  absorption  spectra  for  the  various  conformations  of
trans-[Ru(C=CCgH,-4-R),(dppe)2]” (Figure 4.15) better described the experimentally
observed NIR band envelopes. The lowest energy NIR transitions were found to
represent IVCT (LMCT) transitions within the most delocalised, planar conformations
whereas the higher energy NIR transitions (often appearing as band shoulders) reflect
MLCT / IL (m to m*) transitions occurring within complexes exhibiting a partial loss of
conjugation following rotations of the phenyl fragment about the C=C-Ru-C=C axis. In
addition to this, the collaboration of Paul, Rigaut and Humphrey found that the
differences in energy between the two conformations, where the aromatic ring of the
aryl-alkynyl fragment is either perpendicular to or bisects the diphosphinoethane (dpe)
fragment (Figure 4.16) in a series of trans-[RuCl(C=CCgH,-4-R)(dpe)2]” (R = H, NO,,
OMe, NMe;) complexes, is largest for complexes bearing electron releasing groups,
evincing a conformational population bias based on the electronics of the R substituent,
with the bisecting conformation (right, Figure 4.16) being the lowest energy form in all

cases.*
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HZPX:JPHz HZPX JPHZ

Figure 4.16: Schematic representations of trans-[RuCl(C=CCg¢Hs-4-R)(dpe).]”
complexes, where red lines represent the aromatic ring of the aryl-alkynyl fragment
(-C=CC¢H4-4-R), showing the aryl ring perpendicular to (left) or bisecting (right) the
bis-diphosphinoethane (dpe) motif.

4.5.1. IR spectroelectrochemistry

Using the work described above as a foundation, the two reversible, one-electron
oxidations of bimetallic complexes [94] (forming [94]* and [94]%") in 0.1 M [N"Bu4]PFs
CH,Cl, solutions (Figure 4.17) and the three reversible, one-electron oxidations of the
trimetallic complex [95a] (forming [95a]", [95a]*" and [95a]**) in a 0.2M [N"Bu.]PFg
CHCI; solution (Figure 4.25), were explored by IR spectroelectrochemistry. During the
spectroelectrochemical experiment, oxidised products were generated systematically in
situ by increasing the applied potential step-wise. Following the formation of a new,
oxidised species ([X]™), the potential is always reversed so as to re-generate the neutral
starting material ([X]). This is to ensure that the spectrum of the oxidised species is true
and does not instead represent decomposition. The progress of the individual oxidations
was monitored by the intensity of the characteristic NIR bands, which were observed in
the spectra of all oxidised complexes. Key vibrational modes, such as v([C=C]"") and
v([C=C]™) (n = 0 — 2) are summarised in Table 4.3.
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m. Table 4.3: Selected IR spectroelectrochemical data (cm™) for neutral and oxidised bimetallic, [94]™, and trimetallic, [95]"*, complexes (n =0, 1,
O NV. XXii
Complex  v(C=C) v([C=C]") v([C=C]%) v(C=CSiMe;) v([C=CSiMes]’) v(JC=CSiMeg]*)  w(C=C) v([C=C]") v(|C=C]*)
[94a] 2112w, 2057w, 1981s, 2052w, 2044 w, 2148 w 2148 w 2177w, 1594 w 1594w, 1594w,
2057m,  1963s,1910 w 2027 w, 2148 w 1564 w 1564 w
2040 w, 1979 m, 1958 m,
2014w 1904 w
[94a-Me] 2067w, 2067w, 2054m, 2054 w, 2042 w, 2148 w 2148 w 2155 w, 1593 w 1593 w, 1593 w,
2054 m,  2044m,1953s, 2032w, 1953 w, 2148 w 1574 w 1574 w
2044 m 1923 w 1890 w, 1837 w
[94a-Pr] 2066 m, 2066w, 2036 w, 2061 w, 2025 w, 2148 w 2148 w 2155 w, 1592 w 1592 w, *
2036 m  19425s,1894w 1984 w, 1942 w, 2148 w 1567 w
1882 w
[94b] 2085w, 2060w, 1986s, 2060 w, 2046 w, . < . 1586 w 1586 w, 1586 w,
2060 m, 1966 s, 1986 m, 1966 m, 1560 m 1560 m
2051 w, 1917 w 1912 w
2038 w
[94c-Me] 2060w, 2060w, 2048 w, 2060 w, 1986 w, 1992 m 1992 m 2099 m 1574 w 1584 w, 1574 w,
2048w 19475, 1923 m 1947 w, 1903 w 1574 w 1570 w
[95a] 2056 m, 2056 w,2010s, 2056 w, 1958 s, 2147w 2147w 2148 w 1593 w 1593 w, 1593 w,
2035w 19905, 1971 s, 1899 s 1530 s 1550 s

1848 s, 1754 w

where s-strong; m-medium; w-weak, *too low intensity for absolute characterisations / peaks are lost in the baseline.

C1*), 2025 w

CI¥) em™

CSiMes]*"), 2056 w v([C

I Additional characterisations include [95a]*": 2152 w v([C

C1%*), 1958 w v([C=C]*"), 1899 w v([C=C]*"), 1593 w v([C=C]*"), 1550 s v([C=

v([C
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Figure 4.17: IR spectra, recorded from 0.1 M [N"Bu4s]PFs CH,CI, solutions, of trans-
[{(RC=C)(dppe)2Ru}2(u-C=CCgsH2-2,5-X,-4-C=C)]"" complexes (n=0, black solid
line; n = 1, red dotted line), where [94a]: R = CgH;-4-C=CSiMe3;, X = H; [94a-Me]:
R = CgH,-4-C=CSiMes, X = Me; [94a-'"Pr]: R = CgH4-4-C=CSiMes, X = 'Pr and [94b]:
R = 3-th, X = H. The mono-oxidised forms (n = 1) were formed in situ at potentials of
0.55, 0.44, 0.34 and 0.43 V respectively.
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The IR spectrum of [94a] serves as a convenient point to begin discussion of the
infrared spectroelectrochemical results. The compound contains three chemically
distinct alkyne moeities, labelled A — C in Figure 4.18. The outermost alkyne
v(C=C) (A) is observed as a weak band at 2148 cm™. The v(C=C) (B) and v(C=C) (C)
vibrations are overlapped and observed as a stronger band near 2057 cm™. The aryl ring
breathing modes, v(C=C) (a, B), which are also overlapped, are observed at 1594 cm™.
Closer inspection of the v(C=C) (B, C) envelope reveals a number of small shoulders
that are not clearly resolved, but which cause a broadening and assymetric appearance
to the band (marked by asterisks in Figure 4.18). These likely arise from the presence of
rotamers in the sample. The IR spectrum of [94b] is similar to [94a], although
obviously missing an ‘A-type’ alkyne stretch (Figure 4.17). The spectra of [94a-Me]
and [94a-'Pr] display the ‘A-type’ alkyne stretch as a weak band at 2148 cm™. The
introduction of the additional steric bulk to the central ring in these two complexes
causes substantial broadening ([94a-Me]) or splitting ([94a-'Pr]) (Figure 4.17) of the
v(C=C) (B, C) envelope. This further supports the notion of a conformational influence
on the appearance of v(C=C) profiles.
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Figure 4.18: The IR spectrum of [94a] (extracted from Figure 4.17) as a representative
example of complexes [94] showing the assignment of v(C=C) and v(C=C) stretches

and the anticipated contribution of rotamers (marked by asterisks) (P = PPhy).

Compound [94a] again serves as a convenient point for which to commence discussion
of the spectra of complexes [94] upon oxidation. On oxidation of [94a] to [94a]
(Figure 4.17), the v(C=C) (A) band is essentially unchanged, indicating that oxidation is
not substantially affecting the electron density at the outermost parts of the molecular
framework. In contrast, the v(C=C) (B, C) band envelope at 2057 cm™ (shown in
Figure 4.18) splits into two band envelopes at 2057 cm™ (weak) and ~ 1970 cm™ (broad,
strong; Figure 4.17), with the latter exhibiting unresolved additional features. The aryl
ring v(C=C) (a, p) band envelope at ~ 1594 cm™ (Figure 4.18) also splits into two
separate envelopes at 1594 cm™ and 1564 cm™ (Figure 4.17).

The new band envelope at ~ 1970 cm™ observed in the spectrum of [94a]" is similar to
the primary feature observed at 1966 cm™ for both trans-[{CI(dppe)Ru}»(u-C=CCeHa-
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4-C=C)]", [44]", and [{(n°>-CsMes)(dppe)Ru}»(u-C=CCeH4-4-C=C)]*,*>** [101]*, which
in turn are much higher than the principal (strongest) v(C=C) band observed in
trans-[Ru(C=CCgH4-4-C=CSiMes),(dppe).]’, [43a]", (1899 cm™).*' This clearly
supports assignment of the oxidation process to the inner most diethynyl phenylene
fragment and the band envelope at 1970 cm™ to v(C=C) ([C]") (Figure 4.19). The
V(C=C) band at 2057 cm™ in [94a]* can therefore be clearly assigned to unoxidised
v(C=C) (B) (Figure 4.19).
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Figure 4.19: The IR spectrum of [94a]” (extracted from Figure 4.17) is used as a
representative example of complexes [94]" to show the assignment v(C=C) and v(C=C)
bands (P = PPhy).

The new v(C=C) feature at 1564 cm™ (in [94a]") is consistent with the oxidised
diethynyl phenylene ligand between ruthenium centres.*> *® Thus, the observation of
bands at 1594 cm™ (unoxidised a phenylene, Figure 4.19) and 1564 cm™ (oxidised
B phenylene, Figure 4.19) is also consistent with this structural interpretation of [94a]".

The ~ 100 cm™ shift in the primary band envelope from v(C=C) (C) in [94a]
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(Figure 4.18) to v(C=C) ([C]") in [94a]" (Figure 4.19) is somewhat smaller than the
~ 150 cm™ shift which accompanies oxidation of mono-metallic model systems*® 4/
indicating an extensively delocalised electronic structure within this mono-oxidised

central fragment of [94a]".

Closer inspection of the IR spectrum of [94a]” reveals shoulders to each of the primary
band envelopes (Figure 4.20). Such features have also been observed in the spectra of
[44]" and [101]".*> % These smaller features can be attributed to the presence of
conformational isomers, with rotation of the central p phenylene ring with repect to the
metal fragments giving rise to less conjugated structures with more pronounced electron

localisation (Figure 4.20).
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Figure 4.20: The IR spectrum of [94a]” (extracted from Figure 4.17) showing the

assignment of v(C=C) and v(C=C) bands in a conformation isomer of [94a]" (P = PPh,).

Trends observed in the oxidation of [94a] to [94a]™ are similarly observed in the mono-

oxidation of [94b]. In the cases of [94a-Me]" and [94a-'Pr]*, the same general features
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are also apparent, where the limited shift in the v(C=C) (A) band on oxidation and the
observation of distinct v(C=C) bands for the a and B rings together with small band
envelopes for v(C=C) (B) all support oxidation of the B ring, with the breadth of v(C=C)
(ICT") bands (and often the present of additional features) owing to the presence of
thermodynamically accessible rotamers. However the v(C=C) ([C]") band at
~ 1970 cm™ is significantly narrower in the case of [94a-Me]* and [94a-'Pr]* than in
[94a]" or [94b]" (Figure 4.17) suggesting that the population of rotamers is biased as a
result of restricted rotation of the aryl-ethynyl fragment about the C=CRuC=C axis.

In turning to doubly oxidised dications [94]*, we again use [94a] as an initial example.
Oxidation of [94a]" to [94a]** results not in a further low frequency shift of the v(C=C)
([CT") band (Figure 4.19), as is the case for [44]" and [101]*,*>* but rather a splitting of
the v(C=C) (A) bands and formation of a new ‘B type’ band at 2027 cm™ (Figure 4.21).
We cautiously attribute these factors to oxidation of one of the outer a phenylene rings,

aligning with previous assignments.*
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Figure 4.21: IR spectrum of [94a]** (generated at 1.55V, recorded from a 0.1 M
[N"BusJPFs CH.Cl, solution) as a representative example of [94]** to show the
assignment of v(C=C) and v(C=C) bands (P = PPh,).

As the IR spectra of trans-[Ru(C=CCgHs-4-R),(dppe)2]” mono-metallic complexes
display a v(C=C) band around 1900 cm™ 3 the feature at 1904 cm™ in [94a]*" is
attributed to presence of redox isomers in solution (Figure 4.22).
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Figure 4.22: The IR spectrum of [94a]** (taken from Figure 4.21) showing the
alternative assignment of v(C=C) and v(C=C) bands for a redox isomer of [94a]2+

(P = PPh,).

To test these proposals, the simpler complex [94c-Me] (Scheme 4.4; E1»(1) = —0.30 V
rev; Eip(2) = 0.08 V rev; Ei2(3) = 0.93V irrev; Ey2(4) = 1.08V irrev, ina 0.1 M
[N"Bu4]PFs / CH,Cl, solution vs. internal decamethylferrocene) was also investigated
by IR-spectroelectrochemistry (Figure 4.23). The IR spectrum of [94c-Me]

characterised by a v(C=C) band envelope near 2050 cm™, which is assigned to a
‘C-type’ alkyne with the splitting due to the usual distribution of rotamers enhanced by
the methyl substituents on the bridging phenylene. The ‘B-type’ v(C=C) band [in this
case: v(C=CSiMes)] is observed as a sharp feature at 1992 cm™. On oxidation to
[94c-Me]®, the v(C=C) (C) band envelope undergoes the anticipated shift of
~—100 cm™ to give a strong, broad band envelope centered at 1970 cm™. The v(C=C)
(B) band is largely unaffected by the oxidation and is observed as a higher energy
shoulder to the [C]* band (Figure 4.23). These observations are consistent with those in

[94a]" where the cation radical is stablised by a diruthenium diethynylbenzene
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electrophore. Rotation of the central (B) aryl fragment, giving rise to a more localised

valence description, is thought to account for the lower energy shoulder of the v(C=C)

(IC]") band (labelled [C']"; Figure 4.23).
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Figure 4.23: IR spectra of [94c-Me]™, recorded from a 0.1 M [N"Bus]PFs CH,CI,
solution, where n = 0 (black solid line, black labels), 1 (red dashed line, red labels,
generated at 0.16 V), 2 (blue dashed line, generated at 0.47 V) and P = PPh,, showing

the assignment of v(C=C) and v(C=C) bands.
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The further oxidation of [94c-Me]" to [94c-Me]** (Figure 4.23) causes a collapse of the
v(C=C) features. Although resolution of the spectrum with the dication is poor, the
weak feature at 1903 cm™ is consistent with other examples of
{Ru}-C=CCgH,-4-C=C-{Ru} systems reported elsewhere® and is tentatively assigned
here to v(C=C) ([C]**) while the weak band at ~ 2100 cm™ is then assigned to

V(C=CSiMe;) ([B]*") (Figure 4.24).

M 2+
4 b {p
Me:;Si—C?C—I/?L\I—CE\C C/EC—BQ—CEC—SiMe3
PP TR P
v R
[B]2+ \[C]2+/ [B]2+

Figure 4.24: Proposed structure for [94c-Me]** where P = PPhs.

The IR spectrum of the more extended trimetallic complex [95a], in addition with the

spectra of the oxidised forms, [95a]™ (n = 1 — 3), is given in Figure 4.25. Notably, the

IR profiles of [95a]”**2*"** parallel those previously reported for [58]¥**2+3* 13
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Figure 4.25: IR spectra of [95a], recorded from a 0.2 M [N"Bu,]PFs CHCI3 solution,
and after three consecutive oxidations (forming [95a], [95a]*" and [95a]*" in situ at

potentials of 0.13, 0.39 and 0.64 V respectively), where band intensities are comparable.

The IR spectrum of the trimetallic complex [95a] (Figure 4.25) is similar that of [94a]
(Figure 4.17), exhibiting a weak, single ‘A type’ v(C=C) band at 2147 cm™ and v(C=C)
band envelope, comprising B, C and D alkyne fragments, at 2056 cm™ (Figure 4.26).
Furthermore, v(C=C) (a, B, v, 8) bands are observed at ~ 1590 cm™ (Figure 4.26).
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Figure 4.26: IR spectrum of [95a] (extracted from Figure 4.25) showing the
assignments of v(C=C) and v(C=C) bands (P = PPh,).

We now turn to discuss the spectrum of the dication, [95a]**, which provides a basis
from which to interpret the spectra of the various redox states. The dication exhibits a
weak v(C=C) (A) band at 2148 cm™ in addition with two strong, broad band profiles
centered at 1958 and 1899 cm™ (Figures 4.25 and 4.27). Furthermore, two v(C=C)
bands are observed at 1550 and 1593 cm™. Given that both [44]" * and [101]* *° exhibit
strong transitions at 1966 cm™ combined with the fact that [43a]" displays a strong

131 as was noted earlier in the discussions of bimetallic

transition at 1899 cm
complexes, the spectral profile of [95a]*" is thought to reflect ‘individual’ oxidations of
the -{Ru}-C=CCgH4-4-C=C-{Ru}- and -C=CCgH4-4-C=C-{Ru}-C=CCgH4-4-C=C-

electrophores (Figure 4.27).
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Figure 4.27: IR spectrum of [95a]*" (extracted from Figure 4.25) showing the
assignments of v(C=C) and v(C=C) bands (P = PPh,).

Given this description of [95a]**, the spectra of the mono-cation [95a]*, which similarly
exhibits two strong, broad v(C=C) bands centred at 1848 and ~ 1980 cm™ (Figure 4.25),
is thought to reflect a distribution of redox isomers of the bimetallic diethynylbenzene
and mono-metallic bis-aryl-ethynyl electrophores (Figure 4.28). The spectrum of [95a]"
also shows the weak v(C=C) (A) band at 2147 cm™, implicating that the outer most
portions of the molecule are not strongly contributing to the spectral profile of [95a]".
The substantial widths of the v([C=C]™) band envelopes (n = 1, 2) indicates that

multiple conformers are likely to be present in these samples.
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Figure 4.28: IR spectrum of [95a]" (extracted from Figure 4.25) showing the
assignments of v(C=C) and v(C=C) bands (P = PPh,).

Upon oxidation of [95a]** to form [95a]**, all vibrational bands lose intensity
(Figure 4.25). Although poorly resolved, the energies of v(C=C) bands in [95a]**

similar to those observed in [95a]%*. This would imply that the location of the third
oxidation is the remaining, unoxidised terminal portion of [95a]*" (Figure 4.27),
establishing a highly delocalised complex (Figure 4.29), with the reduction in band
intensities being consistent with a loss of polarity across the molecule. The ‘A-type’
v(C=C) band in [95a]** is observed at 2152 cm™. This slight shift from analogous bands
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in [95a]** (of 4 cm™) indicates that the oxidation event still does not largely affect the

terminal C=CSiMe; fragments.

al* * M + M 31 3+
[o] [B] R P v B P (8]
Me;Si-C=C c= c Ru c= c C;C—BQ—CECOCEC—BQ—CEIC C=C-SiMe,
| R P/ D RP O |
! Ny oo !

Figure 4.29: Anticipated structure of [95a]*", where P = PPh,.
4.5.2. UV-Vis-NIR spectroelectrochemistry

Complexes [94] in 0.1 M [N"Bus]PFs CH,Cl; solutions and [95a] in a 0.2 M [N"Bu4]PFs
CHCI3; solution were also subjected to UV-Vis-NIR spectroelectrochemical
investigations, with results summarised in Table 4.4 ([94]) and Table 4.5 ([95a]). The
NIR-Vis region (between 4000 — 23 000 cm™) of neutral complexes, [94] and [95a], are
featureless. Upon oxidation to generate [94]™ (n = 1, 2) and [95a]™ (n = 1 — 3) several

bands are observed.
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Figure 4.30: Definition of vmax, Aviplow and Avyphigh values used in Tables 4.4 and
4.5 for oxidised complexes [94]" and [95a]™ (where appropriate), using the NIR
profile of [94a-Me]" as a representative example, where the addition of Avi,low and
Avi2high values equals the full width at half height (FWHH).

Table 4.4: Selected UV-Vis-NIR spectroelectrochemical data for the oxidised
bimetallic, [94]™, complexes (n = 1, 2) between 4000 — 30 000 cm™, where vimax,

FWHH and Avy, values are reported in cm™ while ¢ is reported in M™cm™.

Complex Vmax € FWHH Aviplow  Avyzhigh
[94a]” 5590 11014 1996 990 1006
7375 3417 - - -
19685 7900 - - -

[94a)* 5307 1530 - - -
8292 9736 2676 746 1930

10582 4388 - - -
15408 2840 - - -
26882 7770 - - -

[94a-Me]* 5721 43318 2003 949 1054
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7485 13978 - - -
19569 25426 - - -
[94a-Me]** 5534 6048 - - -
8453 48345 2806 810 1996
10823 21282 - - -
14992 11199 - - -
27855 21028 - - -
[94a-'Pr]* 5597 30920 2051 1054 997
7384 9651 - - -
19687 23273 - - -
[94a-'Pr]** 5390 2451 - - -
8194 19286 2250 710 1540
10245 8482 - - -
15660 6823 - - -
26838 22748 - - -
[94b]" 5504 24470 1850 817 1033
7622 6112 - - -
19881 14331 - - -
[94b]* 5525 13739 - - -
8217 27025 2409 793 1616
10776 10509 - - -

15314 5946 - - -
[94c-Me]® 6006 57928 841 1021 1862
7710 20620 - - -

20243 36668 - ; ]

[94c-Me]** 6993 18 717 - - ]
9728 33292 - - ]

11136 23947 - - ]

15773 9930 - - ]

20040 17293 - - ]
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Table 4.5: UV-Vis-NIR spectroelectrochemical data for the oxidised trimetallic
complex, [95a]™, (n = 1 — 3) between 4000 — 30 000 cm™, where vmax, FWHH and Avy,

values are reported in cm™ while ¢ is reported in M*cm™,

Complex Vinax € FWHH Aviplow  Avyzhigh

[95a]" 4487 3820 - - -
10298 2055 - - -
11084 2163 - - -
12111 1257 - - -
19439 5973 - - -

[95a]** 5268 8322 2638 1264 1374
10441 2787 - - -
12631 18069 2255 982 1273
15617 6985 - - -

19242 12897 - - -
[95a]** 4554 3065 - - -

10 411 2277 - - -
13654 6138 - - -
23344 8375 - - -

UV-Vis-NIR spectroelectrochemical experiments of the complexes [94] follow
expectations based on previous studies of [44] and [101] and the conclusions drawn
from the IR studies conducted here (see section 4.5.1.). On oxidation of [94a] to [94a]",
an intense asymmetric band at 5590 cm™ with a higher energy shoulder (at 7375 cm™) is
observed, together with an absorption envelope near 20 000 cm™ that displays evidence

of additional vibronic structure (Figure 4.31).
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Figure 4.31: The UV-Vis-NIR spectra of [94a] (solid line), [94a]” (dashed line,
generated at 0.65V) and [94a]** (dotted line, generated at 1.35V) between
4000 — 23 000 cm™ as representative examples for the series of complexes [94]. Spectra

were collected via spectroelectrochemical methods from a 0.1 M [N"Bu4]PFs CH,CI;
solution.

The structured band at ~ 20 000 cm™, similarly observed in the spectrum of [44]"*°i

assigned to transitions arising from a phenylene cation and is in keeping with the largely
ligand centered nature of this oxidation process.”> The principal NIR band (5590 cm™)

is attributed to a transition with appreciable n-n* (intra-ligand, IL) character on the

central diethynyl benzene-bridged bimetallic fragment. This might also be termed the

‘charge-resonance’ band if this fragment is considered as a Class 11l (fully delocalised)
Robin and Day*® ‘mixed-valence’ species (Figure 4.32).

Me;Si—C= C@C C Ru C= COC C- Ru OC C-SiMey

Figure 4.32: Class IlI (fully delocalised) description of [94a]", where P = PPh,.
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After an analysis by Parthey and colleagues on  mono-metallic
trans-[Ru(C=CCgH4-4-R),(dppe),]° model complexes, the shoulder transition
(7375 cm™) is attributed to an MLCT process which gains intensity for the conformers
in which the central phenylene ring is rotated out of conjugation,® ** leading to a more
localised (Class I1) Robin and Day description (Figure 4.33).

Me,Si—C= C@—C c- Ru c= C@C Cc- RUJJ> @—C C—SiMe,

Figure 4.33: Class Il (localised) description of [94a]”, where P = PPh,.

General trends observed in the generation of [94a]” from [94a] are similarly observed
for all other members of the series of [94] (forming [94]7). Although between extended
complexes of [94]" ([94a]*, [94a-Me]*, [94a-"Pr]" and [94b]"), the intensities of the
principal (low energy) NIR bands are notably different, where benzene-bridged
complexes ([94a]* and [94b]") are less intense (11014 and 24470 Mcm™,
respectively) than the methyl-xylene ([94a-Me]*: 43 318 M cm™) and diisopropyl-
xylene-bridged complexes ([94a-'Pr]"; 30 920 Mecm™), indicating more Class I11-like
(more delocalised) complexes for the more hindered complexes. This might suggest that
for the bulkier analogous, a higher proportion of the more conjugated, lower energy,
rotamers are present as a consequence of hindered aryl rotation. The increased
symmetry of the principal NIR band in [94a]" (vs. [94a-Me]" and [94a-'Pr]*) supports
this argument although the equivalent band in [94b]", bearing strong structural and
electronic resemblance to [94a]’, is the most asymmetric (Avlow (817) = Avhigh
(1033)) and does not correlate with this trend.

On further oxidation of [94a]* to [94a]**, the characteristic absorption bands of [94a]*
are simply blue shifted by ~ 3000 — 9000 cm™ (Figure 4.31) suggesting the character of
these transitions is retained. New bands at 5307 cm™ and 15 408 cm™ are also observed.
These are assigned as dn-dr and LMCT-type transitions (respectively) on the
mono-nuclear  like external fragments Dby analogy with spectra of
trans-[RuCl(C=CC¢Hy-4-R)(dppe)2]" and  trans-[Ru(C=CCg¢Hy-4-R)(C=CCqH,-4-

R’)(dppe),]* complexes.® ***° Hence, the spectra of [94a]*" is likely reflective of redox
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isomers in solution (Figure 4.34). General trends observed in the generation of [94a]**

from [94a]" are again closely followed by the other members of the series of [94].

Me;Si—<-C= C C=C- Ru% @70 C- Ru C= CAQ}C C-SiMe;

® R P
Me;Si CEC@CE Ru C= COC C- Ru OC C-SiMey

Figure 4.34: Redox isomers of [94a]** are proposed to account for the optical bands
observed in the UV-Vis-NIR spectra of [94]**, where P = PPh;.

The UV-Vis-NIR oxidation profiles of the extended trimetallic complex [95a]™
(n =0 — 3) are given in Figure 4.35. Upon oxidation of [95a] to [95a]", three broad, low
intensity (~ 2500 M*cm™) bands are generated at ~ 5000, 11 000 and 20 000 cm™
(Figure 4.35).
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Figure 4.35: The UV-Vis-NIR spectra of [95a] (black solid line), [95a]" (red dashed
line, generated at — 0.80 V), [95a]** (blue dashed line, generated at 0.55 V) and [95a]**
(green dashed line, generated at 1.26 V) between 4000 — 24 000 cm™. Spectra were
collected via spectroelectrochemical methods from a 0.2 M [N"Bus]PFs CHCI; solution.

Given that bands near 5000 and 20 000 cm™ were assigned to the formation of the
bimetallic diethynyl benzene cation in the bimetallic series ([94]") and bands near 5000
and 10 000 cm™ are consistent with those observed in the mono-oxidised bis-aryl
ethynyl mono-metallic complexes, the spectra of [95a]" is thought to reflect admixtures
of redox isomers (Figure 4.36), which is consistent with results obtained (and valence
descriptions derived) through IR spectroelectrochemistry. The low intensity and width
of the optical bands produced in [95a]" are no doubt a consequence of the heightened

number of rotamer conformations and redox isomers possible in this extended complex.
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Me;Si-C= C@C C- Ru C= C@ Ru C= COC C- Ru C= C@C C-SiMe;
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Figure 4.36: Redox isomers of [95a]" to account for the main optical bands observed in
the corresponding UV-Vis-NIR spectrum (P = PPhy).

\x /—U

The spectrum of [95a]** is similar to [95a]", exhibiting bands near 5500, 12 500 and
20 000 cm™ (Figure 4.35), therefore is consistent with the redox description given
earlier to account for the IR spectroelectrochemical profile of [95a]* (Figure 4.27). To
this end, the dication is described as two ‘individual’ cations. The first, accounting for
the bands at ~ 5500 (z-7*, IL) and 20 000 cm™ (n-n*, aromatic radical bands), is located
on the bimetallic diethynylbenzene motif while the second, accounting for the bands at
~ 5500 (dn-dx) and 12 500 cm™ (LMCT), is located on a bis-aryl ethynyl mono-metallic
motif (Figure 4.37). The broadness of these optical bands observed for [95a]** again
eludes to the presence of rotamers in solution (giving rise to ‘charge trapping’ and more

localised valence descriptions).

Figure 4.37: Redox description of [95a]°" to account for the optical bands observed in
the corresponding UV-Vis-NIR spectrum (P = PPhy).

Consistent with IR spectroelectrochemical observations, upon further oxidation of
[95a]** (forming [95a]**) optical bands lose intensity and are significantly broadened,
increasing the difficultly in the interpretation. As the energies of band maxima in
[95a]** look to correspond with those in both [95a]* and [95a]**, the structure of [95a]**
is tentatively assigned as a composition of both [95a]" and [95a]°* redox descriptions

and is presumably again complicated by the presence of rotamers.
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A deeper analysis of the data obtained from IR and UV-Vis-NIR spectroelectrochemical
studies than that given here for the trimetallic complex [95] is difficult. This is in part
due to these extended compounds containing six near-equivalent Ru-C=C fragments
and seven rotational axes (Figure 4.38).

¢’ b ¢° ¢’

4
¢° '
R, R R
Me;Si-C=C CEC—BL\I C=C CEC—Bg C=C CEC—BL\J C=C C=C-SiMey
P P P
\ \/ L

Figure 4.38: Depiction of the seven rotational axes (¢") present in trimetallic complexes

of this type, using [95a] as an example, where P = PPh,.

Each individual rotation in Figure 4.38 about an individual rotational axis (¢") will give
rise to an alternate conformer (where structures with the highest amount of
Ru(d) / Ar(z) overlap are most favoured),® that will exhibit novel vibrational and
electronic transitions. As a result, spectral profiles are very highly convoluted. Even if
the lowest energy (most conjugated) conformation is considered, these molecules
contain ~ 400 atoms, therefore it is, at present, extremely difficult to model accurately
by quantum chemical calculations, where computational power scales exponentially
with the number of atoms. In order to simplify this problem in the short term, higher
symmetry complexes are sought. As a result, the number of independent rotamer
conformations will be decreased; hence the complexity of spectral profiles, currently
prohibiting clear assignments, will be reduced. The design of future complexes for
understanding charge transport in long multi-metallic wires should foremost work

towards replacing the dppe ancillary ligands.
4.6. TIDOC studies

The fabrication of the top electrode in an electrode|monolayer|electrode device is a key

area of research in the assembly of functional device structures,>*>

as opposed to single
molecule test junctions (electrode|moleculelelectrode).® As mentioned in the

introduction, one of the main problems associated with top-electrode formation is the
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degree of damage caused to the monolayer during deposition, as the metal of the top
electrode quite often penetrates the organic film, resulting in short-circuits and an
invalid device. As a means to circumvent such issues, Cea and co-workers have devised
a novel, ‘soft’, method for the fabrication of the top metallic electrode® based on the
earlier work of Coco and Espinet who demonstrated that metallic gold nano-particles

(GNPs) could be formed by annealing a metal organic compound (MOC) in solution.*®

In the Cea method, a gold(I) complex is initially ‘tagged’ to the end of a nascent
molecule wire, to give complexes such as [(PhsP)Au(C=CCsH4C=C-4-CsH4-4-COOH)]
and [(MeOCgH4-4-N=C)Au(C=CCsH4-4-NH,)]. The Au' complex is immobilised on a
substrate via the Langmuir-Blodgett technique, forming a well-packed, directionally
orientated monolayer. The substrate is then annealed in order to simultaneously break
the Au-C or Au-P bonds to the ancillary ligand, and reduce Au' to Au® presumably in
concert with oxidation of the liberated ancillary ligand, resulting in the formation of
gold nano-particles (GNPs) or gold nano-islands (GNIs) on the surface of the
monolayer, establishing the Aujmonolayer|Au junction. This Thermally Induced
Decomposition of an Organometallic Compound (TIDOC) method was found to be
effective at moderate temperatures (150 —200 °C for two hours), with the electrical
properties of the resulting Aujmolecule|GNI junctions being characterised by the usual
sigmoidal I-V curve that signifies a molecular junction, as opposed to metallic contact.

In this section, the first results for the application of the TIDOC method to a multiple-
metal organic compound (MMOC), forming an organometallic monolayer, are reported.
The experiments described below were conducted by Dr. S. Martin at the University of
Zaragoza. A quartz crystal microbalance (QCM) substrate was incubated in a 10 M
solution of trans-[{(th-3-C=C)(dppe).Ru}(u-C=CCgsHy-4-C=C){AuPPhs}], [100], in
chloroform. The surface coverage of the organometallic monolayer formed, [100]-SAM

XXiii

of 1.7x10molcm® as determined by the Sauerbrey equation

2:f¢-Am

1/2.

xxiii _
Af - 1/2
Apg Hq

Where: Af = frequency variation before and after deposition of the monolayer; f, = fundamental resonant
frequency of 5 MHz; Am = mass change; A = electrode area; pq = density of the quartz (2.65 gcm™®) and
Ug = the shear module (2.95 x 10" dyncm®).
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with an observed frequency variation of —30 Hz, is in good agreement with the
theoretical surface coverage of 2.4 x 10™° molcm™, confirming monolayer deposition.
After the annealing process (150 °C for two hours) and subsequent rinsing with
chloroform, a further frequency variation of 6 Hz was observed, which is in good
agreement with a loss of a material of 262 amu, i.e. triphenyl phosphine (PPhyg); if it is
assumed that the surface coverage of the organic monolayer is maintained after the
annealing, washing and drying process. The loss of PPhs after thermal treatment of
[100]-SAM (Figure 4.39), in addition with the subsequent formal reduction of Au' to
AU (Figure 4.40), was confirmed by XPS spectroscopy, where spectra were recorded
on a silver substrate to avoid any possible misinterpretation of the results from using a
gold substrate and a gold-containing sample. Spectral bands were deconvoluted using
the CasaXPS program.
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Figure 4.39: XPS spectra of the P(2p) region of i) [100] as a powder (top); ii)
[100]-SAM (middle), still showing the characteristic P(2p) energy band of PPh; at
132.40 eV (FWHH values for the two bands at 131.20 and 132.40 eV are comparable),
and iii) after annealing [100]-SAM for two hours at 150 °C (bottom), where the P(2p)

energy band of PPhs could not be calculated.
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Figure 4.40: XPS spectra of the Au(4f) region of i) [100] as a powder (top), showing
two intense Au' peaks at 88.84 and 85.15 eV; ii) [100]-SAM (middle), indicating the
preservation of Au' at 88.84 and 85.15 eV whilst revealing two new, intense peaks at
87.80 and 84.10 eV, which correspond to Au® that is likely formed during the irradiation
process necessary for the recording of the spectrum,® and iii) after annealing
[100]-SAM for two hours at 150 °C (bottom), showing two intense Au® peaks at 87.80
and 84.10 eV.
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With reference to Figures 4.39 and 4.40, a higher spectral resolution is obtained for the
powder samples, where a large amount of compound is studied, whereas a lower
spectral resolution is obtained from experiments on SAMs, where only a single
monolayer is studied. To this end, the baseline corrections and levels of noise are
inconsistent between spectra within these figures. Similarly, higher signal intensity is
achieved in the powder experiments (with particular reference to Figure 4.39, revealing
doublet peaks due to spin-orbit splitting effects) compared with the SAM experiments

(where only a single, broad, averaged peak in Figure 4.39 was observed).

The differences in appearance, physical characteristics and compositions of [100]-SAM,
before and after thermal treatment, was monitored by AFM (Figure 4.41). In the first
instance, the images show that [100]-SAM before thermal treatment (left, Figure 4.41)
does not form a complete monolayer. After annealing (right, Figure 4.41), bright spots
of varying sizes can be observed, indicating the formations of GNPs or GNIs, where the
amount of annealing time is known to influence the size of the resulting metallic

structures.°

5.0 nm

1.0 um 1.0 um

Figure 4.41: AFM images of [100]-SAM (left) and after annealing [100]-SAM for two

hours at 150 °C onto a mica substrate (right).

Following annealing of [100]-SAM on a Au(111) surface, current-voltage (I-V) curves
were recorded using conductive-AFM (Figure 4.42). The sigmoidal character of the

trace, indicating molecular conductance, is in keeping with previous |-V curves

265



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity
Chapter 4

recorded for related complexes bearing the {Ru(dppe).} motif within gold

junctions, 12 145657

60 —
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Figure 4.42: 1-V curve recorded of [100]-SAM after annealing onto a Au(111) surface
using CP-AFM positioned on top of the GNIs with a set point force of 10 nN.

4.7. Conclusions

In this Chapter, an array of multi-metallic trans-bis(alkynyl) complexes bearing the
{Ru(dppe).} motif have been prepared, differing in i) the number of metals present; ii)
the nature of the terminal binding groups; iii) the nature of the bridging ligands and iv)
oxidation state. Bimetallic ([94]) and trimetallic ([95]) complexes display two and three
reversible oxidations, respectively. Changing the nature of the end group (C=CSiMes,
C=C-3-th, C=CCg¢H;-4-C=CSiMe3) or central bridging fragment (CgHy-4-,
CsH2-2,5-Mey-4-, C6H2-2,5-iPr2-4-) was not shown to significantly affect the underlying
electronic structure of these highly conjugated complexes. The oxidation events show

an appreciable amount of alkyne character.

The mono-oxidation complexes [94]" and [95a]" exhibit a principal, low energy NIR

absorption band (n-n*, IL), several further higher energy NIR absorption bands (LMCT)
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in addition with an aromatic radical band (z-n*). The structures of [94]" and [95a]" are
consistent with the cation radical being stabilised on both a diruthenium
diethynylbenzene bridged electrophore and a mono-metallic aryl ethynyl fragment,
evincing the presence of redox isomers in solution as a result of thermally populated
rotamer conformers. For [94]", upon increasing the steric bulk of the bridge (from
[94a]" to [94a-Me]* to [94a-'Pr]"), complexes tend more towards Class III ‘mixed-
valence’ systems (more intense, asymmetric bands), implicating a conformational bias

of rotamers in solutions.

Ultimately, this work suggests that the redesign of molecules tailored for molecular
electronics studies towards higher symmetry complexes, where the number of
spectroscopically distinct rotamers will be reduced (leading to less convoluted spectra
and more convincing data interpretations), is key. This work has also demonstrated the
generality of the TIDOC method for top contact electrode fabrication, with the first
reports of the method being applied to a multiple-metal organic complex (MMOC),

forming an organometallic wire within fabricated Aulmonolayer|Au junctions.

4.8. Experimental section

4.8.1. General conditions

All reactions were carried out under dry, high-purity nitrogen environments using oven-
dried (119 °C) glassware and standard Schlenk techniques, although no special
precautions were taken in order to exclude air or moisture during work-up. The reaction
solvents CH,Cl,, THF, hexane and diethyl ether were used directly from the in-house
solvent purification system, while MeOH was dried over dry magnesium turnings and
iodine. All other solvents were reagent grade and used without further purification. The
compounds: HC=CCgH4-4-C=CH,*® Me3SiC=CCgH,-2,5-Mey-4-C=CSiMe;
Me3SiC=CC¢Hy-2,5-'Pry-4-C=CSiMej,* HC=CCgH,-2,5-'Pry-4-C=CH,%
HC=CCgH,-4-C=CSiMes,**  FcPFe,* TIBF,,% [AuCI(PPh3)],®® [RuCl(dppe),]OTf
([36]0Tf),* trans-[RuCl(C=CCgH,-4-C=CSiMes)(dppe)-] ([38a]),*
trans-[RuCIl(C=C-3-th)(dppe)-] ([38b]),*° trans-[Ru(C=CCgHy-4-
C=CSiMes),(dppe)],**  [43a],  trans-[Ru(C=C-3-th),(dppe).],*® [43b] and
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trans-[Ru(C=CCgH4-4-C=CH),(dppe),] ([96])** were synthesised by literature methods.

All other reagents were commercially available and used as received.

Safety spectacles and gloves were worn at all times, and all experiments conducted in
an efficient fume hood, following completion of appropriate COSHH assessments.
Relatively non-toxic solvents were disposed of in the appropriate waste solvent
container (chlorinated / non-chlorinated). Given the extremely toxicity of TIBF,, the
reagent was separately weighed in a sealed container in a fume hood. The solid was
transferred to the reaction flask using a disposable paper funnel. The paper funnel was
discarded immediately after use into a thallium-containing solid waste receptacle. For
larger scale reactions, a secondary containment flask was utilised during the reaction
period. Reactions reported below involving TIBF,4, (generally) produce equimolar
amounts of TICI, which is similarly extremely toxic. After completion of the reaction,
following isolation of TICI / residual TIBF4 by the work-up procedures reported, the
salts were either disposed of by i) dissolving in HNOj3 (ag.) and transferring into a
thallium-containing solvent waste container or ii) in a thallium-containing solid waste

container (along with the chromatographic medium, celite etc.).

NMR spectra were recorded at 25°C on Varian Inova 300 (*H, 300.2 MHz; *'P,
121.5 MHz) or Bruker Avance 600 (*H, 600.1 MHz; *C, 150.9 MHz; *'P, 242.9 MHz)
spectrometers. Chemical shifts were determined relative to internal residual solvent
signals (CDCls: *H, & = 7.26 ppm, *C, & = 77.2 ppm; CD,Cl,: 'H, & = 5.32 ppm, **C,
8= 53.8 ppm) or external 85% HsPO, (*'P, 5=0.0 ppm).®® FT-IR spectra were
measured on a Nicolet Avatar 6700 or an Agilent Technologies Cary
660 spectrophotometer in a thin-layer cell fitted with CaF, windows. ESI-MS were
recorded on a Waters LCT Premier XE mass spectrometer in positive ion mode from
solutions in methanol. Cyclic voltammetry was carried out using a Versastat 3
potentiostat with a platinum disc working electrode, a platinum wire counter electrode,
and a platinum wire pseudo-reference electrode, from 0.1 M [N"Bus]PFs CH,CI;
solutions or 0.2 M [N"Bu4]PFs CHCI3 solutions. Potentials are reported vs. the ferrocene
/ ferrocenium couple ([FC(T[S-CsHs)Q] / [Fe(nS-C5H5)2]+ = 0 V) using a
decamethylferrocene / decamethylferrocenium internal standard ([Fe(n>-CsMes),] /

[Fe(n>-CsMes),]" = — 0.48 V).*° Spectroelectrochemical measurements were made in an
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OTTLE cell of Hartl design,®” from 0.1 M [N"Bus]PFs CH,Cl, solutions or 0.2 M
[BusN]PFs CHCI3 solutions. The cell was fitted into the sample compartment of an
Agilent Technologies Cary 5000 FT-IR spectrometer, Agilent Technologies Cary-5000
UV-Vis-NIR spectrometer or an Avantes diode array UV-Vis-NIR spectrometer system
comprising two light sources (UV-Vis: AvaLight-DH-S-Bal, Vis-NIR: AvaLight-Hal-S)
and two spectrometers (UV-Vis: AvaSpec-ULS204-8L-USB2, NIR:
AvaSpec-NIR256-2.5TEC) connected to a custom-built sample holder by bifurcated
fibre optic cables. The Vis-NIR light source was attenuated with a band-pass filter
transparent between 900 — 4700 nm. Electrolysis in the cell was performed with a Palm

Instruments EmStat 2 or EmStat 3 potentiostat.

4.8.2. Syntheses and characterisations of organic compounds

HE Ho
H4 CB_HS
N 4 é
ctc

H1—C1EC2—C/§_/>70£CH

Synthesis of HC=CCgH,-2,5-Mey-4-C=CH

A mixture of Me3SiC=CCgH,-2,5-Me,-4-C=CSiMe; (1.39 g, 4.7 mmol) and K,COj3
(2.05g, 14.9 mmol) in MeOH (30 ml) and H,O (4 ml) was stirred overnight. The
reaction was quenched by addition of water (30 ml) and CH,ClI, (30 ml), forming two
layers. The organic layer was washed three times with water and twice with brine before
being dried over magnesium sulphate. The pale yellow solution was filtered through
filter paper and filtrate concentrated to dryness, where a white precipitate formed and
was collected (0.67 g, 93 %).

IR (CHCly, cm™): 2104s v(C=C). *H NMR (CDCls, 600 MHz) &/ ppm: 2.38 (s, 6H,
H®), 3.32 (s, 2H, HY), 7.30 (s, 2H, H*). *C NMR (CDCls, 300MHz) & / ppm: 20.0 (s,
C®), 82.26 (s, C1), 82.31 (s, C?), 122.5 (s, C%), 133.4 (s, C%), 138.0 (s, C°). ESI(+)-MS
(m/z): 154 [HC=CCgH,-2,5-Mey-4-C=CH]".
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4.8.3. Syntheses and characterisations of mono-metallic complexes

M
Ph,R PPh,
CI-Ru-C'=C?-SiMej

Ph,R" PPh
2 \_/ 2

Synthesis of trans-/RuCIl(C=CSiMes)(dppe).], [38c]

A mixture of [36]OTf (0.12 g, 0.11 mmol), HC=CSiMej3 (16 pL, 0.11 mmol) and DBU
(~ 5 drops, excess) in CH,Cl, (8 ml) was stirred under N for one hour. The solution
colour changed from red / brown to yellow over the reaction period and a fine white
solid precipitated. The yellow solution was concentrated under high vacuum to ~ 1 ml
and excess MeOH added, resulting in the instant precipitation of a bright yellow solid.
The yellow solid was collected by filtration, washed with MeOH (3 x 10ml) and
hexanes (2 x 10 ml) then air dried (0.067 g, 61 %). A crystal suitable for X-ray
crystallography was grown from a CDCl3 / MeOH layer diffusion.

IR (CH.Cly, em™): 1990 v(RuC=C), 1606 v(C=C). 'H NMR (CDCls;, 600 MHz)
d/ppm: — 0.01 (s, 9H, SiMe3), 2.53 —2.65 (m, 4H, CH,, dppe), 2.70 — 2.84 (m, 4H,
CH,, dppe), 6.78 — 6.85 (m, 8H, H,, dppe), 6.89 (t, J =7 Hz, 8H, Hy, dppe), 7.12 (t,
J=7Hz, 8H, Hy, dppe), 7.12 (t, J =7 Hz, 4H, H,, dppe), 7.27 (t, J=7 Hz, 4H, H,,
dppe), 7.05-7.12 (m, 8H, Ho, dppe). *'P{*H} (CDCl;, 300 MHz) &/ ppm: 52.3 (s,
Ru(dppe)). *C{"H} NMR (CDCls;, 600 MHz) &/ppm: 1.3 (s, SiMes), 31.0 (t,
J =12 Hz, CH,, dppe), 120.6 (s, C?), 126.8 (s, Cm, dppe), 127.2 (s, Cm, dppe), 128.5 (s,
Cp, dppe), 129.4 (s, C,, dppe), 134.1 (s, C,, dppe), 135.4 (s, C,, dppe), 136.0 (quin.,
J =10 Hz, C;, dppe), 137.7 (quin., J = 10 Hz, C;, dppe), 146.8 (quin., J = 15 Hz, C%).
ESI(+)-MS (m/2): 1030 [RuCl(C=CSiMes)(dppe).]", 995 [Ru(C=CSiMes)(dppe),]”. The

experimental data reported here are in agreement with that published previously.*
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. ,C*-C°=CP-Ru-C7=C8-C] C'?-C=C'-SiMe;
S~ct PhoP PPh, 7

H3 Y

Synthesis of trans-/Ru(C=C-3-th)(C=CCgH4-4-C=CSiMes)(dppe)2], [97]

A mixture of [38b] (0.066 g, 0.063 mmol), HC=CC¢H4-4-C=CSiMe; (0.013 g,
0.068 mmol), TIBF, (0.022 g, 0.076 mmol) and DBU (~ 4 drops, excess) in CH,Cl,
(7 ml) was stirred under N, for 16 hours. The yellow solution colour lightened over the
reaction period and a white solid (TICI) precipitated. The yellow solution was filtered
through alumina (oven-dried, basic) to remove TICI and reaction salts and yellow
filtrate concentrated to dryness by rotary evaporation, yielding a bright yellow
precipitate. The precipitate was washed with diethyl ether (3 x 10 ml) and hexanes
(3 %10 ml) then air dried (0.057 g, 75 %). Crystals suitable for single crystal X-ray
crystallography were grown from a CDCIl;/MeOH layer diffusion at reduced
temperature (— 18 °C).

IR (CH,Cl,, cm™): 2147 v(C=CSiMe3s), 2058 v(RuC=C). *H NMR (CDCls, 600 MHz)
&/ ppm: 0.27 (s, 9H, SiMe3), 2.51 -2.74 (m, 8H, CH,, dppe), 6.55 (d, J =2 Hz, 1H,
H®), 6.60 (apparent doublet, splitting = 8 Hz, 2H, H), 6.65 (d, J = 5 Hz, 1H, H?), 6.93
(t, J =7 Hz, 8H, Hn, dppe), 6.98 (t, J = 7 Hz, 8H, Hm, dppe), 7.11 (dd, J =5, 2 Hz, 1H,
HY), 7.15 (t, J = 7 Hz, 4H, H,, dppe), 7.19 (t, J = 7 Hz, 4H, H,, dppe), 7.25 (apparent
doublet, splitting = 8 Hz, 2H, H'), 7.42 — 7.51 (m, 8H, H,, dppe), 7.52 — 7.61 (m, 8H,
Ho, dppe). P{*H} (CDCls;, 300 MHz) &/ ppm: 54.5 (s, Ru(dppe),). “*C{*H} NMR
(CDCl3, 600 MHz) &/ ppm: 0.33 (s, SiMe3), 31.6 (t, J =12 Hz, CH,, dppe), 93.7 (s,
C'), 106.3 (s, C*), 111.3 (s, C°), 116.6 (s, C%), 117.3 (s, C%), 120.5 (s, C%), 122.9 (s,
Cl), 127.1 (s, Cm, dppe), 127.2 (s, Cm, dppe), 127.8 (quin., J = 15 Hz, C® or C’), 128.7
(s, Cp, dppe), 128.8 (s, C,, dppe), 129.87 (s, C19), 129.92 (s, C?), 130.3 (s, C%), 131.1 (s,
C'), 131.4 (s, C'), 134.3 (s, Co, dppe), 134.5 (s, C,, dppe), 136.7 — 137.1 (m, C;, dppe),
137.1 — 137.4 (m, C;, dppe), 138.9 (quin., J = 15 Hz, C® or C"). ESI(+)-MS (m/z): 1202
[Ru(C=C-3-th)(C=CCgH4-4-C=CSiMes)(dppe).]", 1136 [Ru(C=CCgHgy-4-
C=CSiMe3)(dppe)z + MeCN]* 1046 [Ru(C=C-3-th)(dppe), + MeCN]" 1004 [Ru(C=C-
3-th)(dppe), — H]", 898 [Ru(dppe).]®. Anal. found: C, 70.42; H, 5.09. Calc. for
Cn1He4P4RUSSI: C, 70.87; H, 5.37 %. Complex [97] exhibits two redox events (E1/2(1):
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0.05 V rev; AE,(DMFC): 0.05V; AEy(1): 0.09 V; E12(2): 0.88 V irrev vs. ferrocene

using decamethylferrocene as an internal standard) in a [N"Bus]PFs CH,Cl, medium.

6 7
/_\ H\ 6 /H
PhoR PPh, czc’
MeySi-C'=C?-Ru-C’=C*-C3  C®-C®=C""-SiMe;
PhR PPh, 7

\

Synthesis of trans-/Ru(C=CSiMe3)(C=CCgH4-4-C=CSiMes)(dppe).], [98]

A mixture of [38c] (0.046 g, 0.045mmol), HC=CCgH4-4-C=CSiMes (0.025 g,
0.13 mmol), TIBF,; (0.014 g, 0.049 mmol) and DBU (~ 7 drops, excess) in CH,Cl,
(7 ml) was stirred under N, for five hours. A white solid (TICI) precipitated from the
pale yellow solution over the reaction period. The yellow solution was concentrated to
~ 2 ml under high vacuum and filtered through a HPLC Teflon filter (20 um pores) to
remove TICI and reaction salts. An excess of MeOH was then added to the yellow
filtrate, resulting in the instant precipitation of a pale yellow solid. The solid was
collected by filtration, washed with MeOH (3 x 15 ml) and air dried (0.049 g, 91 %).
Crystals suitable for single crystal X-ray crystallography were grown from a
CHCl, / MeOH layer diffusion.

IR (CH,Cl,, cm™): 2147 v(C=CSiMejz), 2065 v(RuC=C), 2061 v(RuC=C), 1593 v(C=C).
'H NMR (CDCls, 600 MHz) & / ppm: — 0.03 (s, 9H, C*-SiMes), 0.27 (s, 9H, C'°-SiMes),
2.55-2.66 (m, 4H, CH,, dppe), 2.66 —2.78 (m, 4H, CH,, dppe), 6.41 (apparent
doublet, splitting = 8 Hz, 2H, H°), 6.82 (t, J = 8 Hz, 8H, Hnm, dppe), 6.98 —7.03 (m, 8H,
Ho, dppe), 7.08 (t, J =7 Hz, 4H, H,, dppe), 7.10 (t, J=7 Hz, 8H, Hn, dppe), 7.21
(apparent doublet, splitting =8 Hz, 2H, H'), 7.25 (t, J = 8 Hz, 4H, Hp, dppe), 8.00 —
8.07 (m, 8H, H,, dppe). *P{*H} (CDCls, 300 MHz) &/ppm: 55.0 (s, Ru(dppe)y).
Bc{*H} NMR (CDCls, 600 MHz) & / ppm: 0.35 (s, C'°-SiMes), 1.21 (s, C*-SiMes), 31.6
(t, J = 12 Hz, CH,, dppe), 93.6 (s, C*°), 106.7 (s, C°), 115.5 (s, C°), 116.3 (s, C*), 124.3
(s, CY), 126.97 — 127.10 (m, Cpn, dppe), 128.3 (s, Cp, dppe), 129.2 (s, C,, dppe), 130.1 (s,
C®), 131.1 (s, C?), 131.2 (s, C'), 133.8 (s, Co, dppe), 135.2 (s, Co, dppe), 136.7 (quin.,
J =10 Hz, C;, dppe), 137.8 (quin., J = 10 Hz, C;, dppe), 140.5 (quin., J = 15 Hz, C? or
c%, 1535 (quin, J=15Hz, C*> or Cd. ESI(+)-MS  (m/z): 1192
[Ru(C=CSiMes3)(C=CCgH4-4-C=CSiMez)(dppe)2]”, 995 [Ru(C=CSiMes)(dppe).]*, 898
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[Ru(dppe).]". Anal. found: C, 66.58; H, 5.56. Calc. for CzoH70PsRuSi; x CH,Cl,: C,
66.76; H, 5.69 %.

6 7
Im H\ . /H
PhoR PPh, ctcr
Me;Si-C'=C2-Ru-C3=C*-C3 C8-C9=C10-H10
/N \ /
Ph,P PPh, 7

Synthesis of trans-/Ru(C=CSiMe3)(C=CCgH4-4-C=CH)(dppe),], [99]

A mixture of [98] (0.0216 g, 0.018 mmol) and TBAF.3H,O (0.1M THF solution,
0.23 ml, 0.023 mmol) in CH,CI, (7 ml) was stirred under N, overnight. The yellow
solution colour darkened over the reaction period. To the reaction mixture was added
MeOH (~ 5 ml) and solvent slowly concentrated by rotary evaporation. Upon formation
of a yellow / brown solid in a brown solution, the suspension was filtered, yielding a
brown / yellow precipitate. The solid was washed with MeOH (3 x 10 ml) and hexanes
(2 x 10 ml), then air dried (0.019 g, 92 %). Crystals suitable for single crystal X-ray
crystallography were grown from a CH,Cl,/hexanes layer diffusion at reduced
temperature (— 18 °C).

IR (CH2Cly, cm™): 3045 v(=C-H) 2067 v(RuC=C), 2062 v(RuC=C), 1994 v(C=CH),
1593 v(C=C). *H NMR (CDCl3, 600 MHz) & / ppm: — 0.04 (s, 9H, SiMe3), 2.55 — 2.66
(m, 4H, CH,, dppe), 2.66 — 2.78 (m, 4H, CH,, dppe), 3.10 (s, 1H, H™), 6.43 (apparent
doublet, splitting = 8 Hz, 2H, H°), 6.84 (t, J = 8 Hz, 8H, Hy, dppe), 6.98 — 7.06 (m, 8H,
Ho, dppe), 7.10 (t, J =8 Hz, 8H, Hy, dppe), 7.21 (apparent doublet, splitting = 8 Hz, 2H,
H'), 7.24 (t, J = 8 Hz, 8H, H,, dppe), 7.99 —8.06 (m, 8H, H,, dppe). *'P{"H} (CDCls,
300 MHz) & / ppm: 55.0 (s, Ru(dppe),). *C{*H} NMR (CDCls, 600 MHz) & / ppm: 1.20
(s, SiMes), 31.6 (t, J = 12 Hz, CH,, dppe), 76.9 (s, C*°), 85.1 (s, C%), 115.3 (s, C%), 115.4
(s, C%, 124.3 (s, C"), 127.1 (s, Cm, dppe), 128.4 (s, Cp, dppe), 129.2 (s, C,, dppe), 130.1
(s, C%), 131.3 (s, C'), 131.4 (s, C°), 133.8 (s, Co, dppe), 135.2 (s, Co, dppe), 136.7 (quin.,
J =10 Hz, C;, dppe), 137.8 (quin., J = 10 Hz, C;, dppe), 140.6 (quin., J = 15 Hz, C? or
C®, 1535 (quin, J=15Hz, C® or C%. ESI(+)-MS (m/z): 1120
[Ru(C=CSiMe3)(C=CCgsH4-4-C=CH)(dppe)2]”, 1023 [Ru(C=CC¢H4-4-C=CH)(dppe).]",
995 [Ru(C=CSiMes)(dppe).]* 898 [Ru(dppe).]*. Anal. found: C, 71.63; H, 5.48. Calc.
for Cs7He2P4RUSI: C, 71.77; H, 5.18 %.
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4.8.4. Syntheses and characterisations of bimetallic complexes
4 HS 12
H 4 M H\ 12 M
C=¢? Ph,R_PPh, C= Ph,R_PPh,
Me;Si-C'=C?-C2 /c:fi—c:75c:8—Ezg—cgzc1—°c<\:/>—CzC—5«\1—(35<:4<j>—czc:—snv|e3
N7 PhaR PPN, PhaR PPN,

Synthesis of trans-[{(Me3;SiC=CCgHy-4-C=C)(dppe),Ru}(U1-C=CCsH4-4-C=C)], [94a]
The reagents [38a] (0.10 g, 0.092 mmol), TIBF,; (0.030 g, 0.10 mmol) and DBU
(~ 3 drops, excess) were added to a flask containing CH,Cl, (20 ml) fitted with a
pressure equalising dropping funnel. A solution of HC=CCgH4-4-C=CH (0.0059 g,
0.047 mmol) in CH.Cl, (10 ml) was added to the dropping funnel. The colourless
alkyne solution was added to the yellow ruthenium solution slowly dropwise (over
~ 30 minutes), and the complete solution then stirred for a further ten minutes under N,.
The yellow solution remained constant throughout the reaction period but a white solid
(TICI) precipitated. The yellow solution was concentrated carefully under high vacuum
to ~ 2 ml and then filtered through alumina (basic, oven-dried) to remove TICI and
reaction salts, eluting with minimum CH,Cl,. The yellow filtrate was then concentrated
again to ~ 2 ml and excess hexanes added, yielding a bright yellow solid. The solid was
collected by filtration, washed with hexanes (2 x 20 ml) and cold MeOH (2 x 20 ml),
then vacuum dried (0.090 g, 84 %).

IR (CH,Cl,, cm™): 2148 v(C=CSiMe3), 2056 v(RuC=C). *H NMR (CDCl3, 600 MHz)
o/ ppm: 0.27 (s, 18H, SiMe3), 2.61 —2.75 (m, 16H, CH,, dppe), 6.56 (apparent doublet,
splitting = 8 Hz, 4H, H°), 6.72 (s, 4H, H'), 6.92 (t, J = 8 Hz, 16H, Hnm, dppe), 7.02 (t,
J=8Hz, 16H, Hy, dppe), 7.15 (t, J =8 Hz, 8H, H,, dppe), 7.22 (t, J =8 Hz, 8H, H,,
dppe), 7.24 (apparent doublet, splitting = 8 Hz, 4H, H*), 7.35 — 7.42 (m, 16H, H,, dppe),
7.66 — 7.75 (m, 16H, H,, dppe). *P{*H} NMR (CDCls, 600 MHz) &/ ppm: 53.4 (s,
Ru(dppe)2). C{*H} NMR (CDCls, 600 MHz) &/ppm: 1.21 (s, SiMes), 31.7 (t,
J =12 Hz, CH,, dppe), 93.7 (s, C'), 106.8 (s, C?), 116.5 (s, C*), 117.1 (s, C°), 118.5 (s,
C'), 125.8 (s s, C'), 127.2 (s, Cmn, dppe), 127.3 (s, Crm, dppe), 128.7 (s, Cp, dppe), 128.8
(s, Cp, dppe), 129.4 (s, C'), 129.9 (s, C°), 131.2 (s, C°), 131.4 (s, C%), 134.3 (s, C,,
dppe), 134.7 (s, C,, dppe), 136.7 — 137.3 (m, C;, dppe), 137.4 —137.9 (m, C;, dppe).
ESI(+)-MS (m/z): 2316 [(Me3SiC=CCgH,;-4-C=C)(dppe).Ru}(U-C=CC¢H4-4-C=C) +
2H]", 1123 [Ru(C=CCgH4-4-C=CSiMes)(dppe), + CoH.]", 940 [Ru(dppe), + MeCN +
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H]*, 897 [Ru(dppe), — H]*. Anal. found: C, 71.62; H, 4.64. Calc. for C140H126PsRU,Sis:
C, 72.58; H, 5.49 %.

H14H14
H4 H5 H12 C14 H14
PV 5 [ 12 ~13
CLg Ph,R_PPh, C2G13 Ph,R PPh,
Me;Si-C'=C2- ci /06 C’=C®-R(-C9%= C1°(:1\1 C=C-R{-C= c@czc—snvm
N7 thP\_/Pth thP\—/Pth

Synthesis  of trans-[{(Mes;SiC=CCsH4-4-C=C)(dppe),Ru},(U-C=CCgH,-2,5-Me,-4-
C=C)], [94a-Me]

The reagents [38a] (0.096 g, 0.085 mmol), TIBF,; (0.029 g, 0.10 mmol) and DBU
(~ 4 drops, excess) were added to a flask containing CH,Cl, (20 ml) fitted with a
pressure equalising dropping funnel. A solution of HC=CCgH;-2,5-Me,-4-C=CH
(0.0065 g, 0.042 mmol) in CH,CI, (10 ml) was added to the dropping funnel. The
colourless alkyne solution was added to the dilute yellow ruthenium solution slowly
dropwise (over ~ one hour), and the complete solution then left to stir under N,
overnight. The yellow solution remained constant throughout the reaction period but a
white solid (TICI) precipitated. The yellow solution was concentrated carefully under
high vacuum to ~ 10 ml and filtered through alumina (basic, oven-dried) to remove TICI
and reaction salts, eluting with CH,Cl,. The yellow filtrate was again concentrated to
~2 ml and an excess of diethyl ether added, yielding a bright yellow precipitate. The
precipitate was collected by filtration, washed with diethyl ether (2 x 20 ml) and
hexanes (2 x 20 ml), then vacuum dried (0.067 g, 67 %).

IR (CH,Cl,, cm™): 2149 w(C=CSiMes), 2059 v(RuC=C), 2044 v(RuC=C). '*H NMR
(CD,Cl,, 600 MHz) &/ ppm: 0.26 (s, 18H, SiMes), 1.86 (s, br., 6H, H*), 2.57 —2.70
(m, 8H, CH,, dppe), 2.72—2.84 (m, 8H, CH,, dppe), 6.40 (s, br., 2H, H'?), 6.49
(apparent doublet, splitting=7 Hz, 4H, H°), 6.87 (t, J=8Hz, 16H, Hn, dppe),
7.05—-7.11 (m, 32H, H, and Hy, dppe), 7.13 (t, J = 8 Hz, 8H, H,, dppe), 7.20 (apparent
doublet, splitting = 7 Hz, 4H, H*), 7.26 (t, J = 8 Hz, 8H, H,, dppe), 7.94 — 8.04 (m, H,,
dppe). **P{"H} NMR (CD,Cl,, 600 MHz) & / ppm: 53.9 (s, Ru(dppe),). *C{*H} NMR
(CD,Cl,, 600 MHz) & / ppm: 0.6 (s, SiMes), 20.8 (s, C'*), 31.4 — 31.8 (m, CH,, dppe),
94.3 (s, CY), 115.9 (s, C’ or C*°), 119.5 (s, C” or C'9), 127.7 (s, Cm, dppe), 128.0 (s, Cm,
dppe), 129.0 (s, C,, dppe), 129.8 (s, C,, dppe), 130.9 (s, C°), 131.7 (s, C*), 131.8 (s,
C'), 134.4 (s, C,, dppe), 135.9 (s, Co, dppe), 137.6 — 138.6 (m, Ci, dppe). ESI(+)-MS
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(m/z): 2342 [{(Me3SiCECC6H4-4-CEC)(dppe)2Ru}z(u-CECCGHz-Z,S-Me2-4-CEC)]+,
1136 [Ru(C=CCgH;-4-C=CSiMes)(dppe).+ MeCN]*, 897 [Ru(dppe), — H]*. Anal.
found: C, 7284, H, 5.52. Calc. for C]_42H130P3RU28i2: C, 72.74; H, 5.59 %.

15
15 H 415
1O H g M
15H_\ 15 ,C—H
Ht  H® = 24 CM*-H™
\ ! \
cied Ph,R PPh,  12C=C® Ph,R PPh;
Me;Si-C'=C?-C2 /CG—C7ECS—$L\J—C9EC1—°C1\1 czc—sg—czc@czc—SiMe3
N7 Ph,P PPh Ph,P PPh
2\ 2 2\ 2

Synthesis  of  trans-[{(MesSiC=CCsH4-4-C=C)(dppe)sRu}s(U-C=CCeH,-2,5-Pr,-4-
C=C)], [94a-'"Pr]

The reagents [38a] (0.084 g, 0.074 mmol), TIBF; (0.034 g, 0.11 mmol) and DBU
(~ 6 drops, excess) were added to a flask containing CH,Cl, (20 ml) fitted with a
pressure equalising dropping funnel and solution stirred under N, for 30 minutes. Over
this period, the yellow solution colour lightened and a white solid (TICI) precipitated. A
solution of HC=CCgH,-2,5-'Pr,-4-C=CH (0.0078 g, 0.037 mmol) in CH,Cl, (7 ml) was
added to the dropping funnel. The colourless alkyne solution was added to the dilute
yellow ruthenium solution slowly dropwise (over ~ one hour), and the complete
solution then left to stir under N, overnight. The yellow solution was concentrated
carefully under high vacuum to ~ 1 ml, filtered through a HPLC Teflon filter (20 um
pores) to remove TICI and reaction salts, and MeOH added (6 ml) to the filtrate, where a
yellow solid formed in a yellow solution. The solution was left in the fridge for several
hours to aid precipitation before being filtered (care* filtrate may contain unreacted
TIBF,) and washed with minimum cold MeOH (3 x 2 ml) [Note: TIBF, is soluble is
MeOH]. The solid was further washed with cold diethyl ether (3 x 5 ml) and hexanes
(1 x 5 ml), then vacuum dried (0.039 g, 44 %).

IR (CHCl3, cm™): 2149 v(C=CSiMes), 2066 v(RuC=C), 2038 v(RuC=C), 1593 (C=C).
'H NMR (CDCl;, 600 MHz) & / ppm: 0.26 (s, 18H, SiMes), 0.93 (d, J = 6 Hz, 12H,
H™), 2.48 — 2.60 (m, 8H, CH,, dppe), 2.75 — 2.87 (m, 8H, CH,, dppe), 3.27 —3.35 (m,
2H, H'), 6.33 (apparent doublet, splitting = 8 Hz, 4H, H®), 6.70 (s, 2H, H'?), 6.79 (t,
J=7Hz, 16H, Hn, dppe), 6.82 —6.87 (m, 16H, H,, dppe), 7.07 (t, J=7 Hz, 8H, H,,
dppe), 7.11 (t, J =7 Hz, 16H, Hy, dppe), 7.18 (apparent doublet, splitting = 8 Hz, 4H,
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HY, 7.23 (t, J= 7Hz, 8H, H,, dppe), 8.15-8.22 (m, 16H, H, dppe). *P{'"H}
NMR (CDCls, 600 MHz) &/ppm: 55.5 (s, Ru(dppe),). *C{"H} NMR (CDCls,
600 MHz) & / ppm: 0.35 (s, SiMe3), 24.6 (s, C*), 32.1 (t, J = 14 Hz, CH,, dppe), 30.5 (s,
C', 93.6 (s, C'), 106.9 (s, C?), 116.0 (s, C’), 120.4 (s, C'°), 124.9 (s, C*), 127.0 (5, Cm,
dppe), 127.5 (s, Crm, dppe), 127.7 (s, C'%), 128.1 (s, C,, dppe), 129.4 (s, C,, dppe), 130.3
(s, C°), 131.1 (s, C*), 133.6 (s, Co, dppe), 135.5 (s, Co, dppe), 136.8 —137.3 (m, C;,
dppe), 138.0-138.3 (m, C; dppe), 144.7 (s, CY). ESI(+)-MS (m/z): 2399
[{(Me3SiC=CCgH4-4-C=C)(dppe)zRu}2(1-C=CCsHa-2,5-'Pry-4-C=C)]*, 2327
[{(Me3SiC=CCgH4-4-C=C)(dppe),Ru} (u-C=CCgH,-2,5-Pr,-4-
C=C){Ru(dppe)2(C=CCeH4-4-C=CH)}]*, 1136 [Ru(C=CCgH4-4-C=CSiMes)(dppe), +
MeCN]", 1124 [Ru(C=CCgHs-4-C=CSiMes)(dppe). + CoHi]", 930 [Ru(dppe). +
MeOH]".

H2 H10
HL 4_c? PhA PPh, G2 Ph,P PPh
\Ccc\ NN 2 ~— 2N, 2 /S
g ,/04—05:06—39—07:08—03 p czc—g«;—czc@
\0\33 PhoR_PPh, PhoR_PPh,
H

Synthesis of trans-[{(th-3-C=C)(dppe),Ru},(1-C=CCsH4-4-C=C)], [94b]

The reagents [38b] (0.11 g, 0.10 mmol), TIBF, (0.032 g, 0.11 mmol) and DBU
(~ 6 drops, excess) were added to a flask containing CH,Cl, (15 ml) fitted with a
pressure equalising dropping funnel. A solution of HC=CCgHs-4-C=CH (0.0064 g,
0.051 mmol) in CH,CI; (7 ml) was added to the dropping funnel. The colourless alkyne
solution was added to the dilute yellow ruthenium solution slowly dropwise (over
~ 40 minutes), then the complete solution stirred under N, for a further 90 minutes.
Over this period, the yellow solution colour lightened and a white solid (TICI)
precipitated. The yellow solution was concentrated carefully under high vacuum to
~2ml and then filtered through alumina (basic, oven-dried) to remove TICI and
reaction salts, eluting with minimum CH,Cl,. The yellow filtrate was concentrated
again to ~ 2 ml and excess hexane added, yielding a bright yellow solid. The solid was
collected by filtration, washed with hexanes (3 x 20 ml) and vacuum dried (0.089 g,
82 %).

IR (CHCl,, cm™): 2060 v(RuC=C). *H NMR (CDCls, 600 MHz) & / ppm: 2.62 — 2.72
(m, 16H, CH,, dppe), 6.48 (dd, J = 3, 1 Hz, 2H, H*), 6.59 (dd, J = 5, 1 Hz, 2H, H?), 6.68
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(s, 4H, H'), 6.97 (t, J = 8 Hz, 16H, Hy, dppe), 7.00 (t, J = 8 Hz, 16H, Hy, dppe), 7.08
(dd, J=5, 3Hz, 2H, HY), 7.18 (t, J = 8 Hz, 4H, H,, dppe), 7.22 (t, J = 8 Hz, 4H, H,,
dppe), 7.43-7.49 (m, 16H, Ho, dppe), 7.65—7.70 (m, 16H, H,, dppe). *P{'H}
NMR (CDCls, 300 MHz) &/ppm: 54.7 (s, Ru(dppe),). *C{*H} NMR (CDCls,
600 MHz) & / ppm: 31.8 (t, J = 12 Hz, CH,, dppe), 110.5 (s, C°), 118.0 (s, C%), 120.3 (s,
C%), 122.7 (s, C?), 125.8 (s, C°), 127.1 (s, Cn, dppe), 127.2 (s, Cy, dppe), 128.6 (s, C,,
dppe), 128.7 (s, C,, dppe) 128.7 (s, C'°), 130.2 (s, C"), 130.5 (s, C*), 134.4 (s, C,, dppe),
134.7 (s, Co, dppe), 137.2-138.2 (m, C;, dppe). ESI(+)-MS (m/z): 2134 [(th-3-
C=C)(dppe)2Ru}(H-C=CCeH,-4-C=C)]", 1130 [Ru(C=C-3-th)(C=CCgH,-4-
C=CH)(dppe)2]*, 898 [Ru(dppe)]*. Anal. found: C, 70.86; H, 5.03. Calc. for
C126H106PsRU,S,: C, 70.84; H, 5.01 %.

H8 H8

6 8_148

M H £ H
PhZP\ PPh, czc’ PhZP\ PPh,

Me3Si-C'=C?-R(-C?2CCY  )—C=C-R{(-C=C-SiMe,
Ph,R PPh, Ph,R PPh,

\ \

Synthesis of trans-[{(Me3SiC=C)(dppe),Ru},(U-C=CCeH,-2,5-Mep-4-C=C)], [94c-Me]
The reagents [38c] (0.070 g, 0.068 mmol), TIBF, (0.021 g, 0.072 mmol) and DBU
(~ 6 drops, excess) were added to a flask containing CH,Cl, (20 ml) fitted with a
pressure equalising dropping funnel. A solution of HC=CCgH,-2,5-Me,-4-C=CH
(0.0052 g, 0.034 mmol) in CH.Cl, (5ml) was added to the dropping funnel. The
colourless alkyne solution was added to the dilute yellow ruthenium solution slowly
dropwise (over ~ 30 minutes), then the complete solution stirred under N for a further
three hours. Over this period, the yellow solution colour lightened and a white solid
(TICI) precipitated. The yellow solution was concentrated carefully to dryness and
transferred into a glovebox. The solution was re-extracted with CH,Cl, (10 ml) and
filtered through a small basic alumina plug to remove TICI and reaction salts, eluting
with CH,Cl,. The bright yellow filtrate was concentrated to dryness, yielding a bright
yellow, air-sensitive solid (0.049 g, 67 %).

IR (CH,Cl,, cm™): 2055 v(RuC=C), 2046 v(RuC=C), 1992 v(C=CSiMes), 1482 v(C=C).
'H NMR (CDCls, 600 MHz) &/ppm: — 0.10 (s, 18H, SiMes), 1.75 (s, 6H, H®),
2.64 —2.82 (m, 16H, CH,, dppe), 6.07 (s, 2H, H®), 6.96 (t, J = 8 Hz, 16H, Hy, dppe),
6.99 (t, J=8 Hz, 16H, Hy, dppe), 7.16 (t, J =8 Hz, 16H, Hy, dppe), 7.46 — 7.52 (m,
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16H, H,, dppe), 7.61—7.68 (m, 16H, H,, dppe). **P{*H} NMR (CDCl;, 600 MHz)
8 / ppm: 54.0 (s, Ru(dppe)). *C{*H} NMR (CDCl;, 600 MHz) & / ppm: 1.5 (s, SiMe3),
20.0 (s, C?), 31.4— 31.9 (m, CHy, dppe), 115.2 (s, C*, 118.6 (s, C'), 127.0 (s, Cm,
dppe), 127.2 (s, Cw, dppe), 128.5 (s, Cy, dppe), 128.7 (s, C,, dppe), 132.7 (s, C%), 1335
(s, C'), 134.6 (s, Co, dppe), 134.7 (s, C°), 135.0 (s, Co, dppe), 137.3 —138.2 (m, C;,
dppe). ESI(+)-MS (m/z): 2174 [(Me3SiC=C)(dppe).Ru},(u-C=CCgH2-2,5-Me,-4-
C=C) + MeOH]", 1036 [Ru(C=CCgH,-2,5-Me,-C=CH)(dppe).]", 898 [Ru(dppe)2]*.

H2 H10 'H11
Hla.C2  Php PPR,  C2GH
& Ci-CP=CO-RO-CT=CP-CQ  C™2-C13=C'*-Au-PPh;
~C8 PhP PPh, 7
H3 w

Synthesis of trans-[{(th-3-C=C)(dppe),Ru}(U-C=CCsH4-4-C=C){AuPPhs}], [100]

A mixture of [97] (0.054 g, 0.045 mmol) and TBAF.3H,O (0.013 g, 0.048 mmol) in
MeOH (5 ml), THF (10 ml) and CH,ClI; (4 ml) was stirred under N for 15 minutes. The
yellow solution darkened over the reaction period. Following this, NaOH (0.017 g,
0.42 mmol) was added and solution stirred for a further 10 minutes. Finally,
[AuCI(PPh3)] (0.023 g, 0.45 mmol) was added to the yellow solution and solution
stirred under N, for a further 42 hours. The solvent was removed under high vacuum,
yielding a yellow residue. The residue was extracted with CH,Cl, and filtered through
alumina (basic, oven-dried) to remove reaction salts. The pale yellow filtrate was
concentrated to dryness by rotary evaporation, yielding a pale yellow solid. The solid
was washed with MeOH (3 x 10 ml) and hexanes (3 x 10 ml), then air dried (0.060 g,
84 %).

IR (CH.Cl,, cm™): 2060 v(C=C), 2053 v(C=C). *H NMR (CDCls, 300 MHz) & / ppm:
2.47—2.72 (m, 8H, CH,, dppe), 6.50 (d, J=3Hz, 1H, H%, 6.60 (apparent doublet,
splitting = 8 Hz, 2H, H'), 6.61 (d, J = 4 Hz, 1H, H?), 6.89 — 7.63 (m, 55H, Ph, dppe and
PPhs), 7.09 (dd, J = 4, 3 Hz, 1H, H'), 7.28 (apparent doublet, splitting = 8 Hz, 2H, H™).
$1pf1H} (CDCls, 300 MHz) &/ ppm: 43.6 (s, AuPPhs), 54.6 (s, Ru(dppe).). **C{*H}
NMR (CDCls, 600 MHz) &/ ppm: 31.4—32.0 (m, CH,, dppe), 111.2 (s, C° or C%),
111.3 (s, C° or C®), 120.4 (s, C%), 122.8 (s, CY), 127.1 (s, Cm, Ph), 127.2 (s, Cm, Ph),
128.7 (s, Cy, Ph), 128.8 (s, C,, Ph), 129.27 (s, C,, Ph), 129.33 (s, C,, Ph), 130.0 (s, C?),
131.7 (s, C*° or C™), 131.8 (s, C*® or C™), 134.2 — 134.8 (m, C,, Ph), 136 — 137.8 (m,
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Ci, Ph). ESI(+)-MS (m/z): 1155 [Ru(C=C-3-th)(C=CC¢H4-4-C=C)(dppe), + C,H4]", 898
[Ru(dppe).]”. Anal. found: C, 64.89; H, 4.26. Calc. for CgsH70AuPsRuS: C, 64.98; H,
4.44 %. Complex [100] exhibits three redox events (E1(1): 0.03 V rev; AE,(DMFC):
0.06 V; AEy(1): 0.06 V; E12(2): 0.77 V irrev; E12(3): 0.89 V irrev vs. ferrocene using

decamethylferrocene as an internal standard) in a [N"Bu4]PFs CH,Cl, medium.

4.8.5. Syntheses and characterisations of ‘mixed-valence’ bimetallic

complexes

Synthesis of trans-[{(MesSiC=CCsH4-4-C=C)(dppe).Ru}2(U-C=CCsH4-4-C=C)] PF%,
[94a]PFs

A mixture of [94a] (0.055 g, 0.024 mmol) and FcPFs (0.0079 g, 0.024 mmol) in CH,Cl,
(5 ml) was stirred under N, for one hour. The solution instantaneously changed colour
from yellow to red. The solvent was concentrated to ~ 0.5 ml under high vacuum,
yielding a deep red solution. The solution was cooled in an acetone / dry ice bath. Pre-
cooled (acetone / dry ice bath), dry hexane (~ 5 ml) was transferred via cannular into the
cooled reaction mixture causing the precipitation of a deep red solid. The mixture was
filtered via cannular filtration (to remove Fc contained in the orange filtrate) and the
remaining red solid washed continuously with cold, dry hexane in this way until the
extracts were colourless. The solid was vacuum dried (0.054 g, 93 %).

IR (CH.Cl,, cm™): 5468 (NIR), 2148 v([RuC=C]"), 1965 v([RuC=C]"), 1982
Vv([RuC=C]"). ESI(+)-MS (m/z): 2314 [{(Me3SiC=CCgH;-4-C=C)(dppe)Ru}(U-
C=CCg¢H4-4-C=C)]", 1136 [Ru(dppe),(C=CCgHs-4-C=CSiMes) + MeCN]".

Synthesis  of trans-[{(MesSiC=CCsHy4-4-C=C)(dppe),Ru},(U-C=CCeH,-2,5-Me,-4-
C=C)] PFs, [94a-Me]PFg

A mixture of [94a-Me] (0.019 g, 0.008 mmol) and FcPFg (0.0026 g, 0.008 mmol) in
CHCl; (4 ml) was stirred under N, for one hour. The solution instantaneously changed
colour from yellow to red. The solvent was concentrated to ~ 0.5 ml under high
vacuum, yielding a deep red solution. The solution was then cooled in an acetone / dry
ice bath. Pre-cooled (acetone / dry ice bath), dry hexane (~ 5 ml) was transferred via
cannular into the cooled reaction mixture, causing the precipitation of a deep red solid.

The mixture was filtered via cannular filtration (to remove Fc contained in the orange
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filtrate) and the remaining red solid washed continuously with cold, dry hexane in this
way until the extracts were colourless. The solid was vacuum dried (0.0019 g, 93 %).

IR (CH.Cl,, cm™): 5715 (NIR), 2151 w([RuC=C]"), 1953 v([RuC=C]"), 1926
v([RuC=CT").

Synthesis of trans-[{(th-3-C=C)(dppe),Ru},(U-C=CCsH4-4-C=C)] PFs, [94b] PFs

A mixture of [94b] (0.048 g, 0.023 mmol) and FcPFs (0.0076 g, 0.023 mmol) in CH,Cl,
(4 ml) was stirred under N, for one hour. The solution instantaneously changed colour
from yellow to red. The solvent was concentrated to ~ 0.5 ml under high vacuum,
yielding a deep red solution. The solution was cooled in an acetone / dry ice bath. Pre-
cooled (acetone / dry ice bath), dry diethyl ether (~ 5 ml) was then transferred via
cannular into the cooled reaction mixture, causing the precipitation of a deep red solid.
The mixture was filtered via cannular filtration (to remove Fc contained in the orange
filtrate) and the remaining red solid washed continuously with cold, dry diethyl ether in
this way until the extracts were colourless. The solid was vacuum dried (0.046 g, 91 %).
IR (CH.Cl,, cm™): 5537 (NIR), 2060m v([RuC=C]"), 1966 v([RuC=C]"), 1986
v([RuC=CT").

4.8.6. Syntheses and characterisations of trimetallic complexes

H4 HE " Hi2 H13

\ 4 N 4244 M M
C=C? Ph,P, PPh, c=c’ Ph,R PPh, Ph,R, PPh,

MegSi-C'=C2-C?  C8-C7=Ci-Ru'-cP=clcl!  c¥c™=cié-Ru?-c=c CEC*/R}J'*CEC@CEC*SN%
= PhR PPN, PhoR PPN, PhoR PPN,

Synthesis of  trans-trans-[{(dppe).RUHU-(C=CCeHs-4-C=C)Ru(dppe)2(C=CCsHs-4-
C=CSiMe3)},], [95a]

The reagents [38a] (0.093 g, 0.082 mmol), TIBF,; (0.035g, 0.12 mmol) and DBU
(~ 6 drops, excess) were added to a flask containing CH,Cl, (25 ml) fitted with a
pressure equalising dropping funnel. A solution of [96] (0.047 g, 0.041 mmol) in
CH_CI;, (10 ml) was added to the dropping funnel. The latter yellow ruthenium solution
(of [96]) was added to the main yellow ruthenium solution (containing [38a]) slowly
dropwise (over ~ 40 minutes), then the complete solution left to stir under N, overnight.
Over this period, the yellow solution colour lightened and a white solid (TICI)

precipitated. The yellow solution was filtered via cannular filtration to remove TICI and
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reaction salts and the yellow filtrate concentrated to 2 ml carefully under high vacuum
(*care required as may still contain unreacted TIBF,). The yellow solution was left in
the fridge for ~ 30 minutes to aid precipitation of a yellow solid. The solid was then
filtered and washed with minimum, cold CH,Cl, (3 x 10 ml), MeOH (3 x 10 ml) [Note:
TIBF, is soluble is MeOH] and hexanes (3 x 10 ml). This yellow solid was then re-
extracted with CHClj, filtered, and excess diethyl ether added to the yellow filtrate,
resulting in the instantaneous precipitation of a yellow solid. The yellow solid was
collected by filtration and vacuum dried (0.059 g, 43 %).

IR (CH,Cl,, cm™): 2146 v(C=CSiMes), 2057 v(RuC=C). *H NMR (CDCls, 600 MHz)
8/ ppm: 0.27 (s, 18H, SiMes), 2.57 — 2.70 (m, 16H, CH,, dppe, Ru'), 2.70 — 2.82 (m,
8H, CH,, dppe, Ru®), 6.54 (apparent doublet, splitting = 8 Hz, 4H, H>), 6.62 — 6.72 (m,
8H, H'? and H'®), 6.92 (t, J = 8 Hz, 16H, Hy, dppe), 7.02 (t, J = 8 Hz, 16H, Hy, dppe),
7.03 (t, J =8 Hz, 16H, Hpy, dppe), 7.15 (t, J = 8 Hz, 8H, H,, dppe), 7.22 (t, J = 8 Hz, 8H,
Hp, dppe), 7.23 (t, J = 8 Hz, 8H, Hy, dppe), 7.25 (apparent doublet, splitting = 8 Hz, 4H,
H*, 7.35—7.40 (m, 16H, H,, dppe), 7.60 — 7.64 (m, 16H, H,, dppe), 7.70 — 7.74 (m,
16H, H,, dppe). *'P{"H} NMR (CDCls, 300 MHz) & / ppm: 54.6 (s, Ru(dppe),), 54.7 (s,
Ru(dppe),). “C{*H} NMR (CDCls, 600 MHz) &/ppm: 0.36 (s, SiMes), 31.7 (t,
J =12 Hz, CH,, dppe), 31.8 (t, J = 12 Hz, CH,, dppe), 93.7 (s, C'), 106.8 (s, C?), 116.5
(s, C), 117.1 (s, C°), 118.6 (s, C™ or C™), 127.18 (s, Cp, dppe), 127.20 (s, Cm, dppe),
127.3 (s, Cm, dppe), 128.6 (s, Cy, dppe), 128.7 (s, Cp, dppe), 128.8 (s, C,, dppe), 130.0
(s, C%), 131.2 (s, C%), 131.4 (s, C*), 134.3 (s, C,, dppe), 134.6 (s, Co, dppe), 134.7 (s, Co,
dppe), 136.8 — 137.2 (m, C;, dppe), 137.5 — 137.8 (m, C;, dppe). ESI(+)-MS (m/z): 2158
[{(Me3SiC=CCgHs-4-C=C)(dppe).Ru} (u-C=CCgHy-4-C=C){Ru(dppe)2} + MeCN +
H]*, 2173 [{(HC=CCgH4-4-C=C)(dppe).Ru}(u-C=CCeHy-4-C=C){Ru(dppe),} +
C2H4]", 1136 [Ru(C=CCeH4-4-C=CSiMes)(dppe), + MeCN]*, 1123 [Ru(C=CC¢Hy-4-
C=CSiMes)(dppe), + C,Hi]". Anal. found: C, 72.04; H, 5.33. Calc. for
Ca02H178P12RU3SI,: C, 72.65; H, 5.38 %.
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1 I'-I [\ H1\010 H
HL 2_c2? Ph,P._ PPh, c=c" Ph,R PPh, Ph,P_ PPh,
Cc== 6K —8. 0 R12~13=~14_R 2 1 J S
& ,C4-C5=CO-Ru'-c’=c*¢?  c™c™zcM-Ru?-c=C C=C-Ru'-C=C—< _
~C3 PhoR PP, 7 PhoR PPh; PhoR PP,
H3

Synthesis of trans-trans-[{(dppe).RUKp-(C=CCsH4-4-C=C)Ru(dppe),(C=C-3-th)},],
[95b]

The reagents [38b] (0.059 g, 0.057 mmol), TIBF,; (0.019 g, 0.063 mmol) and DBU
(~ 7 drops, excess) were added to a flask containing CH,Cl, (50 ml) fitted with a
pressure equalising dropping funnel and stirred under N, for 30 minutes. Over the
reaction period, a white solid (TICI) precipitated from the yellow solution. A solution of
[96] (0.033 g, 0.028 mmol) in CH,CI, (10 ml) was added to the dropping funnel. The
latter yellow ruthenium solution (of [96]) was added to the main yellow ruthenium
solution (containing [38b]) slowly dropwise (over ~ 30 minutes), then the complete
solution left to stir under N, overnight. The yellow solution colour darkened over this
period. The yellow solution was filtered via cannular filtration to remove TICI and
reaction salts then the yellow filtrate concentrated to dryness carefully under high
vacuum (*care required as may still contain unreacted TIBF,), yielding a yellow
residue. Excess MeOH (~ 20 ml) [Note: TIBF, is soluble is MeOH] was added to the
residue, where a yellow solid was observed in a yellow solution. The yellow solid was
collected by filtration (*care required as filtrate may contain unreacted TIBF,), washed
with MeOH (3 x 15 ml), hexanes (3 x 10 ml) and diethyl ether until extracts were
colourless, then air dried (0.059 g, 66 %).

IR (CHCl3, cm™): 2024 v(RuC=C), 2054 v(RuC=C), 2059 v(RuC=C), 2084 v(RuC=C).
'H NMR (CDCls, 600 MHz) & / ppm: 2.50 — 2.70 (m, 16H, CH,, dppe, Ru'), 2.70 — 2.82
(m, 8H, CH, dppe, Ru?), 6.42-6.50 (m, 2H, H%), 6.54—6.62 (m, 2H, H?),
6.62-6.76 (m, 8H, H and HY), 6.86—7.14(m, 50H, Hn, dppe and HY),
7.14 —7.35 (m, 24H, H,, dppe), 7.35 - 7.54 (m, 24H, H,, dppe), 7.56 — 7.78 (m, 24H,
Ho, dppe). *'P{*H} NMR (CDCl;, 300 MHz) &/ ppm: 54.72 (s, Ru(dppe).), 54.74 (s,
Ru(dppe)z). “*C{*H} NMR (CDCls, 600 MHz) &/ ppm: 31.4—32.3 (m, CH,, dppe),
120.4 (s, C°), 122.7 (s, C'), 126.9 —127.6 (m, Cy, dppe), 128.5—129.0 (s, C,, dppe),
129.2 - 129.5 (m, C*® and C™), 130.0 (s, C?), 134.2 — 134.9 (s, C,, dppe), 136.7 — 138.0
(s, Ci, dppe). ESI(+)-MS (m/z): 2153 [{(th-3-C=C)(dppe).Ru}(u-C=CCgH;-4-
C=C){Ru(dppe)2(C=CCsH4-4-C=CH)} + H]*, 2086 [{(dppe).Ru}(u-C=CCeHy-4-
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C=C){Ru(dppe)2(C=CCeH4-4-C=CH)} + MeCN]", 1131 [Ru(C=C-3-th)(C=CCgH,-4-
C=CH)(dppe), + H]", 1064 [Ru(C=CCgH4-4-C=CH)(dppe), + MeCN]", 1046 [Ru(C=C-
3-th)(dppe), + MeCN]", 931 [Ru(dppe). + MeOH + H]".
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CHAPTER 5

Synthesis, electrochemical and electronic
properties of trans-|[Ru(C=CR),{P(OEt)3}4]

complexes

5.1. Abstract

In this Chapter, trans-[Ru(C=CR),{P(OEt)s}4] complexes are explored as higher
symmetry (pseudo-Dg,) alternatives to the more common trans-[Ru(C=CR),(dppe)2]
(pseudo-D,y,) architecture. Enhancing the symmetry was intended to reduce the spectral
complexity by minimising the number of distinct rotamer conformations leading to a
fuller understanding of charge transport in trans-bis(alkynyl) ruthenium complexes,
furthering their use in molecular electronics. A reliable synthesis of trans-bis(alkynyl)
tetrakis-triethylphosphite complexes, trans-[Ru(C=CR),{P(OEt)s}4], [18], ([18a]:
R =C4Ho; [18b]: 3-thiophene (3-th); [18c]: C¢Hs; [18d]: CeHs-4-NO,; [18e]:
CeHs-4-C=N; [18f]; CgHy-4-C=CSiMegs; [18g]: CgHs-4-CsHyg; [18h]: CeHs-4-COOMe;
[18i]: CgHs-4-OMe) from reactions of trans-[RuCIl{P(OEt)s}4], [19], with terminal
alkyne, HC=CR, and KPFg in solutions of EtOH and NH'Pr,, is described. The
molecular structures of [18b —i] are reported, with comparisons to closely related
structures found in the literature made where appropriate. Electrochemical studies
reveal that complexes [18] undergo one reversible (ligand-centred) and one irreversible
(metal-centred) oxidation process. Spectroelectrochemical studies have shown that the
mono-oxidation products, [18]", exhibit simple electronic spectra, confirming that the
higher local symmetry around the RuP,4 plane reduces the number of electronically
distinct conformations relative to trans-[Ru(C=CR),(dppe).]” (Chapter 4). The primary
NIR bands of [18]" bearing electron donating fragments are intense and asymmetric, in
accordance with traditional descriptions of strongly coupled Class Il (or Class I1I)
‘mixed-valence’ complexes [here being ligand based ‘mixed-valence’
(RC=C-{Ru}-C=CR)", {Ru} = trans-Ru{P(OEt)s},] complexes. In comparison, for
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complexes containing electron withdrawing fragments, NIR bands are less intense and
more symmetric, indicating more weakly coupled Class Il ‘mixed-valence’ complexes.
The single molecule conductance of trans-[Ru(C=C-3-th),{P(OEt)s}4], [18b], measured
within an STM junction, is comparable with trans-[Ru(C=C-3-th),(dppe).], [43b],
although the high conduction band in the conductance histogram is much narrower. This
has been interpreted in terms of additional junctions being formed through the phenyl
rings of the dppe ligands in [43b]. The axial trialkylphosphite ligands may therefore be
considered a more effective ‘insulating sheath’ around the conductive ‘wire-like’, linear

trans-bis(alkynyl) backbone.

5.2. Introduction

As mentioned in Chapter 1, a variety of ancillary ligands supporting trans-bis(alkynyl)
ruthenium complexes exist, such as macrocyclic amines,* terpyridines® and carbonyl

(CO).>* However, by far the most commonly reported are those based on phosphine

5-10

ligands,”™ which is presumably due to their structural variety and availability of both

mono- and bi-dentate phosphines.™*

In addition to finding extensive application as building blocks and donors for the

81214 including redox-switchable examples;*> 1

17-19

construction of NLO active materials,
donor molecules within solar cells and applications as sensors,?
trans-[Ru(C=CR),(dppe),] complexes and closely related trans-[Ru(C=CR),(dppm)-]
systems commonly feature as prototypical metal-containing molecular wires. Scanning
tunnelling microscopy (STM) serves as a convenient, and therefore popular, method to
investigate the applicability of complexes to perform at the molecular level as active
components in prototypical devices.?* As mentioned in Chapter 1, the organometallic
complex, trans-[Ru(C=CCg¢Hy4-4-SAc)2(dppm),], [51], (Figure 5.1), in addition to the
organic compound, ACcSCgH4-4-C=CCgsHy-4-C=CCgH4-4-SAc, [52], have been
successfully fabricated as Au|molecule|Au junctions via the STM break junction.?® %
Between the two, [51] (Figure 5.1) exhibited a higher single molecule conductance
value (2.45 + 0.90 x 10™ Gy vs. 0.46 + 0.26 x 10™ Gy), although the molecular length is
notably shorter (1.88 nm vs. 2.01 nm), and a smaller molecular surface density was

obtained due to the steric demands of the bulky dppe ancillary ligands. The  decay
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constants (calculated using the STM apparent height method)?* of the two wires are
comparable (1.01 +0.25 A?vs. 1.11 + 0.18 A™Y).

VAN
Phy,R /Pth
AcS—QCEC—Bg—CEC—@SAC
Ph,P. PPh
\/ 2
[51]
@ L
c
>
0
@)
0 ' 2'.5 ' 571 ' 7'.7 ' 1013

Conductance / x104 G,

Figure 5.1.: Conductance histogram of [51] obtained by the STM break junction
method, where L and H refer to low and high conductance respectively. (Adapted with

permission from ref?®. Copyright 2008 American Chemical Society).

The distribution of data obtained from STM experiments (such as in Figure 5.1),
represents a range of conductance measurements and arises from several factors such as
the molecular tilt-angle,”® the number of molecules confined within a junction® and the
nature of molecule-surface site binding mode, such as on flat terraces (type A, Figure
5.2), near step edges or adjacent adatoms on one (type B, Figure 5.2) or both (type C,
Figure 5.2) contacts.?”® The second (higher, H) conductance peak in the histogram of
[51] (Figure 5.1) is thought to arise due to either a more conductive B or C (Figure 5.2)
binding conformation within the junction, or from junctions that have trapped two
molecules. The conductance traces generated from trans-
[Ru(C=CCgHj-4-C=CSiMes),(dppe).], [43a], and MesSiC=CCgH;-4-C=CCgH;-
4-C=CCgH,-4-C=CSiMes, [67], by the I(s) method”® were simplified with
trimethylsilylethynyl binding groups, with only a single, narrow (A-type; Figure 5.2)

conductance peak being obtained as the steric bulk of the termini restricts the range of
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available, conductive contacts (i.e. B and C-type contacts; Figure 5.2).* A higher
conductance value was again obtained for the organometallic complex [43a]
(5.10 + 0.99 10™ Go) compared with the organic analogue [67] (2.75 + 0.56 10 Gg).

Figure 5.2: Contact modes A, B and C observed in Aujmolecule|Au junctions are
expected to contribute to the number of bands observed in resultant conductance
profiles. Conductance is increased with increasing surface roughness (i.e. from

A - B - C). Orange and red colour coding represents molecule-metal contact.

In a preliminary investigation, in collaboration with Prof. R. J. Nichols at the University
of Liverpool, the single molecule conductance of trans-[Ru(C=C-3-th),(dppe).],
[43b],%° (Figure 5.3), which features the 3-thienyl surface contacting group, has been

measured.
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Ph,P PPh
S 21 2
Q—CEC—RG—CEC@
= Ph,P PPh S
L WA
[43b]
g H
oo
@]
o
0 2 4 6 8 10 12

Conductance / X104 Ga

Figure 5.3: Conductance histogram of [43b], obtained by the I(s) method, showing
additional features in the H peak (as indicated by the arrows), where L and H refer to

low and high conductance values respectively.

The conductance histograms of [51] (Figure 5.1) and [43b] (Figure 5.3) reveal
additional features in the broad higher (H) conductance peaks (as indicted by the arrows
in Figure 5.3). Whilst the presence of high (H) and low (L) conductance peaks are
attributed to the mode of metal-molecule contact (where the molecule binds to various
defect sites on the gold surface and tip, Figure 5.2),%° these additional features on the
H peak are more difficult to rationalise based solely on this explanation. Instead, the
additional conduction pathways of [43b] and [51] might be a result of the ancillary
ligands, where electron density of the phenyl rings comprising the sterically demanding
{Ru(dppe);} and {Ru(dppm),} motifs may be sufficient to form supplementary
Au|molecule|Au junctions (Figure 5.4). In this context the use of diphenylphosphine as

a contacting group by Venkataraman should be noted.®"*?
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Ph,R P/© )

‘;b}*—CCRuCC

50
Ph,R, P/
R-C=C-RU-C=C-R
/P\_/Pth

PhoR P/Q _

R-C=C-Ru-C=C-R-@<J

/P\_/Pth

Figure 5.4: Possible binding modes of trans-[Ru(C=CR),(dppe).] complexes to gold
surfaces forming supplementary Au|molecule|]Au junctions, where R represents a

nascent binding group.

Consequently, STM data obtained for shorter trans-[Ru(C=CR),(dppe),] complexes,
and related complexes bearing aromatic ancillary ligands, such as dppm, may not reflect
conduction through the ideal linear junction in isolation (top, Figure 5.4). Thus, despite
the prevalence of {Ru(dppe).} fragments in molecular electronics studies of
trans-bis(alkynyl) complexes, the potential for competing conductance pathways
(especially for shorter, less anisotropically structured derivatives) suggests that redesign
to complexes with minimal additional (conductive) contacting points, such as
trans-[Ru(C=CR),(PX3)4], is prudent.

In contrast to the popularity of trans-bis(alkynyl) ruthenium complexes featuring

chelating bis-phosphines, i.e. trans-[Ru(C=CR),(dppe).] and
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trans-[Ru(C=CR),(dppm)], related complexes bearing mono-dentate trialkylphosphine
ligands, trans-[Ru(C=CR),(PX3),], are relatively rare. As mentioned in Chapter 1, the
study of such complexes bearing the {Ru(PMejs)s} motif, trans-[Ru(C=CR),(PMe3),], is
limited by their generally low to moderate stability in air and acid sensitivity, forming

33,34

n-butenynyl complexes (c.f. Chapter 2), in addition to the complexity of syntheses

involving highly toxic tin, or reactive sodium, magnesium and lithium reagents.®*
Moreover, trans-[Ru(C=CR),(PMes)4] complexes are commonly obtained as isomeric
(cis- / trans-) mixtures, which are arduous to separate.®® The synthesis of
trans-bis(alkynyl) ~ complexes  bearing tetrakis-trialkylphosphite ~ fragments,
trans-[Ru(C=CR),{P(OX)s}s] (where X = Me, Et), although rapid (15 minutes) with a
simple work-up procedure (trituration from either methanol or ethanol), similarly relies
on alkynyl-lithium reagents (Scheme 5.1) and is low yielding (~ 35 %).*° Despite being
air-stable and obtained in high isomeric purity, final products are sensitive to reactions
with electrophiles, forming alkynyl-vinylidene complexes, which may then undergo
further rearrangement to form n°-butenynyl complexes.®*® *° Moreover, the phosphite
ligand is prone to dissociate in a polar medium,*! necessitating a degree of care in their
preparation and subsequent use.

(XO)3R P(OX)3 (XO)sR P(OX)s

RC=C-Li (4 equiv.
CI-RG-Cl TAF( equiv.) » R-C=C-R(-C=C-R
X = Me, Et[19] 15m X = Me; R = CgHs, 'Bu, CgHy-4-Me

X = Et; R =CgHs[18¢c], 'Bu, CgH,-4-Me

Scheme 5.1: Formation of trans-bis(alkynyl) tetrakis-trialkylphosphite ruthenium
complexes, as described by Albertin.*

In this Chapter, a facile, high-yielding and reproducible route to complexes of the type,
trans-[Ru(C=CR),{P(OEt)s}4] is described. These complexes have been studied by
electrochemical, spectroelectrochemical and DFT-based methods to explore their
optoelectronic properties. Furthermore, the notion of ‘insulating’ the ‘wire-like’
trans-bis(alkynyl) core with trialkylphosphite ligands has been explored through single
molecule conductance studies, in collaboration with the University of Liverpool.
Throughout the Chapter, comparisons of the {Ru{P(OEt)s}+} fragment with the widely
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reported {Ru(dppe).} motif are made where necessary to better understand the

structural, spectroscopic and electronic influence of the ancillary ligands.

5.3. Results and discussion

5.3.1. Synthesis of trans-bis(alkynyl) tetrakis-triethylphosphite ruthenium

complexes

The preparation of trans-bis(alkynyl) tetrakis-triethylphosphite ruthenium complexes
via lithiated alkynyl reagents is shown in Scheme 5.1. Here, an EtOH solution of
trans-[RUCL{P(OEt)s}4], [19],% treated with KPFs (4 equiv.) and the appropriate
terminal alkyne HC=CR (excess) in the presence of NH'Pr, (excess) resulted in the slow

formation (5 days — 4 weeks) of complexes [18a — i] (Scheme 5.2).

HC=C-R [18a]: R = C4Hg
(Et%)ls—P\RGP—(((:)lEt)3 (excess) (g@ésF’\Rﬁp(gﬁgs ~ [18b:R =3
A oy 2= N Y= [18¢]: R = CgH
(EtO)sP P(OEt), KPFe (4 equiv.) (EIO)sP P(OEt);  [4g41: R = CoH4-NO
EtOH / NHPr, : 6 4 2
[19] ot [18] [18e]: R = C4gH,-4-CN
S [18f]: R = CgH,-4-C=CSiMe,

[1 89] R= C6H4-4-C5H11
[18h]: R = C4H,-4-COOMe

3-th = §@ [18i]: R = CgH,-4-OMe

Scheme 5.2: Formation of trans-bis(alkynyl) tetrakis-triethylphosphite ruthenium
complexes [18a — i].

The extensive reaction length is compensated by the ease of purification where
precipitation from either methanol or ethanol at completion of the reaction is sufficient
to obtain [18] in high purity (confirmed by elemental analyses for complexes
[18b —d, f—i]) and in moderate to good vyields (34 — 85 %), with the exception of
[18e]. The yield of [18e] (19 %) is lower due to the formation of additional side
products during the reaction; presumably a consequence of competing coordination
from the nucleophillic nitrile group.*® Evidence for the formation of [18] includes triplet
and quartet resonances in the *H NMR spectra corresponding to the -CH5 and -CH.-

ethyl fragments (respectively) on the four equivalent phosphite groups about the
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ruthenium centre. Resonances occur between 61.18-1.21 ppm (CHj3) and
§ 4.25 — 4.32 ppm (CH,) with mutual *Juy couplings of 7 Hz. Singlet resonances in the
31pf1H} NMR spectra, between & 136.2 — 139.5 ppm, support the trans-arrangement of
the alkynyl ligands. In the *C{*H} NMR spectra, quintet (or unresolved multiplet)
resonances observed between 6 89.9 — 131.6 ppm for the Ru-C carbon nuclei, coupling
to the four cis-phosphines (?Jcp = 19 — 21 Hz), and singlet resonances observed between
0 104.9 - 116.9 ppm for the Ru-C=C carbon nuclei confirmed the presence of the
alkynyl ligand. In the IR spectra, v(RuC=C) bands observed between 2055 — 2147 cm™
further support alkynyl functionality. Finally, the structures [18b —i] have been
determined by single crystal X-ray diffraction studies (see section 5.3.2.), which

confirmed the structural assignments based on spectroscopy.

Evidence from reaction monitoring using in situ *:P{"H} NMR spectra suggests that the
formation of [18] from [19] proceeds via the intermediate mono-alkynyl complex,
trans-[RuCI(C=CR){P(OEt)s}4], as transient signals comparable with the previously
reported mono-alkynyl tetrakis-triethylphosphite complex,
trans-[RUCI(C=CCgHs){P(OEt)s}4], [102], *P{*H} NMR (CD.Cl,): & 132.3 ppm),*

were observed.

In an attempt to optimise the synthetic route of [18], reactions of [19] with the simple
terminal alkyne phenylacetylene, HC=CCgHs (5 equiv.), and NH'Pr, (excess) in EtOH
solutions were conducted in the presence of 2.2 equivalents of various halide abstracting
agents: a) KPF¢ (Figure 5.5), b) NaPFg, ¢c) AgOTf and d) TIBF,.
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Figure 5.5: In situ, unlocked *P{*H} NMR (300 MHz) solution spectroscopy
monitoring of [19], (i), with HC=CC¢Hs (5 equiv.), KPFs (2.2 equiv) and NH'Pr,
(excess) at room temperature in dry ethanol after ii) 7 hours; iii) 26 hours; iv) 47 hours

and v) 9 days.

Over the course of the reaction shown in Figure 5.5, using KPFg, [19] (s, & 128.7 ppm)
is slowly transformed into the trans-bis(alkynyl) complex [18c], (s,  138.2 ppm) via
the intermediate mono-alkynyl complex [102] (s, & 133.1 ppm). Presumably as a
consequence of the extensive reaction length required for the full conversion from
mono- to trans-bis(alkynyl) (9 days in this case), **P-containing decomposition products
are also evident (observed as multiple singlets within the range 6 — 1.12 to 2.24 ppm).
Under these conditions, [18c] is obtained in a 59 % yield following the work-up

procedure described in the experimental section.

The analogous reaction sequence with NaPFg is very similar to that shown in Figure 5.5
with KPFg except that only a single *'P-containing decomposition peak is exhibited (at
& — 0.89 ppm), albeit in much greater quantities. In this case, [18c] is obtained in a

comparable yield (56 %) after a 13 day reaction.
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With TIBF, as the halide abstracting agent, the reaction sequence is again similar, where
a slow generation of [18c] from [19] via the mono-alkynyl intermediate [102] is
observed with some *'P-containing impurities. However, in this case, the conversion
from the intermediate mono-[102] to the product trans-bis(alkynyl), [18c], could not be
driven to completion, even after the addition of excess TIBF, and alkyne and a reaction
length of 14 days. Given the extreme toxicity of TI' salts, and subsequent increased

difficulty of work-up procedures, this route is not considered optimal.

In contrast to using KPFg, NaPFg and TIBF,, the course of the reaction using AgOTf
was notably different. After two days in solution, the reaction mixture contained mostly
[19] with minor quantities of the mono-[102] and trans-bis(alkynyl), [18c], complexes,
in addition to some *'P-containing decomposition products (consistent with previous
reactions). However, shortly after this period, resonances attributed to these
intermediate and product complexes are replaced with a plethora of other, unassigned
resonances, evincing a complex mixture of products in solution. The propensity of Ag'
salts to coordinate to other species in the reaction mixture (such as chlorides and

alkynes) has been previously demonstrated,***°

and similar processes are proposed to
account for observations here. The results of these four reactions indicate that either
KPFs or NaPFg should foremost be used as halide abstracting agents over TIBF, and

AgOTT in the optimised transformation of [19] to [18].

As the synthesis of [102] is known,** this prompted exploration of novel, ‘asymmetric’
trans-bis(alkynyl) tetrakis-triethylphosphite ruthenium complexes of the type;
trans-[Ru(C=CR)(C=CCgHs){P(OEt)3}4]. A mixture of [102], HC=CCgsH4-4-NO,
(3 equiv.), KPFs (2 equiv.) and NH'Pr, (excess) in an EtOH solution was stirred under
N,. After ten days in solution, the in situ **P{"H} NMR spectrum showed three main

resonances, each of approximately equal intensity (Figure 5.6).
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Figure 5.6: In situ, unlocked, *P{*H} (300 MHz) NMR solution spectroscopy

monitoring of [102], HC=CCgH,-4-NO, (3 equiv.), KPFs (2 equiv.) and NH'Pr, (excess)
in an EtOH solution after stirring at room temperature for ten days.

The spectral region in Figure 5.6 where these three principal 3*P{*H} resonances appear
(6 136.2 — 138.2 ppm), suggests formation of three wunique trans-bis(alkynyl)
complexes. The solution was left for a further seven days to determine whether product
distribution is weighted, however no changes were observed to the in situ **P{*H} NMR
profile (shown in Figure 5.6) after this period. After removing reaction salts by
filtration, the mixture was purified by preparative TLC (silica, 100 % CH,Cl,). Of the
several chromatographic bands that arose, only the second dark red band could be
characterised (33 % vyield) as [18d] (see experimental section). Formation of [18d] is
only possible as a result of ligand scrambling effects (Scheme 5.3), which arise as a
consequence of a reversible reaction scheme and are especially anticipated in this case
given the extended reaction lengths and the acid-base relationship that exists between

alkynyl and vinylidene complexes.
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(EtO);R._P(OEY) . (EtO);R P(OEt)
CI-R-C= C@ Bequv) M= B:I\/?GQCECO.R
/ KPFg (2 equiv.) J©/(Eto)3p \P(OET)
R

(EtO)sP P(OEt) ) 3
NH'Pr, (excess)

EtOH

R, R'=H, NO,
r.t.

+ H+M_ H+
(EtO)3P\ /P OEt) (EtO)3R /P OEt);
Or B e O EIEED)
(EtO)sP  p( OEt)3 (EtO)3P P(OEt),
[18c]
(EtO);R P(OEt);
ZNOC Cc- Ru C= C—@—
EtO)sP 'P(OEY)

3
[18d]

Scheme 5.3: Ligand scrambling observed in the reaction of [102], HC=CCgHs-4-NO;
(3 equiv.), KPFg (2 equiv.) and NH'Pr, (excess) in an EtOH, forming a mixture of

‘symmetric’ and ‘asymmetric’ trans-bis(alkynyl) Ru{P(OEt)s}4 complexes.
5.3.2. Single crystal X-ray diffraction studies

Single crystal X-ray structure determinations have been made for trans-[Ru(C=C-3-
th),{P(OEt)s}s], [18b] (Figure 5.7); trans-[Ru(C=CC¢Hs){P(OEt)s}4], [18c];
trans-[Ru(C=CCg¢H4-4-NO,){P(OEt)3}4], [18d]; trans-[Ru(C=CCgHs-4-
C=N),{P(OEt)3}4], [18e] (Figure 5.8); trans-[Ru(C=CCgHj-4-C=CSiMe3){P(OEt)3}4],
[18f] as a CHCI; solvate; trans-[Ru(C=CCgHj-4-CsH11){P(OEt)3}4], [180];
trans-[Ru(C=CCgH-4-COOMe){P(OEt)s}4], [18h] as a CH.Cl, solvate and
trans-[Ru(C=CCgHj-4-OMe){P(OEt)s}4], [18i], with important bond lengths and bond

angles summarised in Tables 5.1 and 5.2.
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Figure 5.7: Projection of a single molecule of [18b] with hydrogen atoms omitted for

clarity. Ellipsoids for key atoms are drawn at the 50 % probability level.

Figure 5.8: Projection of a single molecule of [18e] with hydrogen atoms omitted for
clarity. Ellipsoids for key atoms are drawn at the 50 % probability level.
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_ (EtO)3R P(OEt);
R—C2/4:C1/3—|3L\I—C1EC2—R
(EtO);P P(OEt),

Figure 5.9: The atom labeling scheme used in Tables 5.1 and 5.2.

\ea ea'l

Figure 5.10: Representation of angles 6* and 6% in trans-[Ru(C=CR),{P(OEt)s}.]
complexes ([18b —i]), as being the smallest Corino-Cipso-RU-P(any) torsion angles
(irrespective of sign) calculated for each of the two aryl rings (depicted as red and blue

lines) on the trans-bis(aryl)alkynyl fragments.
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Table 5.1: Selected bond distances (A), Cortho-Cipso-Ru-P(any) torsion angles (6°, 6% /°) and angles between planes containing the aryl-ring
fragments (6° / °) for trans-[Ru(C=CR),{P(OEt)3}4] complexes [18b — i].

Complex R e Ru-C' RuC* C(Cl=C¢? cC*=! Ru-P Ru-P,,, 0%/ 0¥ P
group
[18b] 3-th PA2,c 2.059(2) - 1.221(2) - 2.3149(3) 2.3149(3) =21.5; 87.6
27.5
[18c] CeHs /acd  2.066(3) - 1.207(4) - 2.3166(9), 2.3245(9) 2.323 =12.2; 61.2
40.8
[18d] CeHs-4-NO; P2,/c 2.059(2) 2.063(2) 1.214(3) 1.214(3) 2.3161(6), 2.3167(6), 2.318 -39.1, 26.0
2.3176(6), 2.3199(6) 22.9
[18e] Ce¢Hy-4-C=N C2/c 2.053(3) 2.052(3) 1.213(4) 1.213(4) 2.3155(7), 2.3156(7), 2.316 94,-27.2 79.7
2.3161(7), 2.3170(7)
[18f] CeH4-4-C=CSiMe3 P2,/n 2.056(3) 2.062(4) 1.218(5) 1.214(5) 2.327(1), 2.328(1), 2.320 23.8,42.0 22.2
2.316(1), 2.309(1)
(18g] CeH4-4-CsHy, P1 2.072(2) 2.075(2) 1.210(3) 1.218(3) 2.3129(6), 2.3133(6), 2.315 16.4,22.6 69.7
2.3175(6), 2.3178(5)
[18h] CgH;-4-COOMe P3,21 2.050(5) - 1.217(7) - 2.292(3), 2.300(3), 2.311 16.3, 83.6
2.322(3), 2.331(3) —22.6
[18i] CeH4-4-OMe Pna?2, 2.078(2) 2.066(2) 1.207(3) 1.204(3) 2.3041(6), 2.3061(6), 2.309 29.3, 13.9
2.3123(6), 2.3138(6) - 18.2
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Although the mixed alkynyl-vinylidene complex,
trans-[Ru(C=CCsHs)(=C=CMeC¢Hs){P(OEt)3}4]OTf, has been structurally
characterised,® the series of complexes [18] represents the first structurally
characterised trans-bis(alkynyl) derivatives of the type trans-[Ru(C=CR),{P(OR)3}4].
Complexes [18b] and [18c] display tetragonal crystal systems, whilst [18d], [18e] and
[18f] are found in monoclinic crystal systems. The crystal system of [18g] is triclinic,
[18h] is trigonal and [18i] is orthorhombic. In the crystal, [18b] is situated on a
crystallographic 4 axis so there is only one unique phosphite group. The dihedral angle
between the two thiophene groups (which are disordered about the crystallographic
2-fold axis) is therefore 90 °. In a further instance, [18c] lies on a crystallographic 4,
axis, on a site of 222 symmetry. In this case, the 2-fold axis establishes two unique
phosphite groups and relates the two halves of the phenyl ring. The phosphite groups
are disordered about the other two 2-fold axes. For all cases, [18b — i], the P-Ru-P bond
angles between cis-phosphines (~ 90 °) and those between trans-phosphines (~ 180 °) in
addition to =C-Ru-C= angles (~ 180 °), indicate the octahedral geometry about the
ruthenium centre, in agreement with the previously published alkynyl-vinylidene

complex.®

Orpen and Connelly have summarised geometric variations in a series of
metal-phosphine and phosphite complexes.*” The M-PX; (X = R, OR; R = alkyl, aryl)
bond length increases upon oxidation of the metal centre, evincing M-PX;
n-backbonding. The P-X bonds are correspondingly shortened on oxidation, implicating
P(c*), the predominantly antibonding combinations of P(3pxy) with X(o), as the
acceptor orbital in the backbonding model. The P(c*) orbital is lowered in energy when
X is more electronegative and the PX3 fragment is made more pyramidal. This is due to
the reduction in destabilising overlap between P(3pyy) and X(c) when the X atoms
move out of the xy plane. As a result, the m-accepting character of P(OEt); (Tolman
cone angle 109 °)* is expected to be far superior than PPh; (Tolman cone angle 145 °)*
and other related ligands bearing aromatic fragments, such as dppe and dppm. Hence for
the crystallographically determined complexes [18b —i], variations in Ru-P bond

lengths are anticipated to reflect the degree of Ru-P n-backbonding.
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The angles 6 and 6 (Figure 5.10, Table 5.1) provide a convenient proxy measure for
the alignment of the aryl n-systems, Ar(w), with Ru(d) on geometric grounds. Given the
difficulty in defining a unique value for 6, with two indistinguishable aryl rings and four
indistinguishable phosphite groups, 6* and 6% values reported here represent the
smallest Corno-Cipso-RU-P(any) torsion angles (irrespective of sign) measured for each of
the two ring fragments (Figure 5.10). Therefore, in this case, angles close to 0°
represent the most effective M(d)-Ar(x) overlaps and hence greatest correlation of
structural and electronic properties.*® As an indication of the extent of delocalisation, 6
values, representing the angle between planes containing the aryl ring fragments, are
given. Angles with a higher deviation from 0 ° (perfectly ‘aligned’ ring systems) reflect

more twisted conformations.

With the exception of [18i] (0° = 13.9 °), and perhaps [18f] (6" = 22.2 °) and [18d]
(6P = 26.0 °), the phenylene rings in these bis-aryl acetylide complexes [18] do not lie in
the same plane (with 6° values within the range 61.2 — 87.6 °). In addition, complexes
[18] generally display 6 and 6% values between ~ 20 — 40 °, evincing that the Ar(r)
systems and Ru(d) are not optimally aligned. Whilst [18e] does show alignment of one
Ar(m) with Ru(d) (6% / * = 9.4 °), the second ring is not aligned, (6° / " = — 27.2 °).
For these reasons, it is unsurprising to find that a definitive trend between Ru-P,,4 and
the electronic character of the aryl substituent does not exist. For example, the
unsubstituted complex [18c] has the longest Ru-P,yq bond length (2.321 A) of the series.
For all structures [18b — i], the Ru-C*® bond lengths are consistent with single bond
character, although complexes containing electron withdrawing para-substituents on the
aromatic ring ([18d], [18e], [18f] and [18h]) are found to have generally shorter lengths
(2.050(5) — 2.063(2) A) than those bearing electron donating para-substituents ([18g]
and [18i]; between 2.066(2) —2.078(2) A), evincing an electronic substituent effect,
possibly propagated through the o-framework. In this case, the unsubstituted complex,
[18c], has a Ru-C* bond length between these two ranges (2.066(3) A). For all cases, the
C3=C?"* bond lengths are consistent with triple bond character. Differences in C**=C**

bond lengths as a result of the R substituent are found to be within statistical error.
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5.4. Electrochemistry

The electrochemical responses of trans-bis(alkynyl) tetrakis-triethylphosphite
complexes [18a — i] in low temperature (acetone / ice bath) CH,Cl, solutions containing
0.1 M tetra-butylammonium hexafluorophosphate ([N"Bus]PFs) were examined by
cyclic voltammetry (Table 5.3). All potentials are quoted against the ferrocene /
ferrocenium couple ([Fe{n>-CsHs}.] / [Fe{n’-CsHs}.]* = 0V) using an internal
decamethylferrocene / decamethylferrocenium reference
([Fe{n>-CsMes},]/ [Fe{n>-CsMes},]" =—0.48 V).** This data represents the first
electrochemical exploration of trans-bis(alkynyl) complexes containing the trans-
[Ru(C=CR){P(OEt)3}4] motif.

Electrochemical reversibility describes the experiment where the rate of electron
transfer is mass transport limited, and characterised by ipa / ipc = 1, AE, =~ 60 mV and iy,
oc v2 ¥V The trans-bis(alkynyl) complexes [18] generally exhibit two oxidation events,
with the exceptions of [18d] exhibiting an additional single reduction event, and
[18b, i], which contain the most electron donating substituents, exhibiting three
oxidation events. The unique reduction event observed in [18d] is assigned to the
closely occurring independent reductions of the two nitro groups on the basis of the
higher peak current, and large AE, value (220 mV) in comparison with the internal
standard (60 mV). For the first oxidation of [18], there was evidence of electrochemical-
chemical (EC) behaviour, with iy > i, and additional signals observed on the reverse
scan when conducting the experiment at room temperature. However at reduced
temperatures (acetone / dry ice bath), current ratios approached unity, indicating
improvements to the chemical reversibility. The second oxidation processes (and third

for [18b, i]) are irreversible at all temperatures.

¥ \Where i, = anodic peak height; i,. = cathodic peak height; AE, = maximum current — minimum
current and v = scan rate.
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Table 5.3: Selected electrochemical data (V) of [18a — i] complexes obtained from low
temperature (acetone / dry ice bath), 0.1 M [N"Bu,]PFe, CH,Cl, solutions.

Complex R E12(1) E12(2) E12(3) Eup(red) AE12 AE2s
[18a] C4Ho -0.09° 0.83° - - 092 -
[18b] 3-th 0.05*  0.63° 0.96° - 0.58 0.33
[18c] CeHs 0.09*  0.85° - - 0.76 -
[18d] CeHs-4-NO, 0.38*  0.93° - -1.73° 055 -
[18€] CeHs-4-C=N 0.30° 0.83° - - 053 -
[18f]  CeHs-4-C=CSiMes 0.14*  0.89° - - 075 -
[18g] CeHa-4-CsH1s 0.022  0.74° - - 072 -
[18h]  CgHs-4-COOMe  0.19°  0.88° - - 069 -
[18i] CeHs-4-OMe  —0.11* 0.39° 0.81° - 050 0.42

%reversible; "quasi-reversible; Sirreversible; “two-electron redox event

Electronic effects of the R group on molecular properties are expected to be more
apparent in the solution state over the solid state, as a result of greater conformational
freedom, which permits better overlap and conjugation through the molecular backbone.
As the first oxidation potentials (E1/2(1)) span a 500 mV range (Table 5.3), and display a
clear dependence on the electronic characteristics of the R substituent (Figure 5.11),
oxidations are presumably largely centred on the alkynyl ligand(s). Alkynyl ligand-
based oxidation in ruthenium complexes are common® as illustrated by the trends in
redox potentials in a similar series of trans-bis(alkynyl) complexes containing the
{Ru(dppe),} motif.*® There are few trans-bis(ethynylthiophene) metal complexes
reported in the literature to date.”™ > As Ey(1) of [18b] is found at the lower (less
positive) range of oxidation potentials in the series, the ligand fragment can be

superficially categorised similarly to those containing electron donating groups.
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Figure 5.11: Cyclic voltammograms of representative trans-[Ru(C=CR){P(OEt)s3}4]
complexes (R = CgHs, [18c], black line; CgHs-4-C=N, [18e€], red line; CgH4-4-OMe,
[18i], blue line) showing the dependence of E1;»(1) on the electronic character of the R
substituent. Scans were conducted at room temperature in 0.1 M [N"Bus]PFs CH,CI;
solutions at 100 mVs™ and have been referenced to internal decamethylferrocene (not

shown). Scan have been normalised to the same anodic maximum.

In contrast, Ej/»(2) is less sensitive to the nature of the R group, where values fall within
a narrower 150 mV range, therefore the second oxidation (or third in the cases of
[18b, i]) can be assigned to more metal-centred [Ru'"'] / [Ru""] processes. The additional
redox events observed within complexes [18b] and [18i] are thought to arise as a result

of the strongly electron donating alkynyl fragments and {Ru{P(OEt)3}4} motif.

Comparison between trans-bis(alkynyl) complexes of the type trans-[Ru(C=CCgH,-4-
R'),(PP")] (R’ = NO,, COOMe, C=CSiMes; PP’ = (dppm), (see Chapter 2), (dppe),,*®
{P(OEt)3}4), reveals that electrochemical responses of complexes containing
{Ru(dppe).} and {Ru(dppm).} fragments are similar, albeit determined under different
experimental conditions (where 0.1 M [N"Bu,]BF; / CH,Cl, and 0.1 M [N"Bu4]PFs /
CH.Cl, electrolyte solutions were respectively employed). In contrast, {Ru{P(OEt)s}4}

containing complexes have higher (more positive) oxidation potentials (by ~ + 0.10 V),
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reflecting the increased m-accepting character of the phosphite ancillary ligands,

compared to the dppm and dppe alternatives.*’

5.5. Spectroelectrochemistry

As discussed elsewhere in this Thesis (see section 4.5 of Chapter 4), the appearance of
both vibrational and electronic spectra of complexes trans-[Ru(C=CCgHj-4-
R"),(dppe).]™* (n = 0, 1) are best accounted for in terms of a distribution of conformers,
which could be approximated by three low energy structures differing in terms of the
relative orientation of the CgH4-4-R’ rings with respect to the {Ru(dppe),} fragment.*®
The  higher  pseudo-symmetry  of  complexes  bearing  mono-dentate
tetrakis-triethylphosphite ligands, trans-[Ru(C=CR),{P(OEt)s}s] (pseudo-Dg), than
trans-[Ru(C=CR),(dppe).] (pseudo-D,,) makes the phosphite complexes [18] a
convenient series through which to explore conformational effects. Moreover, this work
represents the first spectroelectrochemical study of complexes bearing the
{Ru{P(OEt)3}4} motif.

The one-electron oxidations of complexes [18] to [18]" in 0.1 M [N"Bu4]PFs CH,Cl,
solutions have been monitored by IR spectroelectrochemistry (Figure 5.12) with the key

vibrational modes, v(C=C) and v(C=C), summarised in Table 5.4.
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Table 5.4: Selected infrared spectroelectrochemical data (cm™) for neutral, trans-
[Ru(C=CR),{P(OEt3}4], [18], and mono-oxidised, trans-[Ru(C=CR){P(OEt3}.]" [18]",
complexes, obtained from 0.1 M [N"Bu4]PFs CH,Cl, solutions.™"

Complex R v(C=C) v(C=C]") w(C=C) w(C=C])
[184] C4Ho 2098 m  1960s - -
[18b] 3-th 2070 m, 1893w * *

2087 m

[18c] CeHs 2073m 1898w 1590w 1662w,

1631w
[18d] CsH4-4-NO, 2054 m 1929w 1580w 1583w
[18¢] CeH4-4-C=N 2063m 1922w 1590w 1592 w
[18f]  C¢Hs-4-C=CSiMe; 2066m 1898w 1592w 1572w
[184] CeH4-4-CsHyy 2075m  1889m 1497w 1582w
[18h] CeHs4-4-COOMe 2066 m  1919m 1592w 1595w
[18i] CsHs-4-OMe 2077m  1878s 1501w 1576w

s-strong; m-medium; w-weak; *too low intensity for absolute characterisations / peaks are lost in the
baseline

V Further characterisations include / cm™: [18d]: 1498 w, v(N=0); 1322 w, v(N-0); [18d]*: 1517 w,
v(IN=01"); 1338 w, v([N-0]%); [18e]: 2234 w, v(C=N); 2218 w, v(C=N); [18e]": 2227 w, v([C=NT");
[18f]: 2147 w, v(C=CSiMe,); [18f]": 2149 w, v([C=CSiMes]"); [18h]: 1704 m, v(C=0) and [18h]": 1716
m v([C=01".
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Figure 5.12: IR spectra of trans-[Ru(C=CR),{P(OEt)s}4], [18], (neutral form, black solid line)
and trans-[Ru(C=CR),{P(OEt)s}.]", [18]", (mono-oxidised form, red dashed line), from 0.1 M
[N"Bus]PFs CH,CI, solutions, where: R = C4;Hg, [18a]; 3-th, [18b]; CsHs, [18c]; CsHs-4-NO,,
[18d]; CeHs-4-C=N, [18e]; CeH,-4-C=CSiMes, [18f]; CeH4-4-CsHyp, [18g]; CeHi-4-COOMe,
[18h] and CgH,-4-OMe, [18i]. The mono-oxidised forms, [18]", were generated at potentials of:
0.49 (a), 0.57 (b), 0.59 (c), 0.90 (d), 0.87 (e), 0.75 (f), 0.62 (g), 0.74 (h) and 0.58 V (i).
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Each of the trans-bis(alkynyl) tetrakis-triethylphosphite ruthenium complexes show the
same general spectral patterns upon oxidation, with the exceptions of [18b] and [18c],
which are discussed separately at the end of this section (see section 5.5.2.). The strong,
well resolved v(C=C) bands, which characterise complexes [18], collapse completely
with new, strong, broad v([C=C]") bands observed at lower (~ — 125 to — 199 cm™)
energy in [18]", the precise magnitude (Figure 5.13) and relative intensity (Table 5.5) of
which is sensitive to the electronic character of the R group. Together, these
observations indicate a ligand-centred oxidation and a delocalised structure (at least on
the IR timescale), whilst the significant broadening of the v([C=C]") band envelope is
consistent with a distribution of conformers. The shifts of the ring breathing modes of
the aryl fragments upon oxidation (from v(C=C) to v([C=C]")), follow the same general
trend, except for derivative [18a], which lacks a phenyl substituent.

—-199 - CgHs-4-OMe
—186 - CgHy-4-CsHypy
—168 - CgHs-4-C=CSiMes;
=147 - CgHy-4-COOMe
—-141 - C6H4-4-CEN
—138 - C4Hq

| —125 - CeHs4-NO;

N

Figure 5.13: Variations in Av(C=C) ([18] > [18]") values (cm™) as a function of

R substituent.

Table 5.5: Intensities of v([C=C]") as a percentage of v(C=C) and corresponding
R substituent.

| intensity v([C=C]") |

Complex R Tintensity v(C=C) | x 100 (%)
[18a] C4Hy 125
[18d] CeHs-4-NO; 16
[18e] CeH4-4-C=N 21
[18f]  CgH4-4-C=CSiMe; 62
[189] CeHyg-4-CsHyy 92
[18h] CeHs-4-COOMe 80
[18i] CeH4-4-OMe 180

312



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 5

The intensity of v([C=C]") (vs. v(C=C)) is known to reflect the increasing electron-
releasing strength of the R substituent, as has been previously noted for mono-alkynyl
complexes of the type trans-[RuCI(C=CCg¢H4-4-R")(dppe)2] (R'=H, F, NO,, COH,
COMe, OMe, NMe;).>® Similar effects are observed here (Table 5.5). A positive linear
free energy relationship (LFER) has also been found between the positive Hammett
parameter (cp’) and the isotropic g-value (gi) demonstrating that increasing the
electron releasing strength of the R’ substituent tends the mono-oxidation products more
towards organic radicals, as @i, IS moved towards the free electron value
(ge = 2.00232)>* with such subsitutuents, which is consistent with conclusions drawn here
for the {Ru{P(OEt)3}4} series. Furthermore, for the mono-oxidised, computationally
less demanding complexes, trans-[RuCI(C=CCgHs-4-R")(dpe)2]” (R’ =H, NO,, OMe,
NMe,), the Mulliken spin density on ruthenium was calculated to be more positive (by
~ 0.14) with electron withdrawing R’ groups (i.e. a more metal-centred cation radical)
than electron donating R’ groups (i.e. a more ligand-centred cation radical). The trend in
intensity of v([C=C]") (vs. v(C=C)) with electron-releasing strength of the R’ substituent
can also be seen for the recently published (2014) series of trans-bis(alkynyl)
complexes, trans-[Ru(C=CCgHs-4-R")2(dppe)2] (R’ = OMe, C=CSiMes [43a], NH,),

though was not acknowledged in the paper.*®

Complexes [18] in 0.1 M [N"Bus]PFs / CH.CI; solutions were also subjected to
UV-Vis-NIR spectroelectrochemical investigations (Table 5.6). For convenience, the
spectroelectrochemical responses of [18b] and [18c] will again be discussed at the end

of this section.

313



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 5

12000 -

10000 —

8000

6000 —

e/ M'em™”

4000 —

2000 —

0 :
T I T I T I T I T I T 1
11000 10000 9000 8000 7000 6000 5000

-1
Wavenumber/ cm

Figure 5.14: Definitions of vmax, Aviplow and Aviphigh values used in Table 5.6 for
mono-oxidised complexes trans-[Ru(C=CR),{P(OEt)s}.]", [18]", using the NIR profile
of [18i]" as a representative example, where the addition of Aviplow and Aviphigh
values equals the full width at half height (FWHH).
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In the NIR region (between 5000 — 16 000 cm™), multiple bands have been observed for
mono-oxidised  trans-[RUCI(C=CCgH4-4-R’)(dppe),]*  complexes®™ and  trans-
[Ru(C=CCgH4-4-R')o(dppe),]" complexes,*® which have been assigned to the various
distinct rotamer conformers based on supporting quantum chemical calculations. In
contrast, complexes [18]" generally exhibit one principal asymmetric band within the
range 7819 — 10460 cm™ and a shoulder of varying relative intensity between
11 038 — 12 804 cm™ (Figure 5.15). This simplification is presumed to arise from the
higher symmetry of complexes [18] (vs. chelating bis-phosphine derivatives) and the

smaller number of spectroscopically distinct rotamer conformations that can form.

10000
8000 H

6000

e/M'em’”

4000 H
2000 H

0 . , . , . , . , . ;
16000 14000 12000 10000 8000 6000

-1
Wavenumber/cm

Figure 5.15: UV-Vis-NIR spectrum of [18g]" (recorded in a 0.1 M [N"Bus]PFs CH,Cl,
solution, generated at 0.52 V), between 5000 — 16 000 cm™ as a representative example
of [18]", displaying one asymmetric, intense band at lower energy and a further, less

intense, band at higher energy.

The asymmetry of the lowest energy, principal bands (where vi/2(1)low # v1/2(1)high) of
[18]%, which are of appreciable intensity for complexes bearing bis-aryl ethynyl
fragments (4433 — 11 103 M™*cm™) indicate that these systems tend towards Class Il
‘mixed-valence’ systems, according to the traditional Robin and Day classification

system, consistent with IR spectroelectrochemistry.™ For [18]" bearing electron
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releasing substituents, the peak asymmetry and band intensities are heightened
compared with those bearing electron accepting groups, revealing more strongly
coupled (organic) ‘mixed-valence’ systems (and vice-versa).”® As a result of the Hush-
type characteristics exhibited, the lower energy band may be considered as an IVCT for

the organic ‘mixed-valence’ state.

The higher energy NIR band / shoulder presumably reflects a more MLCT-type
transition arising as a consequence of free rotation of the (aryl-containing) R group
about the C=C-Ru-C=C axis, leading to a loss in conjugation, as is reported for similar
complexes.*® Given that complexes bearing electron withdrawing substituents exhibit
broader NIR band envelopes than those bearing electron donating substituents (Figure
5.16), an electronically-controlled population bias of rotamers may exist. This is not an
uncommon phenomenon, having been previously noted for trans-[RuClI(C=CCgH;-4-
R')(dpe),]* complexes (R =H, NO,, OMe, NMe,) through quantum calculations.*®
Alternatively, the redistribution of charge in trans-bis(alkynyl) complexes with electron
withdrawing R groups (as being more metal-centred) might be invoking additional

optical (presumably LMCT-type) transitions.
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Figure 5.16: The UV-Vis-NIR spectra of [18d]" (red line, generated at 0.68 V) bearing
electron withdrawing nitro substituents has a broader band envelope between
4000 — 16 000 cm™ than [18i]* (black line, generated at 0.54 V) with electron donating
OMe groups. Spectra were recorded from 0.1 M [N"Bu,]PFs CH.CI; solutions.

In summary, the observation of a single v([C=C]") band means complexes [18]" are
delocalised on the IR timescale. The intensity and asymmetry of the principal NIR band
also points to strongly coupled Class 11 (or Class I11) character. These characteristics are
most pronounced for electron donating groups, consistent with the better stabilisation of
the radical cation on the alkynyl ligand(s). The observation of fewer NIR bands,
compared with trans-bis(alkynyl) {Ru(dppe).} analogous, point to fewer
spectroscopically distinct species in solution, consistent with the higher pseudo-

symmetry.
5.5.1. Quantum chemical calculations
Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations,

summarised in Table 5.7, have been performed by W / Prof. P. J. Low (at the University
of Western Australia) on the ‘flat” and ‘twisted’ optimised structures of
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trans-[Ru(C=CCgH4-4-OMe),{P(OMe)s}4], [18i"1"" (n = 0, 1; Figure 5.17), as a less
computationally demanding derivative of [18i] through which to better understand the

optical and vibrational spectra of complexes [18]"

n=0=+0.99 kJmol!
1 =0 kJmol”

(MeO) 3P P(Ol\/le)3

(MeO)3P P OMe)3
[18i"*-flat

MeO);R_P(OMe)s
o AL ) o
(MeO) 3P P(OMe
[18i'"*-twisted

n=0=+1.55kJmol"
1 =0 kdmol™’!

Figure 5.17: ‘Flat’ ([18i']™-flat) and ‘twisted’ ([18i']"*-twisted) conformations, and
respective energy calculations, of trans-[Ru(C=CCgH,-4-OMe){P(OMe)3}4]""
([18i"1"), as a representative tetrakis-trialkylphosphite trans-bis(alkynyl) ruthenium

complex for the following quantum chemical investigation.
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Table 5.7: Selected vibrational frequencies (cm™), optical transition energies (Viax / cm’) and respective orbital contributions for trans-[Ru(C=CCgHy-
4-OMe),{P(OMe)3}4], [18i’'], and trans-[Ru(C=CC¢H4-4-OMe),{P(OMe)3}4]", [18i']", in both ‘flat’ and ‘twisted’ conformations (Figure 5.17), where

oscillator strengths are given in brackets unless otherwise stated.

Complex  WC=C) W(IC=CI) WC=C)  (C=CI)  vVam() Transition Vax(?) Transition
(% contribution) (% contribution)
(18i']-flat 2126 - 1493 - - - - -
(764.7) (755.2)
[18i']"-flat - 1963 - 1565 9524 B-HOMO -> 17 123 B-HOMO-2 >
(6934.7) (4760.6) (0.4754) B-LUMO (80 %) (0.1190) B-LUMO (45 %)
B-HOMO-3 >
B-LUMO (21 %)
(18i']-twisted 2126 - 1493 - - - - -
(785.1) (765.6)
[18i']"-twisted - 1993 - 1571 12 160 -HOMO-1 - 19 267 -HOMO-3 -
(1444.9) (4483.2) (0.5046) B-LUMO (73 %) (0.0571) B-LUMO (65 %)
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The energy differences between the ‘flat’ ([18i"]-flat) and ‘twisted’ ([18i']-twisted)
complexes in their neutral and mono-oxidised states (0—1.55 kJmol™) are not
significant, strongly indicating that both conformational forms are present at room

temperature.

For both the neutral, ‘flat® complex ([18i']-flat) and neutral, ‘twisted’ complex
([18i"]-twisted) a medium intensity v(C=C) band was calculated at 2126 cm™ while a
medium intensity v(C=C) band was determined at 1493 cm™, which are in close
agreement with values obtained experimentally for [18i] (W(C=C): 2077 m cm™;
v(C=C): 1501w cm™), inferring the accuracy of the calculations. Upon oxidation,
v([C=C]") bands are formed at lower energy by ~ — 160 cm™ both experimentally and
computationally, consistent with increased cumulenic character and a high degree of
alkynyl character in the initial oxidation. For [18i]%, a single, very intense but broad,
v([C=C]") band is found at 1878 cm™. The broadness of this band is ascribed to the
presence of rotamers in solution, which is supported by the fact that v([C=C]") bands of
[18i']"-flat and [18i']*-twisted differ by some 30 cm™ (1963 cm™ and 1993 cm™
respectively). Alternatively for [18i]", the v([C=C]") band (1576 w cm™) is fairly
narrow. For [18i']", v([C=C]") bands for the ‘flat’ and ‘twisted’ geometries differ by
only 6 cm™ (1565 cm™ and 1571 cm™ respectively), consistent with the narrower

experimental band envelope.

For [18i']*-flat, optical transition energies are calculated at 1050 nm (9524 cm™;
B-HOMO -> B-LUMO) and 584 nm (17 123 cm™; B-HOMO-2 and p-HOMO-3 >
B-LUMO), which are in agreement with bands observed experimentally in the
UV-Vis-NIR spectrum of [18i]" (7831cm™ and 16 026 cm™). Considering the
contributions of molecular orbitals to these transitions (Table 5.7) and distributions of
the individual orbitals (Figure 5.18), the lower energy band represents an IVCT
transition for the organic ‘mixed-valence’ state, with the C¢H4-4-OMe fragment as the
redox centre. Alternatively, the transition may be described as LL'CT, an analogous
concept to MM'CT transitions often encountered in more traditional ‘mixed-valence’
complexes.”” The higher energy band has predominantly more MLCT character, but is
better described as a mixed MLCT / IL transition. In this example, the p-HOMO-1 to
B-LUMO transition (Figure 5.18) is forbidden by symmetry.
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Figure 5.18: Frontier orbital plots and energy diagram (not to scale) of [18i']" with the
aryl rings planar ([18i']"-flat) and twisted ([18i']*-twisted), where orbitals have been

plotted with contour values + 0.04 (e / b%)*2,

For [18i']*-twisted, optical transition energies were calculated at 822 nm (12 160 cm™;
B-HOMO-1 > B-LUMO) and 519 nm (19 267 cm™; B-HOMO-3 > B-LUMO), which
are also in agreement with bands observed experimentally in the UV-Vis-NIR spectrum
of [18i]" (12 063 cm™ and 19 157 cm™). Considering the contributions (Table 5.7) and
distributions (Figure 5.18) of the molecular orbitals, the lower energy band is best
ascribed as a mixture of MLCT /IL transitions while the higher energy band has
predominantly more IL character. Notably, the B-HOMO-1 to B-LUMO transition is

now permitted, as a consequence of the reduced symmetry. Optical transitions of
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[18i'] -twisted are blue-shifted compared with [18i']"-flat, consistent with reduced

conjugation in the former as a result of aryl ring rotation out of the plane.

The best agreement of the computational with the experimental data is not solely the

‘flat” or ‘twisted’ orientations, rather a superposition of the two (Figure 5.19).
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Figure 5.19: UV-Vis-NIR spectrum of [18i]" between 4000 — 25 000 cm™ determined
experimentally (black line) from a 0.1 M [N"Bus]PFs CH,Cl, solution (generated at
0.54 V) along with computed transition energies of [18i’]*-flat (blue dashed line) and
[18i"]"-twisted (red dashed line), evincing the contribution of rotameric forms to the
appearance of the spectrum. The intensities of the computed absorption energies are

scaled based on respective oscillator strengths.
5.5.2. Spectroelectrochemical profiles of [18b] and [18c]

During standard CV experiments, complexes [18b], trans-[Ru(C=C-3-th),{P(OEt)s}4],
and [18c], trans-[Ru(C=CCgHs).{P(OEt)s}4], behave similarly to the other members of
the series [18] (see section 5.4.). However, on longer timescales, such as during IR and

UV-Vis-NIR spectroelectrochemistry experiments conducted by step-wise changes in
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the potential and allowing the system to equilibrate before collecting spectra, [18b] and

[18c] display strong evidence of electrochemical-chemical (EC) behaviour.

During IR spectroelectrochemical investigations of [18b], generating [18b]", on the
initial oxidation cycle (denoted 0 to +1(1)) the two v(C=C) bands (perhaps observed as
a result of Fermi coupling)®® decrease to approximately four-fifths the original intensity
with a new, low intensity, broad v([C=C]") band appearing at lower wavenumbers
(1893 cm™) (Table 5.4, Figure 5.12). In addition to this, an asymmetric NIR band is
observed at 8217 cm™. Upon reduction, the original spectrum of [18b] is obtained,
albeit with less intense, slightly broadened v(C=C) bands. Upon a second oxidation
cycle (denoted 0 to +1(2)), the same spectral profile of [18b]" is recovered, though
again with reduced v([C=C]") band intensities (vs. 0 to +1(1)). However, upon
decreasing the potential for the second reduction cycle (+1 to 0(2)) en route to [18b], a
new species, [18b’]™, is generated, signified by a new NIR band (5609 cm™) (Figure
5.20), and new, low intensity, broad v([C=C]™) bands at 1927 cm™ and 1944 cm™. If
the potential is reduced further, the spectral profile of [18b] is largely recovered (Figure
5.20). For the final cycle (0 to +1(3)), [18b]" and [18b']™ are formed simultaneously, as
determined by the joint formations of the two diagnostic NIR bands (at 8217 cm™ and
5609 cm™) in addition to the corresponding v([C=C]") bands. The data indicates slow
electrochemical generation of the secondary species [18b']"" from [18b]".

324



Trans-bis(alkynyl) ruthenium complexes: synthesis, structure and reactivity

Chapter 5

Transmission

— 1 ' 1 T T ' T ' T ' T T T T+ T T 1
10000 9000 8000 7000 6000 5000 4000 3000 2000 1000

Wavenumber / cm’

Figure 5.20: IR spectroelectrochemical investigation of [18b] (from a 0.1 M
[N"Bu4]PFs CH,Cl, solution) showing i) [18b]" formed (at 0.57 V) after the completed
second oxidation cycle (0 to +1(2)), red dashed line; ii) [18b] re-formed (at — 0.7 V)
after the completed second reduction cycle (+1 to 0(2)), black solid line and iii) the
intermediate [18b’]™ formed (at 0.20 V) during the second reduction cycle (+1 to 0(2)),

blue dashed line.

Repeating the IR and UV-Vis-NIR spectroelectrochemistry experiments on a faster
timescale (continuously recording spectra whilst the potential is swept between — 0.83
to 0.17 V at scan rates of 10 mVs™) successfully avoided the generation of [18b’]™ for
the first several cycles. However if the sample is continuously cycled (> 8 cycles), the
formation of [18b’]™ is evident in the corresponding thin-layer cyclic voltammograms
(Figure 5.21), which are run in parallel with these fast IR and UV-Vis-NIR
spectroelectrochemistry experiments, where the current of the [18b] / [18b]" redox
couple (occurring at 0.05 V), is progressively reduced with the generation of two new

1 : 1 oxidation events at lower potentials (at ~ — 0.38 and — 0.20 V).
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Figure 5.21: Thin-layer cyclic voltammogram recorded during the fast (10 mVs™)
UV-Vis-NIR  spectroelectrochemistry — experiment of [18b] (in a 01M
[N"Bu,]PFs / CH,Cl, solution) following ten repeated single oxidation / reduction cycles
implicating formation of a more conjugated, bimetallic species (marked by asterisks).
The scan is referenced to E1/(1) of [18b] (0.05 V vs. [Fe(n>-CsHs)2] / [Fe(n’-CsHs)2]*
=0V) assuming that the large oxidation event shown here at 0.05V corresponds to
[18b] / [18b]".

Given that [18]" exhibit significant ligand radical character, especially in the presence
of an electron donating group, the formation of [18b’]™ as a dimeric species could be
reasonably proposed (Figure 5.22). Similar ligand coupling reactions have been noted
previously.*

s\, (EOKR POEY: 72+
— C:C—BL\I—C:C \ S
s\ (EtO)sR P(OEt)y ~ (EtO)sP  P(OEt),
— C:C—Bl{—C:C \ S

(EtO)sP P(OEt),

Figure 5.22: Proposed complex for [18b’]™, formed in the spectroelectrochemical
investigation of [18Db].
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As [18b']"" is formed slowly, it is fair to assume that the first cycle (0 to +1(1)) of the
IR and UV-Vis-NIR spectrochemical experiments will reflect the true mono-oxidation
of [18b] and so these values have been included in Tables 5.4 and 5.6. It is however
curious that v(C=C) does not collapse completely in the oxidation of [18b], which is in
contrast to the other compounds in the series. This might suggest a more localised
oxidation (L-M-L") in this case, or instead partial oxidation. The NIR band of [18b]" is
unexpectedly broader and more symmetric (i.e. more weakly coupled Class Il-type
character) than [18i]", the complex of most structural and electronic resemblance to
[18b]", which warrants further investigation but is beyond the time available for this
Thesis.

During IR spectroelectrochemical investigations of [18¢], en route to generating [18c]",
a single, low intensity NIR band begins to form at 8303 cm™. Correspondingly, a broad,
low intensity v([C=C]") band is propagated at lower wavenumbers (1898 cm™) vs.
V(C=C) (2073 cm™) (Table 5.4, Figure 5.12). However, as the intensity of the NIR band
continues to increase, the maximum shifts from 8303 cm™ to 7612 cm™, even if the
potential is held after formation of the first electrochemically generated species has
begun. Correspondingly in the IR region, new, broad, low intensity bands are observed
at 2171 and 1895 cm™ in addition with a sharp, low intensity band at 2094 cm™. In the
spectral profiles of following cycles (0 to +1(2); +1 to 0(2); 0 to +1(3) etc.), the initial
NIR band (8303 cm™) is absent, yet the second NIR band (7612 cm™) remains (for
oxidised complexes). This implicates [18c]” as the first electrochemically generated
complex, as opposed to an intermediate species, and an unknown (rapidly)
electrochemically generated complex, [18¢]™, as the second. Similar observations were
made in the UV-Vis-NIR spectroelectrochemical investigations of [18c].

In light of previous work, IR and UV-Vis-NIR spectroelectrochemistry experiments of
[18c] were repeated on a faster timescale (10 mVs™), with spectra recorded
continuously whilst the potential was ramped between — 0.6 to 0.16 V. Although the
generation of [18¢’]"™ was avoided, neither the anomalously low maximum NIR band
intensity nor the intensities of v([C=C]") bands of [18c]" were improved, precluding

electronic characterisation. Notably, corresponding thin-layer cyclic voltammograms of
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these fast scan experiments showed irreversible electrochemical behaviour, which will

certainly be contributing to the results obtained here.

As [18]" exhibit organic ‘mixed-valence’ behaviour and [18c]” is without a charge-
directing (stabilising) para-substituent on the trans-disposed arylethynyl fragments, the

formation of [18¢’]™" as a dimer is anticipated via radical dimerisation (Figure 5.23).
(Eto 3P\ /P OEt) (EtO)sRP(OEt);
L OO
(EtO 3P P( OEt) (EtO);P P (OEt),

Figure 5.23: Proposed structure for [18¢’]™, formed as an electrochemically generated

species in the spectroelectrochemical investigation of [18c].

In support of the proposed biaryl bridging species (Figure 5.23), the intensity of the
principal NIR band of [18¢/]"™ (461 M em™) is significantly lower than [18]" (between
4433 — 11 103 M™cm™ for bis-arylethynyl complexes, Table 5.6) and is more Gaussian
shaped vs. [18]" (i.e. a more weakly coupled Class 11 complex). The NIR band of [18¢]"
is however more asymmetric than [18¢’]™ (i.e. a more strongly coupled Class 11 system)
which is consistent with the bulk series. Given that [18¢’]™" is formed coincidentally
during the electrochemical generation of [18c]", values for the UV-Vis-NIR

spectroelectrochemical experiments of [18c] have not been included in Table 5.6.
5.6. Single molecule conductance measurements

As discussed in the introduction, in collaboration with Prof. R. J. Nichols (University of
Liverpool), the conductance histogram of trans-[Ru(C=C-3-th),(dppe),], [43b],*°
(reproduced in Figure 5.24) displayed additional features in the high (H) conductance
peak. Such features are thought to reflect the formation of supplementary
Au|molecule|Au junctions through the electron rich phenyl rings comprising the
sterically demanding {Ru(dppe).} motif, especially for shorter systems with low axial
anisoptropy. The analogous tetrakis-triethylphosphite complex, trans-[Ru(C=C-3-
th),{P(OEt)s}4], [18b] serves as convenient complex through which to explore this
hypothesis (Figure 5.24).
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Figure 5.24: Conductance histograms obtained by the I(s) method, of [43b] (top),
showing additional features in the broad H peak (as indicated by the arrows), and [18b]

(bottom), exhibiting a narrower H peak, where L and H refer to low and high
conductance values, respectively.
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The histogram of [18b] (bottom, Figure 5.24) displays a narrower H peak, evincing the
formation of a narrower distribution of Au|molecule|Au junctions compared with [43b]
(top, Figure 5.24). As both [18b] and [43Db] contain identical thienyl binding groups,
disparities between the appearance of the H profiles are unlikely to be a result of
different molecule-gold molecular binding modes.?® Instead, differences are more likely
attributable to ancillary ligand selection, where additional conduction pathways
(Figure 5.4) are circumvented in [18b] with the omission of phenyl substituents. The
conductance values of [43b] and [18b] are similar (Table 5.8).

Table 5.8: Conductance values (10 Gg) for [43b] and [18b], recorded using the I(s)
method where L and H refer to low and high conductance values respectively.

Complex L H

[43b] 0.80+0.12 3.21+1.04
[18b] 0.98+0.14 3.06 +0.49

At present, work in our group is underway to further confirm that phenyl moieties (in
particular comprising the {Ru(dppe).} motif) can form sufficient contacts with Au. For
this purpose, complexes trans-[Ru(C=CCy4Ho)2(dppe).] and
trans-[Ru(C=CCgHs)2(dppe).], [13], without conventional binding groups, have been
synthesised (see experimental section). The resulting conductance plots can then be
compared with those of analogous complexes, trans-[Ru(C=CC4Hy).{P(OEt)s}4], [18a],
and trans-[Ru(C=CCgHs){P(OEt)3}4], [18c].

At present there is considerable interest in the preparation and study of ‘insulated’
molecular wires. This has been achieved through inclusion of ‘wire-like’ fragments

59-61

within the cavity of cyclodextrins through the formation of rotaxane-based

structures, %%

and the use of o,w-bis-phosphinoalkanes to wrap around an extended
polyyne chain.** This work contributes an additional design feature for ‘insulated’
single molecule ‘wires’ in which auxiliary ligands placed at the equatorial position of
metal fragments decorated along the ‘wire-like’ chain serve to prevent additional
conductive contacts (short-circuits) whilst still permitting the useful electronic features

of the metal fragment to be realised.
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5.7. Conclusions

In the presence of a simple halide abstracting agent, KPFg, in a basic polar reaction
medium, NHPr, in EtOH, conversion of trans-[RuCL{P(OEt:).}] ([19]) to
trans-bis(alkynyl) complexes, trans-[Ru(C=CR),{P(OEt)s}4] ([18]) can be achieved in
moderate to high yields and in high purity. The first electrochemical studies of these
complexes bearing the tetrakis-triethylphosphite motif, reveal a single (one-electron)

reversible oxidation event.

Through spectroelectrochemical studies, the redox event is found to have appreciable
(alkynyl) ligand character, generating fully delocalised ([RC=C-Ru-C=CR]") complexes
on the IR timescale. Valence descriptions of mono-oxidised bis-aryl ethynyl complexes
trans-[Ru(C=CCgH,-4-R"){P(OEt)3}s]" follow the electronic nature of the
R substituent, with the cation radical located more on the molecular termini with
‘charge-stabilising’ electron donating substituents. These ‘mixed-valence’ complexes,
trans-[Ru(C=CCgHs-4-R"){P(OEt)3}4]", generally exhibit one principal NIR (IVCT)
band and several higher energy (MLCT / IL) bands in the UV-Vis-NIR spectra.
Complexes bearing electron donating R’ groups exhibit intense, asymmetric principal
bands therefore are described as strongly coupled Class Il (or Class I11) complexes. In
contrast, complexes with electron withdrawing R’ fragments display broader, less
intense principal bands, and are therefore instead described as weakly-coupled Class Il

systems.

Between the various trans-[Ru(C=CCgHs-4-R"){P(OEt)3}4] complexes reported here
and the more widely studied trans-[Ru(C=CCgsH4-4-R")2(dppe)2] complexes, the higher
symmetry (pseudo Dgy) trans-[Ru(C=CCgHs-4-R"),{P(OEt)s}s]° complexes display
fewer vibrational and optical bands as a result of less symmetrically distinct rotamer
conformations, advantageously reducing the complexity of data interpretations.
Furthermore, preliminary single molecule conductance measurements of
trans-[Ru(C=C-3-th),{P(OEt)3}4] ([18b]) and trans-[Ru(C=C-3-th),(dppe).] ([43b])
revealed that the {Ru(dppe).} derivative with a much broader conductance profile is

contacting through the aromatic rings comprising the dppe ancillary ligands, evincing
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the advantage of trans-bis(alkynyl) complexes bearing a non-aromatic ‘insulating
sheath’.

Conclusively, redesign of model complexes tailored for molecular electronics
applications towards higher symmetry complexes bearing non-aromatic ancillary
ligands, such as the trans-bis(alkynyl) tetrakis-triethylphosphite complexes studied in
this Chapter, is strongly advantageous for the generation of ‘simpler’ band profiles
allowing rapid data interpretation and to favour the formation of the ideal linear junction

arrays.

5.8. Experimental section

5.8.1. General considerations

All reactions were carried out under a dry, high-purity, nitrogen environment using
oven-dried (119 °C) glassware and standard Schlenk technigues, although no special
precautions were taken in order to exclude air or moisture during work-up. The reaction
solvent EtOH was dried over dry magnesium turnings and iodine, whilst NH'Pr, was
dried over KOH and CH,CI, was dried over CaH,. All other solvents were reagent
grade and used without further purification. The compounds: HC=CCgH4-4-NO,,*®
HC=C-3-th,*® o7 HC=CCgH,-4-C=N,%® HC=CC¢H4-4-COOMe;*
HC=CCgH,s-4-C=CSiMes,”®  TIBF,®  trans-[RuCL{P(OEt)s}s]  ([19])** and
[RuCI(dppe),]OTF ([36]OTH* were synthesised by literature methods. All other

reagents were commercially available and used as received.

Safety spectacles and gloves were worn at all times, and all experiments conducted in
an efficient fume hood, following completion of appropriate COSHH assessments.
Relatively non-toxic solvents were disposed of in the appropriate waste solvent
container (chlorinated / non-chlorinated). Given the extremely toxicity of TIBF,, the
reagent was separately weighed in a sealed container in a fume hood. The solid was
transferred to the reaction flask using a disposable paper funnel. The paper funnel was
discarded immediately after use into a thallium-containing solid waste receptacle. For

larger scale reactions, a secondary containment flask was utilised during the reaction
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period. Reactions reported below involving TIBF,4, (generally) produce equimolar
amounts of TICI, which is similarly extremely toxic. After completion of the reaction,
following isolation of TICI / residual TIBF, by the work-up procedures reported, the
salts were either disposed of by i) dissolving in HNO3 (ag.) and transferring into a
thallium-containing solvent waste container or ii) in a thallium-containing solid waste

container (along with the chromatographic medium, celite etc.).

NMR spectra were recorded at 25°C on Varian Inova 300 (‘H, 300.2 MHz; *'P,
121.5 MHz) or Bruker Avance 600 (*H, 600.1 MHz; *C, 150.9 MHz; *'P, 242.9 MHz)
spectrometers. Chemical shifts were determined relative to internal residual solvent
signals (CDCls: *H, & = 7.26 ppm; *C, § = 77.2 ppm) or external 85% HsPO, (*'P,
8= 0.0 ppm).”® FT-IR spectra were measured on a Nicolet Avatar 6700 or an Agilent
Technologies Cary 660 spectrophotometer from solutions in CH,ClI; in a thin-layer cell
fitted with CaF, windows. ESI-MS and APCI-MS were recorded on a Waters LCT
Premier XE mass spectrometer in positive ion mode from solutions in methanol. Cyclic
voltammetry was carried out using a Versastat 3 potentiostat with a platinum disc
working electrode, a platinum wire counter electrode, and a platinum wire
pseudo-reference electrode, from solutions in CH,Cl, containing 0.1 M [N"Bu4]PFs as
the electrolyte. Potentials are reported vs. the ferrocene / ferrocenium couple
([Fe(n>-CsHs)2] / [Fe(m®-CsHs),]” = 0 V) using a decamethylferrocene /
decamethylferrocenium internal standard ([Fe(n>-CsMes);] / [Fe(n>-CsMes),]*
= —0.48 V).*® Spectroelectrochemical measurements were made in an OTTLE cell of
Hartl design,”* from CH.Cl, solutions containing 0.1 M [N"Bus]PFs as the electrolyte.
The cell was fitted into the sample compartment of an Agilent Technologies Cary 660
FT-IR, Agilent Technologies Cary-5000 UV-Vis-NIR or an Avantes diode array
UV-Vis-NIR system comprising two light sources (UV-Vis: Avalight-DH-S-Bal,
Vis-NIR: Aval.ight-Hal-S) and two spectrometers (UV-Vis:
AvaSpec-ULS204-8L-USB2, NIR: AvaSpec-NIR256-2.5TEC) connected to a custom-
built sample holder by bifurcated fibre optic cables. The Vis-NIR light source was
attenuated with a band-pass filter transparent between 900 — 4700 nm. Electrolysis in

the cell was performed with a Palm Instruments EmStat 2 or EmStat 3 potentiostat.
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5.8.2. Syntheses and characterisations of {Ru{P(OEt)3}4} complexes

(EO)R P(OE; 4 ¢

C=C-RU-C'=C2-¢37 °CS
a 3 43 s H®

(EtO)sP  P(OEt)3H3 H® H

Synthesis of trans-[Ru(C=CC4Hy){P(OEt)s}4], [18a]

A mixture of [19] (0.21 g, 0.25 mmol), KPFs (0.259g, 1.3 mmol) and HC=CC4Hg
(0.18 ml, 1.6 mmol) in EtOH (5ml) and NH'Pr, (2.5 ml) was stirred under N, for
15 days (or until all mono-alkynyl was converted to the trans-bis(alkynyl) complex in
solution, monitored by unlocked **P{"H} NMR spectroscopy). The solution colour
changed from yellow to orange / brown over the reaction period and a white solid
precipitated. The reaction solvents were removed under high vacuum, yielding a brown
oily residue. A minimum amount of MeOH (~ 3 ml) was added to the residue and
solution stirred until a white solid separated out (~ 5 minutes). The solution was left in
an ice bath for ~ 20 minutes, to complete precipitation, before filtering. The collected
white solid was washed with minimum cold MeOH (3 x 8 ml) and vacuum dried
(0.10 g, 45 %).

IR (CH.Cly, cm™): 2098 v(RuC=C). 'H NMR (CDCls, 300 MHz) &/ppm: 0.83 (t,
J=7Hz, 6H, H%, 1.19 (t, J = 7 Hz, 36H, CH3 P(OEt)3), 1.26 (quin., J = 7 Hz, 4H, H?),
1.36 (sex., J = 7 Hz, 4H, H%), 2.10 (t, J = 7 Hz, 4H, H*), 4.27 (quar., J = 7 Hz, 24H, CH,
P(OEt)s). *P{*H} NMR (CDCls, 300 MHz) & / ppm: 139.5 (s, Ru{P(OEt)s},). *C{*H}
NMR (CDCls, 600 MHz) & / ppm: 14.2 (s, C°), 16.5 (s, CHs, P(OEt)3), 22.3 (s, C°), 22.4
(s, C%), 33.4 (s, C*%, 60.8 (s, CH,, P(OEt)3), 89.9 (quin., J = 20 Hz, C%), 109.3 (s, C?).
ESI(+)-MS (m/z): 929 [Ru(C=CC4Hg)2{P(OEt)3}4 + H]", 888 [Ru(C=CC4Hg){P(OEt)3}4
+ MeCN]", 879 [Ru(C=CC4Hg){P(OEt)3}s + MeOH]", 847 [Ru(C=CC4Hg){P(OEt)3}4]".
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Synthesis of trans-[Ru(C=C-3-th),{P(OEt)s}4], [18b]

A  mixture of [19] (0.19 g, 0.23mmol), KPFs (0.14g, 0.77 mmol) and
3-ethynylthiophene (0.4 ml, excess) in EtOH (4 ml) and NH'Pr, (1.5 ml) were stirred
under N, for 12 days (or until all mono-alkynyl converted to the trans-bis(alkynyl)
complex in solution, monitored by in situ unlocked *P{*H} NMR spectroscopy). The
solution colour changed from yellow to brown over the reaction period and a white solid
precipitated. The reaction was filtered to remove reaction salts and filtrate concentrated
to dryness, yielding a brown oily residue. A minimum amount of MeOH (3 ml) was
added to the oily substance and solution left in the fridge for ~ two hours to aid
precipitation of an off-white solid. The solid was collected by filtration, washed with
cold MeOH (3 x 10 ml) and air dried (0.099 g, 45 %). The precipitate may be further
purified by recrystallisation from a CH,Cl, / EtOH layer diffusion, yielding large pale
brown crystals suitable for X-ray crystallography.

IR (CH,Cly, cm™): 2088 v(RuC=C), 2072 v(RuC=C). ‘H NMR (CDCl;, 600 MHz)
§/ppm: 1.21 (t, J=7Hz, 36H, CHs, P(OEt)s), 4.31 (quar., J=7 Hz, 24H, CH,,
P(OEt)s), 6.64 (d, J =2 Hz, 2H, H*), 6.76 (d, J =4 Hz, 2H, H°), 7.05 (dd, J = 4, 2 Hz,
2H, H°). *P{"H} NMR (CDCl;, 600 MHz) & / ppm: 137.0 (s, Ru{P(OEt)s}). *C{*H}
NMR (CDCl3, 600 MHz) & / ppm: 16.6 (s, CH3 P(OEt)3), 61.0 (s, CH,, P(OEt)3), 107.4
(s, C?), 113.5 (quin., J = 20 Hz, C'), 119.4 (s, C%), 122.9 (s, C°), 130.2 (s, C°), 130.8 (s,
C%. ESI(+)-MS (m/z): 980 [Ru(C=C-3-th),{P(OEt)s}s]*, 873 [Ru(C=C-3-
th){P(OEt)3}4]". Anal. Found: C, 43.98; H, 6.73. Calc for CssHesO12P4sRUS;: C, 44.07;
H, 6.79 %.
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Synthesis of trans-[Ru(C=CCgHs){P(OEt)s}4], [18c]

A mixture of [19] (0.15 g, 0.18 mmol), KPFg (0.13 g, 0.73 mmol) and HC=CCgHs
(0.2 ml, excess) in EtOH (5 ml) and NH'Pr, (2 ml) was stirred under N, for 11 days (or
until all mono-alkynyl converted to the trans-bis(alkynyl) complex in solution,
monitored by in situ unlocked *'P{"H} NMR spectroscopy). The solution colour
changed from yellow to orange over the reaction period and a white solid precipitated.
The reaction solvents were removed under high vacuum, yielding an orange / brown
residue. The residue was extracted with minimum CH,Cl,, filtered through celite to
remove reaction salts and concentrated to dryness by rotary evaporation, yielding an
orange / brown residue. A minimum amount of MeOH (3 ml) was added to the residue
and solution left in the fridge for ~ two hours to aid precipitation of a white solid. The
solid was collected by filtration, washed with cold MeOH (3 x 10 ml) and air dried
(0.159, 85%). The precipitate may be further purified by recrystallisation from
CH.CIl, / MeOH layer diffusion, yielding large white crystals suitable for X-ray
crystallography.

IR (CH,Cl,, cm™): 2076 v(RuC=C). 'H NMR (CDCl;, 600 MHz) &/ ppm: 1.21 (t,
J=7Hz, 36H, CH3 P(OEt);), 4.31 (quar., J=7 Hz, 24H, CH,, P(OEt)s), 6.94 (t,
J=7Hz, 2H, H®, 7.03 (d, J=8Hz, 4H, HY, 7.11 (t, J =7 Hz, 4H, H°. *P{*H}
NMR (CDCls, 300 MHz) &/ ppm: 138.2 (s, Ru{P(OEt)s}s). *C{*H} NMR (CDCls,
600 MHz) &/ ppm: 16.6 (s, CH3, P(OEt)3), 61.0 (s, CHa, P(OEt)3), 113.8 (s, C?), 116.7
(quin., J =20 Hz, C'), 122.5 (s, C%), 130.1 (s, C*), 131.5 (s, C*). ESI(+)-MS (m/z): 969
[Ru(C=CCgHs)2{P(OEt)3}4]", 867 [Ru(C=CCgHs){P(OEt)s}4]". Anal. Found: C, 49.37;
H, 7.16. Calc for C4H70012P4Ru: C, 49.57; H, 7.29 %.
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Synthesis of trans-[Ru(C=CCgH4-4-NO,){P(OEt)3}4], [18d]

A mixture of [19] (0.10 g, 0.12mmol), KPF¢ (0.0869g, 0.47 mmol) and
HC=CCgH4-4-NO, (0.044 g, 0.30 mmol) in EtOH (5 ml) and NH'Pr, (2 ml) was stirred
under N, for 24 days. The solution colour changed from orange to brown over the
reaction period and a white solid precipitated. The reaction solvents were removed
under high vacuum, yielding a dark red oily residue, which was purified by column
chromatography (silica, 90 : 10, hexanes : acetone). The first bright red / orange band
was collected and solvent removed to yield the product as a bright red precipitate
(0.075 g, 59 %). Crystals suitable for single crystal X-ray crystallography were obtained
by slow evaporation from CH,Cl, at reduced temperature (— 18 °C).

IR (CH,Cl,, cm™): 2054 v(RuC=C), 1584 v(N=0), 1324 v(N-O). 'H NMR (CDCls,
600 MHz) &/ ppm: 1.21 (t, J = 7 Hz, 36H, CHs, P(OEt)s), 4.25 (quar., J = 7 Hz, 24H,
CH,, P(OEt)3), 7.03 (apparent doublet, splitting = 9 Hz, 4H, H?), 8.02 (apparent doublet,
splitting =9 Hz, 4H, H®. *P{*H} NMR (CDCl;, 600 MHz) &/ppm: 136.2 (s,
Ru{P(OEt)s}4). *C{*H} NMR (CDCls, 600 MHz) &/ ppm: 16.5 (s, CH3 P(OEt)3), 61.1
(s, CHa, P(OEt)3), 102.2 (quin., J = 21 Hz, C1), 116.9 (s, C?), 124.0 (s, C°), 129.9 (s, C%),
1379 (s, C%, 1428 (s, CP®. ESI(+)-MS (m/z): 1058 [Ru(C=CCgH,-4-
NO,){P(OEt)s}s]", 953 [Ru(C=CCeH4-4-NO){P(OEt)s}, + MeCN]*, 912
[Ru(C=CCgH4-4-NO,){P(OEt)3}4]". Anal. Found: C, 45.46; H, 6.50; N, 2.67. Calc. for
C4oHesN2016P4RU: C, 45.36; H, 6.48; N, 2.65 %.

He P
(EtO)sR_P(OEt); C4 05
NECQC Cc- Ru c'=c2?- 03\ /CG C=N
(EtO),P P(OEY), 7

Synthesis of trans-[Ru(C=CCgsH4-4-C=N){P(OEt)s}4], [18¢e]

A mixture of [19] (0.21 g, 0.25mmol), KPFg (0.11g, 0.59 mmol) and
HC=CCgH4-4-C=N (0.076 g, 0.60 mmol) in EtOH (4 ml) and NH'Pr, (2 ml) was stirred
under N, for four weeks. The solution colour changed from yellow to orange / brown
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over the reaction period and a white solid precipitated. The reaction solvents were
removed under high vacuum, yielding a brown oily residue. The residue was extracted
with minimum CH,ClIy, filtered through a cotton wool plug to remove reaction salts and
concentrated to dryness by rotary evaporation, yielding an orange / brown oily residue.
A minimum amount of MeOH (~ 3 ml) was added to the residue and solution left in the
fridge for 24 hours to aid precipitation of an orange solid. The orange solid was
collected by filtration, washed with minimum cold MeOH (3 x 3 ml) and air dried
(0.040 g, 19 %). The precipitate may be further purified by recrystallisation from a
CHCI3/ MeOH layer diffusion, vyielding vyellow needles suitable for X-ray
crystallography.

IR (CH,Cl,, cm™): 2234 v(C=N), 2219 v(C=N), 2065 v(RUC=C), 1606 v(C=C), 1591
v(C=C). 'H NMR (CDCls, 300 MHz) &/ ppm: 1.19 (t, J = 7 Hz, 36H, CH3; P(OEt)s),
4.25 (quar., J =7 Hz, 24H, CH,, P(OEt)3), 7.01 (apparent doublet, splitting = 8 Hz, 4H,
H*), 7.37 (apparent doublet, splitting = 8 Hz, 4H, H°). **P{"H} NMR (CDCls, 300 MHz)
&/ ppm: 136.8 (s, Ru{P(OEt)s}s). *C{*H} NMR (CDCl;, 600 MHz) &/ ppm: 16.5 (s,
CHs P(OEt)s), 61.1 (s, CHy, P(OEt)s), 104.9 (s, C?), 115.1 (s, C?), 120.4 (s, CN), 130.2
(s, C%), 131.6 (quin., J = 20 Hz, CY), 131.9 (s, C°), 135.5 (s, C°). ESI(+)-MS (m/z): 1019
[Ru(C=CCgH4-4-C=N),{P(OEt)3}4 + H]".

He  HP

(E1O),R P(OEt); ~ C:CP
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(EtO);P P(OEt), N7

Synthesis of trans-[Ru(C=CCgsHy4-4-C=CSiMes){P(OEt)s}4], [18f]

A mixture of [19] (0.12 g, 0.15mmol), KPFg (0.12g, 0.65mmol) and
HC=CCgH4-4-C=CSiMe; (0.089 g, 0.45 mmol) in EtOH (4 ml) and NH'Pr, (1.5 ml) was
stirred under N, for 17 days (or until all mono-alkynyl converted to the trans-
bis(alkynyl) complex in solution, monitored by in situ unlocked *P{"H} NMR
spectroscopy). The solution colour changed from yellow to orange over the reaction
period and a white solid precipitated. The reaction solvents were removed under high
vacuum, Yyielding a brown oily residue. The residue was extracted with minimum
CH.Cl,, filtered through celite to remove reaction salts and concentrated to dryness by

rotary evaporation, yielding a brown oily residue. The residue was re-extracted with
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hexanes and filtered until extracts ran clear. The extracts were concentrated to dryness,
yielding an orange solid. The orange solid was extracted a final time with minimum
CH,Cl, and filtered through a small alumina plug (basic, oven-dried). The first
orange / yellow fraction was collected, concentrated to dryness yielding an orange solid,
washed with minimum cold MeOH (3 x 3 ml) and air dried (0.072 g, 43 %). Crystals
suitable for single crystal X-ray crystallography were grown from a CHCIl3/ MeOH
layer diffusion at reduced temperature (— 18 °C).

IR (CH,Cl,, cm™): 2147 v(C=CSiMe3), 2068 v(RuC=C). *H NMR (CDCl;, 600 MHz)
o/ ppm: 0.22 (s, 18H, SiMes), 1.18 (t, J=7 Hz, 36H, CH3 P(OEt)3), 4.27 (quar.,
J=7Hz, 24H, CH,, P(OEt)s), 6.91 (apparent doublet, splitting = 8 Hz, 4H, H*), 7.21
(apparent doublet, splitting = 8 Hz, 4H, H°). **P{"H} NMR (CDCls, 300 MHz) & / ppm:
137.6 (s, Ru{P(OEt)s}s). *C{*H} NMR (CDCls, 600 MHz) &/ppm: 0.3 (s, SiMes),
16.6 (s, CH3, P(OEt)3), 61.0 (s, CHy, P(OEt)3), 93.5 (s, C®), 106.5 (s, C’), 114.8 (s, C),
116.4 (s, C%), 123.3 (quin., J = 20 Hz, C'), 129.8 (s, C%), 131.7 (s, C°). APCI(+)-MS
(m/z): 1161 [Ru(C=CCgHs-4-C=CSiMes){P(OEt)s}s + H]’, 963 [Ru(C=CCg¢Hy-4-
C=CSiMe3){P(OEt)3}4]". Anal. Found: C, 51.90; H, 7.46. Calc. for CsoHgsO1,P4RUSI,:
C,51.71; H, 7.47.

5
H A pe He 1oH10

(EIO),R P(OEt);  C: o C8 o oo _HM
/WQC Cc- Ru c'=c?-¢} /CG—C oo el
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Synthesis of trans-[Ru(C=CCgsH4-4-CsH11){P(OEt)s}4], [180]

A mixture of [19] (0.19 g, 0.22mmol), KPFs (0.14g, 0.75mmol) and
HC=CCgH4-4-CsHyy (0.22 ml, 1.13 mmol) in EtOH (5ml) and NHPr, (2 ml) was
stirred under N, for 17 days (or until all mono-alkynyl converted to the trans-
bis(alkynyl) complex in solution, monitored by in situ unlocked *P{"H} NMR
spectroscopy). The solution colour changed from yellow to orange over the reaction
period and a white solid precipitated. The reaction solvents were removed under high
vacuum, yielding a brown residue. The residue was extracted with minimum CH,Cl,,
filtered through celite to remove reaction salts and concentrated to dryness by rotary
evaporation, yielding a brown residue. A minimum amount of EtOH (2.5 ml) was added

to the residue and solution stirred in an ice bath until a yellow solid separated out
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(~ 30 minutes). The solid was collected by filtration, washed with minimum cold EtOH
(3 x5 ml) and vacuum dried (0.083 g, 34 %). Large white crystals, suitable for X-ray
crystallography, were grown from a CDCl3 / EtOH layer diffusion.

IR (CH.Cly, cm™): 2076 v(RuC=C), 1602 v(C=C). '"H NMR (CDCl;, 600 MHz)
&/ ppm: 0.89 (t, J =7 Hz, 6H, H™), 1.20 (t, J = 7 Hz, 36H, CH3 P(OEt)s), 1.29 — 1.37
(m, 8H, H® and H™¥), 1.58 (quin., J =7 Hz, 4H, H®), 2.51 (t, J=7 Hz, 4H, H'), 4.32
(quar., J =7 Hz, 24H, CH,, P(OEt)3), 6.92 (apparent doublet, splitting = 8 Hz, 4H, H®),
6.94 (apparent doublet, splitting = 8 Hz, 4H, H*. *P{*H} NMR (CDCl;, 300 MHz)
8/ ppm: 138.4 (s, RU{P(OEt)s}s). *C{*H} NMR (CDCls, 600 MHz) &/ ppm: 14.2 (s,
c™, 16.6 (s, CHs, P(OEt)3), 23.0 (s, C® or C*°), 31.3 (s, C°), 31.9 (s, C® or C*°), 35.9 (s,
C"), 61.0 (s, CH,, P(OEt)s), 113.5 (s, C?), 114.2 (quin. J =21 Hz, C%) 127.8 (s, C°),
128.9 (s, C%), 129.9 (s, C*), 136.9 (s, C°). APCI(+)-MS (m/z): 1109 [Ru(C=CCgH,-4-
CsH11)2{P(OEt)s}, + H]*, 937 [Ru(C=CCgH4-4-CsH11){P(OEt)3}4]", 771
[RU(C=CCgH4-4-CsH11){P(OEt)3}s]", 605 [Ru(C=CCgHs-4-CsH11){P(OEt)s}, + H]".
Anal. Found: C, 54.23; H, 8.09. Calc. for C5oHgpO1,P4Ru: C, 54.13; H, 8.18 %.

HE  HP
\ ’
o) (EtO)R P(OEt); C:C5  O-Me
C=C-R(-C'=C2-C3 06«
VARS \ /
Me—-0O (EtO);P P(OEt); 7 o)

Synthesis of trans-[Ru(C=CCsH;-4-COOMe),{P(OEt)s}4], [18h]

A  mixture of [19] (0.17 g, 0.20mmol), KPFs (0.23g, 1.2mmol) and
HC=CCgH4-4-COOMe (0.21 g, 1.3 mmol) in EtOH (5ml) and NH'Pr, (2 ml) was
stirred under N, for 20 days (or until all mono-alkynyl was converted to the trans-
bis(alkynyl) complex in solution, monitored by in situ unlocked *P{"H} NMR
spectroscopy). The solution colour changed from yellow to orange / brown over the
reaction period and a white solid precipitated. The reaction solvents were removed
under high vacuum, yielding a brown oily residue. The residue was extracted with
minimum CH,ClI,, filtered through celite to remove reaction salts and concentrated to
dryness by rotary evaporation, yielding an orange / brown oily residue. A minimum
amount of MeOH (2.5 ml) was added to the residue and solution left in an ice bath
(~ 30 minutes) to aid precipitation of a yellow solid. The solid was collected by
filtration, washed with minimum cold MeOH (3 x 10 ml) and air dried (0.12 g, 56 %).
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Large, yellow, needle-like crystals, suitable for X-ray crystallography, were grown from
a CH,Cl, / MeOH layer diffusion.

IR (CH,Cl,, cm™): 2066 v(RUC=C), 1706 v(C=0), 1594 v(C=C). 'H NMR (CDCls,
300 MHz) &/ ppm: 1.19 (t, J=7 Hz, 36H, CH; P(OEt)s), 3.86 (s, 6H, OCHj3), 4.28
(quar., J = 7 Hz, 24H, CH,, P(OEt)s), 7.02 (apparent doublet, splitting = 8 Hz, 4H, H%),
7.80 (apparent doublet, splitting =8 Hz, 4H, H®). *P{*H} NMR (CDCl;, 300 MHz)
& / ppm: 137.3 (s, Ru{P(OEt)s}4). *C{*H} NMR (CDCl;, 600 MHz) &/ ppm: 16.5 (s,
CHs P(OEt)3), 51.9 (s, OCHg), 61.1 (s, CH,, P(OEt)3), 115.4 (s, C?), 123.7 (s, C°), 127.9
(quin., J =20 Hz, CY, 129.4 (s, C°), 130.0 (s, C%, 136.0 (s, C°%), 167.7 (s, C=0).
APCI(+)-MS  (m/z): 1085 [Ru(C=CCgH4-4-COOMe),{P(OEt)s}, + H]', 925
[Ru(C=CCgH4-4-COOMe){P(OEt)s}4]". Anal. Found: C, 48.64; H, 6.86. Calc. for
C4H74016P4RuU: C, 48.70; H, 6.88 %.

He  HP
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Synthesis of trans-[Ru(C=CCgHj-4-OMe),{P(OEt)s}4], [18i]

A mixture of [19] (0.11 g, 0.13mmol), KPFs (0.087g, 0.47 mmol) and
HC=CCgHs-4-OMe (0.3 ml, excess) in EtOH (5 ml) and NH'Pr, (2 ml) was stirred
under N for 14 days (or until all mono-alkynyl was converted to the trans-bis(alkynyl)
complex in solution, monitored by in situ unlocked 3P{*H} NMR spectroscopy). The
solution colour changed from yellow to orange over the reaction period and a white
solid precipitated. The reaction solvents were removed under high vacuum, yielding a
brown oily residue. The residue was extracted with minimum CHCl,, filtered through
celite to remove reaction salts and concentrated to dryness by rotary evaporation,
yielding a brown oily residue. A minimum amount of MeOH (3 ml) was added to the
oily residue, solution stirred for ~ two minutes and left in the fridge for ~ one hour,
where a white solid was formed. The solid was collected by filtration, washed with cold
MeOH (3 x 10 ml) and air dried (0.095 g, 72 %). Crystals suitable for single crystal
X-ray crystallography were grown via slow evaporation of a CH,Cl, / hexanes solution.
IR (CH,Cly, cm™): 2077 v(RuC=C), 1501 v(C-O). *H NMR (CDCls, 600 MHz) & / ppm:
1.20 (t, J =7 Hz, 36H, CH3 P(OEt)3), 3.75 (s, 6H, OCHj3), 4.32 (quar., J =7 Hz, 24H,
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CH,, P(OEt)s3), 6.68 (apparent doublet, splitting = 8 Hz, 4H, H*), 6.96 (apparent doublet,
splitting =8 Hz, 4H, H°). *P{'H} NMR (CDCls;, 300 MHz) &/ppm: 138.4 (s,
Ru{P(OEt)s}4). *C{*H} NMR (CDCls, 600 MHz) & / ppm: 16.6 (s, CH3 P(OEt)3), 55.3
(s, OCHs), 61.0 (s, CH,, P(OEt)3), 112.1 (quin., J = 19 Hz, C'), 112.5 (s, C?), 113.4 (s,
C%, 124.6 (s, C%), 130.8 (s, C°), 155.5 (s, C°). ESI(+)-MS (m/z): 1028 [Ru(C=CCgH,-4-
OMe){P(OEt)3}4]*, 938 [Ru(C=CCgHs-4-OMe){P(OEt)s}s + MeCNJ, 897
[Ru(C=CCgH4-4-OMe){P(OEt)s}s]". Anal. Found: C, 48.94; H, 7.32. Calc. for
CsoH74014P4RuU: C, 49.01; H, 7.25 %.

5.8.3. Syntheses and characterisations of {Ru(dppe).} complexes

6
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PR PPh, H3H3 HSH®

Synthesis of trans-/Ru(C=CC4Hy)»(dppe)-]

A mixture of [36]OTf (0.22 g, 0.20 mmol), HC=CC4Hg (58 pL, 0.50 mmol) and DBU
(~ 7 drops, excess) in CH,Cl, (6 ml) was stirred under N for 15 minutes. The solution
colour changed from red / brown to yellow over the reaction period. To the mixture was
then added TIBF, (0.034 g, 0.11 mmol), and solution stirred under N, overnight. Over
this period, the solution colour remained the same but a white solid (TICI) precipitated.
The yellow solution was concentrated carefully under high vacuum to ~ 3 ml and
filtered through alumina (basic, oven-dried) to remove TICI and reaction salts. The
yellow filtrate was concentrated to ~ 2 ml by rotary evaporation and excess MeOH
added causing the instant precipitation of a bright yellow solid. The yellow solid was
collected by filtration, washed with MeOH (3 x 10 ml) and hexanes (3 x 10 ml), then
dried in air (0.14 g, 67 %). Crystals suitable for single crystal X-ray crystallography
were grown from a CDCl; / MeOH layer diffusion at reduced temperature (— 18 °C).

IR (CH,Cl,, cm™): 2086s v(RuC=C). 'H NMR (CDCl;, 300 MHz) &/ ppm: 0.88 (t,
J=6Hz, 6H, H°%, 1.15-1.38(m, 8H, H* and H®, 1.92 (t, J=6Hz, 4H, H®),
2.38 —2.71 (m, 8H, CHy, dppe), 6.95 (t, J = 8 Hz, 16H, Hy, dppe), 7.15 (t, J = 8 Hz, 8H,
H,, dppe), 7.39 — 7.57 (m, 16H, H,, dppe). **P{*H} (CDCls, 300 MHz) & / ppm: 56.0 (s,
Ru(dppe),). *C{*H} NMR (CDCl;, 600 MHz) &/ ppm: 14.3 (s, C%), 22.9 (s, C°), 23.5
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(s, C*), 31.9 (t, J = 12 Hz, CH,, dppe), 32.7 (s, C*), 108.0 (quin., J = 15 Hz, C%), 112.9
(s, C?), 126.7 (s, Cm, dppm), 128.3 (s, Cp, dppm), 134.6 (s, Co, dppm), 138.1 (quin.,
J=10 Hz, C;, dppm). ESI(+)-MS (m/z): 1061 [Ru(C=CC4Hs)-(dppe), + H]*, 1060
[Ru(C=CC4Ho)2(dppe)2]”, 899 [Ru(dppe), + H]*. Anal. Found: C, 68.98; H, 5.99. Calc.
for Cg4HesPsRuU: C, 72.43; H, 6.27.

He RO
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Synthesis of trans-[Ru(C=CCgsHs),(dppe),], [13]

A mixture of [36]OTf (0.20 g, 0.19 mmol), HC=CC¢Hs (47 pL, 0.43 mmol) and DBU
(~ 6 drops, excess) in CH,Cl, (7 ml) was stirred under N, for 15 minutes. The solution
colour changed from red / brown to yellow over the reaction period. To the mixture was
then added TIBF, (0.063 g, 0.22 mmol), and solution stirred under N, overnight. Over
this period, the solution colour remained the same, but a white solid (TICI) precipitated.
The yellow solution was concentrated carefully under high vacuum to ~ 3 ml and
filtered through alumina (basic, oven-dried) to remove TICI and reaction salts. The
yellow filtrate was concentrated to ~ 1 ml by rotary evaporation and excess diethyl ether
added, resulting in the instantaneous precipitation of a bright yellow solid. The yellow
solid was collected by filtration, washed with diethyl ether (3 x 10 ml) and hexanes
(3 x 10 ml), then dried in air (0.15 g, 73 %).

IR (CH.Cly, cm™): 2060 v(RuC=C). *H NMR (CDCl;, 600 MHz) & / ppm: 2.54 — 2.75
(m, 8H, CHy, dppe), 6.78 (d, J = 8 Hz, 4H, H*), 6.96 (t, J = 8 Hz, 16H, Hy, dppe), 7.01
(t, J=8Hz, 2H, H%, 7.13 (t, J=8Hz, 4H, H), 7.17 (t, J=8Hz, 8H, H,, dppe),
750759 (m, 16H, Ho, dppe). *P{*H} (CDCl;, 600 MHz) &/ppm: 53.9 (5,
Ru(dppe),). *C{*H} NMR (CDCls, 600 MHz) & / ppm: 31.7 (t, J = 12 Hz, CH,, dppe),
116.8 (s, C?), 123.0 (s, C°), 127.2 (s, Cmm, dppe), 127.6 (s, C°), 128.7 (s, C,, dppe), 130.2
(s, C*), 130.9 (s, C®), 134.5 (s, Co, dppe), 137.1 — 137.6 (m, C;, dppe). ESI(+)-MS (m/z):
1101 [Ru(C=CCgHs)2(dppe), + H]*, 1100 [Ru(C=CCgHs),(dppe).]”. Anal. Found: C,
74.25; H, 5.34. Calc. for CggHsgPsRu: C, 74.16; H, 5.31 %. The experimental data

reported here are in agreement with, and is an extension of, that published previously.®
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CONCLUSIONS

This Thesis has explored several series of trans-bis(alkynyl), ‘wire-like’, ruthenium
complexes, trans-[Ru(C=CR),(L)4], and related oligomeric systems as models through
which to understand the effects that varying i) the nature of the ancillary ligands (L), ii)
the pseudo-symmetry at the metal centre and iii) the number of metal centres along the
‘wire-like” molecular backbone have on the underlying electronic structures and hence
spectroscopic and charge transfer properties. Within this work a novel design strategy
for the ‘insulating sheath’ component of molecules tailored for applications within the
area of molecular electronics has been identified.

Reactions of cis-[RuCl,(dppm),] with terminal alkynes, HC=CCgHs-4-R, bearing
electron withdrawing R groups in the presence of the halide abstracting agent TIBF, and
base cleanly afforded trans-bis(alkynyl) complexes,
trans-[Ru(C=CCsHs-4-R)2(dppm),]. In contrast, analogous reactions with alkynes
bearing electron donating R groups were intercepted with the formation of cationic
n®-butenynyl  complexes, E-[Ru(n®-{HC(CgH4-4-R)=CC=C(CgH4-4-R)})(dppm)2]*.
Such transformations of alkynes at the {Ru(dppm),} centre are thought to arise as a
result of the strained phosphine bite angle (especially when compared with {Ru(dppe).}
systems, where analogous reactions were not observed). These synthetic difficulties are
likely  to have contributed to the declining prevalence of
trans-[Ru(C=CCgHs-4-R)2(dppm),] (vs. trans-[Ru(C=CCsH;s-4-R)2(dppe)2]) complexes
within the literature. Furthermore, reactions of cis-[RuCl,(dppm),] with di-alkynes,
HC=CCgH,-2,5-X,-4-C=CH, and nucleophillic chloride ([N"Bus]Cl) generated the
Markovnikov addition product, trans-[RUCI(C=CCgH,-2,5-R,-4-CCI=CH,)(dppm).],

inferring the presence of a quinoidal cumulene intermediate.

The importance of molecular pseudo-symmetry, which is in turn governed by the
ancillary ligands, on spectral profiles has been highlighted following synthetic and
spectroscopic investigation of multi-metallic, trans-alkynyl {Ru(dppe).} complexes
bridged by 1,4-diethynylbenzenes. Complexes derived from the {Ru(dppe).} motif
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Conclusions

bearing bis-aryl ethynyl fragments and the two chelating phosphine ligands, exhibit a
number of thermally accessible conformers, which are spectroscopically distinct. As a
result, the spectra of both neutral and oxidised complexes are complicated, making
superficial interpretations of the data difficult. Increasing the steric bulk of the bridging
aryl ethynyl fragment between metal centres, therefore hindering rotation of the linker,
resulted in cleaner band shapes in the resultant spectra as a consequence of fewer
accessible rotamer conformations. Through careful consideration of the spectra of these
multi-metallic systems with those from model mono- and bi-nuclear fragments, an
interpretation of the spectroscopic profiles in terms of localisation of the charge at
various ‘redox sinks’ along the backbone and intramolecular redox isomers can be
offered. The aromatic fragments comprising the {Ru(dppe).} motif were also shown to
contact to gold surfaces, establishing additional undesirable conductance pathways for

trans-[Ru(C=CR),(dppe).] complexes, resulting in broader conductance profiles.

As superior model molecular wires, higher symmetry (pseudo Dgy) trans-
[Ru(C=CR){P(OEt)s}s] complexes, bearing non-aromatic ancillary ligands, were
synthesised. The lower number of spectroscopically distinct rotamer conformations, vs.
chelating bis-phosphines (pseudo D), translated to cleaner spectral profiles allowing
for more facile data interpretations, whilst the non-aromatic triethylphosphite groups
allowed formation of predominantly linear Aulmolecule|Au junctions, noted by the
sharper conductance histograms obtained. Given their relatively low first oxidation
potentials, trans-[Ru(C=CR).{P(OEt)3}4] complexes also present as superior (by way of
power efficiency) redox switches and perhaps transistors, adding another dimension to

their already brimming capacity.

In summary, the design of molecules as electrical components should look towards
using higher symmetry trans-bis(alkynyl) complexes bearing non-aromatic ancillary
ligands in order to accelerate the field of molecular electronics by simplifying spectral
profiles, leading to more consistent and accurate results, and establishing cleaner

molecular junctions.

)

“It’s five-0-clock somewhere...’

Alan Jackson
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