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ABSTRACT

To date, investigations concerning single or small groups of molecules for molecular
electronics have largely focussed upon the transfer of electrons from donor to acceptor
(electrodes or redox centres), through a single molecular pathway (bridging ligand or linear
structure). Herein is described the synthesis and electrochemical properties of some branched
and macrocyclic compounds containing {FeCp,} and {Ru(dppe).} centres, with phenylene
ethynylene backbones and pyridyl-termini for surface binding (Chapters 2 and 5, respectively).
Such systems provide two well-defined molecular pathways for electron transfer, facilitating the
study of quantum interference effects and other phenomena resulting from concurrent, and
ultimately convergent, electron transport.

In addition, the large-scale ‘oxidative purification’ of 1,1’-diiodoferrocene (1) is presented
(Chapter 2), its usefulness as a starting material being further enhanced by an investigation into
the optimisation of its (typically low-moderate yielding) reactions with terminal alkynes under
Sonogashira cross-coupling conditions (Chapter 3). As part of this study, attempts to synthesise
1,1°-bis[(4-thioacetylphenyl)ethynyl|ferrocene from 1 and 4-ethynylphenylthioacetate
unexpectedly produced a cyclic trimer (15) of the latter. This observation afforded an
explanation as to why the Fc—C=C-C¢Hs—SAc motif may not be formed using this approach, and
resulted in the realisation of a new route to B-phenylthioketones in general.

The linear complex Ru(dppe),(C=C—CsHsN), (17) has also been prepared — a synthesis
complicated by the bifunctional nature of the 4-ethynylpyridine ligand (Chapter 4). 1t is hoped
that future conductance studies of this and extended structures will complement recent work by
others on analogous complexes with isonitrile and thiolate-termini. Experiences with protecting
the pyridyl nitrogen of 4-ethynylpyridine, and the moderate success of employing N-methyl-4-
ethynylpyridinium triflate (19) as a ligand, are detailed.

Finally, ‘mixed-valence’ complexes of the type [{M(L),}.(«-BL)] (u-BL = bridging ligand)
are discussed and evaluated in light of recently observed correlations between their measured
AE\," values (the difference between sequential redox events, AE;,’ = E," — E,°) and IR triple
bond frequencies of analogous {M(L),}-R (R = C=0, "C=N, "C=C-Ph) complexes (a indicator
of electron density at {M(L),}) (Chapter 6). Trends in individual contributions to the free energy
of comproportionation are explored for complexes of the type [{M(L),}.(u-C=C—-C=C)].
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Chapter 1

CHAPTER 1 : INTRODUCTION

The transfer of electrons through molecular species is a subject of intensive study, important
in numerous subject areas including, but not limited to, chemical biology, molecular catalysis
and materials science. Over the last 20 years, such processes have been increasingly considered
in terms of ‘molecular electronics’, towards single, or groups of, molecules which may serve as
nanoscale analogues of common electronic components.' Interest in this field can be largely
attributed to its potential to extend, or even replace, existing solid-state approaches to the
fabrication of integrated circuitry. These are currently facing significant challenges.” By using
molecular networks, large reductions in interconnect/device sizes are possible compared to
present day silicon-based equivalents. Bringing advantages in cost, efficiency, and power
dissipation,’ the molecular approach also has the potential to improve computing speeds and
provide new electronic functionalities.* In the words of Richard Feynman, “there’s plenty of
room at the bottom™.’

To date, the majority of species studied in this context have been linear (e.g. Figure 1-1). By
this it is meant that they provide only one well-defined molecular path through which an electron
may be transmitted or transferred (though there may of course be multiple ‘sub-molecular’
routes). Whilst these undoubtedly represent the least complicated class of systems to study and
understand, a myriad of other ‘architectures’ may be considered; including for example, species
with parallel conduction pathways, three or more termini (see also early work by Tour et al.%),
helical, or dendrimeric structures (Figure 1-2). More closely resembling solid state devices than
wires, the effects such large structural variations might have on a molecule’s electronic
properties are intriguing. It is important however ‘not to run, before you can walk’. Charge
transport through even a single, linear molecule is theoretically complex, and the investigation of

such processes experimentally still presents significant challenges.

HS o~ AcS 7 N —_— \_/ — \_/ SAc

(a) (b)
Figure 1-1. Classic examples of ‘molecular wires’: (a) a thiol-terminated alkane’ and (b) a thioacetyl-

terminated oligo(phenylene-ethynylene) (OPE).*
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K=
~

Y | o I \ )
(M) = (P:'R " / ----

Figure 1-2. Not typically considered for molecular electronics, these selected examples (based on the
phenylene-ethynylene/acetylide motif) exemplify the potential structural diversity possible in systems (M
=Cu, Ag).’
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Chapter 1

Towards improved understanding, the primary focus of this work was to pursue the syntheses
of novel branched complexes containing two well-defined molecular pathways. As relatively
simple (but nonetheless interesting), non-linear materials, these make possible the rational
experimental study of quantum interference effects and other phenomena resulting from
concurrent electron transport on the nano-scale (Figure [-3). Critical in this context is the
incorporation of redox-active groups, to enable the manipulation of electron transfer processes
through individual branches. At present, investigations of analogous systems are restricted to a
handful of theoretical studies,'® and some very recent experiments with simple organic structures

(see section 1.1.2)."

wave A
wave B / \>4 scanning probe
/.’ | microscopy tip
N
; ; ; ; =

destructive interference I Il redox active
O Y = P.. | P —— component
T )

AN/
N /N [
M electrode

=
\ / v N surface
‘
constructive interference Q: : ; Q : : : Q ; : : : Q Q Q é é Q -\

Figure 1-3. The concept of probing quantum interference effects in a single molecule, shown

schematically in this case using scanning probe microscopy. Electron transfer through individual branches
of the system can be modulated by redox events at {Ru(dppe).}. This could (for example) be used to
switch destructive (top left diagram) or constructive (bottom left) interference effects off or on, affecting

molecular conductance accordingly.

This chapter aims to provide context for those that follow in this thesis by giving a brief

general introduction to molecular electronics, highlighting some important and relevant concepts.
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The rationale behind the choice of synthetic targets (Figure 1-4) is presented and common

strategies for the preparation of macrocycles (a critical branched structure class) are also

discussed. Subsequent chapters are introduced in turn, with additional background as

appropriate:

Chapter 2 discusses known ferrocene-based molecular electronic components and some
caveats of ferrocenyl alkyne synthesis

Chapter 3 provides an overview of the Sonogashira cross-coupling reaction, focussing on
its application to iodoferrocenes.

Chapter 4 reviews previously reported {Ru(dppe).}-containing molecular electronic
components and the syntheses of metal-alkynyl complexes.

Chapter 5 presents known (all-organic and metal-containing) ‘fixed-shape’ macrocycles
comprising the 3,5-diethynylpyridyl motif.

Chapter 6 briefly introduces electron transfer processes in terms of mixed-valence
complexes (Marcus-Hush theory), discussing in some detail the factors contributing to

AE,,"/comproportionation equilibria.
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Figure 1-4. Representative synthetic targets pursued in this work. Critical features of the macrocyclic
targets are 1) surface binding groups (3,5-pyridyl), ii) a conjugated (‘conducting’) backbone
(oligo(phenylene-ethynylene) framework), and iii) redox active centres (Fe/Ru). Efforts involving the
linear target (b) are described in Chapter 4, providing insights vital for syntheses of (c).

1.1 MOLECULAR ELECTRONICS

Functionalised with suitable moieties for surface binding, the electronic properties of a single
molecule, small group of molecules, or monolayer can be probed by self-assembly of the

molecular component between two electrodes. Such arrangements are typically called ‘molecular

junctions’,"!? and can be prepared using various techniques. For representative examples, see:

crossed-wire® and mechanical controllable break junctions,” scanning tunnelling microscopy

b

(STM)" and conducting probe-atomic force microscopy,'®® nanopores,'® NanoCells” and

MolePores'® (also, ab initio'” and theoretical'® methodologies). Surface binding groups thus far

19b,21 19a,22 14¢,23

employed include thiol,"*" selenium,” isocyanide, amine, pyridine, carboxylic

acid,”® diazonium salt (forming direct Si-C bonds),** and trimethylsilyl* functionalities, as well
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as more elaborate bi- and tri-coordinate anchors such as cyclopentadithiophene®® and tripodal
pyridyl structures.”’
Efforts towards improving the efficiency of ‘molecular wires’ (electron or hole conducting

species demonstrating a more efficient route to electron transfer than through space) have

19a 19¢

resulted in the study of a vast array of different structure-types; from alkanes, ™ alkenes ™ and
alkynes™ through to carbon nanotubes,” porphyrins® and DNA.* Though some (perhaps
expected) structure-property trends have emerged (e.g. unsaturated species generally exhibit a
higher conductance than their saturated equivalents (7able 1-1), conductance decreases with
increasing molecular length),'**" it is important to understand that the properties of a molecular
junction are not solely ascribable to those of the individual (i.e. isolated) molecule. The nature of
the molecule-electrode contact,'”*" energies of the molecular bridge HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital) relative to the Fermi level
(Er) of the electrodes,'*** degree of localisation or delocalisation of the HOMO/LUMO over the

3234 and local molecular environment (single adsorbed

entire molecular component,* temperature,
molecule/monolayer,* vacuum/condensed matter,*® etc) will all impact upon the electron
transport process (see section 1.1.1).

In addition to wire-like behaviour (i.e. featureless current-voltage relationships) ‘molecules’
may exhibit properties more typical of electronic components (switches, diodes, etc) and in such
cases are generally better described as ‘molecular devices’. Interesting phenomena thus far

observed include conductance/stochastic switching,****" hysteresis loops,** negative differential

34a 32,39

resistance,** current rectification,*® Coulomb blockade** and Kondo resonance.*
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Table 1-1. Experimentally determined S-values® for selected structure types*

terminal
structure formula group B(A™ ref
saturated alkane [-CH,—], —SH 1.02-1.08 (x 0.14)  19a
_NH, 0.81-0.88 (£0.01) 19

~COOH  0.77-0.81 (£ 0.01) 19

acene/oligophenyl @/x X ~-SH 0.50 (+0.09) 19b
. , etc

-NC 0.49 (£ 0.08) 19b

oligo(phenylene-vinylene) [-CH=CH—CsH,—], —SAc 0.53-0.63 (= 0.13) 19c

0.4 (x0.12) 19d

polyene [-CH=CH—CH=CMe—|, —-CeHsSH  0.22 (£0.04) 19e

oligo(phenylene-ethynylene)  [-C=C—C¢H,—], —SAc 0.21 (= 0.01) 191
oligothiophene —-SCN 0.1 42

oligoynes —CsHsN 0.06 (= 0.03) 23c

¢ f = the tunnelling decay constant (indicative of the efficiency of electron transport along a molecule);

G = Ae”" (G and L are molecular conductance (A-V™') and length (A), respectively).*

The last decade has seen a particular surge of activity exploring the properties of metal
complexes in this context (relevant Fe and Ru systems are discussed in Chapter 2 and Chapter 4,
respectively). Incorporation of a metal centre potentially enables redox or photochemical

addressability of the molecular component,*

also allowing its electronic properties to be ‘tuned’
via metal/ligand exchange.’** Of particular interest are metal c-alkynyl complexes, readily
prepared*® with a wide variety of transition metals. Acetylides have proved excellent mediators
of electron transfer in organic systems (extended m-conjugation typically implies small HOMO-
LUMO gaps/delocalised electrons), and their rigid and linear nature facilitates the synthesis of
molecular species to well-defined, fixed lengths (guaranteeing through-space/through-bond

electron transfer between donor and acceptor components by eliminating diffusive aspects).

1.1.1 Electron transport on the nano-scale

How does an electron move through a molecule? Over typical distances (i.e. 1-10 nm) three

prevalent mechanisms of electron transport may be considered: coherent tunnelling (no
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relaxation of electrons or nuclei), hopping (relaxation of electrons and nuclei) and Coulomb
blockade (relaxation of electrons but not nuclei). Though one of these often dominates the
overall process, they can occur in parallel. The observed rate of electron transfer (k) should
therefore be considered as the sum of, for example, tunnelling (kw,) and hopping (ki.p) terms, ke
= kun T knop;'® With their relative contribution for a given system explored through the temperature
and distance dependency of k. or G (molecular conductance, a related parameter) (vida infra).
The latter may be described by the Landauer formula (eqn (1-1)), where 7. is the electron
transmission coefficient and 2¢*/h (= 77.4 uS) is the quantum of conductance (i.e. the maximum

possible conductance for a single transport channel).'d!847

6= 21,5 (1-1)

Properties of a typical molecular junction

A simplistic view of a molecular junction is shown in Figure [-5. This denotes two
electrodes (conducting surfaces, scanning probe microscopy tips, nanoparticles, etc) separated by
a nanoscale gap that is bridged by a single molecule (and perhaps surrounding vacuum,
condensed matter, or air). Each (metal) electrode comprises a continuum of energy levels which
are filled up to a given energy level (Erat 0 K), whereas the molecule contains an intrinsic series
of discrete energy levels which are filled with electrons up to the energy of the HOMO." Upon
contact of the molecule with the metal surface (chemisorption/physisorption), both (a) mixing
between the discrete molecule orbitals and metal electron states continuum and (b) charge flow
occurs. This results in alignment of the Fermi level of electrodes within the HOMO-LUMO
gap.'® At zero bias in a symmetrical system Er for both metal termini is the same. Figure I-5

depicts the situation with an applied bias.

* In isolation, the Fermi level of a noble metal would be around -5 eV, the HOMO of a molecule around -9 eV

(relative to the lowest energy level of a free electron in a vacuum).'®
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metal electrodes

continuum of filled
/ energy levels
/

\ molecular energy levels
filled to HOMO

Figure 1-5. A two-electrode setup depicting the electronic energy levels, and electron (top arrow) or hole
(bottom arrow) transfer pathways within a metal-molecule-metal junction (note that the position of the
molecular energy levels relative to Er, the Fermi level of the metal electrodes, changes for every

system).'®

Other effects resulting from junction formation are worthy of note. First, the localised charge
transfer and resulting dipole formation at the interface will perturb the relative energies of Er and
molecular orbital levels in the junction.* For example, when the dipole is aligned with its
negative pole pointing toward the organic layer, the HOMO will be destabilised relative to Er
due to the addition of a repulsive electrostatic energy (and vice-versa). Second, electronic
coupling (I') between the molecule(s) and electrodes will significantly broaden the molecular
energy levels (caused by the decay of the metal surface states into the molecular region®), also
serving to reduce the solid state (‘HOMO-LUMO’) gap relative to its size in vacuum or as
measured in solution.'**’* The magnitude of I” depends not only on the strength of the bond (E)
between the termini surface and molecular contact groups (chemisorbed molecule-surface
contacts, E, = 0.1-0.5 eV; physisorbed species, E, = 0.001-0.1 eV*™), but the extent of
(intramolecular) coupling between the latter and the rest of the molecule. Interface effects which
reduce the conductance of a junction collectively contribute to what is known as ‘contact
resistance’ (Ro) (this term can be determined by extrapolating plots of conductance vs. molecular

length (R) to zero).
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Coherent tunnelling

Tunnelling is the non-classical process by which electrons move from a donor (D) to an
acceptor (A) through vacuum, condensed matter or a molecular bridge (B), and in the simplest
case this occurs coherently (no inelastic scattering events take place, i.e. energy transfer or
dephasing). A direct, one-step process, transmitted electrons/holes do not reside on the bridge for
any appreciable amount of time (they have only ‘virtual’ residence’). Notably, k.. is faster
through a bridging molecule than through vacuum (it can be considered that the former reduces
the effective tunnelling barrier height, increasing the transmission probability through the
barrier),>* and through-bond tunnelling (where the current follows the bond overlaps along the
molecule) is favoured over through-space tunnelling (direct transfer from terminal to terminal).'®

This mechanism is characterised by an exponential dependence of k. on the donor-acceptor
separation distance (dpa) (or alternatively, on the number of repeat molecular units, N), with ki
given by eqn (1-2). Here, f = —(2/a)In(Hgs/AEps) 1n a superexchange model, Hgg = the internal
coupling energy between the bridge units, a = the bridge unit length and AEpg = the energy of the

mediating state (D'B"A or DB*A") above the ground state (assumed large relative to Hgg).'

kun = ko exp(-fdpa) (1-2)

Further distinctions between tunnelling processes may be made, depending on the relative
energies of D, A, and B. Where the energy difference (AEpg) between Er and the closest
molecular frontier orbital is large, transport is described as off-resonance tunnelling (Figure I-
6a); the suggested situation where molecular junctions are comprised of alkane dithiols (e.g.
Figure 1-1a).”™ In contrast, resonance tunnelling (Figure 1-6b) occurs when AEpg is small (i.e.
thermally accessible) or zero. Here there is only a minimal dependence of kuw, on dpa, due to a
small B.'** This state was postulated for pyridyl-terminated oligoynes (ab initio calculations

indicating the LUMO in these systems was in resonance with Er).”¢

t Through-bridge electron transfer (DBA to D'BA”) may be considered mediated via the ‘virtual” states D 'B"A
(electron transfer) or DB*A (hole transfer) (i.e. aided by high lying, empty, or low lying, fully occupied, bridge

orbitals).'**** Such a process is commonly referred to as superexchange (first introduced conceptually by

McConnell*").
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Figure 1-6. Schematic, energy level representations of (a) off-resonance (adapted from Todd et al.*”®) and

b) resonance tunnelling through a wire-like DBA device.

Hopping

As Er approaches the energy of molecular frontier orbitals, direct tunnelling processes come
into increasing competition with charge injection onto the bridge.”* Significant vibrational
relaxation is to be expected between successive electron transfer events*’*> where, in effect, B is
itself reduced or oxidised (the chemical mechanism)."* Injected charge(s) may be considered
localized (DB'A or DB"A) or delocalized across two or multiple locations on the bridge or
junction, diffusing or hopping randomly between bridge sites until they reach the thermodynamic
sink at A (Figure [-7). This mechanism has been observed, for example, in studies of
oligo(phenylene-vinylene) structures,*” and is characterised by kno,, oc N (i.e. ohmic behaviour),

as per eqn (1-3)."
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Figure 1-7. A schematic, energy level representation of hopping through a wire-like DBA device

(adapted from Todd et al.*™).

—AE
Khop o N'exp <7DB> (1-3)

Coulomb blockade

A capacitive charge (i.e. localised electron(s)) on the molecular component/bridge can limit
current flow through a junction due to electron-electron repulsion. For a given charge state (n) a
voltage-independent steady-state current will be measured until the electrostatic energy (= ¢*/2C,
where e is the electronic charge and C the capacitance of the charged species) is overcome. The
resulting charge state (n + 1), having one more transport channel than n, has a higher
conductivity. This effect is known as Coulomb blockade, and is readily identified by a series of
current plateaus interspaced by steep current increases (or alternatively, by sharp peaks in
conductance-voltage (dZ/dV-V) plots).

Nanoparticles or quantum dots exhibit Coulomb ‘staircase’ features with evenly separated
current increases (these result from evenly spaced energy levels). Though such a spacing of
molecular energy levels is not typical, Coulomb blockade effects may still be discernable.*® This
mechanism was recently encountered in transport studies of an isonitrile (-NC) terminated
trinuclear ruthenium bis(arylacetylide) complex at 5 K (note here R, = 4.2 x 10® Q, a relatively
large value).”® Weak coupling between the molecular ‘island’ and electrodes is considered to

promote Coulomb blockade effects, serving to better localise charge(s) on the bridge.
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1.1.2 Quantum interference effects

Given that tunnelling can dominate electron transport through a junction, the potential effects

18557 on molecular conductance are of fundamental interest. Destructive

of wave interference
effects have been postulated as explanations for the low conductivity™® of meta- vs. para-
substituted aromatic systems (Figure I-8a and b) (also, reduced electron-transfer rates''), and
typically provide a focal point for discussions of other cross-conjugated* species (Figure I-8c
and d).”®" Interference patterns have also been explored theoretically in ‘cis’ and ‘trans’
connected polycyclic hydrocarbon molecular wires (Figure [-8e) (their total effect on
conductance found to be greater for naphthalene-based systems than those containing benzene,
anthracene or tetracene; and Gyans > Geis).*

Such effects may be rationalised using a ‘path model’, whereby electron waves, starting from
the donor, are conceived to propagate through different spatial electron paths in the molecule
before being superimposed (interfering constructively or destructively) at the acceptor (Figure I-
3, left). Whilst sufficient in explaining the properties of many systems, a more complex
interpretation may prove necessary; particularly when interference pathways are not spatially
separated (e.g. in cross-conjugated species).””™® In any case, great insights are obtained from
analyses of calculated through junction transmission probabilities (as a function of energy): with
destructive interference, large dips/nodes are observed; with constructive interference, high,
broad peaks will be seen.’™ Discussed below, it has been speculated that interruption of specific
tunnelling pathways can change the total conductance of a junction by altering the through-
molecule interference pattern. In this way a molecule might be switched from a high

conductance, ‘on’ state to a low conductance, ‘off” state.

1 Cross-conjugation describes the situation where atoms (or substituent positions) are connected by a continuous
circuit of p orbitals, yet there is no resonance structure that places alternating double and single bonds between
them.” Recent experimental results suggest through molecule conductance follows the order linear-conjugation >

cross-conjugation > broken-conjugation. >
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(b)

(e)

Figure 1-8. The effects of quantum interference on through molecule electron transport have been

discussed in terms of the following examples: junctions formed using analogous (a) para- (higher

58a

conductance) and (b) meta-substituted (lower conductance) species;>* (c-d) other cross-conjugated

compounds;*¢'=*€14 (¢) ‘cis’ and ‘#rans’ configurations of substituted naphthalene-based wires.*

Constructive interference

In 1999, Magoga and Joachim considered the effects of molecules wired in parallel on total

1% Using the elastic scattering quantum

conductance, under different ‘node’ regimes (Figure 1-9).
chemistry (ESQC) technique to numerically evaluate the simple superposition law G, = G, + G,
(for two molecules wired in parallel between electrodes, where G; = the total conductance, G, =
the conductance of molecule n, i.e. Figure 1-9a), they determined that it holds true when each
molecule can be considered as an independent entity (i.e. where intermolecular coupling does not
occur). This means, for example, that the conductance of a single molecule can be safely
determined from the total conductance of a junction when there are a number (X) of identical

molecules held between the two electrodes, using G, = G/X (if say, the electrode surface is

sparsely populated).
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Figure 1-9. Different node regimes considered by Magoga and Joachim: (a) two molecules M; and M,
chemisorbed between two electrodes, separated by a distance, d (b) two molecular branches M, and M,
chemisorbed at one electrode (bottom) and via a ‘nonresonant node’ at the top electrode (disconnecting
the molecular energy levels from the electrode energy levels, i.e. off-resonance tunnelling through the

molecule), (¢) two molecular branches connected at either electrode via nonresonant nodes.

As the distance (d) between individual molecules becomes smaller, they begin to interact
with each other through the surface electronic states. In this case it was found that a similar
expression, G, = G,*" + G,*, could be used; where G, describes a modified conductance term
taking into account the intermolecular interactions.' This relation was also successful in
reproducing the conductance of a branched system with one node in the junction (i.e. Figure I-
9b). For the regime with two nodes in the junction (i.e. Figure 1-9c), analogous to systems
proposed here (Figure 1-3), G, was found to be larger than the summed conductance of the

individual branches. This results from a new constructivelike interference term in the

conductance expression, now G, = G, + G, + 2\/G1G2, attributed to the transformation of the
electronic structure of a molecular circuit when new branches are added to this circuit.

Of further intrigue, for each case described, G, = G, when electron transport through one of
the two molecules/branches in the junction was disrupted (where relevant, eliminating the

constructive effect). In the model compounds studied (e.g. Figure 1-10a) this was achieved via

¥ Linear scaling of conductance with the number of molecular wires has since been verified experimentally® in

a cross-wire junction (further theoretical investigations of parallel wires in molecular junctions are also noted®).
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rotation of one aromatic moiety from planarity (high conductance), to 90° (zero conductance

through that molecule/branch due to disruption of m-conjugation).
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Figure 1-10. (a) Representative theoretical (Magoga and Joachim'®) and (b-d) experimental (Vazquez et

al.'") organic structures used to explore superposition laws in single-molecule circuits with parallel paths.

Very recently, Vazquez et al. explored these theoretical findings experimentally (STM-break
junction technique) using the simple organic structures shown in Figure 1-10b-d (as well as via
density functional theory (DFT) junction transmission studies).'"*> Here, structures » and d (a
mechanically constrained analogue) exhibited similar conductance values (3.5 x 10* G, vs. 2.8 x
10 Go; Gy = 2€°/h), determining that the increased conformational flexibility of b played only a
minor role in effecting transport. It was subsequently found that the conductance ratio between
the single-branched (b) and macrocyclic (c) structures, G(b)/G(c) = 2.8 (= ~3, via DFT; G(c) =
9.7 x 10* Gy), was characteristic of constructive interference (in other words, G(c) > 2G(b)). The
additional ‘signature’ of this effect was also apparent from computational investigations; that is,
a broadened (in this case LUMO) transmission peak in c resulting from coherent linear

combination of the conjugated backbone orbitals.
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Destructive interference

Baer and Neuhauser explored the concept of conductance switching through disruption of an
initial destructive process.'™" Interference effects were observed in a series of alkene wires
linked at two points by a shorter wire (Figure 1-11), with calculated molecular conductance
values proving strongly dependent on the length of the cross-linker. Intriguingly, these decreased
in the order Ly ~ Ls > Lo > L, > L¢ > Lio(where L, = a long alkene wire linked by a shorter wire at
two points separated by n carbon-carbon bonds). Critical to interpretation of this result, in their
system the electron (de Broglie) wavelength at Er was 4 multiples of a carbon-carbon bond
length, and transport was considered ballistic (the size of the junction being much smaller than
the mean free path of the electron in the medium). Low conductance values were accordingly
attributed to destructive interference, as G(L,) < G(L,) only when the cross-linker had a length
that was not a multiple of the propagating electron wave.™ Notable also was G(L,) > G(L,) when
n = 4 and 8, but the authors did not explicitly link this to constructive effects. Further
investigations revealed that G(L,o) could be increased by disrupting transmission through one of
the branches (e.g. by artificially raising the potential energy of one of the CH sites or changing
the coupling strength of one bond).

Some close analogues have been prepared by Blaszczyk et al., but to explore intramolecular
proximity effects (i.e. phenyl ring rotation) on conductance (Figure 1-12) rather than quantum

interference phenomena.* These have not yet been studied in junction measurements.

™ This concept was discussed further in a subsequent study® for a system containing two paths, 4Rcc and 6Rcc,
where the de Broglie wavelength of the conduction electron, Ar = 4Rcc. Here, the phase difference of the two paths

will be (2Rcc/Ar) x 21 = 7, thus they will interfere destructively.
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Figure 1-11. A series of cross-linked structures (indexed by the number of carbon-carbon bonds between
the cross-linked points) used by Baer and Neuhauser to exemplify switching based on destructive

interference.'®® The position of leads/metallic contacts and gate voltages (V, or ;) is shown for L.

(a) (b)

Figure 1-12. A representative macrocycle (a), one of several prepared to study the effect of

intramolecular proximity effects on molecular conductance;* believed to be the origin of NDR behaviour

in monolayers of OPE (b).
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For analogous node regimes in real systems, it has been suggested that specific
inelastic/elastic processes (i.e. deposition of tunnelling electron energy into the vibronic
manifold of a bridge site,”” dephasing without relaxation®) might destroy coherence between two
electron pathways, removing destructive interference effects and restoring communication
between D and A. Using a three terminal approach, Stafford and co-workers have shown how
related phenomena may be exploited to switch between conductance states.® In their conception,
source and drain electrodes are meta-connected to a benzene moiety (or analogous positions on
[18]-annulene, or other cyclic structure), the junction thus residing in a low conductance state.
Coupling of a third electrode to the m-orbitals of the molecule (para-connected for the benzene
device) can then improve current flow by introducing decoherence (and additional paths that are
not cancelled), or elastic scattering. Though alignment of three-terminals on the molecular scale
presents a significant technological challenge, their “Quantum Interference Effect Transistor”

(QuIET) was patented in 2007.7°

Effect of magnetic fields on junction conductance

Whilst, in this work, disruption of electron transport through individual branches of a cyclic
structure (e.g. via redox processes, Figure 1-3) would likely form the basis of initial experiments,
the potential applications of magnetic fields in affecting molecular junction conductance should
also be mentioned. In mesoscopic ring systems this is certainly possible by exploitation of the
Aharonov—Bohm (AB) effect,”" a process underpinned by the general principle that a magnetic
vector potential (A) can alone affect the phase of an electron wavefunction.” Its relevance to
work in this thesis may be grasped by describing the original experiment, proposed by Aharonov
and Bohm in 1959 and undertaken by Chambers in 19607. Here a beam of electrons, split
coherently, is allowed to travel along two different paths before recombining (constructively) at a
detector. By placing a solenoid between the two electron paths (vanishingly small magnetic field
(B), but non-zero A outside the coil, Figure 1-13a) a phase difference (Ag) is created between
the beams such that when reunited they exhibit an interference pattern with destructive character.
The extent of interference is related to the magnetic field strength inside the solenoid via eqn (1-
4) (where ® = magnetic flux),” and the effective resistance of this ‘free electron’ circuit, plotted
as a function of the magnetic flux intensity, will exhibit oscillations with a period of A/e (integral

multiples of //e change the interference phase by 2m).
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(a) (b)

Figure 1-13. (a) Artistic representation” of two electrons passing a solenoid on opposite sides (blue
trajectories). The magnetic field (B) (purple flux lines) exists predominantly inside the coil, whereas the
vector potential (A) outside the coil (tangential to the green coaxial circles) falls off as 1/r with distance r
from the solenoid’s axis. The electrons experience a phase shift which is dependent on the path taken (the
nearest electron taking a path parallel to A, the farthest taking a path anti-parallel to A). Image reprinted
with permission from reference [74]. Copyright 2009, American Institute of Physics. (b) A photograph of
the system used by Webb ef al. to observe the AB effect in normal-metal rings (internal diameter = 784
nm, width of wire = 41 nm).”>”> Reprinted with permission from reference [75]. Copyright 1986,

American Institute of Physics.

Ag = (e/h)D (1-4)

The AB effect, amongst others,” has since been observed in normal-metal rings (e.g. Figure
1-13b),”"7 and even carbon nanotubes (here, the propagating electron waves are confined within
the meso/molecular structure).”® Though the similarities between Figure 1-13b and Figure 1-3
(or indeed any cyclic molecular system) are striking, it has been speculated that unrealistically
large magnetic fields would be required to achieve a full AB period in the conductance of
molecular-scale devices.* Whilst this problem might readily be circumvented by preparing

conjugated molecular ring systems on larger scales (see related work by Mayor and Didschies,®

" For example, Al’tshuler, Aronov and Spivak proposed an oscillation period of //2e for rings and cylinders

(the AAS effect).”
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and Iyoda™), others have explored circumstances under which much smaller fields may be
exploited to affect molecular conductance.

Indeed, work by Hod et al. suggests that switching using a field of only 1 T is possible when
a cyclic device is weakly electronically coupled to electrodes (for a Cu atom ‘corral’ of ring
diameter ~3 nm,* or a 1 nm diameter nanotube®’). Transmission peaks are thus narrowed,
facilitating conductance only in a small energy window. By setting maximal transmission at B =
0, they found that an applied magnetic field rapidly shifted (doubly degenerate) molecular levels
out of resonance, strongly reducing conductance (this concept was subsequently applied to three
terminal devices™*?). Rai et al. have quite recently extended this work, presenting an improved
set of conditions.?” They argue that weak electrode-ring coupling is a necessary but insufficient
condition to gain magnetic field control over transport, and that experimentally detectable
effects (i.e. changes in I-V curves) are only possible when molecules are asymmetrically coupled
to electrodes (e.g. ortho- or meta-connected benzene). Under such circumstances, improving
conductance with increasing field strength may be understood as phase adjustment of the
interfering electron waves by the field, causing them to interfere constructively until full
resonant transmission is reached (an intriguing destructive to constructive interference
mechanism). In line with discussions above, the inherent requirement of weak dephasing

(implying low temperatures) in these and related experiments was also stressed.

1.2 SYNTHETIC CONSIDERATIONS

Choice of surface binding group and backbone structure

Following the above discussion, general structural features of the target molecules presented
in Figure 1-4 may be further rationalized (with reasoning behind the choice of {FeCp.} and
{Ru(dppe).} redox centres discussed in subsequent chapters). For stability and consistency of
measurement, complexes for molecular electronics should ideally comprise strong (non-labile)

bonds and fixed conformations; warranting the use of all-covalent frameworks. Macrocycles

% ~10? to 10* T (T = Tesla) for ring systems on the scale of benzene/OPE;'® 470 T (= 2n//eS) for a ring with
cross-sectional area S = 8.75 nm>.” To put this in context, the strongest magnetic field thus far created in a
laboratory is 91.4 T, with field strengths of typical NMR instruments between 1.4 and 17.5 T (60-750 MHz).*' For
a useful discussion of this and other challenges related to utilisation of the AB effect in nanoscale devices, the reader

is directed to a review by Hod, Baer and Rabani.*
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with these properties are typically referred to as ‘shape-persistent’. The n-conjugated
oligo(phenylene-ethynylene) motif, also being a good mediator of electron transport (Table 1-1),
certainly fulfils this requirement, providing convenient access to unstrained cyclic systems using
meta-connections (= 120° angles).® Indeed, OPEs have already been utilized to great success in
the assembly of all-organic macrocycles (see Chapter 5 for further discussion), and their
utilization in analogous (albeit linear) complexes has significant precedence (see Chapters 2 and
4). Complete synthetic control over the organic framework (placement of surface binding groups,
solubilizing functionalities, etc) is also possible using established iterative Sonogashira cross-
coupling/desilylation methodologies. This capitalizes on the differential reactivity of aryl-
iodide/bromide functionalities and cleavage conditions for trimethylsilyl/triisopropylsilyl
moieties, where appropriate (exemplified in the synthetic chapters).

In using meta-substituted aromatic ‘building blocks’, appropriate analogues comprising
surface binding groups were required (Figure 1-14). Remarkably, with the notable exceptions of
3,5-pyridyl and 3,5-benzoic acid methyl ester®™ species, most materials have yet to be reported
outside of the patent literature. Given the commercial availability of 3,5-dibromopyridine (also,
3-bromo-5-iodopyridine, 3-ethynylpyridine, and 4-bromopyridinium chloride), pyridyl
containing targets were pursued almost exclusively in this work. For completeness, known or
postulated (based on reported syntheses of 1,4-substituted analogues) routes to alternative

trifunctional materials are provided in Scheme [-1, Scheme -2 and Scheme 1-3.

¥ Whilst simplifying syntheses, it is acknowledged that the cross-conjugation/destructive interference imparted
by meta-connectivity (vida infra) will likely reduce the conductance of such complexes relative to fully conjugated
analogues (e.g. cyclic structures based on oligothiophenes®*). This issue could be addressed in ‘second generation’

structures, if necessary.
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SAc NH NHCHO COMe

(a) (b) (c) (@) (e)

Figure 1-14. Trifunctional starting materials bearing commonly used surface binding groups (X =
halogen), required to prepare macrocyclic/branched molecules of interest (d and e are precursors to —-NC

and —CO,H termini).

NH,
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Br Br Me;Si SiMe;

SiMeCl Icl
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"BuLi, -80°C ccly

THF

Br SiMe;

Scheme 1-1. Possible synthetic routes to a relevant thioacetyl functionalised building block, based upon
the synthesis of the 1,4-substituted analogue.® It should however be noted that problems (also
encountered by this author) have been reported with iodo-to-thioacetyl conversion using this approach.”
The example syntheses of 1,3,5-triiodobenzene shown from (top to bottom) are reported by Mbller et

al..’" Vatsadze et al. °* and Mechtler et al.”

i) NaNO,
H,SO4 SnCl.H,0 | | HCOH | |
CH3COOH NaBH4 Ac0
—_—
CuO EtOH THF
EtOH

NH; NHCHO

Scheme 1-2. A possible synthetic route to the relevant isonitrile functionalised building block, via 3,5-

diiodoaniline,” based upon the synthesis of the 1,4-substituted analogue.”
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NH,
Icl
CHLl \
NH,

CO,Me | | isopentyl I |

nitrate
e
NH, THF
' CO,Me CO,Me
MeOH /
H2804
CO,H

Scheme 1-3. Literature route to a relevant carboxylic acid methyl ester functionalised building block, via

aniline derivatives.®®

Macrocyclization strategies

Though single-branched and double-branched ‘control’ complexes (i.e. zero and one node
systems, Figure 1-9a and b) were also to be synthesized, the most difficult preparations were to
be almost certainly those of cyclic structures (i.e. two nodes, Figure 1-9c); not least as a result of
competitive oligo- or polymerisations.” This ‘overshoot’ problem (including the production of
cyclic products larger in oligomeric size than the cyclic target) can significantly diminish
theoretical yields. Towards relevant, shape-persistent, macrocycles, Zhang and Moore have
highlighted four major strategies: (a) cyclo-oligomerization; (b) intramolecular ring closure of
a,o-difunctional oligomers; (c) intermolecular coupling between two or more oligomeric
fragments followed by unimolecular cyclization; (d) template cyclization of two or more
fragments (Figure 1-15). The following discussion, whilst largely based on their authoritative

overview,”” is also gauged from extensive reviews of the field by others.”

™" Related structures may be prepared via synthetic methods resulting in thermodynamically controlled product
distributions, i.e. via alkyne metathesis,” but this typically restricts macrocycle design to highly symmetrical

species.

41



Chapter 1

(a) 5 o~

(b)

N

N

ﬁ\/ N

N

"N E j
e

(d /I - Q /g\

A —

S
}..

Figure 1-15. Schematic representation of cyclization strategies (reprinted from Zhang and

Moore,’” with permission from Wiley).

With regard to the synthetic targets of this work, the biggest disadvantage of cyclo-
oligomerization (oligomerization + cyclization in one-pot, Figure I-15a) is the inability to
control placement of site-specific functionalities. Indeed, from a single difunctional monomer
AB (where A and B represent different functional groups on the same molecule, and A can only
react with B), or AA (identical functional groups, A can react with A) only macrocycles of high
symmetry can be produced (small sizes are entropically preferred, but often larger rings result
due to unfavourable angle strain). Even if a second, different, monomer (AB*) was mixed with
AB, it would likely only be incorporated at indiscriminate ring positions. Low yields (the
overshoot problem, multiple bond formation) and difficult to separate product mixtures (multiple
species with similar structures) further preclude the utility of cyclo-oligomerization processes
here, despite the very attractive prospect of synthesizing desired macrocycles in a single step

(also using simple/readily available starting materials).""

" However, syntheses of structures requiring three-fold symmetry (i.e. three-terminal molecular devices) may
benefit from cyclo-oligomerization approaches involving A, + B, monomers (where A, and B, are different

monomers, and A can only react with B).””** A ‘triangular’ amine functionalised oligo(phenylene-ethynylene) has
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In contrast, a more involved approach requires the formation of only a single bond in the
final step (Figure 1-15b), usually under conditions of high dilution to favour intramolecular,
rather than intermolecular, reaction. Higher cyclization yields may be expected (due in no small
part to the vast preorganization of the structure), but the process involves significant synthetic
work through multiple reaction steps to isolate the macrocyclic precursor (overall yields may be
lower); making it a largely unattractive prospect unless extremely asymmetrical systems are
required. As such, a more reasonable strategy, with yields and labour-time intermediate between
the first two approaches, is to assemble two appropriate portions of the cycle and join them in
one pot via consecutive intermolecular bond-formation and intramolecular cyclization steps (i.e.
Figure 1-15c). Here, non-identical branches or non-identical surface binding groups can readily
be combined, with only partial loss of structural control in the final product. As will be seen, this
was the strategy of choice for the majority of this work.

Template synthesis, whilst offering an interesting and ‘intelligent’ approach (Figure 1-15d),
has not yet been proven as a reliable method for increasing yields of macrocycle formation.
Furthermore, it typically requires additional synthetic steps (i.e. in preparing covalently bound

templates), and the approach can restrict, or even dictate, the design of the resulting macrocycle.

1.3 SUMMARY

This chapter has introduced key concepts relevant to the study and understanding of electron
transport through single or small groups of molecules, also highlighting some of the intriguing
properties that may be associated with branched components (i.e. the two node regime, Figure I-
9c). Towards ratification of theoretical investigations and the realization of molecular
conductance switching by manipulation of quantum interference effects, subsequent chapters
detail efforts towards the synthesis of relevant macrocyclic complexes and their analogues. In
these materials, the presence of redox active functionalities should enable the modulation of
electron transport through individual branches by redox events. Destructive/constructive
interference effects may thus be explored by measuring total molecular conductance as a

function of oxidation state, either through step-wise chemical oxidation, isolation and study of

been synthesized using a related approach and studied in two-terminal junction measurements.'®
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the mixed-valence (see Chapter 6 for relevant discussions), as well as the fully reduced/oxidized,
species; or alternatively, using in situ electrochemical STM techniques.'"’

Regardless of whether quantum interference effects can be detected in these ‘first generation’
materials, they remain of significant interest. In addition to the synthetic challenge presented, it
is not, for example, unreasonable to consider that they may exhibit three distinct conductance
states (i.e. 0 — both branches reduced, 1 — one branch oxidized, 2 — two branches oxidized).
Should this be the case, it is tentatively suggested that in extending beyond typical binary
molecular/semiconductor devices (i.e. two states, 0 = off/low conductance, 1 = on/high
conductance), such systems are perhaps well suited to ternary computing.*** Seldom discussed in
the field, despite the fact that multiple conductance states in molecular systems are by no means

5

a new phenomena,'” it is mentioned here essentially post scriptum as an enticing notion,

requiring further consideration.

1.3.1 Chapter synopsis

Work presented in this thesis is organized as follows:

Chapter 2 describes the syntheses of some branched ferrocene-containing complexes (Figure
1-16, top; and also the macrocycle shown in Figure [-4a). Electrochemical and UV-vis
spectroscopic studies of these materials are also discussed (similar investigations are included in

subsequent chapters for relevant novel compounds).

i Prior to the widespread adoption of the binary number system in computing, both decimal (base 10) and
ternary (base 3) were contemplated. The relative merits of decimal vs. binary representation are discussed by
Buchholz in his 1959 paper Fingers or Fists (binary numbers are more compact, multiplication is longer in the
decimal system, etc);'®* the former certainly being considered more naturally adapted given that typical electronic
switches/devices have two states (i.e. the “flip-flop” circuit'®). On ternary vs. binary it is intriguing to note that
‘balanced ternary’ (-1, 0, 1) was referred to as perhaps the prettiest number system of all by Knuth (in the Art of
Computer Programming), who suggested that it might one day prove quite important when the “flip-flop” is

replaced by a “flip-flap-flop” '™
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Figure 1-16. Further examples of work presented in this thesis (R = 3-pyridine, 4-(tert-butylthio)benzene,

trimethylsilane).

Chapter 3 details attempts to optimize the typically low-yielding Sonogashira cross-coupling
reactions between terminal alkynes and iodoferrocenes, using the model system shown in Figure
1-16 (middle). Attempts to synthesise 1,1’-bis[(4-thioacetylphenyl)ethynyl]ferrocene from 1,1°-
diiodoferrocene and 4-ethynylphenylthioacetate are described.

In Chapter 4, the problematic synthesis of Ru(dppe).(C=C—CsH4N), (Figure 1-4b) is
presented. Experiences with protecting the pyridyl nitrogen of 4-ethynylpyridine, and the
moderate success of employing N-methyl-4-ethynylpyridinium triflate as a ligand, are detailed.

Chapter 5 concerns preparation of the ruthenium macrocycle shown in Figure 1-4c, and its
single branched analogue (Figure 1-16, bottom). Here, problems encountered with the pyridyl

nitrogen in Chapter 4 are circumvented by introducing the pyridyl moiety at a later stage
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(avoiding its contact with coordinatively unsaturated 16e™ ruthenium centres). Efforts towards a
macrocycle based on {Ru(PP;)} centres are also described (PP; = tris[2-
(diphenylphosphino)ethyl|phosphine).

Chapter 6 marks a departure from the synthetic theme, discussing instead some critical
thermodynamic aspects of ‘mixed-valence’ complexes. An intriguing link between electron
density and AE,," values (the difference between sequential redox events, AE,,’ = E,° — E\°) is
explored in some detail. Focussing on complexes of the type [{M(L),}.(u-C=C—C=C)], the use
of voltammetric methods as a probe of electron delocalisation is discussed.

Finally, Chapter 7 summarizes what has been learnt during the course of this project,
highlighting possible areas of future interest, and Chapter 8 contains all relevant experimental

details.
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Chapter 2

CHAPTER 2 : SYNTHESIS OF BRANCHED
FERROCENE-CONTAINING COMPLEXES

2.1 ABSTRACT

The syntheses and electrochemical/optical properties of some branched and linear 1,1°-
substituted ferrocene complexes are described (Figure 2-1a and b). Metal centres were extended
(and where relevant, connected) by arylethynyl spacers functionalised with trimethylsilyl (TMS),
tert-butylthiol (S'Bu) and meta-pyridyl moieties. Efforts towards a macrocyclic analogue (Figure
2-1c, obtained in trace quantities), are also discussed. As established in Chapter 1, such systems
provide two well-defined molecular pathways for electron transfer, facilitating the study of
quantum interference effects and other phenomena resulting from concurrent, and ultimately

convergent, electron transport.

9,10,12 35 13

(a) (b) (c)

Figure 2-1. Structures of (a) branched, (b) linear and (c¢) macrocyclic compounds prepared here (R = 3-

pyridine, 4-(tert-butylthio)benzene, trimethylsilane).
Whilst previously published syntheses of related unsymmetrical materials are based on the

isolation and onward reaction of 1-ethynyl-1’-iodoferrocene (prepared from 1,1’-diiodoferrocene

(1) and substoichiometric quantities of ethynyltriisopropylsilane'), a different approach was
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taken here, using monosubstituted products produced by reaction of the relevant alkyne with a 5-
fold excess of 1. The latter was readily available in large quantities following novel application
of a simple oxidative purification technique (extending an approach recently developed by

Goeltz and Kubiak for iodoferrocene).

2.2 OXIDATIVE PURIFICATION OF 1,1’-DIIODOFERROCENE

2.2.1 1,1’-Diiodoferrocene — a convenient starting material?

Haloferrocenes have a broad reactivity profile, permitting facile preparation of numerous
ferrocene-incorporated compounds. Direct reactions from Fc-I include Suzuki,® Ullmann,*
Negishi,” Stille® or Sonogashira’ couplings, Pd-catalysed carbonylations,® aminocarbonylations’
or phosphinations,'® and copper-mediated processes forming ferrocenyl carboxylic acids'' or aryl
ethers'?> (Scheme 2-1). Indirectly, synthetic possibilities are extended by ready conversion of
halogen functionalities to lithium,” acetyl,'" magnesium halide,” azide,'® cyanide," zinc-

18a,19

chloride,'” mercury chloride,'® trialkyltin or boronic acid" species (Scheme 2-2). Ferrocenyl

iodides may also be converted to their bromides and chlorides via halogen exchange with CuX

(X = Br, Cl) in pyridine."
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Scheme 2-1. Some Pd/Cu catalysed reactions of iodoferrocenes (R = aryl, alkyl, vinyl; Y = OH, OR; X =
I,Br,Cl; n=1, 2).
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For the above reasons, and its established utility in the preparation of related compounds
(vida infra), 1,1’-diiodoferrocene (1) was chosen as the primary starting material for syntheses of
ferrocene-based molecular targets (Chapter 1). However, obtaining large quantities of this
complex is not straightforward. Typical routes — via 1,1’-chloromercuriferrocene,® 1,1'-
dilithioferrocene,” or  1,I’-bis(tri-n-butylstannyl)ferrocene” — involve toxic starting
materials/intermediates or provide the desired product in difficult to separate mixtures.* Indeed,
it has been this authors’ experience that reactions of elemental iodine with 1,1’-dilithioferrocene-
TMEDA?®" generate a crude product consisting of ferrocene, iodoferrocene and 1 (in addition to
1,1°’-diiodobiferrocene and higher order ferrocenes), tedious to purify via conventional
techniques. In telling examples from the literature, Kovar et al. recommend column
chromatography (alumina grade IT) using a 2" x 18" column,”™ whereas others have suggested
recrystallization from ethanol at -30°C.* Purification problems are likely a result of the
monoferrocene series having similar polarities/solubilities, exacerbated by the fact that 1 is a
liquid at room temperature (in remarkable contrast to iodoferrocene, bromoferrocene and 1,1°-

dibromoferrocene, which are solids).

2.2.2 Oxidative purification

Perhaps unsurprisingly given the aforementioned context, a recent paper by Goeltz and
Kubiak describing a new method (Scheme 2-3a) to purify iodoferrocene provoked substantial
intrigue (many of the difficulties in isolating 1 are also incumbent here).> Taking a
ferrocene/iodoferrocene mixture dissolved in pentane, they isolated the halogenated product by
repeatedly washing the solution with aqueous FeCl; (a mild oxidant). This converted the
ferrocene into ferrocenium chloride, which was readily extracted into the water layer and
removed.

Whilst simple in practice, the approach is actually quite groundbreaking in exploiting the
difference in oxidation potential between components for purification (~170 mV in this case).
Crucially, by eliminating the need for careful column chromatography/recrystallization,
syntheses could be run at scale — the published procedure generating 7.03 g iodoferrocene from

15 g ferrocene (28% yield).

55



Chapter 2

(a) @O,
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Scheme 2-3. Synthesis and oxidative purification of (a) iodoferrocene (Goeltz and Kubiak),” (b) 1 (this
work) (A~ = CI', [FeCl;] or [FeCL])."

Application of this process to mixtures of ferrocene, iodoferrocene and 1 (generated from
1,1°-dilithioferrocene) was investigated by this author (following proof-of-principle experiments
by a summer student, Mark Driver). Whilst initial attempts successfully employed AgOTf to
remove contaminants (a slightly stronger oxidant — precipitating silver metal and generating
ferrocenium triflates), it was soon found that the much cheaper FeCl; (used previously by Goeltz
and Kubiak) would also oxidize iodoferrocene (and potentially, 1) (Scheme 2-3b). This critical
result was not mentioned in the original paper regarding ferrocene/iodoferrocene mixtures,” and
leaves samples at risk of complete oxidation if the procedure is applied too rigorously.

It was found that washing ~33 g of crude material (from 21.14 g ferrocene via 1,1’-
dilithioferrocene-TMEDA) with 0.5 M aqueous FeCl; (10 x 200 mL) eliminated all ferrocene
and iodoferrocene contaminants (Figure 2-2, full experimental procedures given in Chapter §8).
Elution of the resulting material through a short silica column (3" x 4") with n-hexane easily

removed oxidized components, higher order ferrocenes, and grease, providing 9.54 g (19% yield)

" n-Hexane solutions of pure FcH and Fcl were each oxidised with ag. FeCl; and the resulting aqueous phases
analysed by mass spectrometry. Peaks attributable to [FcH]" and [FclI]* were observed in positive ion mode, with

those attributable to FeCl,” and FeCls™ seen in negative ion mode.
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of pure 1 by collection of the primary orange-red band. No significant impurities were observed
by 'H NMR (Figure 2-4) and the product was further characterized by “C{'H} NMR and

accurate mass/elemental analyses.
|
|
Lo !

crude

1 wash

5 washes MJ/\/L N
10 washes J& J/\A/L

4.50 4.45 4.40 435 4.30 4.25 4.20 4.15 4.10
ppm

Figure 2-2. Selected '"H NMR spectra showing the elimination of ferrocene (black arrow, after 1 wash
with 0.5 M aqueous FeCl;) and iodoferrocene (blue arrows, after 10 washes) from their mixture with 1

(green arrows).
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# washes

Figure 2-3. A graph showing the decreasing percentage of iodoferrocene (Fcl) in the crude product

(estimated by '"H NMR, where % Fcl + % 1 taken as 100%) with successive washings of 200 mL 0.5 M

aqueous FeCls.
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Figure 2-4. '"H NMR spectrum of pure 1,1’-diiodoferrocene (1).
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In this process ferrocene is rapidly oxidised first — evidenced by the disappearance of its
singlet "H NMR resonance in Figure 2-2 after only 1 wash, and the short induction period in
Figure 2-3. lodoferrocene is subsequently oxidised (relatively slowly), until only 1 remains. This
observed order (FcH > Fcl > fcl,) follows the increasing redox potential of these species as
measured by cyclic voltammetry (Figure 2-5 with raw data in Table 2-1). Each complex exhibits
reversible behaviour (i,/i,° = 1, i, oc V'?), with measured differences (in CH;CN) of 155 mV and
132 mV between the oxidation potentials of ferrocene/iodoferrocene and iodoferrocene/1,
respectively.

This ‘oxidative purification’ methodology (adapted for bromoferrocene and 1,1°-

dibromoferrocene by a colleague, Shuoren Du) has recently been published.*

40

20

i (uA)

-20 4

-40 T T T T T T

Figure 2-5. Cyclic voltammograms of ferrocene (black solid line), iodoferrocene (red dotted line), and

pure 1 (blue dashed line) (potentials reported versus [FcH]"/[FcH]) — current scaled for clarity.
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Table 2-1. Electrochemical data for iodoferrocene and 1,1°-diiodoferrocene (1).”

compound En (V) Ey (V) AE (V) 0,0, Ein (V)
Fcl 0.116 0.194 0.078 1.00 0.155
fcl (1) 0.250 0.323 0.073 1.04 0.287

“For scan rate = 0.1 Vs'. BuN'PF, (0.1 M) in MeCN; WE: glassy carbon; RE, CE: Pt. All potentials
(error = +£0.02 V) assigned to the Fe(IT)/Fe(Ill) redox couple and reported relative to an internal [FcH]"/
[FcH] reference. * AE > 0.060 V due to a small uncompensated solution resistance effect. © Eip = Va(Ep +

Ey).

With large quantities of 1 now readily available, the synthesis of some novel 1,1’-substituted

ferrocene-containing complexes for molecular electronics was pursued (Section 2.3).

2.3 BRANCHED COMPLEXES FOR MOLECULAR ELECTRONICS

Ferrocene is often utilized within studies of molecular electronics — likely popularised by its
robust nature, facile synthetic modification and well defined reversible electrochemistry
(providing complexes typically stable in both 0/1+ states). Rotation of the Cp rings with respect
to each other also adds a conformational flexibility that is not provided by other commonly used
redox active centres. It has been speculated that, by bending, the same ferrocene complex could
bridge electrode nanogaps of different sizes” — though this also increases the complexity of
molecular junction preparation (observed experimentally,” and discussed later), and such
deviations from linearity are considered to lower conductance through the molecule.?” Others
have commented that ferrocene derivatives are a good size to fit supramolecular hosts such as
cyclodextrins,” useful for preparations of shielded molecular wires.

Significant work has been reported regarding syntheses of 1,1’-substituted ferrocene

complexes functionalised with terminal moieties for surface binding. Examples with

1 2lc

thioacetate,”** fert-butylthiol, 3-pyridine,*" 4-pyridine,’’ or amine*® end groups are known
(Figure 2-6), typically incorporating ferrocene as part of a oligo(phenyleneethynylene) (OPE)

backbone.
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Fe

= =F

N /T N\ \
!
/

W < =~

(d)

Figure 2-6. Some 1,1’-substituted ferrocene-based ‘molecular electronic’ components (X = SAc, NH,; n
= 0-2; R' = 3-pyridine, 4-pyridine, 4-(thioacetyl)benzene, 4-(thio-tert-butyl)benzene; R* = 1,4-benzene,
2,5-dimethoxy-1,4-benzene, 2,5-pyridine, N-methyl-2,5-pyridinium, 4,4’-azobenzene; R* = 1,4-benzene,
2,5-dimethoxy-1,4-benzene, 2,5-thiophene).

Motivation for much of this work came in 2001 from Engtrakul and Sita,** who proposed an
electron-hopping mechanism for molecular rectification in diferrocene complexes linked by an
N-methyl-2,5-diethynylpyridinium bridge. The electronic asymmetry induced creates a
difference in redox potential between the attached ferrocene centres (confirmed by
electrochemical studies of mono-ferrocene analogues), which is thought to generate an energy
barrier for electron transport in one direction (facilitating it in the other).” Analogous dithiol

derivatives suitable for junction measurements have since been synthesized (Figure 2-6¢, R* =

¥ Mechanisms of rectification in redox systems have been discussed by Kuznetsov and Ulstrup;** the concept of

single-molecule rectification was initially proposed by Aviram and Ratner in 1974.*
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N-methyl-2,5-pyridine),' and a theoretical investigation by others was supportive of the
concept.™

Intriguing results from relevant single-molecule conductance measurements provided further
stimulus. In a seminal paper, Getty et al found that a ferrocene-containing
oligo(phenylethynyl)dithiolate compound (Figure 2-6a, X = SAc; n = 1) demonstrated a higher
(indeed, “near-perfect”) conductance than an all-organic analogue in gold nanogap junctions.”
This was attributed to the presence of a low-lying molecular orbital, in resonance with the
electrode Fermi levels at low bias and extending across the entire complex. Xiao and co-workers
later investigated the properties of cysteamine-terminated ferrocene complexes using
electrochemical STM, where changes in current were attributed to switching between low-
conductance reduced, and high-conductance oxidised states.*® Computational studies have also
examined 1,1’-dicarboxyferrocene bound by aluminium electrodes,”” and 1,1’-, and 1,3-
dithioferrocenes linking silver or gold electrodes.”®** Electron transport through such systems
was found to be affected by the identity and position of the end groups (1,3-substitution > 1,1°-
substitution), as well as the nature of the termini-surface binding (e.g. at single adatoms, step
edges or small islands).

In other related work, ferrocene-terminated alkanethiol monolayers have been shown to
exhibit negative differential resistance (NDR) (i.e. decreasing current with increasing voltage).*
This was explained via a resonant tunnelling process (as observed in semiconductor physics) —
where the probability of electrons moving from one electrode to the other through a quantum
well (in this case the ferrocene molecular orbitals) is controlled by tunnelling barriers that
separate it from the electrical contacts.” Wassel er al. tested this hypothesis, finding that
modulation of the tunnelling barriers — by functionalizing STM tips with insulating alkanethiol
matrices, or encapsulating the ferrocene head groups with B-cyclodextrin — attenuated the NDR
effect.” A similar result was obtained in a theoretical study by changing the STM tip-molecule
separation.” The use of analogous monolayers as memory devices has also been considered.
Such films may be oxidised at the ferrocene head group using low voltages, with charge-
retention times readily tuned by changing the length or structure of the insulating linker
(changing the tunnelling probability).**

Complexes have also seen significant use outside of the molecular junction. Following

connection of two or more ferrocene (or other redox-active) termini, the rate of electron transfer
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across a molecular bridge may be probed by generation and study of the ‘mixed-valence’ species
(a topic explored further in Chapter 6). This property has been linked to molecular conductance

by theoretical treatments,” and experiment.?

Short, conjugated bridges typically give delocalised
systems (Robin and Day Class IIL,* with a shared valence state), whereas others provide
valence-trapped (Class I) or intermediate, thermally activated valence exchange states (Class II).
Communication through extended atom metal chains,* titanacycles,* Pt and Ru* complexes,

? and conjugated organics such as thiadiazoles, thiophenes, furans, pyrrols,” or

porphyrins,*
alkynes” has been investigated using ferrocene end groups. With other redox centres, the utility

of ferrocene as a bridging moiety has been explored.™

2.3.1 Motivation for this work

As described in Chapter I, interesting quantum effects may be observed in branched
molecules that provide two or more well-defined paths for electron transfer through a junction.
Of particular relevance here are the theoretical investigations of Magoga and Joachim, who
found that conductance through a macrocycle was greater than the sum of the conductance
through its individual branches (i.e. a constructivelike interference effect) (Figure 2-7a).>* They
also demonstrated the importance of being able to control electron transfer through single
branches in elucidating these types of effects (in their case by rotation of a single phenyl ring out
of plane, breaking its m-conjugation). This ability is of additional importance in real-world
systems, potentially permitting the exploitation of quantum interference as a conductance
switching mechanism.

Experimental analogues of their theoretical series are proposed (Figure 2-7b) — modelled on
the ferrocene OPE motif utilised successfully elsewhere, with pyridyl moieties for surface
binding. Critically, it was considered that conductance through the individual branches of such
complexes could be altered via redox events at the ferrocene centre (shifting the metal frontier

orbitals in or out of alignment with the rest of the molecule).
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Figure 2-7. Linear, branched and macrocyclic systems for molecular electronics — (a) example theoretical
structures investigated by Magoga and Joachim (phenyl rotation disrupting branch conductance),* (b)
experimental analogues proposed here (redox events changing branch conductance, R = 3-pyridyl, 4-

thioacetylbenzene). Figures (top) reprinted from reference [54] with permission. Copyright 1999 by the

American Physical Society.

Admittedly, achieving the desired orientations of linear and branched all-pyridyl structures
within molecular junctions might prove difficult due to competitive surface coordination and Cp
ring rotation (Figure 2-8). In the worst cases, complexes might bind by all moieties to the
surface, presenting no opportunities for chemisorbed contact to a top electrode. To guard against
such problems, mixed pyridyl/thiolate-terminated analogues were also considered. It was

reasoned that these would be more likely to have a preferred surface orientation due to the
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formation of strong thiolate-electrode bonds (assuming close packing of the monolayer and
reversible binding of the pyridyl moiety) (Figure 2-9). Surface selectivity could be enhanced
further if the pyridyl nitrogen was protonated, or otherwise protected, prior to thiolate self-
assembly.

Zhou et al. recently found that a useful general solution to such problems was to insert single

complexes into defect sites of an insulating alkanethiol monolayer.*

Figure 2-8. As well as the desired configuration (Figure 2-7b), other surface-bound isomers of pyridyl-

terminated ferrocene complexes may be expected.
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Figure 2-9. With mixed pyridyl/thiolate-terminated complexes, one orientation should be favoured.

2.3.2 Retrosynthetic considerations

Whilst every complex in Figure 2-6 has been prepared via Sonogashira cross-coupling from
1, these reactions are not always as straightforward as those found with typical aryl halides.
When working with any iodoferrocenes, the following idiosyncrasies should be taken into
account.

Routes via 1,1 -diethynylferrocene are impossible. This (otherwise useful) intermediate has
never been isolated, somewhat limiting syntheses of ferrocene materials compared to those of
prototypical OPE-type molecular wires (which readily involve cross-couplings of 1,4-
diethynylbenzene, Scheme  2-4).  Desilylation  of  the  precursor, 1,1°-
bis(trimethylsilyl)ethynylferrocene, results only in ferrocenophanes via base-mediated
intramolecular cyclization (Scheme 2-5).° Difficulties have also been reported in the desilylation
of an 1-arylethynyl-1’-(trimethylsilyl)ethynylferrocene (e.g. Scheme 2-6), presumably due to an

analogous reaction.’
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Ar-l
- Pd/C
_ _ LR/ _ )

Scheme 2-4. Synthesis of OPE-type structures may readily proceed via 1,4-diethynylbenzene (R =
phenylene(ethynylene) oligomers,** SAc,”® NH,*).

)
CH30
\ OMe
@%SN% @%H
KOH, H,0 KOH, H,0 N
Fe — Fe \ ——>  Fe

= = sie, MM = =+ MeOH _—

Scheme 2-5. The generation of ferrocenophanes following attempted preparation of 1,1°-

diethynylferrocene.

@ G = SiMey attempted
Fe 7\ Fe desifation _ complex product
== = mixture
=

Scheme 2-6. Attempted desilylations of this 1-arylethynyl-1’-(trimethylsilyl)ethynylferrocene complex
did not yield the desired product.'

Remarkably, 1,1°-bis(1,4-ethynylbenzene)diethynylferrocenes,’ 1-iodo-1"-
ethynylferrocene®’ and 1,1’ -diethynylbiferrocene™ are stable under basic conditions (Figure
2-10a-c, respectively). These may be prepared from their silylated precursors and reacted on

using conventional cross-coupling methodologies.
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Figure 2-10. Some stable ferrocene-containing terminal alkyne complexes.

Incorporation of the thioacetate group is problematic. Attempts (described in Chapter 3) to
cross-couple 1 and 1-ethynyl-4-thioacetylbenzene (Scheme 2-7a) proved unsuccessful. Others
have also noted failed reactions of Fc-I and terminal alkynes in the presence of SAc (e.g. Scheme
2-7b).*3" In Chapter 3, it is shown that this is due to a previously unknown competing Pd-
catalysed reaction between the thioacetate group and terminal alkyne(s). The Sonogashira cross
coupling of Fc-I is blocked in the presence of SAc, presumably because the rate of oxidative

addition to Pd(0) follows the order Ar-I > Ar—Br > S—Ac > Fc-I.

(@) = = < >SAC -—.— = O SAc

Fe

Fe
— > SAc

b — — _
(b) <~ ' = = = = a— —
Fe N Fe N= Fe
- > -— <
X X X

Scheme 2-7. Unsuccessful attempts to synthesise thioacetyl-terminated ferrocene complexes via

Sonogashira cross-coupling.
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To avoid the thioacetate—alkyne reaction, fert-butylthiol moieties may be incorporated
instead and converted to thioacetate after other synthetic manipulations are complete (via
established methods using AICl;,”® BBr;* or Br,). This approach has been successfully
employed elsewhere with OPE-type components.®> Whilst several relevant ferrocene complexes
have been prepared (Figure 2-6),° problems in conversion of their protecting fert-butyl groups to
acetyls have been reported (plausibly due to side-reactions at the metal centre).” Indeed, only
two successful applications of this strategy in ferrocene-containing compounds are known.*

Other routes are more successful but less ideal. Certainly, the coupling of 1-iodo-4-
thioacetylbenzene with ferrocene-containing terminal alkynes (e.g. Figure 2-10a) 1is
straightforward,” but 1-thioacetyl-4-ethynylbenzene units can only be incorporated with at least
one arylethynyl moiety between themselves and the cyclopentadienyl ring. Direct connection of
the 1-ethynyl-4-thioacetylbenzene motif to ferrocene is possible via Stille coupling (Scheme 2-

8),” though much less convenient.

@%SiMeg, i) MeLi @—SnBua O -—’SAC
THF, -78°C
Fe R
A L = —— AEPhe SA"

Scheme 2-8. The synthesis of thioacetyl-terminated ferrocene complexes may be realised using Stille

coupling.”

Sonogashira reactions of iodoferrocenes are typically low yielding. As discussed at length in
the next chapter, the common application of PdCIl,(PPh;), as a catalyst in Sonogashira cross-
couplings with iodoferrocenes is rather inefficient. Whilst not taken into account for reactions
here, it is shown in Chapter 3 that yields are likely to be significantly improved by: (i)
maximising reactant concentration, or ii) using a PdCl,(MeCN),/P('Bu); catalyst combination.
From 1, it has sometimes also been observed that cross-coupling of the second iodo functionality
is slower than the first.**® Other side-reactions may also cause problems, such as

hydrodehalogenation (vida infra and Chapter 3).
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2.3.3 Synthesis

Synthesis of linear and branched compounds

Novel linear (Scheme 2-9) and branched (Scheme 2-10) complexes were prepared via
successive Sonogashira cross-couplings starting from 1. Meta-pyridyl functionalities were
incorporated into every material, with both trimethylsilyl- or fert-butylthiol-terminated structures
prepared as possible precursors to their thioacetate equivalents. All reagents were commercially
available except 1 (purified as previously described, Scheme 2-3b), 1-(tert-butylsulfanyl)-4-
ethynylbenzene®® (Scheme 2-11) and 3,5-diethynylpyridine®” (Scheme 2-12), which were

prepared via literature methods.

©\I 3-ethynylpyridine —R

- = - =

Fe — = Fe — = Fe
PACIy(PPhy)y, Cul N | PdCIPPhs)p, Cul N |
THF, DIPA (3:1) ~ ©\x THF, DIPA (3:1) S ©\
=
R
1 2: X =1 (72%) 4: R = SiMe; (27%)
. -—_— 0,
3: X ==-m-Py (23%) 5: R = CgHy-p-S'Bu (37%)

Scheme 2-9. Synthetic route to linear ferrocene complexes (3-5), proceeding via the unsymmetrical 1-

iodo-1’-(3-pyridyl)ethynylferrocene (2).

:R=m-Py, X=1(26%)

|
S 35-diethynyipyridine

9: R=m-Py, X= =—R (15%)
Fe PdCI,(PPhj),, Cul Fe PdClI,(PPhs),, Cul Fe 10: R = SiMes, X = =—R (17%)
©/| THF, DIPA (3:1) ©/| THF, DIPA (3:1) @/X 11: R=CgH4-p-StBu,X=I(28%)
12: R = CHy-p-S'Bu, X = =—R (22%)
1 6:n=1(43%)
7:n=2 (<1%)

Scheme 2-10. Synthetic route to branched ferrocene complexes (8-12), proceeding via bis[1-

iodoferrocene]-1’-(u-3,5-diethynylpyridine) (6).
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AICI3 ii) KoCO4 _

MeOH/CH,Cl,

Scheme 2-11. Synthesis of 1-(fert-butylsulfanyl)-4-ethynylbenzene, adapted from literature methods. %

Br i) =—SiMe; //
PACI,(PPhs),, Cul
N DIPA N\
— ii) K,COy —
Br  MeOHCH,Cl, \

Scheme 2-12. Adapted two-step synthesis of 3,5-diethynylpyridine, from commerically available 3,5-
dibromopyridine.®’

Exploiting the large quantities made available by oxidative purification, asymmetrical
intermediates 2 and 6 were synthesised using a five-fold excess of 1 (per alkyne functionality).
Unreacted material was easily recovered by chromatography, and yields were typically around
60-70% per bond formed (in attempts with lower 1-to-alkyne ratios, yields were significantly
reduced). It is noted that 2 has been prepared before, albeit via cross coupling of 3-iodopyridine
with 1-ethynyl-1’-iodoferrocene.'

Desired 1,1°-bis(arylethynyl)ferrocenes (linear: 4, 5; branched: 9, 10, 12) were subsequently
prepared from 2 and 6 respectively, via reaction with appropriate terminal alkynes. The
symmetrical linear complex 3 was conveniently obtained directly from 1 using an excess of 3-
ethynylpyridine (via a modified procedure®). Yields from cross-coupling of the second iodo-
functionality were typically lower (15-37%), particularly in the branched series as mono-
substituted products were also formed (8, 11). (These two-terminal complexes contain a free Fc-I
moiety, and could readily be reacted on to produce materials containing three different terminal
groups.)

Two side reactions are of particular note. Complexes containing Fc-I were frequently
contaminated with small quantities of their hydrodehalogenated analogues (i.e. Scheme 2-10,
where X = H), their presence indicated via accurate mass analyses and singlet Cp—H resonances

in '"H NMR spectra (discussed further in Chapter 3). Also, partial homocoupling of 3,5-
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diethynylpyridine occurred if reagents were mixed (in the absence of solvent/amine) prior to
removal of oxygen. An early synthesis of 6 thus also provided 7 (subsequent synthetic methods
ensured complete removal of oxygen prior to catalyst addition).

Attempts to convert the fert-butylthio functionalities of § and 12 into thioacetate using the
BBr; method®*®* proved unsuccessful. Whilst the product formed from 5 showed a promising 'H
NMR spectrum (resonances attributable to ‘Bu now absent, with a new signal at ~2.5 ppm
arguably due to Ac), mass spectrometric analysis showed no clear molecular ion for the desired
product (or 5). Even considering the possibility of additional borane adduct formation (via the
pyridyl nitrogen) did not aid peak assignments (though the presence of boron was confirmed by
"B NMR). Similar experiments using 12 also did not yield a clear '"H NMR spectrum. Future
work in this area should first establish suitable conditions for thiolate ‘Bu-Ac exchange using
simpler ferrocene complexes.

Key to isolating most of these pyridyl-containing materials (via column chromatography)
was the use of neutral grade V Alumina as a stationary phase. This permitted the use of
reasonably non-polar CH,Cly/n-hexane eluent combinations, affording superior resolution
between components. After purification, all complexes were characterised by 'H (vida infra) and
BC{'H} NMR (Table 2-2), IR*, mass spec’ and elemental analysis, where appropriate (full
details in Chapter 8, with NMR spectra provided in Appendix A).

! Characteristic bands at 2207-2219 cm™ for v(C=C), and ~2150 cm™ for v(C=C)rys.

S [M+H]" was always observed.
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Table 2-2. Characteristic chemical shift ranges of “C{'H} NMR resonances for the 1,1’-substituted

complexes prepared here (R = C=C—Ar, C=C—Py).

nuclei environment d (ppm)
pyridyl/aryl 153-120
alkyne 104-82

Cp (C-H) 77-70

Cp (C-R) 68-66

Cp (C-]) 42-40
S(C(CH,)3) 46.5,31.1

Si(CH3); 0.3

The Cp—H region of '"H NMR spectra provides useful insight into the identity of complexes,
being highly diagnostic of the number and substitution of ferrocene centres (Figure 2-11). This
may be exemplified by first considering simple systems. In ferrocene, only a singlet is observed
due to fast rotation of the Cp rings and equivalence of the ten Cp—H proton environments (Figure
2-11a). When a substituent is introduced at one ring (as in the case of iodoferrocene), its
remaining protons give two pseudo-triplet resonances (an AA’XX’ pattern) accounting for two
protons each (with a singlet resonance again provided by the unsubstituted ring, but now
integrating for five protons) (Figure 2-11b). Whilst the two protons in each A/X environment are
chemically equivalent, they are magnetically inequivalent, because A (A’) couples differently to
both X (X’) and X’ (X), and X (X’) couples differently to A (A’) and A’ (A). The observed
pseudo-triplet pattern results from incomplete resolution of a ‘doublet of doublets’ splitting motif
(Figure 2-12). In 1,1’-substituted ferrocenes where the substituent is the same (e.g. 1, Figure 2-
11dc), two pseudo-triplets only are observed, each integrating for four protons (the rings are

again equivalent due to rapid rotation).
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(a) ferrocene (b) iodoferrocene

(©1 (d)6

(e) 12 011

e

Figure 2-11. 'H NMR spectra (Cp—H region) of selected 1,1’-substituted ferrocene complexes.
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(a) A/X=chemically equivalent, (b) J
magnetically inequivalent A
3
J
R ]
X' A [4JAX‘] [4JA><']
Fe || |
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\
e
equivalent due to oS k
rapid rotation _

Figure 2-12. Magnetic inequivalence and rapid ring rotation (a) result in pseudo-triplet (b) and singlet

resonances in the '"H NMR spectra of substituted ferrocenes.

More intricate coupling patterns are now easily interpreted. A 1,1’-substituted ferrocene
complex with different substituents exhibits four separate pseudo-triplet resonances (such as for
6, Figure 2-11d) — and in the case of similar, yet chemically distinct substituents, these
resonances approach each other and may overlap (such as for 12, Figure 2-11e). Complex 11,
containing two ferrocene centres each with a different set of substituents (iodo/pyridylethynyl,
arylethynyl/pyridylethynyl), contains 8 different Cp-H environments/pseudo-triplet resonances
(Figure 2-11f).

In addition to the above, incorporation of tert-butylthiophenyl, 3,5- and 3-pyridyl moieties
were evidenced by the appearance of characteristic resonances in the aromatic region of spectra
(Figure 2-13). Tert-butylthio and trimethylsilyl groups also provided distinctive singlets
(SC(CHs)s, 6 1.3 ppm; Si(CHs);, 6 0.2 ppm).
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Figure 2-13. Selected 'H NMR spectra showing typical resonances for (a) 3-pyridyl moieties (from

complex 3) and (b) 3,5-pyridyl and tert-butylthiophenyl moieties (from complex 12). Resonances of

complexes functionalised with (bulky) terz-butylthiophenyl groups were broadened, possibly due to
hindered rotation of the Cp rings.

Synthesis of a ferrocene macrocycle

Despite reasonably facile syntheses of its linear and branched analogues, preparation of a
pyridyl-containing ferrocene macrocycle proved difficult. Certainly, initial equimolar reactions
of 1 and 3,5-diethynylpyridine failed completely, resulting only in multi-component products
difficult to separate and analyze (Scheme 2-12). (Perhaps unsurprising given that the approach
required formation of four bonds in one step, with significant quantities of reagents also likely
consumed by oligo-/polymerizations.)

Greater success was found by employing 6 (an intermediate ‘half-macrocycle’) as the starting
material, though normal/high-dilution syntheses (all reagents combined at the start) only yielded
trace amounts of 13 in crude form (identified by '"H NMR and accurate mass measurements). No
changes to reactant concentration, or purification technique (column chromatography on SiO,,

Alumina grade II/V) led to significant improvements in the isolated yield.
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Scheme 2-13. Attempted syntheses of a ferrocene macrocycle — closed (13) and open (14) structures were

partially isolated in small quantities.
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Figure 2-14. '"H NMR (CDCl;) resonances attributed to 13 (taken from the crude spectrum), showing
patterns characteristic of 3,5-diethynylpyridyl (Figure 2-13) and symmetrically 1,1’-substituted
ferrocenes (Figure 2-11c). This sample also exhibited a mass peak at m/z 619.0560 ((M+H]" Calc. =
619.0591). The higher than theoretical integration of Cp—H resonances is due to overlap with impurity

peaks resonances from a co-eluting unidentified side-product (Figure 2-16).
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Attempts at pseudo-high dilution syntheses of 13 (3,5-diethynylpyridine and 6 added
dropwise) yielded the open macrocycle 14, obtained in reasonable purity but only ~2% yield.
The '"H NMR spectrum of this material featured a characteristic C=C—H resonance at & 3.21 ppm,
a Cp—H pattern similar to that of complex 11 (Figure 2-11f, albeit with greater pseudo-triplet
overlap) and an aromatic region consistent with two 3,5-diethynylpyridyl moieties (one
symmetrically, one asymmetrically substituted) (Figure 2-15). IR™ and accurate mass analyses'’
also supported the proposed structure. In theory, 14 could be reacted on to produce 13, but was

never isolated in sufficient quantities.
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Figure 2-15. The '"H NMR (CDCl;) spectrum of open macrocycle 14.

In most attempted syntheses of 13, significant amounts of 6 were recovered* and several
minor side-products observed. Aside from 14, the majority of compounds were not easily

identified by modifying/combining starting materials via known reactions (e.g

" Bands at 3287 v(C=C-H) and 2216 cm™' for v(C=C) 4.
1 m/z 746.9688 ([M+H]" Calc.: 746.9683).

# Albeit contaminated with small quantities of hydrodehalogenated material.
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hydrodehalogenation, homocoupling of the alkyne). One such example is a frequently observed
material that eluted immediately prior to 13. Despite exhibiting a '"H NMR spectrum clearly
suggestive of two asymmetrically substituted ferrocene centres (such as 11 or 14), and three 3,5-
diethynylpyridyl moieties (two asymmetrically, one symmetrically substituted) (Figure 2-16),
molecular weights of plausible structures were not consistent with the mass peaks observed (779,

723, 663 m/z). Obtained yields were not enough for further characterisation.
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Figure 2-16. Selected resonances from the "H NMR spectrum (CDCI;) of an unknown side-product

commonly isolated in syntheses of 13.

With their isolation, it is evident that both 13, and its intermediate 14, are reasonably stable
materials. Poor yields, and the observation of competitive side-reactions, are thus attributed to
low rates of Sonogashira cross-coupling.

Following detailed investigation of a model reaction in Chapter 3, it is hoped that enhanced
reaction rates provided by application of the PdCl,(MeCN),/P('Bu); catalyst combination
(Chapter 3, Figure 3-4) will improve future syntheses of these materials. With PdCl,(PPhs),,
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there is a trade-off between 1) high dilution, low yielding syntheses that permit macrocycle
production, and ii) low-dilution, high yielding syntheses that favour oligo-/polymerisations

(Chapter 3, Figure 3-1).

2.3.4 Electrochemistry

The redox properties of selected materials (and 1, for comparison) were investigated via
cyclic voltammetry in CH,Cl,, with data summarised in (7able 2-1). Complexes demonstrated
close to reversible behaviour (i,/i,° = 1, i, oc Vi"?) though AE was found to vary with scan rate
(V5) (in the reversible case, this relationship should be independent with AE = 0.059/n V) (Figure
2-17). As 1 had shown reversible behaviour in MeCN solution, uncompensated resistance effects
(R,) were considered a possible cause of this deviation — the applied voltage contains an iR, term
(Rs = solution resistance, Rycmacn) > Rymecn)), that is sometimes non-negligible in non-aqueous
solvents.®® Correction of measured potentials (using a value of R, = 1 KQ, estimated from AC
impedance spectroscopy) adjusted scans towards the ideal, but did not compensate completely —
suggesting that not all R,had been accounted for using the estimated value (or that R, was not the

only factor influencing these results).
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Table 2-3. Electrochemical data for some 1,1’-substituted ferrocene complexes.”

compound En (V) E.(V) AEV) i)/if Ein" (V)
fcl, (1) 0.371 0.291 0.080 0.98 0.331
fel(C=C—m—Py) (2) 0320 0248 0073 094 0284
fo(C=C—m—Py), (3) 0314 0245 0068 1.05 0.280
fe(C=C-m—-Py)(C=C—SiMe;) (4) 0281 0233 0048 1.06 0257
fo(C=C—m—Py)(C=C—p-CHSBu) (5) 0286 0226 0.060 1.05 0.256
(4-3,5-Py)(C=C—[fc]-T)» (6) 0325 0273 0051 092 0299
(4-3,5-Py)(C=C~[fc]-C=C—m-Py), (9)° 0361 0280 0.081 1.05 0.320
(4-3,5-Py)(C=C—[fc]-C=C—SiMes), (10) 0310 0245 0065 100 0278
(1-3,5-Py)(C=C—[fc]-C=C—p-CsH,~SBu), (12) 0291 0227 0.063 1.05 0.259

“For scan rate = 0.1 Vs™'. BuN'PF, (0.1 M) in CH,Cl,; WE: glassy carbon; RE, CE: Pt. All potentials
assigned to the Fe(IT)/Fe(Ill) redox couple, measured against an internal [FeCp,]/[FeCp,] reference,
reported relative to [FeCp,]"/[FeCp,] and corrected for iR,. * Ein = Ya(Ep + Ep). < Measured against an
internal [FeCp*,]"/[FeCp*,] reference, reported relative to [FeCp,]/[FeCp.] (0.495 V vs. [FeCp*,]7/

[FeCp*;] in our system).
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Figure 2-17. (a) Typical cyclic voltammograms for the (arylethynyl)ferrocene complexes studied here
(these examples from 5), showing variation of AE with increasing scan rate (corrected for R,). (b) Plots of

i, versus V"2, and (c) E1» and AE versus V..
E\;, values were comparable to those of (arylethynyl)ferrocenes reported elsewhere,?%
with all complexes demonstrating a higher redox potential than ferrocene due to the electron
withdrawing nature of their iodo/alkynyl substituents. The relative trend iodo > pyridyl > SiMe;
> aryl-S'Bu was also established, observed in both linear and branched series.

In the bimetallic complexes, no electronic communication between ferrocene centres was
apparent (AE), = 0). This is consistent with observations elsewhere — in 3,5-diethynylpyridine
bridged Fe(dppe).Cp* complexes (AEi, = 0.11 V, compared with 0.72 V with butadiynyl
bridges),” or between ferrocene centres linked by 3,5-benzene™ or 2,5-diethynylpyridine (AE
=~ ().! Meta-substituted bridges are not ideal mediators of electron transfer,” and the ferrocene
moiety consistently exhibits lower AE;, (through the same bridge) in comparison to other redox
centres (Chapter 6).

It is worthy of further note that the redox waves for 3 and 8 rapidly became irreversible if too
strong an oxidising voltage was applied (plausibly due to further reaction of the oxidised species

in solution, or modification of the electrode surface). Other complexes were generally more
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tolerant of the applied voltage range. Use of ferrocene as an internal reference for 9 was not

possible due to a reaction between the oxidized species.

2.3.5 UV-vis spectroscopy

The occupied molecular orbitals of ethynylpyridines have been probed by photoelectron
spectroscopy’® and their frontier orbitals investigated theoretically.”? The UV-vis absorption
spectra of 3-ethynylpyridine (3-EP) and 3,5-diethynylpyridine (3,5-DEP) show broad, structured
bands at around 275 nm and 292 nm, respectively (arguably the result of HOMO-LUMO n—n*
transitions) (Figure 2-18). Obtained data is summarised in Table 2-4. HOMO-LUMO gaps for a
range of ethynylpyridines were recently calculated — with values of 5.40 eV (230 nm) and 5.16
eV (~241 nm) suggested for 3-EP and 3,5-DEP, respectively (deviations are plausibly due to

solvent effects).”
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Figure 2-18. UV-vis spectra (in CH,Cl,) of 3-ethynylpyridine (dashed line) and 3,5-diethynylpyridine
(solid line).
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Table 2-4. Electronic spectral data for ethynylpyridine ligands.*

compound Amax /nm (e /M cm!)?
3-EP 233 (13221), 244 (10844), 260 (2439), 269 (3015), 275 (3305), 282 (2454)
3,5-DEP 248infl (15443), 276 (2186), 284 (2839), 292 (3331), 301 (3112)

“ Recorded at room temperature in CH,Cl,, using quartz cells with a pathlength of 10 mm. * Where
possible, spectra were deconvoluted into composite Gaussian bands®® to obtain A, values. All extinction

coefficients were taken from the experimental data at these wavelengths.

The electronic structure of ferrocene has been extensively studied and its UV-vis spectrum
fully assigned, providing a useful starting point for interpretation of related spectra.”* From the
electronic configuration of its frontier orbitals (Figure 2-19) — (1ex)*(2a1,)*(2e1.*)° — three spin-
allowed d—d transitions are expected. 'A;; — a'Ej, and 'A,; — 'Ey, are unresolved and assigned
to a band at 442 nm (measured in THF), with 'A;, — b'E,, responsible for a band at 325 nm.
These are formally Laporte-forbidden and weak. A more intense, higher energy band is observed
at 200 nm (measured in isopentane), provided by a ligand-to-metal charge transfer (LMCT)
transition, with shoulders at 240 nm and 265 nm attributed to metal-to-ligand charge transfer
(MLCT) and LMCT transitions, respectively. Additional features may be observed in electron
accepting solvents (such as halogenated hydrocarbons, or ethyl 2-cyanoacrylate), provided by

intermolecular charge-transfer-to-solvent (CTTS) transitions (forming ferrocenium).’

2eq4" _ — A
E; *
2aqg 4{— X
5ol
o 44

Figure 2-19. A qualitative frontier molecular orbital diagram for ferrocene, adapted from Yamahuchi et
al.”* Anticipated changes in relative orbital energies (E,, E») with increasingly electron-withdrawing

substituents are denoted by blue arrows.”

Interpreting the optical absorption spectra of substituted ferrocenes is a process generally

complicated by differences between their electronic structures and that of the parent complex.

¥ Using the ‘Fit Plot’ tool of MagicPlot Student v2.3.
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For example, in studying a series of 1-ferrocenes, Zhang et al. found that staggered
conformations (Dsqs symmetry) were preferred over the eclipsed conformation favoured by
ferrocene (Ds, symmetry), changing the symmetry of interactions between Fe and the Cp
ligand(s).” They also observed that substitution of Cp™ results in significant changes to the
energies of its frontier orbitals, ultimately reducing 1-ferrocene HOMO(a,,)-LUMO(e;,) gaps
relative to the parent compound. This is in agreement with work by Dowben and co-workers
concerning 1,1’-dichloro- and 1,1’-dibromoferrocene (symmetrical systems with electron-
withdrawing substituents), which indicated that the greater the electron withdrawing power of
the Cp ring substituent, the greater the mixing of Fe d.w.y» xy and Cp(e,,)m orbitals, reducing
E>(ajg—ey,), and increasing Ei(€x—a1,) and E3(€1ga—C1gw)) (Figure 2-19, E5 not shown).

Spectra of the asymmetrical, 1,1’-substituted linear complexes 2-5 are shown in Figure 2-20),
with spectra of branched compounds 6, 8, 10 and 12 given in Figure 2-21 (both figures include
spectra of 1 and the relevant ethynylpyridine ligand for comparison). Obtained data is
summarised in Table 2-5. With reference to features observed for ferrocene, and assuming a
similar electronic structure, weak bands at 290 nm and 444 nm in the spectrum of 1 may be
assigned to analogous d—d transitions. Interestingly, the latter band undergoes sequential
bathochromatic shifts upon substitution of iodides with the alkynes, such that in mixed
alkyne/iodo complexes (2, 6) it is observed at 449-451 nm, and in 1,1’-
bis(arylethynyl)ferrocenes at 454-456 nm.

The slight shoulder seen at 319 nm in the spectrum of 1 is tentatively attributed to a CTTS

transition. Notably, shoulders at similar wavelengths are observed for all complexes.
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Figure 2-20. UV-vis spectra (in CH,Cl,) of linear complexes 2-5, 3-ethynylpyridine, and 1 — inset,

absorptions in the visible region magnified.
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Figure 2-21. UV-vis spectra (in CH,Cl,) of branched complexes 6, 9, 10, 12, 3,5-diethynylpyridine, and 1

— inset, absorptions in the visible region magnified.
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Table 2-5. Electronic spectral data of selected ferrocene complexes.*

compound Amax /nm (e /M cm')?

fel, (1) 290 (3782), 319sh (1169), 444 (246)

fel(C=C—-m—Py) (2) 253 (16171), 307 (14000), 353sh (1768), 451 (624)

fo(C=C-m-—Py), (3) 259 (24248), 287sh (20447), 312 (20226), 348sh
(3995), 455 (1076)

fo(C=C—m—Py)(C=C-SiMe;) (4) 254 (20076), 281sh (17308), 313 (14878), 350sh
(2248), 454 (839)

fo(C=C—m—Py)(C=C—p—CsH,—SBu) (5) 262 (28484), 292 (23123), 317 (25158), 356 (4040),
456 (1085)

(1-3,5-Py)(C=C—[fc]-1); (6) 251 (23918), 310 (21687), 352sh (4232), 449 (1211)

(1-3,5-Py)(C=C—[fc]-C=C—m-Py), (9) 263 (56422), 289sh (45177), 313 (47038), 354sh
(10212), 456 (2486)

(1-3,5-Py)(C=C—[fc]-C=C—SiMe), (10) 259 (45793), 295infl (34770), 316 (35807), 344

(9090), 456 (2554)

(1-3,5-Py)(C=C—[fc]-C=C—p-CHi~SBu), (12) 263 (66375), 293 (52553), 317 (60307), 356sh
(12128), 456 (2693)

“ Recorded at room temperature in CH,Cl,, using quartz cells with a pathlength of 10 mm. ”* Where
possible, spectra were deconvoluted into composite Gaussian bands™ to obtain A, values. All extinction

coefficients were taken from the experimental data at these wavelengths.

In all alkyne-functionalised complexes, intense bands are apparent between 250-350 nm,
overshadowing the (much weaker) d—d transitions expected in that region. Similar features have
been observed elsewhere in 1-substituted Fc—C=C—R complexes (R = H, Ph, napthyl, anthryl,
pyrenyl, perylenyl),” 1,1-ferrocene dicarboxylate M(II) salts,”® and benzoyl-substituted
derivatives.” Due to their intensity (¢ = 12500 — 67500 M cm™), and the significantly weaker
bands for 1 and the free ethynylpyridine ligands, these are attributed to LMCT/MLCT transitions
facilitated by alkyne modification of Cp. Interestingly, in both the linear and branched series ¢
follows the trend aryl-S'Bu > pyridyl > SiMe; > I/pyridyl. For bands around 257 nm and 312 nm,
Amax follows a similar trend, except SiMes; > pyridyl for the latter. Intensities for bands in the

branched series are approximately double those for the linear complexes.
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2.4 CONCLUSION

Novel application of a facile oxidative purification method” enabled the preparation of pure 1
in large quantities using non-toxic materials. To exemplify its utility, an alternative and general
approach to the synthesis of asymmetrical ferrocenes was demonstrated via Sonogashira cross-
couplings of a 5-fold excess of 1 with terminal alkynes. The resulting 1-iodo-1’-
(arylethynyl)ferrocenes were produced in good yields and converted to a series of linear and
branched 1,1°-bis(arylethynyl)ferrocenes, which, along with a macrocyclic analogue (obtained in
trace quantities), have applications in the future study of charge transport in complex, branched
molecular structures. Whilst the incorporation of pyridyl groups posed no synthetic problems,
difficulties were encountered in converting fert-butylthio moieties to their thioacetyl analogues
(using the BBr; method®®). Furthermore, yields when cross-coupling 1-iodo-1’-
(arylethynyl)ferrocenes were generally low, particularly in the macrocyclization attempts. Future
work should focus on applying the findings of Chapter 3 in improving the rate (and yields) of
such reactions.

Electrochemical studies revealed close to reversible redox activity for all the complexes, in
good agreement with the known literature. Electronic communication between redox centres was
not expected and not observed (both are oxidized at the same potential). The electron-
withdrawing nature of Cp substituents were inferred from £, measurements, following the trend
iodo > pyridyl > SiMe; > aryl-S'Bu in both the linear and branched series. UV-vis spectra were
not straightforward to interpret, but clearly exhibited features characteristic of ferrocene, in
addition to intense MLCT/LMCT bands resulting from alkyne substitution of Cp. For some
bands, variations in Am. and ¢ also largely followed the substituent trends determined from cyclic
voltammetry. Further analysis of such transitions will prove useful in understanding how the

electronic structure of ferrocene changes upon substitution, and with different substituents.
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CHAPTER 3 : SONOGASHIRA CROSS-COUPLING
WITH 1,1’-DIHODOFERROCENE

3.1 ABSTRACT

The Sonogashira cross-coupling of ethynylbenzene and 1,1’-diiodoferrocene was studied as a
model system to understand and improve the typically low yielding reactions between
iodoferrocenes and terminal alkynes in general (Scheme 3-1). Concentration, temperature,
solvent (3 examples), amine (3 examples), and phosphine ligand (14 examples) were
systematically varied to examine their effects. Using PdCl,(PPhs), as catalyst (with Cul, DIPA,
THF), conversion of starting material was found to be rather sensitive to concentration and
temperature. Furthermore, it was discovered that the PdCl,(MeCN),/P(‘Bu); combination is

unique in providing a substantial rate increase over PACl,(MeCN),/PPh; or PACL(PPhs;), systems.

!
1)
O

=
Fe
Pd (6 mol%), Cul (6 mol%), 20 h

N

phenylacetylene (2 eq. per Cp-l)

Fe

O
O

—
—

-

Q_g

Scheme 3-1. Model reaction used to study the Sonogashira cross-coupling of iodoferrocenes and terminal

alkynes.

Subsequent attempts to cross-couple 4-ethynylphenylthioacetate with 1,1°-diiodoferrocene —
a reaction which has (unexpectedly) not yet drawn comment from the literature — resulted in
unexpected cyclization of the alkynyl reagent, and the realisation of a new route to [-

phenylthioketones in general (Scheme 3-2).
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Scheme 3-2. A novel cyclic product is formed via oligomerization of 4-ethynylphenylthioacetate under

Sonogashira conditions.

3.2 BACKGROUND

As discussed in Chapter 2, the broad reactivity of the Fc—I moiety makes iodinated ferrocene
materials highly useful precursors to ferrocene-incorporated compounds. Whilst facile access to
large quantities of iodoferrocene' and now 1,1°-diiodoferrocene (Chapter 2) increases their
utility, full synthetic exploitation may only be realized through optimizing onward reaction
conditions (enabling high product yields).

Improving the reactivity of iodoferrocenes under Sonogashira cross-coupling conditions
(Scheme 3-3) was considered a primary target. Convenient and widely applicable, the reaction
(with iodoferrocenes) has been used to construct compounds for molecular? and organic?
electronics, the study of intramolecular electron transfer,* photo-> and electrochemical-sensing,’
catalysis (pincer complexes),” and artificial bio-receptors.® It is worth noting that just two years
after the seminal 1975 papers concerning aryl iodides by Heck,” Cassar'® and Sonogashira et
al.,"" cross-coupling of iodoferrocenes was under investigation.'?

Pd cat, (Cu()) cat)

R'—=X + H—C=C—R? » R'—-C=C—R2
base

R'= aryl, heteroaryl, vinyl
R2 = aryl, heteroaryl, alkenyl, alkyl, SiR;
X =1,Br, Cl, OTf

Scheme 3-3. The Pd/Cu co-catalysed Sonogashira reaction.
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Further inspiration for studying this reaction was borne out of frustrations when applying it to
related materials in Chapter 2 (low yields, problematic synthetic routes). Of particular interest
was improving access to cyclo[bis[1,1’-bis(u-3,5-diethynylpyridine)ferrocene]] (13) -
impracticable under current coupling conditions — and developing a convenient route to installing

the 4-ethynylphenylthioacetate motif at Fc-I (Scheme 3-4)."

—
==
O SAc

Scheme 3-4. Proposed routes to (a) cyclo[bis[1,1’-bis(u-3,5-diethynylpyridine)ferrocene]] (14) and (b)
ferrocenyl(4-ethynylphenylthioacetate) complexes.

Recent advances in Sonogashira cross-coupling have been comprehensively reviewed
elsewhere.”® Whilst some aspects of the catalytic cycle (Scheme 3-5) are still in contention, most
researchers agree that the classical process is Pd(0)/Cu(I) co-catalysed, with oxidative addition of
the aryl halide to the Pd(0) centre identified as the rate-determining step. The active Pd(0)
catalyst may be added in the form of Pd(0)L,, or generated in situ from PdCl,Lx by any one of
several postulated reduction pathways (e.g. oxidation of amine/phosphine, homocoupling of

terminal alkyne).

" Thioacetate groups have the capability to spontaneously form strong S-Au bonds upon contact with
a gold surface, useful to anchor and electronically connect ferrocene-based molecular electronic

components to macroscopic (gold) electrodes for testing.
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1 = 2
R'—C=C—R Pd(O)L2

reductive oxidative
elimination addition
L .L
L—Pld—CEC—Rz R Pld—X
R’ L
transmetallation Cu—C=C—R?
trans-cis 'I-
isomerisation R1—P|d—CEC—R2 RaNH* X
L
Cu—X R3N
>\_] H-C=C—R?
H-C=C—R? Cu* X-

Scheme 3-5. Catalytic cycle for the Pd/Cu co-catalysed Sonogashira reaction.

A key question when considering the aptitude of iodoferrocenes towards Sonogashira cross-
coupling is where Fc—I sits within the well-established aryl halides/triflate rate series (where I >
OTf > Br >> Cl). Whilst it might be naively supposed that Fc—I would react at a similar rate as
Ar—I, this is shown experimentally to be wholly incorrect. Aryl iodides will cross-couple with
terminal alkynes extremely rapidly under most circumstances, resulting in high to quantitative
yields, even at room temperature. In contrast, iodoferrocenes at elevated temperatures give
typically low to moderate product yields, as seen here (Chapter 2) and in various published
examples (vida supra). This less than ideal reactivity has drawn comment,'* even cited as
motivation to explore alternative strategies for ferrocene incorporation (such as alkyne cross-
metathesis,”” Suzuki coupling of bromoferrocenes'® or the (reverse) coupling of
ethynylferrocenes with aryl iodides'’). From 1,1’-diiodoferrocene it has also sometimes been
observed that cross-couplings of the second iodo functionality are more difficult than the first
(Scheme 3-6)*'® — reasoned to be due to the solubility of the resulting compounds, or steric

hindrance.'
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Scheme 3-6. Proposed rate difference (k;>k,) between the first and second cross-coupling steps of 1,1°-

diiodoferrocene.

Literature syntheses with iodoferrocenes usually employ the convenient PdCl,(PPh;),/Cul
catalytic system in DIPA/THF, with changes in ligands, catalyst loading, temperature,
concentration, solvent and amine making it difficult to ratify the superiority of any particular set
of conditions. Only one paper" describes (largely unsuccessful) attempts with Buchwald and
Fu’s Pd(PhCN),Cl,/P(‘Bu); combination — utilized elsewhere to rapidly cross-couple aryl-
bromides at room temperature.”’ Gonzalez-Cabello ef al. used a (copper-free) Pd,(dba)s/AsPh;
combination to integrate iodoferrocene and 1,1’-diiodoferrocene with modified phthalocyanines
in good, though not exceptional, yields.* In attempting to optimise the Sonogashira cross
coupling of 1,1’-diiodoferrocene and phenylacetylene (Scheme 3-1), the aforementioned

parameters will be controlled and where appropriate, systematically varied.

3.3 RESULTS AND DISCUSSION

3.3.1 Effects of concentration

Experiments varying concentration were run in DIPA/THF (1:3 v/v) with PdCI,(PPh;),/Cul,
given their routine use in the literature (full procedures and methods are provided in Chapter 8).
It was further reasoned that assessment of the DIPA/THF system was more useful to the
practicing synthetic chemist — due to its superior solubilizing power — than that of DIPA alone
(acting as both amine and solvent).

The effect of concentration on the conversion of 1,1’-diiodoferrocene to its mono- and di-
substituted products (Scheme 3-1) is shown in Figure 3-1 (raw data in Table 3-1). The formation
of unexpected side products is discussed in section 3.3.4. Temperatures represent that of the oil
bath heating the reaction vessel, with internal temperatures limited by the boiling points of DIPA
(~84°C) and THF (66°C). It is apparent that reducing concentration significantly reduces the
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yield of the di-substituted product, with the mono-substituted compound becoming dominant
below concentrations of ~7 mM.

For completeness, changing the solvent system from DIPA/THF (1:3 v/v) to DIPA was
shown to have little or no effect at high concentration/temperature (entries 1 and 2, Table 3-1).

High concentrations even enabled significant cross-coupling at room temperature (entry 6, Table

3-1).

100
o
*
80 - ¢
5
Z’ 60 -
[0
>
5
o 404 m
X o
* n
20 - o
N
04 [ ]
LI | T L T L
10 100 1000

conc. Fcl, (mM)

Figure 3-1. Effects of changing concentration on the conversion of fcl, to fcI(C=CPh) (black squares)

and fc(C=CPh), (red diamonds), entries 2-5, Table 3-1. Solid symbols = run 1, open symbols = run 2.

Table 3-1. Effects of changing concentration on reaction yield.”

% conversion®

# amine/solvent T/°C  [fckh] /mM fcI(C=CPh) fc(C=CPh), side products
1 DIPA 90 580 1 85 15
2 DIPA/THF (1:3 v/v) 80 580 0 88 12
3 DIPA/THF (1:3 v/v) 80 114 9 82 8
4 DIPA/THF (1:3 v/v) 80 28 24 63 9
5 DIPA/THF (1:3 v/v) 80 4 42 29 8
6 DIPA/THF (1:3 v/v) rt 580 46 10 7

¢ All reactions were run for 20 h and performed with 6 mol% Pd(PPh;),Cl,, 6 mol% Cul and 400 mol%
phenylacetylene (2 equivalents per iodo functionality), relative to fcl,. © Conversion obtained via '"H NMR,

given here as the average of two runs.
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These results provide a plausible reason for the wide variability of published yields using
similar solvents and catalysts, the relationship between concentration and yield (if general)
should indeed be a key consideration of future syntheses with iodoferrocenes. Yet whilst simple
structures may be easily reacted under such conditions due to their ready availability in large
quantities, advanced materials prepared by multi-step syntheses are typically only available in
much smaller amounts. In these cases it becomes rapidly impracticable to work with the small
solvent volumes necessary for high yields and as such it is desirable to increase the rate of

reaction beyond that of the PACl,(PPhs),, DIPA, THF system.

3.3.2 Effects of amine and solvent

Variations in reaction medium were assessed with PdCIl,(PPhs), at room temperature where
the ~25% total conversion of 1,1’-diiodoferrocene previously observed with PdCl,(PPh;), in
THF/DIPA (1:3 v/v) (entry 6, Table 3-1) permits facile discrimination between changes in rate as
a function of increased or decreased yields. Figure 3-2 shows the differences (with THF) using
DIPA, DEA, DIPEA and TEA, with Figure 3-3 showing the effects (with DIPA) of changing
from THF to toluene or CH,Cl, (raw data in Table 3-2). Whilst nothing challenges the commonly
used DIPA/THF combination, it is interesting to note that bulkier amines (DIPA, DIPEA) seem
to fare better within their class of amine (secondary/tertiary), with DIPA (a bulky secondary
amine) providing a higher yield than DIPEA (a bulky tertiary amine). Significant increases in
side product formation are also observed with DEA (entry 9, Table 3-2), discussed further in

section 3.3.4.
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Figure 3-2. Effects of changing amine on the conversion of fcl, to fcI(C=CPh) (black squares) and
fc(C=CPh), (red diamonds), entries 6-9, Table 3-2. Solid symbols = run 1, open symbols = run 2, crossed
symbols = run 3 (DIPEA only).
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Figure 3-3. Effects of changing solvent on the conversion of fcl, to fcI(C=CPh) (black squares) and
fc(C=CPh), (red diamonds), entries 6,10-11, Table 3-2. Solid symbols = run 1, open symbols = run 2,

crossed symbols = run 3 (toluene only).
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Table 3-2. Effects of changing amine and solvent on reaction yield.*

% conversion®

# amine/solvent (1:3 v/v) fcI(C=CPh) fc(C=CPh), side products
6 DIPA/THF 46 10 7
TEA/THF 27 2 13
8° DIPEA/THF 30 4 12
9 DEA/THF 18 1 29
10¢ DIPA/toluene 28 2 8
11 DIPA/CH,Cl, 36 3 4

¢ All reactions were run for 20 hours at room temperature and performed with 6 mol% PdCl,(PPh;),
catalyst, 6 mol% Cul and 400 mol% phenylacetylene (2 equivalents per iodo functionality), relative to
fcl, (concentration = 580 mM). * Conversion obtained via '"H NMR, given here as the average of two runs

(unless otherwise stated). “‘Conversion given as the average of three runs.

3.3.3 Effects of phosphines

The steric and electronic properties of phosphine (and other) ligands used in catalysis are
known to have a profound influence on the rate and overall success of the reaction. P(‘Bu); for
example, a sterically bulky and highly electron rich mono-dentate phosphine, is notable for
remarkable rate enhancements in Pd-catalysed couplings.?®?' It is generally considered that bulky
phosphines favour mono-ligated Pd(0) complexes,* highly active towards oxidative addition and
promoting reductive elimination.

The role of the phosphine ligand here was explored using a PdCI,(MeCN), pre-catalyst and
free phosphine (L), forming the desired PdCL,L, complex in situ via displacement of MeCN.
Extra care was taken in this set of experiments given the highly air-sensitive nature of many
electron-rich phosphines (being easily oxidised to R;P=0). DIPA and phenylacetylene were each
distilled and deoxygenated by sparging with N, or freeze-pump-thaw cycles, respectively.” The
order of addition of reagents and solvents was also adjusted to ensure complete removal of all

oxygen prior to introduction of the ligand (see Chapter §8).

" DIPA (sparged with N, dried over 3A molecular sieves) and phenylacetylene in previous
experiments were essentially used as received. The high yields of previous runs and comparison between
controls (entry 12, Table 3-3 and entry 6, Table 3-1) indicate the PACL,(PPh;),/phenylacetylene system is

highly tolerant of small quantities of dissolved oxygen and other (deleterious) impurities.
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Yields achieved using the preformed Pd(PPh;),Cl, catalyst and the Pd(MeCN).CL/PPh;
combination were highly comparable (entries 12 and 13, Table 3-3), indicating in the latter case
that the desired PdCl,(PPh;), complex was indeed formed under the reaction conditions. With the
rate determining step of the catalytic cycle for iodoferrocenes unknown, and previous
investigations with P(‘Bu); reported as largely unsuccessful,” the systematic variation of
phosphine ligand (14 examples) was undertaken with an aim of exploring a broad steric and
electronic landscape (raw data in 7able 3-3). Plotting Tolman cone angles (¢) and electronic
parameters (vq) of the phosphine ligands® versus product yield gives useful insights into the

relative contributions of these factors to the rate of reaction (Figure 3-4).

Table 3-3. Effects of changing phosphine on reaction yield.”

% conversion” phosphine
# catalytic system fcI(C=CPh)  fc(C=CPh), side products 0 (°) va(cm?)
12 Pd(PPh;),Cl, 39 5 10 145 2068.9
13 Pd(MeCN),Cl,/PPh; 35 4 11 145  2068.9
14 Pd(MeCN),Cl/P(CsH-p-Cl); 18 | 10 145 2072.8
15 Pd(MeCN),CL/P(CsH,-p-OMe); 22 1 8 145 2066.1
16 Pd(MeCN),CL/P(p-tolyl), 29 3 10 145 2066.7
17 Pd(MeCN),Cl,/P(o-tolyl); 2 0 2 194 2066.6
18 Pd(MeCN),Cl,/PPhs(o-tolyl) 21 2 9 161 2068.1
19 Pd(MeCN),Cl,/PPh,Me 1 0 5 136  2067.0
20 Pd(MeCN),Cly/PPhy(CqFs) 6 0 0 158 2074.8
21 Pd(MeCN),Cly/P(CeFs)s 2 0 2 184 2090.9
22 Pd(MeCN),Cl,/PBz; 0 0 0 165  2066.4
23 Pd(MeCN),Cl,/PCy; 0 0 2 170 2056.4
24 Pd(MeCN),Cl,/P("Bu); 0 0 0 132 2060.3
25 Pd(MeCN),Cly/P(Bu); 3 93 4 182 2056.1
26 Pd(MeCN),CL/P(O-Pr); | 0 4 130 2075.9

¢ All reactions were run for 20 hours at room temperature and performed with 6 mol% Pd catalyst, 6 mol
% Cul, 12 mol% phosphine (where applicable) and 400 mol% phenylacetylene (2 equivalents per iodo
functionality), relative to fcl, (concentration = 580 mM). ® Conversion obtained via '"H NMR, average of

two runs (difference of <5% between runs).
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100

% conversion

Figure 3-4. A 3D map of the effect of phosphine ligand on reaction conversion — plotted on the z-axis
where the height of black bars = % fcI(C=CPh), red bars = % fc(C=CPh),. Decreasing values of v
indicate increasing electron-donating ability of the ligand (Tolman electronic parameter), increasing 6

values indicates increasing steric bulk (Tolman cone angle).

This investigation exposes a significant number of phosphines with little or no aptitude for
the cross-coupling of iodoferrocenes at room temperature. That said, several of medium bulk and
electronic-donating ability, with PPh; being most efficient, form reasonably active catalysts

providing  20-40%  of  1-iodo-1’-(phenylethynyl)ferrocene and <5 of 1,I’-

bis(phenylethynyl)ferrocene under these conditions. Small departures from the sterics/electronics
of PPh; result in (sometimes quite dramatic) rate decreases.

Perhaps most remarkable is the unique behaviour of P(‘Bu);, providing near quantitative
conversion of 1,1-diiodoferrocene to 1,1’-bis(phenyl)ethynylferrocene (entry 25, Table 3-3) — a
result that can only be attributed to the ligand's exceptional combination of extreme steric bulk
and electron donating ability (given the poor results with P(o-tolyl); and PCys, entries 17 and 23
Table 3-3). Further insights may be gained from observations of the reaction solutions. Whereas
most phosphines gave a readily stirred black suspension for the duration of the run (20 h), with

P('‘Bu); the mixture rapidly took on a red colour, solidifying with precipitate and becoming hot to
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the touch after only 15 min. Additional studies are needed to more accurately explore the effects
of this catalyst combination — improved yields at high dilutions are anticipated, with or without
additional rate enhancements that may be provided by increasing reaction temperature.

Despite significant successes elsewhere,”?' this result is perhaps surprising given previous
reports of largely unsuccessful Sonogashira cross couplings with iodoferrocenes and
PdCI(PhCN),/P(‘Bu);.” However, closer inspection of the specific syntheses involved (Scheme
3-7) provide reasonable explanations. For Scheme 3-7(a) it is shown later (section 3.4) that
thioacetyl groups and terminal alkynes are generally incompatible when attempting cross-
coupling with iodoferrocenes, and with Scheme 3-7(b) the approach is not straightforward, with

difunctional reagents quite possibly leading to oligo- or polymerisation products.

(a) (b)

R = SAc (no product observed)
C=CH (trace amount)

Scheme 3-7. Attempted cross-coupling reactions with PdCl,(PhCN)./P(‘Bu)s, reported by Engtrakul and
Sita in 2008."

3.3.4 Comments on side products

By full or partial isolation, '"H NMR and accurate mass spectrometric analyses (Chapter 8),
crude mixtures from typical runs were shown to contain iodoferrocene,

(phenylethynyl)ferrocene, and even ferrocene, in addition to the expected two cross-coupled
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products and unreacted starting material (Scheme 3-1). These limit the full conversion of 1,1°-
diiodoferrocene to the desired cross-coupled compounds (7able 3-1-Table 3-3), and are likely
formed via conversion of the Fc—I bond to Fc—H under Sonogashira conditions (Scheme 3-8). It
should be reiterated here with confidence that no iodoferrocene/ferrocene impurities were

present in the 1,1°-diiodoferrocene starting material used (Chapter 2).

. e o=

|
phenylacetylene (2 eq. per Cp-l) ©/
Fe Fe + Fe + Fe
| Pd (6 mol%), Cul (6 mol%), 20 h | —=
N = — | —
=
— S
Fe Fe

(
(

Scheme 3-8. The apparent conversion of Cp—I to Cp—H under Sonogashira conditions is hypothesised to

generate side products as shown.

Such hydrodehalogenation side reactions have been noted in Sonogashira cross-couplings of
fluorinated aryl halides,” very recently investigated in detail by Orbach et al.*® Studying the
reaction shown in Scheme 3-9, labelling studies with THF-ds (containing trace water
isotopomers) and THF-ds/D,O (6:1 v/v) were used to implicate (adventitious) water as the
hydrogen source. No hydrodehalogenation took place in rigorously dried THF-ds, though it was
observed in anhydrous DMF (50 ppm water). The phosphine appeared to play an important role.
Whereas full conversion of the fluorinated aryl bromide to the aryl hydride was ultimately
achieved by reaction of the former with Pd(PEt;)s (1 eq.) or PEt; (3 eq.) in THF/H,O (6:1 v/v)
after 5 min, no reaction was observed with Pd(PPh;s), (1 eq.) under these conditions, and
extended reaction times and elevated temperatures (43 h, 100°C) were required to achieve 43%
conversion with PPh; (3 eq.). Hydrodehalogenation was not observed under any of the above
conditions with non-fluorinated arylbromides. It was postulated that this reaction proceeds via
formation of a phosphonium salt ([aryl-PR;]Br), followed by hydrolysis with water (forming
R;P=0 and HBr).
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Scheme 3-9. The reaction used by Orbach et al. to study hydrodehalogenation of fluorinated aryl

halides under Sonogashira conditions.

In experiments performed by this author with iodoferrocenes, room temperature runs using
either phenylacetylene-d,/THF or phenylacetylene/THF-ds showed no observable labelled
products by 'H NMR - though in the former case the acetylenic proton of unreacted
phenylacetylene is clearly observed in the crude product spectrum (indicating proton/deuterium
exchange under the reaction conditions). Reactions in toluene or CH,Cl, (Table 3-2) resulted in
comparable quantities of hydrodehalogenated products, suggesting that the solvent is an unlikely
source of hydrogen. Broader variations with amine (7able 3-2, DEA providing significantly
more side products than the others) were observed, suggesting this component plays some role.
In agreement with the findings of Orbach et al. the extent of hydrodehalogenation appears
dependant on the nature of the Pd/phosphine combination — with side product formation linked to
the rate of cross-coupling in most cases (Table 3-3).

Though reasonable efforts were made to dry the amine and solvent used in all reactions (over
3A molecular sieves and drying columns, respectively), (adventitious) water cannot yet be ruled
out as a plausible hydrogen source here. Hydrodehalogenation was never observed in any
‘standard’ Sonogashira cross-couplings of aryl-iodides or bromides using the very same lab
solvents (Chapters 2, 4 and 5), implicating iodoferrocenes are a special case in addition to the

aforementioned fluorinated aryl halides.
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3.4 REACTIONS WITH 4-ETHYNYLPHENYLTHIOACETATE

3.4.1 Motivation

The thioacetate functionality is extremely useful within molecular electronics for physically
and electronically connecting molecules to macroscopic (gold) electrodes for testing. This and
analogous moieties have been installed in 1-iodo-1’-ethynylferrocene or iodoferrocenes by cross-

2016 (p 1

coupling reactions using 4-iodophenylthioacetate'’/1-(tert-butylsulfanyl)-4-iodobenzene,
(tert-butylsulfanyl)-4-ethynylbenzene (Chapter 2), respectively. Though two successful
published examples exist,” difficulties converting the robust S‘Bu group into SAc (via
established methods using AICL;,*® BBr:* or Br,") in ferrocene-containing materials have been
reported.’’ Eager to circumvent these potential problems and other limitations (Chapter 2), the
synthesis of 1,1’-bis(4-thioacetylphenyl)ethynylferrocene from 1,1’-diiodoferrocene and 4-

ethynylphenylthioacetate under Sonogashira conditions was investigated here (Scheme 3-10).

Somewhat surprisingly, this relatively simple approach had not drawn comment from others in
the field.

= ge =0T -

Pd(I1) (6 mol%), Cul (6 mol%)

Fe
| |
©/ DIPEA / THF (1:3v/v) ©/ —Y

55°C
Scheme 3-10. Investigated synthesis of 1,1’-bis(4-thioacetylphenyl)ethynylferrocene.

THF/DIPEA was used in these experiments to avoid deacetylation of the SAc group.®® This
readily occurs with DIPA at 50°C, whereas 4-iodophenylthioacetate/4-ethynylphenylthioacetate
can be cross-coupled with alkynes/aryl iodides using fertiary amines at moderate temperatures
(e.g. DIPEA, 55°C).*****% Even without the rapid rate increase provided by P(‘Bu)s;, moderate
yields of the desired products from Scheme 3-10 were anticipated based upon reactions using
PdCIL(PPh;), and phenylacetylene — employing extended reactions times or moderate heating

(Table 3-4).
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Table 3-4. Effects of longer reaction times and moderate heating on reaction yield.”

% conversion®

# amine/solvent (1:3 v/v) T/°C time/h fcI(C=CPh) fc(C=CPh), side products

6 DIPA/THF rt 20 46 10 7
27 DIPA/THF rt 60 46 29 15

8 DIPEA/THF rt 20 30 4 12
28 DIPEA/THF 55 20 44 32 12

¢ All reactions were performed with 6 mol% Pd(PPh;),Cl,, 6 mol% Cul and 400 mol% phenylacetylene (2
equivalents per iodo functionality), relative to fcl, (concentration = 580 mM). * Conversion obtained via

"H NMR, average of two runs.

3.4.2 Unexpected alkyne carbochalcogenation reaction

Surprisingly, it appears the desired Sonogashira cross-couplings between iodoferrocenes and
4-ethynylphenylthioacetate are unfeasible due to a more rapid side reaction. The crude 'H NMR
spectrum resulting from the reaction in Scheme 3-10 showed only 1,1°-diiodoferrocene starting
material after 24 h, albeit with the notable absence of resonances attributable to 4-
ethynylphenylthioacetate. Upon closer inspection, three new resonances at approximately 6 7.0,
6.4 and 2.3 ppm (CD,Cl,) were identified, integrating in the ratio 4:1:3 — runs at room
temperature with the PdCl,(PPhs),/P(‘Bu); combination gave similar results.

A pale yellow solid with matching spectral features (Figure 3-5) was isolated by column
chromatography, giving a molecular ion ([M+H]") of exactly three times the mass of 4-
ethynylphenylthioacetate. With two 'H NMR resonances arguably aromatic, and apparent
retention of the acetyl functionality (given the resonance at 2.3 ppm and a C=O absorption at
1659 cm™ in the IR spectrum), this was initially considered to be the alkyne trimerization product
shown in Figure 3-6(a) (given the significant literature precedent™®). The correct structure was
however, ultimately shown by X-ray crystallographic analysis to be that of the novel cyclic -
phenylthioketone (15) depicted in Figure 3-6(b) and Figure 3-7 (with the lower ‘aromatic’
resonance at 6.42 ppm actually resulting from a vinylic proton). The overall reaction may be
described as syn addition of the acetyl and thiolate to the carbon-carbon triple bond

(accompanied by cleavage of the S-Ac bond, and reduction to C=C).
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Figure 3-5.'H NMR spectrum (CD,Cl,) of 15, a product unexpectedly produced from the reaction
attempted in Scheme 3-10.

(a) (b)

Figure 3-6. (a) The alkyne trimerization product of 4-ethynylphenylthioacetate, initially (incorrectly)
considered as the isolated side-product from the attempted reaction shown in Scheme 3-10. (b) The

correct structure as verified by X-ray crystallography.
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Figure 3-7. X-ray crystal structure of 15. Whilst only the trimer was observed, the presence of higher

order cycles cannot be ruled out.

To wverify and explore this result further, phenylthioacetate and phenylacetylene
(monofunctional analogues of 4-ethynylphenylthioacetate) were reacted under similar conditions
in the absence of 1,1’-diiodoferrocene (Scheme 3-11). Here, the addition product was formed as
a mixture of Z (81%) and E (19%) isomers in 80% isolated yield — in contrast to the cyclic
product which was isolated in 24% yield, consisting of all Z isomers. This was confirmed by
comparison to published 'H/”C{'H} NMR data** and full characterisation including elemental
analysis (Chapter 8). Further experiments omitting each reagent systematically showed that
PdCI,(PPhs),, Cul and DIPEA were all necessary for the reaction to occur in THF at a reasonable
rate (proceeding sluggishly in the absence of Cul, and not at all without PdCI,(PPhs),).
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Scheme 3-11. Phenylthioacetate and phenylacetylene, monofunctional analogues of 4-

ethynylphenylthioacetate, were reacted to form the addition product 16 in 80% isolated yield.

This result was compared to other syntheses of 16 from the literature (7able 3-5). Whilst
yields and E/Z ratios appear comparable, starting materials are acetylenic ketones/nucleophilic

thiolates and reactions are not transition-metal catalysed.

Table 3-5. Typical literature syntheses of 16, compared to the new Pd/Cu catalysed route.

# reagents conditions T/°C yield /% (E/Z) ref
1 Ph—C=CH, C¢HsSAc PdCly(PPh;),, Cul, DIPEA/THF,24h 55 80 (19/81)  this work
2 Ph—-C=C-COMe, PhSNa stirring, 10-15 min rt 92 (22/78) 35
3 Ph-C=C-COMe, PhSH MeONa (cat.), diethyl ether, 5 h 0 75 (0/100) 36

Methods for the carbochalcogenation of alkynes using (primarily) Pd, Rh or Pt-mediated
approaches were reviewed in 2006 by Kuniyasu and Kambe®” and in 2010 by Bichler and Love’®.
It seems R'C(O)CH=C(R?S(R®)-type structures are often prepared via CO insertion
mechanisms. Known processes for preparing materials similar to 16 directly from thioesters and
terminal alkynes (Scheme 3-12, where R' = alkyl, aryl, OMe) are summarised in Table 3-6. The
majority use more forcing conditions than the approach described here. Such transformations are
reportedly of general interest for the syntheses of novel materials, and may provide insights into

mechanisms of metal-catalysed oil desulfurization.
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Scheme 3-12. Route to R'C(O)CH=C(R?S(R’) compounds from thioesters and terminal alkynes (for 16:
R! = Me, R? = Ph, R® = Ph).

Table 3-6. Processes for preparing materials similar to 16 directly from thioesters and terminal alkynes

(where R' = alkyl, aryl, OMe).

# reagents conditions time /h T /°C ref
1 Ph—C=CH, CsHsSAc PdCl,(PPh;),, Cul, DIPEA/THF 24 55  this work
2 n-CgH,;—C=CH, R’SC(O)R' RhH(PPhs),, Et,PhP, DMSO 12 100 40
3 R?>-C=CH, R*SC(O)CF; Pt(PPh;),, xylene 10 139 41
R’>-C=CH, R’SC(O)R' Pd(dba),/dppe, benzene 20 80
4 R>-C=CH, R’SC(O)R' PdCl,, Cul, K,COs, Et;N, DMF 0.66 80 42
5¢ R?>-C=CH, PhS-COOMe Pd(PCys),, toluene 20 110 39
6 R>C=CH, [(CH;),SC(O)R'IBF, i) CH,CL, (i) TEA 1-25  —-60-0 43

¢ Other PdCLLL, (L = phosphine) and RhCI(PPh;);/RhCl(cod)(PPh;) complexes catalysed this reaction,

albeit with inferior performance.

3.4.3 Mechanistic considerations

Two reaction mechanisms may be contemplated. The first is an adaption of catalytic cycles
proposed by Hua and Minami et al. (Scheme 3-13).***' Here oxidative addition of thioester to a
Pd(0) centre results in cleavage of the R*S—C(O)R' bond, whereby alkynyl insertion into Pd-S,
trans-cis isomerisation and C-C bond-forming reductive elimination steps generate the Z isomer.
For a related Pd-catalysed process, Hua et al. postulated that this product could then also
oxidatively add to Pd(0) (cleaving the vinyl C-S bond), presumably forming a zwitterionic
carbene complex that facilitates Z-E isomerisation (by analogy to related Rh,* Rh/Co* and Pd*
systems), liberating the £ isomer via reductive elimination.

Such a scheme is plausible but does not fully take into account the apparent roles played here
by DIPEA or Cul (vida supra), though it could be argued that these generate and maintain the
active Pd(0) catalyst from PdCl,(PPhs;),. This theory might be tested to some extent using a pre-
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formed Pd(0) catalyst such as Pd(PPh;),. DIPEA coordination to the Pd centre may also play a
role — reversible reactions between secondary/primary amines and trans-RPdX(PPhs), species

are known to form trans-RPdX(PPh;)(amine) complexes (and PPh;).*’

R33 3
: =2 R3S
/ Pd(O)L, O —R? o]
>:O C\
R H
E z

Pd(0)L,

R?

reductive oxidative
elimination addition

R! R2

\[W RS o)

0 L,M-sR? L />_R2 \>_p'd_SR3
|

L—Pd-C_ R' |
Z/E isomerisation H
1
0 R RS alkynyl insertion
L 2
ot S
trans-cis Pld‘C\
isomerisaon ~ R' | H H—C=C—R?

Scheme 3-13. One proposed catalytic cycle for carbothiolation, adapted from publications by Hua and

Minami et al.***!

A second mechanism is suggested by Tokuyama and Minami et al. (Scheme 3-14).*** Here
oxidative addition of thioester to the active Pd(0) centre cleaves the R’S—-C(O)R' bond, and
transmetallation with Cu(I)-alkyne substitutes the bound thiolate which is captured by Cu(I)
(plausibly returned to the catalytic cycle via thiolate transfer to the amine forming a quaternary
salt). Subsequent trans-cis isomerisation followed by reductive elimination generates a cross-
coupled alkyne-acetyl intermediate that subsequently reacts with the thiolate (as Cu(I)-thiolate or
R;NH-thiolate) via nucleophilic conjugate addition, generating the observed product. This
scheme fully accounts for the apparent roles played here by PdCl,(PPhs),, Cul, and DIPEA (vida

supra), and bears some resemblance to the stoichiometric syntheses of 16 described in Table 3-5.
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Scheme 3-14. A second possible mechanism, producing cross-coupled acetyl-alkyne and thiolate
products that subsequently react under basic conditions to produce R'C(O)CH=C(R?)S(R%)-type

compounds (interpreted from work by Tokuyama and Minami et al.***).

The aryl-acetyl formation/thiolate nucleophilic conjugate addition mechanism takes into
account the following experimental observations. Minami and co-workers identified and later
isolated both alkynyl ketone and B-thio-of-unsaturated ketone intermediates en route to the
synthesis of a variety of 2,3-dihydrothiopyran-4-one derivatives from thioesters and terminal
alkynes (Scheme 3-15).* It was found that the alkynyl ketone (I-a, Scheme 3-15) could be
converted (in the presence of TEA and thiol, generated from the thioester) to the B-thio-of-
unsaturated ketone (I-b, Scheme 3-15) via base catalysed nucleophilic conjugate addition. As I-b
was also transformed into the final product via a base catalysed process, it was considered that
the only role of Pd/Cu could have been in cross-coupling the thioester to the terminal alkyne (i.e.

in forming I-a).
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Scheme 3-15. Intermediates isolated (by Minami et al.) en route to 2,3-dihydrothiopyran-4-ones, from the
reaction between a thioester and terminal alkyne (R* = C(OH)Me,, R’ = CqH,NO,-p).*

Such a cross-coupling reaction had been described in 2003 by Tokuyama and co-workers
(Scheme 3-16), where they suggested a mechanism involving transmetallation between
acylpalladium and cuprous acetylide species.* Their experiments showed both Pd and (an excess
of) Cul was necessary to provide decent yields of cross-coupled products — further indicating that
the Cu(l) likely traps the thiolate, preventing it from poisoning the Pd(0) centre. They also
observed a conjugate addition by-product (from the reaction of ‘ethanethiol’ and a 1-alkynyl

ketone) in one experiment with a prolonged reaction time.

PdCl,(dppf)
Cul (1.7 eq.) o)
o P(2-furyl);
J\ + \\R2 —— sz\ (13 examples)
R®” TSEt TEA / DMF N
50°C, 1-4 h

Scheme 3-16. The palladium-catalysed cross-coupling of thiol esters with terminal alkynes provides 1-

alkynyl ketones.*

3.5 CONCLUSION

The Sonogashira cross-coupling of iodoferrocenes was explored systematically using the
model system of 1,1’-diiodoferrocene and phenylacetylene, providing key insights into this often
lamented reaction that should prove useful in future syntheses of ferrocenyl alkynes. Yields were
found to be extremely sensitive to concentration, with excellent conversion achieved with >580
mM 1,1°-diiodoferrocene using a PdCI,(PPhs), catalyst in refluxing THF/DIPA (3:1 v/v) (Table
3-1). Even better yields were provided by a PdCly(MeCN),/P('Bu); combination at room
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temperature (Table 3-3), suggesting the possibility of high yielding syntheses with
iodoferrocenes at much lower concentrations (<580 mM). If realised, such conditions should
facilitate access to improved quantities of the ferrocene macrocycle (13, Chapter 2).* Somewhat
inconveniently, significant conversion of the Fc—I functionality to Fc—H was observed under a
range of conditions (plausibly due to the reaction of adventitious water). This limits yields due to
side-product formation, and may complicate purification procedures.

Efforts to cross-couple 4-ethynylphenylthioacetate with 1,1’-diiodoferrocene resulted only in
production of a cyclic B-phenylthioketone (15) via oligomerization of the ligand. This
unanticipated reaction can be described as syn addition of the acetyl and thiolate groups to C=C,
and may be explained in terms of alkyne insertion (Scheme 3-13) or aryl-acetyl
formation/thiolate nucleophilic conjugate addition mechanisms (Scheme 3-14). It is plausible that
the desired reaction (Scheme 3-10) does not take place because oxidative addition of Fc-I to
Pd(0) is blocked by the more rapid oxidative addition of thioacetate. Noting previously
successful cross-couplings between 4-ethynylphenylthioacetate and aryl bromides/iodides, it
may be inferred that rates of oxidation addition to Pd(0) follow the series Ar—I > Ar-Br > S—Ac
> Fc-I. With the convenient cross-coupling reaction between iodoferrocenes and 4-
ethynylphenylthioacetate proven unfeasible, attention should now turn to other methods for
preparing (thioacetylphenyl)ethynylferrocenes from Fc—I, ideally through finding a compatible

method for conversion of S'Bu precursors.
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CHAPTER 4 : SYNTHESIS OF LINEAR PYRIDYL-
TERMINATED RUTHENIUM COMPLEXES

4.1 ABSTRACT

In this chapter, the synthesis of some trans-RuCl,«(dppe).(C=C—R), complexes is discussed
(dppe = 1,2-bis(diphenylphosphino)ethane; R = CsHuN, [CsHsN-CH;]" and C¢Hs; x = 1, 2).
Intended as precursors for a broader study of related linear multi- and hetero-metallic complexes
(Ru, Os), difficulties utilizing 4-ethynylpyridine as a ligand somewhat limited progress. Whilst
desired products could be made (as indicated by "H/*'P{'H} NMR, and mass spectrometry), they
contained significant impurities that were not easily removed. In contrast, analogous reactions
with phenylacetylene proceeded cleanly, suggesting contaminants were formed from side
reactions at the basic and nucleophilic pyridyl nitrogen.

Eventually, the unique combination of cis-RuCl,(dppe). and 4-ethynylpyridine (vs. other
combinations with [RuCl(dppe).]OT{/4-ethynylpyridinium chloride) was found to provide a
separable mixture, facilitating isolation of 17 in 68% yield (Scheme 4-1, top). Two general
strategies for circumventing this problem were also explored, 1) a protecting group approach
using N-methyl-4-ethynylpyridinium triflate (19) (Scheme 4-1, bottom), and ii) a 16e” centre
avoidance rule (Chapter 5). Selected complexes were further characterised by electrochemistry

and UV-vis spectroscopy.
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Scheme 4-1. Two approaches to the synthesis of pyridyl-terminated Ru(dppe), complexes (a third
methodology is explored experimentally in Chapter 5).

4.2 BIS(ALKYNYL) RUTHENIUM COMPLEXES AS MOLECULAR
ELECTRONIC COMPONENTS

4.2.1 Background

Ruthenium bis-alkynyl complexes are commonly studied as molecular electronic
components. Akin to ferrocene systems (Chapter 2), they are relatively air and moisture stable
and exhibit reversible redox chemistry at low potentials. Furthermore, due to the linear and rigid
nature of alkynyl ligands, and their fixed trans orientation at the metal centre, junction
fabrication with these complexes is significantly more straightforward than with those containing
more flexible ferrocene-based species (see Chapter 2). It is also generally accepted that such
compounds will function as good molecular conductors. Ruthenium metal d-orbitals are thought
to be of suitable symmetry and energy for effective mixing with the frontier orbitals of
conjugated ligands (e.g. polyynes, OPEs),' resulting in smaller HOMO-LUMO gaps (E,) and as a

result, higher conductance (assuming low Ry).” This is in contrast to platinum analogues —
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” 3 _ whose effectiveness as mediators of electron

Pt(PEt;), once declared a “true insulating centre
transport is currently the subject of conflicting reports.*

Relevant known examples feature Ru(dppm),,’ Ru(16-TMC),® Ru(dppe),,"” Ru(dmpe),® or
Ru,(ap),™° centres typically incorporated into OPE-type structures and comprising thioacetate,
pyridyl, isocyanide, thioalkylsilyl or amino end groups for surface binding (dppm = 1,2-
bis(diphenylphosphino)methane, 16-TMC = 1,5,9,13-tetramethyl-1,5,9,13-
tetraazacyclohexadecane, dmpe = 1,2-bis(dimethylphosphino)methane, ap = 2-
anilinopyridinate) (Figure 4-1).

A N
— PhoP PPh, — S NG N —
A = RU — A N ——(—Ru — N
"N\ Ph,F. L!/PPh \ /> — CN‘ N \_/
AV / v\
(@)
(b)
Ph P/_\PPh Me,e PM
274 o 2 — ez‘ S Ve, —
R 7\ /: ;ad — R N/ \ — RU — N
_/\ 4o N\ // _ /> N\ /
PhoR _FPPha n Me;R  PMe;
(c) (d)

Y
SNTOSNT Me;Si Ph = SiMe;

o o
N\ / ——Ru—Ru— \ /N S%@%’RU—RU%@}’S
n n
(e) (f)
Ph\N N/ SiMes M\ /BN
| | 4 H,N PhaP, PPh, / \ Phof, [PPh, NH,
r—rf=—( )} N T R
N PhaR _PPh2 6 PhR_PPh
@) (h)

Figure 4-1. Some ruthenium c-alkynyl complexes with terminal surface binding groups (R = NC, CH,—

SAC, O*(CHQ)G*SAC; Y= H, OMC, N g = 1, 2, Ny = 1-3)
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4.2.2 Relevant junction conductance measurements

In 2005, Blum et al. studied individual or small groups of Rus(ap)s[6(C=CCeH,4).S7] (Figure
4-1g, n = 1) inserted into a self-assembled monolayer of undecanethiol.”> Whilst only a
moderately low value of = 0.59-0.88 (+ 0.08-0.12) A"! was obtained (using the STM apparent
height method), in their setup, this was 15-45% smaller than that obtained for an all-organic
analogue, suggesting the ruthenium compound was a superior ‘molecular wire’. Similar results
were obtained by Liu and co-workers in their studies of a thiolate-terminated Ru(dppm),
complex (Figure 4-1a, where f=1.01 £ 0.25 A for Ruvs. 1.11 £ 0.18 A~ for OPE).™

Conductance measurements of electromigrated nanogap junctions containing molecules of
trans-Ruy(ap)s[6(C=CC¢H4).S7], (Figure 4-1f, n = 1, 2), revealed peaks (G,) at specific voltages.
These correlated with redox events of the molecule as measured by solution voltammetry,* and
were attributed to the alignment of molecular HOMO/LUMO energy levels and the metal
electrode Er with applied bias (i.e. resonant tunnelling).

Such features were also observed in a series of Ru(dppe). complexes functionalised with
terminal isocyanide (-NC) groups (Figure 4-1c, R = NC).” The electron transfer properties of
their Au-bound monolayers were investigated as a function of molecular length and temperature,
exhibiting a value of #=0.09 A~ (at ambient temperature, from plots of resistance vs. molecular
length) — encouragingly low compared to that of typical conjugated organic wires (f = 0.06—0.63
A7, Table 1-1) and significantly smaller than that obtained for Ru,(ap)i[c(C=CCsH,),S].%
However, an exceptionally large contact resistance (R, = 4.2 x 10® Q) was extrapolated from the
data, attributed to the nature of the Au-CN linkage. Whilst charge transfer through the mono- and
di-nuclear complexes was shown to be largely independent of temperature (suggestive of a
tunnelling mechanism), Coulomb blockade-like behaviour was observed for the tri-nuclear
complex at 5 K (attributed to the large R,, which would favour charge localisation on the
molecule). Related thiolate-terminated complexes were subsequently studied (Figure 4-1c, R =
CH,-SAc, O—-(CH,)¢SAc), showing reduced contact resistances (1.01 x 10°, 1.44 x 10° Q), with
comparable 8 values (0.1-0.16 A™") and length/temperature-dependant transport mechanisms.”

Electron transfer through these materials likely occurs via hole-mediated mechanisms, as
inferred by correlation of G, with molecular oxidation events observed in solution voltammetry
(note however that G, occurs where Er is in resonance with a molecular level, not at the

equilibrium potential). Furthermore, density functional theory calculations of a thiolate-
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terminated Ru(dppm), complex (Figure 4-1a) showed the HOMO spanned the whole length of
the molecule, in contrast to the LUMO which was localised on the metal centre.”® With the
Ru(dppe), complexes of the Rigaut/Frisbie groups (Figure 4-1c), hole-mediated processes were
alluded to in explanations as to why the thiolate-terminated compounds exhibit lower R, than
their isocyanide analogues, i.e. that the orientation of the Au—S dipole brings the HOMO closer

to Er, reducing AEp,.”

4.2.3 Synthetic methodology

Reviewed by Long and Williams in 2003, M—C=C-R o-bond forming routes include: i)
dehydrohalogenation (often Cu' catalysed);'' ii) metathesis using trimethylstannyl reagents
(sometimes Pd° catalysed);? iii) displacement using alkali-/alkali-earth-metal alkynyl
complexes;" iv) methane,' v) N,," or vi) H, elimination;'® vii) vinylidene formation;'” viii) use
of R—-C=C" synthons (from alkynyliodinium triflates);'® ix) the sodium methoxide method;" x)
alkynyl ligand exchange;”® and xi) C—C bond activation;*' amongst others (Scheme 4-2).

Only a handful of methods are known for the controlled synthesis of asymmetric bis-alkynyl
metal centres,” however. Metal/ligand specific, approaches are now established for Ru(dppe),,'”™*
Ru(dmpe),,”? Fe(dmpe),” Os(dppm),,** W(dppe).,” Mn(dmpe),*® and Ruy(ap)s*’ centres. These
have been utilised in most syntheses of multi-metallic molecular electronic components (which

typically proceed via asymmetric intermediates).

* Though these may be prepared via stoichiometric control of reagents, lengthy purification is often required to

isolate desired materials from the mixtures that readily form.

123



Chapter 4
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Scheme 4-2. A survey of M—C=C-R 6-bond forming routes (roman numerals refer to descriptions in the

bulk text).*®

For producing asymmetrical ruthenium-containing systems (the focus of this work),
vinylidene formation is arguably the most convenient method (Scheme 4-2, vii). This utilizes
readily prepared chloride complex precursors (rather than hydride, dinitrogen, or methylated
variants) and terminal alkynes (rather than their lithiated or stannylated equivalents) (Scheme 4-
2). Pioneered by Dixneuf and co-workers in the 1990s,'° work then and since has shown that
different ruthenium starting materials (cis-RuCl,(dppe)./[RuCl(dppe)]OTY), halide abstracting
agents (NaPFs or AgOTY) or base (1,8-diazabicycloundec-7-ene, NEt;, KO'Bu, alumina) may be
successfully used, with reactions typically run in CH,Cl, or MeOH.
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The mechanism of this process, particularly relevant to discussions later, is thought to
involve n*-coordination of alkyne to a 5-coordinate, 16e ruthenium centre (previously generated
by abstraction of chloride by NaPF; or similar salt, and loss of NaCl) (Scheme 4-3). This species
then undergoes a 1,2-hydrogen shift® to form the vinylidene which may subsequently be isolated
(in the absence of base). Deprotonation affords the mono-alkynyl species, which can be further
reacted with additional alkyne, halide abstracting agent and base (typically NEt;) to yield the

desired trans-bis-alkynyl complex.

NEt;
o -
(PP " Ph?, | PPh, u Pho PP, ]

PhyPu,,, R| Cl n | | CHClp i \R | |> a /H
u_ - —Ru E—— —Ru=—C=
PR | ~ai NaPFg C—Ry=SC C\R'
(_-PPh R' Ph2P PPh2 R' Ph,P.  PPh,
—[HNEt3]PF6/
M M
PP, PPh, EN H PP PPh,
NaPFg
R"—C:C—Bu—C:C—R‘ - | | + cl ._u—C:C—R‘
CH,Cl, S
Ph,P PPh, R PhP.  PPh,

Scheme 4-3. Step-wise mechanism of bis-acetylide formation using Ru(dppe), centres.'®!7¢-3

It should be stressed that trans-RuCly(dppe). and cis-RuCl,(dppm), are largely unsuitable
starting materials for such syntheses. It was reported that reactions between trans-RuCl,(dppe).
and terminal acetylenes required 5-7 days to form vinylidene species, compared with 6-12 hours
with cis-RuCly(dppe),.** This may be attributed to the trans effect (as coordinated phosphorus
ligands have a greater frans-directing influence than chloride),” or be because cis to trans
isomerisation during acetylide addition is a driving force.?* Furthermore, bis-alkynyl species are
not readily prepared in good yields from mono-alkynyl dppm complexes (e.g. trans—

RuCIl(C=CR)(dppm),). 732

4.2.4 Motivation for this work

The synthesis of linear analogues (Figure 4-2a) was considered a prudent endeavour prior to

the preparation of branched and macrocyclic Ru(dppe),-containing complexes (Chapter 5). As in
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Chapter 2, it was intended that the 3,5-diethynylpyridyl motif should provide branching/surface-
binding functions, yet it was unclear whether terminal pyridyl moieties could be successfully

incorporated into Ru(dppe),-containing structures.

/\ /\

— PhoR PPhy — PhoR PPhy —
N — RU — — Ru — N
N/ <. N\ // ‘. N\ /
Ph,R  PPhy Ph,R  PPhy
\_/ \_/ N

(@)
/\ /\

— PhR  PPh, — PhR  PPh, —
N — RU — — Os — N
N/ ‘- N\ / i N\ /
Ph,R  PPh; Ph,R  PPh;

—/ —/

(b)

Figure 4-2. Target linear ruthenium and osmium complexes, designed as molecular wires (a) or diodes

(b)(n=0, 1, 2).

Conceived as two-terminal molecular wires in their own right — not single branched
analogues of macrocyclic systems (i.e. Chapter 2, Figure 2-7) — 4-pyridyl moieties were chosen
as terminal groups to facilitate perpendicular coordination on electrode surfaces. An all-
ruthenium series was envisaged (Figure 4-2a), to explore the effects of the pyridyl group on
contact resistance (in line with aforementioned publications by Rigaut/Frisbie et al.””<), with
heterometallic (Ru, Os) analogues (Figure 4-2b) intended as single-molecule diodes (as a result

of their inherent electronic asymmetry, see Chapter 2).

4.3 SYNTHESIS

Following strategies successfully utilized elsewhere,' syntheses of pyridyl-terminated linear
molecular targets (Figure 4-2) were planned as shown in Scheme 4-4 (the intended route to

trinuclear complexes is not shown, but would proceed similarly).

¥ Several other routes were of course plausible (but not explored), such as from RuCl(dppm)a(u-C=C—CsH,—
C=C)0sCl(dppm): (a chloride-terminated analogue of Figure 4-2b, prepared previously by Younus ef al.*®).
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Scheme 4-4. Proposed route to pyridyl-terminated M(dppe), complexes (M = Ru, Os).

4.3.1 [RuCl(dppe).]OTf and cis-RuCl,(dppe):

Preparation of cis-RuCl(dppe). was initially challenging. Several publications clearly

indicate its synthesis should proceed via ligand exchange of RuCl,(dmso), with dppe, following

the method of Chaudret ef al. for cis-RuCly(dppm),.** Whilst this is a convenient way to prepare

the latter, attempts here using dppe typically yielded a difficult to separate mixture of cis- and

trans-isomers (Figure 4-3a, and noted previously®), the latter being most thermodynamically

stable. During the course of these investigations similar findings were corroborated by Fox et

al.,”® who developed a more reliable synthesis (Scheme 4-5). Their route (from RuCl;-nH,0) was

successfully used to prepare all the ruthenium starting materials required for this work (Figure 4-

3b-d).
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(a) cis- and trans-RuCl,(dppe). (b) [RuCl(dppe),]OTE

| |
w | | \ I
P Wy B b A wwM«'WMW/ AWl POy

60 55 50 45 40 35 30 95 90 8 8 75 70 65 60 55 50 45
ppm ppm
(c) trans-RuCly(dppe): (d) cis-RuCly(dppe),
| H \
L L J
60 55 50 45 40 35 30 60 55 50 45 40 35 30
ppm ppm

Figure 4-3. °'P{'"H} NMR spectra of (a) the mixture of cis- and trans-RuCly(dppe), produced from
RuCly(dmso)./dppe,* and (b) pure [RuCl(dppe),]OTT, (¢) trans-RuCly(dppe), and (d) cis-RuCly(dppe).

prepared using the method of Fox et al.*®

PPhs, MeOH dppe, acetone

RuCly-nH,0 ————> RuCly(PPh3)y ———— > trans-RuCly(dppe),
reflux, 4 h rt, 30 min
AgOTf
CH,Cl, rt, 1 h
LiCl, MeOH
cis-RuCly(dppe), <«———— [RuCl(dppe),]OTf
rt, 10 min

Scheme 4-5. A robust synthesis of [RuCl(dppe).]OTf and cis—RuCly(dppe), (x = 3, 4).*° The first step
typically produced either RuCl,(PPhs);, RuCly(PPhs),, or a mixture (deduced from its *'P{'H} NMR

spectrum®), but all materials could be successfully reacted on to form frans-RuCly(dppe)s.
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4.3.2 Syntheses with 4-ethynylpyridine

Preparation of the ligand

Though alternative precursors were commercially available (i.e. 4-ethynylpyridinium
chloride, 4-bromopyridinium chloride, 4-vinylpyridine®), 4-ethynylpyridine was routinely and
conveniently prepared on the gram-scale from 4-aminopyridine (Scheme 4-6).>" In this procedure
a modified Sandmeyer reaction was used to generate 4-iodopyridine, which was rapidly reacted
on via Sonogashira coupling with trimethylsilylacetylene (to avoid potential decomposition via
onium polymerisation®®). After desilylation, crude material was sublimed at ~60°C/1 mmHg to

provide the product as a colourless crystalline solid.

i) =——TMS
i) NaNO, PdCly(PPhg),
HBF, (48%) Cul, DIPA \
HoN / \N —_— | / \N = / N
— i) Kl — i) KoCO3 —

MeOH

Scheme 4-6. A reproducible synthesis of 4-ethynylpyridine.*’

Formation of o-alkynyl complexes

The synthesis of RuCl(dppe).(C=C—CsHsN) (18) from reaction of 4-ethynylpyridine and
[RuCl(dppe):]OTT (Scheme 4-4, step 1) was not as straightforward. Though it was evident from
"HA'P{'H} NMR and mass spectra that the desired complex had formed, significant impurities
were always produced (Figure 4-4a). Considerable efforts to avoid their formation (by varying
reactant ratios, relative solvent quantity, reaction time, etc) or to remove them from the bulk
material using column chromatography/fractional recrystallization, proved futile. Such persistent
contaminants were not observed using phenylacetylene (Figure 4-4b), so their formation was
attributed to side-reactions at the basic and nucleophilic pyridyl nitrogen (Scheme 4-7).

Similar problems had been anticipated or encountered elsewhere. In their successful
syntheses of isocyanide-terminated complexes (Figure 4-2c, R = NC), Olivier et al. justified use
of protecting groups to “avoid any complexation of the isocyanide function to 16-electron
ruthenium intermediates”.'* Furthermore, from [RuCl(dppe),]OTf, Fox et al. observed formation

of bis-alkynyl species when using 4—ethynylaniline (due to the ligands’ basicity), and of various
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side-products with 4—ethynylbenzonitrile (attributed to “competitive coordination and chloride

substitution reactions involving the nitrile moiety”).*

(a) (b)

!

\

54 52 50 48 46 44 42 54 52 50 48 46 44 42
ppm ppm

Figure 4-4. Selected *'P{'H} NMR spectra (CDCIl;) showing resonances attributable to (a) crude 18
prepared from [RuCl(dppe),]OT{/4-ethynylpyridine (product indicated by arrow), (b) RuCl(dppe).(C=C—
CeHs) (~97% pure) from [RuCl(dppe).]OTf/phenylacetylene.

(@)

4 _
Ph,e.  PPh @O Ph,P
2%, , 2 H oTf 2\ :‘Pth

Cl—Ru—C=¢C R—C=C—Ru—C=C—R
SN - [

R B
PPh, Ph,P_ PPh,

PhyR

—
Scheme 4-7. Potential side reactions in ruthenium c-alkynyl bond formation when using 4-

ethynylpyridine.

Eventually, in trying all the combinations of reasonable starting materials,* the reaction of 4-
ethynylpyridine and cis-RuCly(dppe), permitted isolation of an otherwise clean mixture of 18

(75%) and Ru(dppe).(C=C—CsH4N), (17, 25%) (Scheme 4-4) (Figure 4-5a). Whilst side reactions

¥ [RuCl(dppe)]OTT, cis-RuCly(dppe),, 4-ethynylpyridine, 4-ethynylpyridinium chloride. The reaction of
[RuCl(dppe)]OTf and 4-ethynylpyridinium chloride produced even more impurities, plausibly due to nucleophilic

attack of chloride at the metal centre.
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were still evident, the majority of impurities could now be removed by column chromatography
(alumina grade 11, CH,Cl,/MeOH [95:5]). So far, efforts to isolate 18 from its mixture with 17
have proven unsuccessful, but the latter could be obtained in pure form following extended
stirring of cis-RuCl,(dppe). with excess 4-ethynylpyridine, NaPF¢ and NEt; (Scheme 4-1, top)
(Figure 4-5b).

Bis-acetylide formation in the absence of added base may be reasonably explained by
deprotonation of the vinylidene intermediate by the basic pyridyl moiety, facilitating
coordination of a second 4-ethynylpyridine ligand (i.e. Scheme 4-7b). This has been observed

¥ Alternatively, a more

with some pyridyl-terminated CpRu(PPh;), vinylidenes/acetylides.
unusual hypothesis (though in line with similar observations discussed later) entertains the
possibility that bis-acetylide formation may have occurred on the alumina column prior to or

during elution.

(a) (b)

Figure 4-5. Selected *'P{'H} NMR spectra (CDCIl;) showing resonances attributable to (a) a mixture of
17/18 and (b) pure 17 prepared from cis-RuCly(dppe),/4-ethynylpyridine.

Complexes were identified by integration of relevant pyridyl, phenyl and CH, resonances in
their '"H NMR spectra (e.g. Figure 4-6), *'P{'H} NMR resonances at approximately & 49 and 53
ppm (indicative of mono- and bis-alkynyl Ru(dppe). complexes, respectively) (Figure 4-5) and
further characterised by IR spectroscopy, “C{'H} NMR and accurate mass/elemental analyses
(see Chapter 8 for full details). Single crystal X-ray analysis of 17 confirmed correct structural

assignment (Figure 4-7), with bond lengths and angles (including the slight deviation from
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linearity exhibited by the coordinated acetylenic ligands'*
4-1).

) typical of similar complexes (Table

—8.29
—744
—7.19
—6.97
—6.52
—262

1.00]
4.12]
2.08]

o | 41

110 ————

8.5 8.0 7.5 7

=]
25

6.5 6.0 3.0 2.0

Figure 4-6. The '"H NMR spectrum (CDCls) of 17. Doublets at § 8.29 and 6.52 ppm correspond to Py—H,
the broad multiplet at 2.62 is assigned to CH, (dppe), and the remaining aromatic resonances attributed to

Ph—-H (dppe).
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C(75)

Figure 4-7. X-ray crystal structure of 17 (hydrogen atoms removed for clarity).
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Table 4-1. Selected bond lengths and angles for some symmetrical ruthenium bis-acetylide complexes.

complex RuC(A) RuP(A) C=C(A) C=C-R (°) ref
Ru(dppe),(C=C—C,Hs), 2.060 2.356 1.207 173.23 12¢
2.064 2.360 1.194 166.07
2.363
2.362
Ru(dmpe),(C=C—CsH,-p-Bu), 2.057 2.306 1.218 176.81 40
2.057 2.309 1.224 175.03
2.317
2.306
Ru(dppe),(C=C—CsHN), (17) 2.052 2.365 1.220 164.81 this work
2.052 2.357 1.223 171.47
2.357
2.368

“ Defined by the plane of the aromatic ring to the plane of the C=C bond.

Given the numerous examples of c-alkynyl pyridyl-terminated ruthenium complexes known

(Figure 4-8, in addition to Figure 4-2b and d),”'***** the general difficulties encountered here in

preparing analogous Ru(dppe).-containing materials are perhaps surprising. However, with

different ancillary ligands (16-TMC, dmpe, dppm, Cp/PPh;), or alternative c-alkynyl bond

forming reactions (e.g. the sodium methoxide method), syntheses are potentially shielded against

pyridyl coordination/deprotonation problems. Whilst it might be suggested that such methods

could be harnessed in preparing the target molecules of this chapter, none compare favourably

with the Ru(dppe)./vinylidene approach when, as in this case, high yielding preparations of

unsymmetrical bis-alkynyl complexes are paramount.
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Figure 4-8. Further examples of pyridyl-terminated ruthenium complexes (P'-P' = dppe, dppm).

Instability of pyridyl-terminated Ru(dppe).complexes in CH>Cl,

Following their isolation it became apparent that 17, and pyridyl-terminated Ru(dppe).
complexes in general, visually react/decompose upon extended contact with CH,Cl, (changing
colour from bright yellow to red, or darkening).® Similar observations were noted with CH,Cl,
solutions of RuCl(dppm),(C=C—CsH4N) (Figure 4-8b), tentatively attributed by the authors to
protonation of the pendant pyridyl nitrogen (i.e. Figure 4-9a).*' An alternative explanation may
be the formation of methylenebispyridinium dichlorides (Figure 4-9b), via a reaction analogous
to that recently observed between organic pyridines and CH,Cl, under ambient conditions.* In

stark contrast, these materials exhibit a significantly higher stability in CHCl.

S This is particularly remarkable considering they are synthesised in CH,Cl,, and that single crystals of 17 for X-

ray diffraction were grown from vapour diffusion of diethyl ether into an oxygenated CH,Cl/; solution.
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Figure 4-9. Plausible products formed by reaction/decomposition of 17 in CH,Cl,: (a)

protonation,* (b) formation of methylenebispyridinium dichlorides.*

Of further intrigue, the reaction between 17 and CH,Cl, is either more rapid at lower
concentrations, or exhibits a significant kinetic isotope effect. No colour change in a saturated
CD,Cl; solution was observed over several days, though the slow formation of new aromatic
peaks could be monitored by '"H NMR spectroscopy (Figure 4-11). In contrast, dilute CH,Cl,
solutions of 17 (for UV-vis spectroscopy) changed colour from yellow to pale red after just 1
day. This is explicitly shown by their measured absorption spectra (Figure 4-10), whereby an
intense band at 435 nm is entirely replaced by a broader, weaker one at 528 nm. Assuming both
transitions are attributable to MLCT bands, this bathochromic shift indicates greater electron
withdrawing ligand character (section 4.5), as would be expected following

protonation/quaternization of the pyridyl nitrogen.
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Figure 4-10. UV-vis spectra of 17 in CH,Cl, — measured after initial dissolution (black solid line, yellow

solution), and 1 day (red dashed line, pale red solution).
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Figure 4-11. Selected 'H/'P{'H} NMR spectra of 17 (aromatic region, CD,Cl,) recorded over several
days.
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4.3.3 A ‘protecting group’ strategy (reactions using N-methyl-4-ethynylpyridinium triflate)

It is apparent that utilization of 4-ethynylpyridine as a traditional acetylide ligand has some
fundamental disadvantages and limitations. The development of alternative, more synthetically
robust approaches to pyridyl-terminated alkynyl complexes was desirable,” and this section thus
describes efforts towards a protecting group strategy. If the lone pair of the pyridyl nitrogen
could be preoccupied until it was needed for surface binding, syntheses such as those shown in

Scheme 4-4 could likely proceed with fewer complications.

Synthesis of a protected 4-ethynylpyridine ligand

Several moieties may be installed at a pyridyl nitrogen, via protonation® (forming pyridinium
halides), alkylation** (N-alkyl pyridinium halides), borane complexation* (pyridine-borane
adducts) or oxidation*® (pyridine N-oxides). These can be removed as and when is required using

the appropriate reagents/conditions (Scheme 4-8).'

X@ Xe
R\/—\ @ R\/—\ @

RM\e o R//\@o

&\_//Nfo &\_//NfBF3

Scheme 4-8. Some protecting group approaches for pyridine.

™ Specifically for Ru(dppe),, but methods could be broadly applicable.

" Coordination to a metal centre was also considered as a protecting group approach, such as in known
examples where the 4-ethynylpyridine motif is bound to W(CO),L (n = 3-5; L = CO, PPhs;, P(OMe);, PMe;,
dppe),”*" or [Re(2,2’-bipy)(CO);]PFs centres.”® However, methods to selectively remove these metal fragments are

not known, and the stability of such complexes under subsequent reaction conditions was questionable.
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As a protecting group in this context, pyridinium halides are of no real use as they would be
deprotonated during bis-acetylide formation (Scheme 4-3). Pyridine N-oxides were also deemed
unsuitable as their metal coordination via oxygen is well known, potentially offering no benefit
over the free amine.

Alkylation and borane complexation seemed reasonable options, but presented problems
specific to the terminal alkyne functionality. Whilst nitrogen quaternization may proceed without
significant event for many substituted pyridines, with 4-ethynylpyridine this has been observed
to activate the carbon-carbon triple bond towards polyacetylene formation (Scheme 4-9a).*® It
was also considered that use of BH; in forming borane adducts could result in anti-Markovnikov
hydroboration products (Scheme 4-9b).* Indeed, attempts reacting 4-ethynylpyridine with 1-
chloropropane (heating in ethanol) or 1-bromobutane (heating in toluene) produced dark
black/blue (polymerized) products that were only significantly soluble in DMSO. Syntheses with

BH;-SMe; or BF;-OEt; (at ambient temperature in ether*") also proved largely unsuccessful.

It It -
n
— BR,
A RX AN spontaneous AN N 74
| oo | | — \_/
— 50°C — polymerisation ~
G )
R & R S

(@) (b)

Scheme 4-9. Problems with alkylation or borane complexation of 4-ethynylpyridine: (a) activation of

C=C towards polyacetylene formation,* and (b) hydroboration product(s) with BH;.*

Only one stable example of 4-ethynylpyridine with a quaternized nitrogen is known (aside
from metal complex adducts, e.g. Re(2,2’-bipy)(CO);(Py—-C=C-H)*). Remarkably, two
syntheses of this rather unique N-methyl-4-ethynylpyridinium cation, as triflate™® (19) and
iodide/perchlorate®' salts, were published independently in 1992. Both utilize low temperatures
(0°C), suggesting formation of polyacetylenes upon nitrogen quaternization is in some part

thermally activated. With slight modification®® of the procedure for 19, the triflate and iodide
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salts of N-methyl-4-ethynylpyridinium were obtained as off-white and dark solids, respectively
(Scheme 4-10).

a) MeOTf
CH,Cl,, -42°C S)
— — X
- N or _ N@_
— \ v b) Mel - \ 7
THF, 0°C

Scheme 4-10. Syntheses of N-methyl-4-ethynylpyridinium triflate (19, X = OTf) and N-methyl-4-
ethynylpyridinium iodide (X = I).

Formation of o-alkynyl complexes

Using N-methyl-4-ethynylpyridinium triflate, syntheses of o-alkynyl complexes from
[RuCl(dppe).]OTTf proceeded cleanly (Scheme 4-11), supporting the hypothesis that the nitrogen
lone pair was the cause of impurities in previous experiments. Deprotonation of the
intermediate vinylidene species (22) and removal of excess ligand (alumina grade II, acetone)
provided [RuCl(dppe).(CsH:N-CH3)]OTf (20) in 57% yield. Retention of N-methyl
functionalities and triflate anions was confirmed by the presence of singlet resonances at
approximately & 4.1 ppm (Py—CHs) and & -79 ppm (S—CF3) in their 'H and "F{'H} NMR
spectra, respectively. Whilst 22 could not be isolated by chromatography (forming 20) or
recrystallization (co-crystallising with 19), crystals suitable for X-ray analysis were obtained,

confirming its structure (Figure 4-12).

# Reaction of N-methyl-4-ethynylpyridinium iodide with [RuCl(dppe).]OTf resulted in even more side-
products than with 4-ethynylpyridine, presumably due to the nucleophilicity of the iodide anion (relative to halides,

triflate is weakly coordinating and non-nucleophilic™).
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/N ®0
OTf ©)
PhoPr,,, | 19, CH,Cl, Pha. IPPh2 /T| alumina PhaP. ,Pth _ 72\ @ OTf
Ru—cl — <l RU—C=C " cl RU = N—
PhyP Ph.P > acetone Ph.P > —
o o 9= B
O
22 \ N® OTf 20 (57%)
\
alumina
CH,Cly/MeOH
(95:5 viv)
20 (39%)
+
/N
o1t %% 7\ PhP, PPh2 /R o 2oTf
—N = Ru = N—
— PhoP _PPh, —
21 (19%)

Scheme 4-11. Synthesis of some N-methyl-4-ethynylpyridinium triflate Ru(dppe). complexes.

Figure 4-12. Crystal structure of [RuCl(dppe),(=C=C(H)-CsH,N-CH;)]*" (22*"). Hydrogen atoms (except

the vinylidene proton), counter-ions and co-crystallised 19 removed for clarity.
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Remarkably, if 22 was eluted through alumina using CH,Cl,/MeOH (95:5 v/v) instead of
acetone, a mixture of 20 and the bis-acetylide, [RuCl(dppe).(CsHsN—-CH;),][OTf], (21) was
obtained. This is again suggestive that bis-acetylide formation can occur on the alumina column
prior to or during elution (vida supra). Previous attempts to synthesize 21 (via reaction of 20
with 19 in the presence of NEt; and NaPF,) had failed, with control experiments showing that 19
rapidly decomposes in NEt;/CH,Cl,. Unlike samples of 17/18, 20/21 could be separated by
careful fractional recrystallization (CH,Cl,/n-hexane).

Such reactions are the first to employ N-methyl-4-ethynylpyridinium as a ligand. Whilst
some 4-(N-alkylpyridine)ethynyl-coordinated complexes are known (Figure 4-13), they were all

) 9b,47b,54

prepared from reaction of 4-pyridylacetylide precursors with RI (R = Me, C;oH»,

(a) (b)

)
< _ PFg _ _
/%%@N(a— [ —N — A—— N— l [

PhP" A
(_PPh,

Figure 4-13. Previously determined examples of 4-(N-alkylpyridine)ethynyl-coordinated complexes.
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Anion exchange and demethylation

Clearly fulfilling their desired role as protecting moieties, identifying a suitable method to
remove the N-methyl groups of these complexes was now of interest. Whilst the ‘reverse
Menschutkin®® reaction’ has been achieved with N-alkylated organic pyridines via numerous
methods — dry-heating (>300°C),>® heating (106-215°C) in various solvents (e.g. N-

59

methylimidazole,” pyridine, pyrolidine, or morpholine,” dimethylformamide,” or pyridinium

chloride®), or treatment with xanthate™ or various nitrogen-based/halide nucleophiles”!

—a
common and relatively mild approach involves the ‘soft’ nucleophile PPh; (forming the free
amine and phosphonium halide). This latter process has been studied mechanistically and
kinetically by several groups.®®

First reported by Ho in 1973, such reactions were initially considered to involve
nucleophilic attack by PPh; at the N-methyl group.®® It was later determined by Deady and
Korytsky that the active dealkylation agent is actually the halide counterion, generating free alkyl
halide which is rapidly consumed by reaction with PPh; — this prevents reverse quaternization
and drives the reaction to completion (Scheme 4-12).°¢ It has been observed, by correlation of
reaction rates and Hammett constants for 3- and 4-substituted pyridines, that the less basic the
amine the faster the rate of demethylation.®® Others have also shown®* that N-benzylpyridinium
bromides are dealkylated more rapidly than N-methylpyridinium iodides (though this is arguably

more due to the halide than the alkyl substituent®®).

® ©  slow PPhs ® ©
MeHet + | s==—= Het + Mel ——> MePPhsl
fast v. fast

Scheme 4-12. Proposed dealkylation mechanism of N-heterocycles.®™

Accepting the above mechanism, it was clear that the non-nucleophilic triflate anions of
20/21 were unsuitable for demethylation attempts using PPhs. As halides could not be installed
directly due to side reactions (vida supra), it was desirable to exchange the triflate anions of

complexes after they had been synthesised. This was ultimately achieved using a halide-

%% Alternative spellings: Menshutkin, MenSutkin.*
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functionalised anion exchange resin (Figure 4-14),”" in a procedure based upon that of
Lamarque et al.® [RuCl(dppe)(CsHN-CH;)]Cl (23) was thus provided in essentially
quantitative yield simply by dissolving 20 in methanol and eluting the solution dropwise through
the resin (full experimental procedures in Chapter 8). Triflate-chloride exchange was confirmed
by loss of the v(S=0) band and singlet CF; resonance in the products IR and "F NMR spectra,
by elemental analysis, and X-ray crystallography (Figure 4-15). Interestingly, if less polar
solvents such as CH,Cl,, acetone or acetonitrile were used to elute 20 through the resin, no ion-

exchange was observed.

_I Cl

Figure 4-14. The quaternized amine functionality of Amberlite IRA-400 (shown); incorporated within a

polystyrene/divinylbenzene copolymer.

Figure 4-15. Crystal structure of [RuCl(dppe).(C=C-CsH4sN-CH3)]CI (23). Hydrogen atoms and chloride

counter-ion removed for clarity.

" Amberlite IRA 410, a strongly basic anion exchange resin (the chloride form is commerically available).

Attempts of stirring 20/21 with halide salts in acetonitrile had proved ineffective for anion exchange.
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Though the reverse quaternization reactions of N-methylpyridinium chlorides had not been
examined previously, it was considered that they might be faster than with other halides (given

62y, However, all

the superior rates observed with N-alkylpyridinium bromides vs. iodides
attempts at demethylation of 23 using PPh; (10 eq.) failed — either at ambient temperatures (over
several days in acetonitrile, acetone or chloroform), or with more forcing conditions (acetonitrile,
overnight, 80°C; toluene, 3 days, 110°C; DMSO, overnight, 150°C). Though the thermal
stability of 23 was encouraging, with no substantial decompositions observed during any of these
investigations, apparent solvent coordination was observed with acetonitrile. Furthermore,
attempted syntheses of the iodide analogue of 20/23 (using an iodide-functionalised ion-
exchange resin'™) were complicated by incomplete reaction (or Ru—Cl/Ru-I exchange).

A more robust iodide/bromide-containing complex was required for testing, prompting the
two-step synthesis of [Ru(dppe).(C=C—C¢H;s)(C=C—CsHsN—CHj3)]I (25) from 20 (Scheme 4-13).
Chloride substitution with phenylacetylene indeed afforded [Ru(dppe).(C=C-C¢Hs)(C=C—
CsH4sN-CH;)]OTf (24) (further demonstrating the utility of the methyl triflate adduct as a
suitable protecting group), and subsequent anion exchange using an iodide-functionalised resin
provided 25. Notably, bis-acetylide formation in this case required gentle heating/higher
concentrations to drive the reaction to completion. All products were characterised by the usual
methods (with the conversion of triflate to iodide again confirmed by IR, "F{'H} NMR and
elemental analyses). The solubility of [Ru(dppe).(C=C—C¢Hs)(C=C—CsH4sN-CHj;)]X was also

greatly increased upon exchange of triflate for iodide.

1" This was generated by dropwise elution of a 5-10% w/w aqueous solution of KI through the chloride form of

Amberlite IRA.
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PhE. PPhy OoTt < > Ph,P. PPhy Cors
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cl Ru — = RU —
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PhoP. PPh arrg, LMLl NEI PhP.  PPh
N~ 30°C \_PPh
20 24 (85%)
Amberlite IRA 410
MeOH \ (iodide functionalised)
M —~
PhoP. PPha PPh;, DMSO Ph,P, PPhy 9,
i 3, 3 ®
(= Rc\ = "\ T 7 Ny = Rf\ — 7 N\
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26 25 (quant.)

Scheme 4-13. Synthetic route to Ru(dppe),(C=C—-Ce¢Hs)(C=C-CsHsN) (26) in three steps from 20.

Demethylation attempts using 25 proved more encouraging than with 23. In an NMR-scale
experiment, 25 (0.002 mM) and PPh; (0.015 mM) were heated in DMSO-ds at 150°C (no
reaction was observed after 24 h at 120°C). 'H and *'P{'H} NMR spectra were taken at 20 h and
84 h, whereby new resonances attributable to [MePPh; ]I were observed (Figure 4-16a). Similar
observations were made for a N-methylpyridinium iodide®/PPh; control (Figure 4-16b).
However, multiple overlapping resonances in the aromatic region made it difficult to identify
new peaks that could be attributed to the demethylated complex, 26 (Scheme 4-13), and it is not
clear if this is stable under the reaction conditions (multiple peaks were observed in the *'P{'H}
NMR spectrum). Further work is required to confirm the formation of 26 via this approach.
Assuming that the [MePPh;]I is stable, integration of reactant and product methyl peaks suggests
that 35% of 25 and 61% of N-methylpyridinium iodide had been demethylated after 84 h.

146



Chapter 4

e\ e

20 h, 150°C |

4.1 4.0 3.2 3.1 34 3.3 3.2 3.1
ppm ppm

(a) (b)

Figure 4-16. '"H NMR spectra showing selected resonances for attempted demethylation of (a) 25, (b) N-
methylpyridinium iodide (singlets = N-CHs; doublets at 6 ~3.15 ppm = P-CH5 ) .

These experiments demonstrate the utility and plausibility of a protecting group approach to
the syntheses of pyridyl-terminated Ru(dppe). complexes. However, prior to useful practical
application, the process requires additional development. Triflate/halide exchange processes are
severely limited by the low solubility of the triflate salts in methanol — only 0.040 g of 24 could
be dissolved in ~700 mL. Ideally, alternative eluting solvent(s) that facilitate anion exchange
may be found, otherwise complexes should be designed to include solubilising moieties.
Furthermore, using DMSO (bp = 189°C) as a solvent for the demethylation reaction is almost
certainly bound to cause product purification issues. A comparable approach (e.g. using

acetonitrile, bp = 82°C) would be preferable.

4.4 ELECTROCHEMISTRY

The redox properties of 17, 20, 21 and 24 were investigated via cyclic voltammetry in CHCl;
(given the instability of 17 in CH,Cl,). Data for these and some analogous literature complexes
are provided in Table 4-2. All compounds exhibited close to reversible redox features (i, oc V"%
at potentials approximately 0.26-0.59 V positive of [FcH]"/[FcH]. These were assigned to the
Ru(Il)/Ru(IIl) couple. As in Chapter 2, estimation of R, using AC impedance spectroscopy and
correction for iR, greatly adjusted the observed behaviour towards reversibility (AE = 0.059/n V).
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Additional reactions were encountered at oxidising potentials ~200 mV more positive than
the tail of the anodic wave, affecting the reversible processes. These could not be fully resolved,
due to the proximity of observed features to solvent oxidation, but are attributed to irreversible
largely metal-based oxidations (presumably Ru(IIl) to Ru(IV), typically seen >0.80 V positive of
Ru(I1)/Ru(II1)*°). Limiting the oxidative voltage resolved these issues, but led to difficulties in
defining the baseline for the cathodic wave, resulting in apparent i,"/i," > 1 in the majority of
cases. It should be noted that subsequent scans were observed to stabilise, indicating that no

significant changes to the electrode surface were occurring during these experiments.

Table 4-2. Electrochemical data for some ruthenium complexes.”

compound En(V) Ex (V) AE(V) i,)¥/if Eipn® (V)  ref
trans-RuCly(dppe),* / / / / 0.04 67
RuCl(dppe)s(C=C—CHs)’ / / / /001 30

/ / / / -0.01 67
Ru(dppe),(C=C—-C¢Hs),* / / / / 0.00 67
trans-RuCl(dmpe);* / /0070 / 005  8b
Ru(dmpe)y(C=C—CsH,N),* / /0070 /  0.03 8h
Ru(dppe)»(C=C—CsH,N), (17) 0312 0227 0.085 1.32 0.269 this work
[RuCl(dppe),(C=C—CsH,N-CH;)]OTf (20) 0479 0392 0.087 1.07 0435 this work
[Ru(dppe)(C=C—CsH,N-CH,),][OTf], (21) 0.629 0.554 0.075 1.14 0.591 this work

[Ru(dppe)>(C=C—C¢Hs)(C=C-CsHs,N-CH3)]OTf (24) 0.307 0.238 0.069 1.19 0.272 this work
“ For scan rate = 0.1 Vs, BuuN"PF¢ (0.1 M) in CHCI; (unless otherwise stated); WE: glassy carbon; RE,

CE: Pt. All potentials assigned to the Ru(IT)/Ru(IIT) redox couple, reported relative to [FcH]"/[FcH] and
corrected for le bEl/z = 1/2(Epa + Epc). “In CHzClz with BU4N+PF67 or BU4N+BF47.

It can be seen from Table 4-2 that changing chloride for phenylacetylide ligand(s) results in
decreased Ej, values (as in the RuCl,«(dppe).(C=C—CqHs)x series, and between 20/24), whereas
with chloride-pyridylacetylide exchange a positive shift is observed (zrans-RuCly(diphos), to
Ru(diphos),(C=C—CsH4N),, diphos = dmpe, dppe). The particularly large magnitude between the
E,; of 17 and analogous Ru(dppe), or Ru(dmpe), complexes (0.23-0.28 V) may in part be due to
the latter being measured in CH,Cl, not CHCI; (or due to unaccounted for reactions between

Ru(dmpe)z(CEC—C5H4N)2 and CH2C12)
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Compounds containing N-methyl-4-pyridylacetylide have E;, values greatly shifted towards
more positive potentials. As might be expected, the close proximity of the quaternized nitrogen

makes these metal complexes significantly more difficult to oxidize.

4.5 UV-VIS SPECTROSCOPY

The absorption spectra of all novel complexes synthesized here (and trans-RuCl,(dppe),, for
comparison) were measured in CHCl;. These are shown for symmetrical and unsymmetrical
complexes in Figure 4-17 and Figure 4-18, respectively, with data summarized in Table 4-3.

Though RuCl,(dppe), (Figure 4-17) does not on initial inspection appear to have any
significant absorptions in the visible region, an expanded view reveals an extremely weak band
(¢ = 60 M"' cm™, observed under these conditions at 450 nm), credited with provision of its
yellow colour.”® This was assigned by Chatt and Hayter to a 'd,, — 'E, transition, and
corresponds to the promotion of an electron from the #, to e, orbital (respectively the HOMO
and LUMO for this, as well as other low spin d® octahedral complexes).

With the majority of compounds studied here, such Laporte-forbidden d-d transitions are
obscured by intense, broad/overlapping (non-Gaussian) absorptions at similar energies. These
correspond to transitions from ruthenium based molecular orbitals to ligand n* orbitals (MLCT
bands)."™ In 17, they are centred at 359 nm, whereas a bathochromic shift to 456 nm, or 468-
471 nm is observed with [C=C-CsH,N-CH;]OT{/Cl or [C=C-CsH,N-CH;]OT{/C=C—C¢Hs
containing materials, respectively. This i1s expected for MLCT processes as the electron
withdrawing character of the ligand increases,” clearly correlated elsewhere in a series of
RuCp*(dppe)(C=C-C¢H,X) (X = NO,, CN, F, H, OMe, NH,) complexes.”

Observed in all spectra are multiple/overlapping absorptions at high energies, typical of such
materials and attributed to dppe-centred (i.e. intra ligand, n-n*/n-n*) transitions.'™*® Interestingly,
changing the counter-ions of complexes 20 and 24 (from triflate to chloride and iodide,

respectively), is seen to affect absorptions in this region (Figure 4-18).
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Figure 4-17. UV-vis spectra (in CHCL;) of symmetrical ruthenium complexes: trans-RuCly(dppe),, 17

and 21.
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Figure 4-18. UV-vis spectra (in CHCl;) of unsymmetrical ruthenium complexes: 20, 21, 24 and 25.
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Table 4-3. Electronic spectral data of selected ruthenium complexes and ligands.

compound Amax /M (& /M cm™)?
trans-RuCly(dppe), 249 (24005), 263infl (23025), 277sh (14989),
306 (1609), 450 (57)
Ru(dppe)s(C=C—CsH.N); (17) 274sh (31879), 342sh (32325), 359 (44957),
439 (2577), 502infl (372)
[H-C=C-CsH4,N-CH;]OTf (19)° 260sh, 263infl, 268, 275sh, 283sh
[RuCl(dppe):(C=C—CsH,N-CH,)]OTS (20) 262 (58442), 456 (36299)
[Ru(dppe)s(C=C—CsH.N-CH;),][OTf], (21) 272 (169614), 456 (57303),
[RuCl(dppe)(C=C—CsH,N-CH,)]CI (23) 261 (36514), 300sh (10885), 325sh (5434),

358 (4842), 456 (18596)
[Ru(dppe),(C=C—CsHs)(C=C—CsH,N-CH;)]OTf (24) 243 (34040), 268sh (23624), 299sh (12119),
471 (18626)
[Ru(dppe)s(C=C—CsHs)(C=C—CsH.N-CH;)]I (25) 246 (59680), 264 (60792), 304sh (21199), 468
(24531)

“ Recorded at room temperature in CHCIls, using quartz cells with a pathlength of 10 mm. * Where
possible, spectra were deconvoluted into composite Gaussian bands** to obtain A, values. All extinction
coefficients were taken from the experimental data at these wavelengths. ¢ Sparingly soluble in CHCl;,

observed Ama.x values from a saturated solution provided for comparison.

4.6 CONCLUSION

Incorporation of the 4-ethynylpyridine ligand into Ru(dppe). c-alkynyl complexes proved
surprising difficult due to the formation of various unknown impurities, hindering progress in the
synthesis of extended structures. Though the bis-alkynyl, 17, was eventually isolated in pure
form, its preparation was far from robust (and the compound was observed to further
react/decompose in contact with CH,Cl,). Reasoning that contaminants were likely formed due
to side reactions at the pyridyl nitrogen, a protecting group strategy was pursued using N-methyl-
4-ethynylpyridinium triflate (19) (a uniquely stable quaternized 4-ethynylpyridine). In support of
the previous hypothesis, this was here employed as a ligand for the first time, and with none of
the problems encountered using the free amine.

Of additional interest, formation of bis-alkynyl complexes was observed when the vinylidene

complexes 22 or [RuCl(dppe).(=C=C(H)-CsH4N)]OTf were eluted through alumina using

# Using the ‘Fit Plot’ tool of MagicPlot Student v2.3.
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CH,Cl/MeOH (95:5 v/v). Further studies are required to examine the reproducibility of this
rather unusual apparent reaction.

In exploring methods to remove the N-methyl groups of protected pyridyl ruthenium
complexes, it was found that their triflate anions could be readily exchanged for halides (Cl, I) by
elution of the salt through an appropriate anion exchange resin. Though 23 (a mono-alkynyl CI~
salt) could not be demethylated with PPhs, an analogous approach using 25 (a bis-alkynyl I" salt)
proved successful. Though this work provides a ‘proof of concept’ for the protecting group
approach in syntheses with 4-ethynylpyridine, further development of reaction conditions with
model systems is required prior to its useful practical application.

Cyclic voltammetry and UV-vis spectroscopy showed that these materials have
redox/electronic properties typical of analogous ruthenium acetylides, albeit with increased E,
values and red-shifted absorptions (relative to RuCl,«(C=C—C¢Hs)x). Though measurements in
the same solvent are required, 4-ethynylpyridine and N-methyl-4-ethynylpyridine appear to be
remarkably electron-withdrawing ligands, the latter comparable even to I-ethynyl-4-
nitrobenzene (for RuCl(dppe),(C=C-CsH,~NO,), Ei; = 0.20 V*° and Apax (Ru — CsHLNO,) = 482
nm”' in CH,Cl,).

Observations and insights provided by the study of these linear systems proved extremely
useful in addressing the preparation of more complex branched and macrocyclic Ru(dppe).
analogues (discussed in Chapter 5). For these compounds, an entirely different synthetic

approach (i.e. 16e” centre avoidance) was utilised.
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Chapter 5

CHAPTER S : SYNTHESIS OF BRANCHED PYRIDYL-
CONTAINING RUTHENIUM COMPLEXES

5.1 ABSTRACT

Efforts towards a macrocyclic, pyridyl-terminated Ru(dppe). containing complex (35) are
herein described (Figure 5-1a). Inspired by the results of the previous chapter, these and the
synthesis of its single branched analogue (37) successfully employ a 16e™ centre avoidance rule,
whereby pyridyl moieties are incorporated (via Sonogashira cross-coupling) only affer ruthenium
bis-acetylide centres have been constructed. This approach circumvents the problems
encountered with pyridyl-containing alkynes when forming C—Ru bonds via the Dixneuf method
— by providing no opportunities for (a) coordination of the pyridyl nitrogen to ruthenium, or (b)
premature deprotonation of vinylidene species.

Initial progress in preparing fixed-shape macrocycles based on the cis-Ru(PP;)(C=C-R),
motif is also briefly detailed (PP; = tris[2-(diphenylphosphino)ethyl]phosphine) (Figure 5-1b).
This route was eventually abandoned in favour of those using frans-Ru(dppe), centres, given the
generally greater synthetic experience with these in forming bis-alkynyl complexes (particularly
with pyridyl-containing acetylides, see Chapter 4). Work thus far had however resulted in
isolation of a new and unusual trans-RuCl,(PPs), complex (28) (bearing pendant ‘phosphorus
arms’) and the synthesis of a novel pyridyl-containing ligand (27), both of which will be

discussed.
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Figure 5-1. Target pyridyl-containing, macrocyclic complexes with (a) Ru(dppe),, or (b) M(PP;) centres
(M =Ru, Os; P'=PPh,).

5.2 OVERVIEW OF RELEVANT ARYLETHYNYL COMPOUNDS

The synthesis of fixed-shape/shape-persistent macrocyclic molecules is a broad area,
reviewed comprehensively elsewhere (with key strategies and concepts discussed in Chapter 1).!
Known cyclic structures often comprise some but not all of the following characteristics: (i) a
conjugated backbone to mediate electron transfer, (ii) redox/photo-active centres for molecular
accessibility, and (iil) surface binding groups for self-assembly. These features, only in
combination, provide a testable system on which conductance studies and related investigations
may be undertaken, towards an improved understanding of molecular quantum interference
effects (Chapter 1).

In this section, a brief, representative overview of compounds, particularly those specifically

relevant to the targets of this work, will be highlighted.
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Compounds comprising 3,5-diethynylpyridine

As discussed in previous chapters, the 3,5-pyridyl motif is arguably the most accessible of all
the possible 3,5-aryl functionalities (halo-, alkynyl-substituted, etc) with surface binding groups
at the ipso position (e.g. —SAc, -NH,, —COOH). It should therefore come as no surprise that
several branched compounds containing 3,5-diethynylpyridyl are already known (Figure 5-2 and

Figure 5-3).” Often, these approach the idealised structures shown in Figure 5-1.

Figure 5-2. Conjugated, all-organic macrocycles containing the 3,5-diethynylpyridyl motif (R = Me, Ph,

adamantylidene; n = 1, 2).2>e2eh22
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(a) (b)

Aul?

Figure 5-3. Some branched all-organic and Pt/Au-containing compounds with the 3,5-diethynylpyridyl
motif (L' = PPhs, PEt;; P'—P' = cis-1,2-bis(diphenylphosphino)ethylene, (S,S)-chiraphos, (R,R)-chiraphos;
R =H, ‘Bu; —B- = —, Pt(PPh;),, Pt(PEt;),; -O0- = —, Pt(PPh;),, (S,S)-chiraphos, (R,R)-chiraphos; L* =

PPh;, PPh,Me, PPhMe,, PMe;, AsPh;) -2te2i2kn

Primarily these structures have been investigated as ligands for coordination chemistry (e.g.
macrocyclic 4,4’-bipyridine analogues), and studied as potentially porous materials.**¢"? Their
N-complexes with Ru(porphyrinate),”*® [Re(CO);(4,4’-t-Bu,bpy)|PFs (4,4’-t-Bu,bpy = 4,4°-di-
tert-butyl-2,2’-bipyridine),” Pt(PEt;),,*?¢ and PtCl(SEt)* are known. On more than one
occasion, solubility enhancement upon coordination of the pyridyl nitrogen has greatly facilitated
isolation of the cycle.

Use of unmodified 3,5-diethynylpyridine as a ligand has been explored by Vicente et al. in a
series of mono- and polymeric gold complexes, highlighting its multiple potential coordination
modes.” Though non-conjugated, some interesting interlocked macrocycles have also been

prepared from a coordinated 3,5-diethynylpyridine template.*
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Macrocyclic arylethynyl materials

Whilst cyclic structures containing 3,5-diethynylpyridyl have been of growing interest over
the last decade, those based on 1,3-diethynylbenzyl have been studied for nearly 40 years. The
hexameric phenylene ethynylene macrocycle (Figure 5-4a, n = 6) may be taken as an example of
progress. First obtained (4.6% yield) by Staab and Neunhoeffer in 1974 via Stephens—Castro
coupling,’ since then its extended family (Figure 5-4a, n = 3-8, 10, 12) has been prepared (in
much improved yields) using a myriad of coupling techniques or alkyne metathesis.® With the
latter, the hexamer was confirmed as the most thermodynamically stable oligomer (vs. smaller, n
< 5, or bigger, n > 7, systems).® Notably, with increasing ring size these compounds may adopt

non-planar conformations to reduce strain (Figure 5-4b).

’\ eol
O n Q — =8 side

n=3-8, 10, 12 i ii

(a) (b)

Figure 5-4. (a) The family of cyclic 1,3-phenylene ethynylene macrocycles. (b) Schematic diagrams of
the possible planar (i) and non-planar (i7) conformations of the decameric 1,3-phenylene ethynylene

macrocycle.’

Though they provide a straightforward starting point, it is implicit from the previous figures
that moieties other than 1,3-aryls may be integrated into cyclic structures for the construct of
‘angles’. Strain-free cycles have employed 1,3- and 1,2- substituted benzenes, substituted
heterocycles, alkenes, cross-conjugated alkenes/alkanes, allenes, radialenes, and polycyclic
aromatics/fused ring systems for such purposes, whereas strained systems have comprised these,

and also alkynes, oligophenylenes, oligothiophenes, amongst others. '™
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5.3 FORCED-CIS GEOMETRIES (COMPLEXES WITH PP;)

In postulating novel conjugated structures containing redox active centres, macrocyclic
complexes of the type shown in Figure 5-1b were initially considered. In such materials the
acetylide ligands would be forced into a stable cis-geometry by employing a tetradentate
ancillary ligand (such as PP;) at the metal centre. Though ruthenium cis-acetylide complexes
with monophosphine ligands are known (e.g. PMe;/PPhy(C=C-R), where R = Ph, p-tolyl, Fc),?
these have shown potential for isomerization into the trans-isomer (either thermally® or
photochemically®) and are typically formed as cis/trans mixtures.

To the best of my knowledge there is only one report describing the syntheses of cis bis-
acetylide complexes with Ru(PP;) centres.” These were prepared by Bianchini ez al. in 1994 from
the reaction of cis-RuH,(PPs;) with X—C=C—C¢H;s (X = H, elimination of H, method, Scheme 4-
2vi; X = Li, displacement, Scheme 4-2iii). Whereas the bis-acetylide (air stable in solution) was
accessed simply by heating reagents in toluene (with excess phenylacetylide), the mono-
acetylide/hydride (air sensitive in solution) required stoichiometric control of reagents (with
phenylacetylide), or use of lithium phenylacetylide. It was therefore of additional interest here to
develop improved step-wise methods for the preparation of bis-alkynyl species from RuX,(PP3),
if possible.

Based on the established procedures in the first instance, a route from cis-RuH,(PP;) to the

desired homo-metallic macrocycle was envisaged as shown in Scheme 5-1.
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Scheme 5-1. Proposed synthesis of a macrocycle containing M(PP5) centres (M = Ru, Os), where the

acetylide ligands are forced into a cis-geometry as a result of the coordinated tetradentate ancillary ligand
(P'=PPhy).

5.3.1 Progress towards M(PP;)-containing macrocycles

Preparation of MCI,(PP3) and formation of butenynyl complexes

As precursors to MH,(PP;),” MCIy(PP;) (M = Ru, Os) complexes were successfully
synthesised'*!" via ligand substitution of RuCl,(PPh;);'* or OsCl,(PPh;);" (Figure 5-5)."

* Not attempted here, from these materials the metal dihydrides may be prepared by reaction with LiAIH,.'
"1t has yet to be established whether Os(PP;)(C=C—C¢Hs), complexes can also be produced via elimination of

H./displacement reactions from OsH,(PPhs).
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Figure 5-5.°'P{'"H} NMR spectra (CDCIl;) of (a) RuCl,(PP;) and (b) OsCly(PPs). The three phosphorus
environments correspond to PPh, trans to PPh, (Pq, resonance of approx. double intensity), PPh, trans to

CI (Pw), and the PR; apex (Pa).
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Step-wise c-alkynyl complex formation from the metal dichlorides (Dixneuf approach) was
investigated (Scheme 4-3). As cis-isomers they should be reasonably active in this context (see
section 4.2.3). However, reactions between RuCl,(PP;) and terminal alkynes (C=C-Ph, C=C—
SiMe;) under typical conditions (CH,Cl,, NaPFs, NEt;) led only to the formation of butenynyl
complexes (PF¢ salts, Scheme 5-2). Practically identical to known compounds (with BPh,~
anions),"* crude samples were identified via their *'P{'H} NMR spectra (Figure 5-6 and Figure
5-7, with splitting patterns similar to MCl,(PPs)), but not further characterised. In retrospect their
formation is perhaps not surprising, given that the syntheses of analogous complexes from

MCI,(L) have previously been described (M = Fe,"” Os'*; L = P(CH,CH,PMes)s, dmpe, PP;).

R p _ R p R p
CRPY == (RPY (TRP
P—RI—p —————> P—RJ—p P—Ry—p"
/ \ NaPFe,NEtg, c \C H H c
Cl Cl CH2C|2 R/ \\C/ \\(I;/ \(I:// \C//C\R
R R
AR 1
C] C]
PFe PFg

Scheme 5-2. Attempted syntheses of Ru(PP;)(C=C—R), complexes via reaction of RuCl,(PP;) and H—
C=C-R under Dixneuf conditions resulted instead in butenynyl complexes (R = Ph, SiMes; P' = PPh,).
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Figure 5-6. *'P{'H} NMR (CDCl;) of [(PP;)Ru(n*~PhC;CHPh)]PFs, formed from reaction of phenylacetylene and
RuCl,(PP;) under Dixneuf conditions (resonances attributable to PFsexcluded for clarity). As with the BF,~ salt, this

complex forms in a mixture of £ and Z isomers (associated resonances indicated by rectangles).
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Figure 5-7. *'P{'H} NMR spectrum (CDCls) of [(PP;)Ru{n’-(SiMe;)C;CH(SiMe;)} |PFs, formed from reaction of
trimethylsilylacetylene and RuCl,(PPs) under Dixneuf conditions (resonances attributable to PFs excluded for

clarity).
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Ligand synthesis

Work towards the branched ligand presented in Scheme 5-1 proceeded without significant
difficulty. From 3,5-dibromopyridine, iterative Sonogashira cross-coupling/desilylation reactions
with trimethylsilylacetylene and 1-bromo-4-(trimethylsilyl)ethynylbenzene (L1) (obtained from
1-bromo-4-iodobenzene via the literature procedure'®) yielded the silyl-protected precursor 27 in
three steps (Scheme 5-3).* This novel compound was fully characterised by the usual methods
and its UV-vis spectrum is shown in Figure 5-9 (with data in Table 5-1) (for full experimental
details see Chapter 8). The characteristic 3,5-pyridyl motif (a doublet downfield to a triplet, 2:1
intensity) is clearly observed in its "H NMR spectrum (Figure 5-8), as are singlet resonances for

Si(CH;); (18H) and for Ar—H (8H) (the latter due to strong coupling effects, where A8/J << 0.5%).

SiMe3 H
Br —siMe, 4 / L1
— P dCl,(P Phg),, Cul — K,CO4 — PdCIy(PPhg),, Cul
N _ 3 N —3» N _ >
\_/ DIPA, 90°C \_/ MeOH, CH,Cl, \_/ DIPA, 90°C
Br
A\ A\
SiMe3 H

Scheme 5-3. Synthesis of a novel protected pyridyl ligand 27 (3,5-DEP = 3,5-diethynylpyridine).

! High reaction concentrations for the cross-couplings proved essential to the isolation of desired materials from
their mixtures with monosubstituted reaction products (e.g. 3-bromo-5-(trimethylsilyl)ethynylpyridine and 3-
ethynyl-5-[4-(trimethylsilyl)ethynylbenzene]ethynylpyridine).

¥ This ‘singlet’ proton resonance correlates to two distinct carbon environments in 2D (HMQC) experiments.
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Figure 5-8. '"H NMR spectrum (CDCl;) of protected pyridyl ligand 27.
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Figure 5-9. UV-vis spectra (in CH,Cl,) of 3,5-diethynylpyridine (3,5-DEP) and protected pyridyl ligand
27. The increased conjugation pathway of the latter results in absorptions at lower energies (decreased

HOMO-LUMO gap), and a significantly larger molar absorptivity is observed.
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Table 5-1. Electronic spectral data of ethynylpyridine ligands.”

compound Amax /nm (e /M cm!)?
3,5-DEP 248infl (15443), 276 (2186), 284 (2839), 292 (3331), 301 (3112)
27 281sh (39019), 292sh (53663), 298sh (58823), 308 (75213), 318sh (65224),

329 (78663), 359 (3069)

“ Recorded at room temperature in CH,Cl,, using quartz cells with a pathlength of 10 mm. * Where
possible, spectra were deconvoluted into composite Gaussian bands™ to obtain An., values. All extinction

coefficients were taken from the experimental data at these wavelengths.

Tactical shift to Ru(dppe), systems

Despite modest progress to this point, efforts towards macrocycles based on M(PP;) were
refocused to the syntheses of those based on Ru(dppe).. With the latter, starting materials are
more conveniently prepared (cis-RuCly(dppe)./[RuCl(dppe),]OTf/terminal alkynes vs. metal
hydrides/lithiated alkynes), step-wise bis-acetylide synthesis is readily achievable, and, following
the work in Chapter 4 (conducted in parallel), reactions between Ru(dppe). centres and pyridyl-
containing alkynes were now better understood. Though not of immediate concern, this transition
from cis- to trans-ruthenium geometries also circumvented potential synthetic complications

should undesirable butenynyl formation occur from cis-M(PP;)(C=C—-R), (vida supra).

5.3.2 Metal complexes with pendant ‘phosphorus arms’

Trans-RuCl,(PP;),

Prior to discussions of branched Ru(dppe).-containing compounds, the synthesis and
properties of a new complex, trans-RuCL(PP3), (28), are worthy of note. This unusual compound
was repeatedly isolated as a minor side product from syntheses of cis-RuCl(PP;) (where
RuCl,(PPh;); was reacted with PP; in slight excess), and could be synthesised directly from
RuCly(PPhs); using >2 equivalents of PP; (Scheme 5-4). Quite unusually it comprises two
potentially tetradentate PP; ligands each coordinated through only two sites (in blatant disregard
of the chelate effect), and as a result features four uncoordinated ‘phosphorus arms’. Whether

this bonding arrangement is due to steric/strain effects, or because trans-RuCly(L,) is

™ Using the ‘Fit Plot’ tool of MagicPlot Student v2.3.
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thermodynamically more stable than cis-RuCly(L,) (as observed with the isomers of
RuCly(dppe).), is unclear. In addition to the usual methods, 28 was characterised by UV-vis
spectroscopy (Figure 5-10), X-ray crystallography (Figure 5-11, with selected bond lengths and
angles provided in Table 5-2) and cyclic voltammetry (Figure 5-12).

(=g ¢

PP3(2 eq.)
RuCl(PPh;);, ——>
APPha)s toluene P Rlu\ R
reflux, 2h H a P >
P' pr

28 (71%)

Scheme 5-4. Synthesis of RuCly(PPs), (with ~1 eq. PP, the mono-ligated RuCIl,(PP;) complex forms as

the main product)

80000
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& (M'1 cm™)

20000

300 400

wavelength (nm)

Figure 5-10. UV-vis spectrum of 28 in CH,Cl, (solid line), and the spectrum of RuCl,(dppe), in CHCl;
(dashed line) for comparison. Inset, absorptions in the visible region magnified. Similar features are

observed in both cases; see Chapter 4 for a relevant discussion.
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Figure 5-11. Crystal structure of RuCl,(PP5), (28) (with hydrogen atoms omitted and colour added to the

backbone of each ligand for clarity).

Table 5-2. Selected bond lengths and angles for trans-RuCly(PP;), (28) and analogous ruthenium

complexes.
complex Ru-CI (A) Ru-P (A) P-Ru-Cl(°)*  P-Ru-P (°)* ref
trans-RuCly(depe), 2.428 2.340 90.65 96.61 17
2.338 89.35 83.39
92.63
87.37
trans-RuCly(dppe),” 2.433 2.381 81.40 98.38 18
2.356 94.19 81.62
98.60
98.38
trans-RuCl,(PPs), (28) 2.434 2.389 92.50 97.49 this work
2.358 87.50 82.51
98.02
81.98

“ Angles provided are between cis-substituents, with the angle between frans-substituents always 180.0°

in these examples. ” Other X-ray crystal structures of this compound are known. "
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Figure 5-12. Cyclic voltammogram for RuCl,(PPs), (28). Scan rate = 0.1 Vs, BuyN‘PF, (0.1 M) in

CH,CI, with glassy carbon working electrode and Pt-wire reference and counter electrodes. Potentials are

corrected for iR, and reversible redox features (i, oc V", AE = 0.059/n V) assigned to the Ru(II)/Ru(I1I)
couple. Ei»=0.116 V vs. [FcH]"/[FcH], measured against an internal [FeCp*,]"/[FeCp*] reference (-
0.495 V vs. [FcH]"/[FcH] in this system). As in Chapter 4, iy./i,. = 1.1 (i.e. > 1) is attributed to difficulties

in defining the baseline for the reduction wave.

The *'P{'H} NMR spectrum of this complex is particularly interesting (Figure 5-13). Three
resonances are observed with relative intensities 1:1:2 and a rather complicated splitting pattern.
It is hypothesized that in 28 the pendant PPh, moieties of each ligand are chemically non-
equivalent as they cannot be interchanged by any symmetry operation (the molecular point group
is (), and the bound P\/P\ and Po/Py nuclei are magnetically non-equivalent as Juq # Jvo (i.e.
an ABMQ-ABM'Q' system). The resonance at & 49.57 ppm can thus be attributed to the apical
phosphorus atoms, Py (Py), appearing as a broad multiplet (unresolved dddd) due to %J coupling
with Py (Po) and *J coupling with P Py and Pq (Pq). Further upfield at 6 40.70 ppm appears a
pseudo-triplet (unresolved dd) assigned to the coordinated PPh, group, Po/Pq, from coupling to
Puv and Py. Finally, at 6 —11.83 ppm there is another resonance, corresponding to the

uncoordinated phosphorus atoms, P, and Ps. As these have similar but non-identical chemical
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shifts (also notably comparable to that of PPh, in the free ligand, at approximately ¢ —13 ppm),
their overlapping doublets (from °J coupling to Pw/Pw) appear as a triplet. *'P{*'P} NMR

experiments could be used to verify this explanation of the observed spectral characteristics.
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—40.70
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Figure 5-13. *'P{'H} NMR spectrum (CDCl;) of RuCl,(PPs), (Px = PPh,).

MCI(PPs), analogues

To the best of my knowledge, the only other mononuclear complexes with incompletely
coordinated tripodal phosphines and a 1:2 metal to ligand ratio are RuCl,(triphos), (triphos =
bis(diphenylphosphinoethyl)phenylphosphine),”® Mo(PP;),,%' and MX,(L), (M = Pt, Pd; L = PP3,
tris[2-(diphenylphosphino)ethyl]Jamine; X = Cl, Br, I, NOs)* (Figure 5-14). This scarcity

prompted investigations into the synthesis of additional group 8 species.
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Figure 5-14. Mononuclear complexes with incompletely coordinated tripodal phosphines and a 1:2 metal

to ligand ratio (P' = PPh,; M = Pt, Pd; A =P, N; X = Cl, Br, I, NO;).?**

Noting that RuCl,(PP;), was readily formed following identical reaction conditions to
RuCl,(PPs) (albeit with two equivalents PP; rather than one), the preparation of its Fe and Os
congeners was attempted following the literature procedures for their mono-ligated complexes
(i.e. heating PP; with OsCly(PPh;);/FeCl, at reflux in 2-methoxyethanol/ethanol,
respectively).''* Unfortunately, these efforts produced only multiple product mixtures that could
not be separated or identified (providing no clear evidence for the formation of MCI,(PPs),). It is
however anticipated that the desired complexes could be formed using alternative literature
procedures (e.g. for FeCly(PP;)**), or suitable conditions deduced by systematic variation of
solvent, temperature and reaction time. Indeed, whilst an inseparable mixture product was again
obtained when PP; (2 eq.) was reacted with OsCl,(PPhs); in hot toluene (the conditions used to
prepare RuCL(PPs),, n = 1, 2), in this case mass spectrometric analysis revealed a m/z fragment

suggestive of OsCly(PP3),."

5.4 TRANS-ACETYLIDES (COMPLEXES WITH DPPE)

The simplest conceivable bimetallic frans-Ru(dppe).-containing macrocycle (35) (with a
phenylene ethynylene backbone and pyridyl surface binding moieties) is shown in Figure 5-15b,
alongside its single- (37) and double-branched analogues. Whilst conceptually similar to the
ferrocene-based compounds of Chapter 2 (and accordingly analogous to the theoretically

investigated structures of Magoga and Joachim, Figure 5-15a),” preparations of these ruthenium

T For OsCly(PP;), — ES+: m/z 1567 ([M—CI]" calcd: 1567); for RuCly(PPs), — ES+: m/z 1513 ([M]" caled: 1513),
1477 (IM—CI]" calcd: 1477).
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complexes were not expected to suffer from slow reaction rates (unlike Sonogashira cross
couplings with Fc—I using traditional methods, see Chapter 3), and it is considered that such
complexes should prove easier to study in molecular junctions due to the fixed #rans orientation

of acetylide ligands at Ru(dppe)..

(a)

“all-organic”

(b)

Figure 5-15. Linear, branched and macrocyclic systems for molecular electronics — (a) example “all-
organic” theoretical structures investigated by Magoga and Joachim (phenyl rotation disrupting branch
conductance),” (b) experimental “redox-active” analogues proposed here (redox events changing
branch conductance, P' = PPh,). Figures (top) reprinted from reference [25] with permission. Copyright
1999 by the American Physical Society.
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5.4.1 Synthesis

Initially the preparation of 35 was attempted via a two-step route, starting with the reaction of
[RuCl(dppe).]OTf and 3,5-bis(1-ethynyl-3-phenylethynyl)pyridine* (L2) (Scheme 5-5). This
produced a crude product exhibiting '"H/'P{'H} NMR spectra strongly suggestive of the desired
intermediate (HC1), however all attempts at its isolation proved futile. Given the difficulties
using 4-ethynylpyridine with [RuCl(dppe).]OTt (Chapter 4), it is likely that persistent impurities
were again formed from side reactions at the pyridyl nitrogen (and in retrospect purifications

may have been hindered by further decomposition/reaction of the material in CH,Cl,)

e\
PhP PPhy
7N = Ru——Cl
— Ph,P. PPh
// 2 \_/ 2
i) [RuCI(dppe),lOTf
CH,Cl, — L2, CH,Cl,
N N — = 35
ii) EN N/ NaPFg, Et;N
N\ /—\
thP\ PPh,
7N = RU cl
— Ph,P, PPh
2 \—/ 2
L2 HCA

Scheme 5-5. An unsuccessful synthetic route to 35 — the intermediate (HC1) could not be isolated pure.

Much greater success was achieved using a step-wise approach that avoided contact of the
pyridyl moiety with 16e™ ruthenium centres (Scheme 5-6). Here, [RuCl(dppe),]OT{"? (Scheme 4-
5) was reacted with 1-(triisopropylsilyl)ethynyl-3-ethynylbenzene® (L3, Scheme 5-7) to produce
a vinylidene intermediate that was deprotonated (by elution through alumina) to yield the mono-
acetylide 29 (79%). The asymmetrical bis-acetylide 32 (90%) was prepared from this by stirring
with 1-ethynyl-3-iodobenzene (31, Scheme 5-8), NaPFs and Et;N. Room temperature
Sonogashira cross-coupling® of the aryl iodide 31 with 3,5-diethynylpyridine (3,5-DEP, Scheme
2-12) resulted in 33 (61%), which was subsequently de-silylated®® with tetrabutylammonium
fluoride giving 34 (47%). The crude macrocycle 35 was obtained in reasonable yield (~40%,
>80% pure by 'H NMR) following cross-coupling of 34 with 3,5-diiodopyridine® (3,5-DIP,
Scheme 5-9).
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CH.Cly, EtsN
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PhPy PPhy PhPy PPh;
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— Ph Pl “PPh \_7 — Ph Pl PPh
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(purification in progress)
Scheme 5-6. A synthetic route to 35 that avoids contact of the pyridyl moiety with 16e™ ruthenium centres
(L3 = 1-(triisopropylsilyl)ethynyl-3-ethynylbenzene; 3,5-DEP = 3,5-diethynylpyridine; 3,5-DIP = 3,5-
diiodopyridine).
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|
Si(Pr); SiMe3
PdCIz(PPh3 Cul PdCI2 PPh3)2 Cul NaOH (5%)
DIPA rt DIPA 90°C MeOH THF
Br

Scheme 5-7. Modified literature synthesis of 1-(triisopropylsilyl)ethynyl-3-ethynylbenzene (L3).

SI\
| // 4
SiMe; i) 'BuLi, pentane
PdClz PPh3)z, Cul _ ether,-78°C NaOH (50%
oA "MeOH, THF
|

Br

30

Scheme 5-8. Synthesis of 1-ethynyl-3-iodobenzene (31) (1-bromo-3-(trimethylsilyl)ethynylbenzene?

prepared according to typical Sonogashira cross-coupling procedures).

i) 'BuLi, pentane
_THF.-78C N

Scheme 5-9. Synthesis of 3,5-diiodopyridine (3,5-DIP). Whilst yields of 14-83.5% are reported for this

approach,” attempts here provided <10% product.

Synthesis of the single-branched analogue was achieved in two steps via a similar approach.
Reaction of cis-Ru(dppe),' (Scheme 4-5) and 31 with excess NaPF¢ and Et;N over 2 days®’™!

provided 36 (78%), and subsequent cross-coupling with 3-ethynylpyridine (3-EP) resulted in 37
(85%).
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Scheme 5-10. Synthesis of single-branched complex 37 (3-EP = 3-ethynylpyridine).

These materials were all found to be air stable in the solid state, and could be manipulated in
oxygenated solutions for short periods. However, once pyridyl moieties had been incorporated
into complexes it proved essential to minimise their contact with oxygenated CHCl; and to avoid
CH,Cl, completely. The rapid decomposition of 33 and 34 in the latter was observed, though
they were stable in CDCl; for several days (similar behaviour was noted for analogous linear
ruthenium complexes, see Chapter 4).

Whilst preparation of the double-branched analogue of 35 and 37 (Figure 5-15) has not yet
been attempted, it is considered readily achievable via Sonogashira cross-coupling of 34 with 3-

iodopyridine.

5.4.2 Characterization

All novel precursors to 35 (i.e. 29, 32, 33, 34, 36) and 37 were characterised by
'HA'P{'H}/®C{'H} NMR (selected spectra provided in Figure 5-16, Figure 5-17 and Figure 5-

18) and IR* spectroscopy, mass spectrometric*® and elemental analyses (see Chapter 8 for full

¥ Characteristic bands at 2045-2063 cm™ for v(Ru-C=C), ~2148 cm™ for v(C=C)mps, ~2212 cm™ for v(C=C)py
and 3288 cm! for v(C=C-H).
$ [M—CI1]" observed with FAB+ for the mono-acetylide 29, and [M+H]" or M" with ESI+ for the bis-acetylides.
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details). Though isolation of 35 in pure form has not yet been achieved, ™ its successful synthesis
is supported by 'H and “C{'H} NMR spectroscopy (Figure 5-19, with the latter almost

completely assigned through correlation experiments), as well as mass spectrometric analysis.

(a) trans-RuCly(dppe). (b) L3
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Figure 5-16. '"H NMR spectra (aromatic region, CDCls) for: (a) trans-RuCly(dppe), (for comparison), (b)
1-(triisopropylsilyl)ethynyl-3-ethynylbenzene (L3), (¢) 1-ethynyl-3-iodobenzene (31) (d) 3,5-
diethynylpyridine (3,5-DEP).

sk

35 decomposes on all grades of alumina (unlike 33/34), and is remarkably soluble (hindering

recrystallization attempts).
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(a) RuCl(dppe)o(C=C—m-CoH,—C=C-SiC,H,)) (29) (b) Ru(dppe)s(C=C—m-CeHi—C=C-SiCoH,)
(C=C-m-C4Hi—T) (32)
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Figure 5-17. '"H NMR spectra (aromatic region, CDCl;) for: (a) 29, (b) 32, (c) 33 and (d) 34.
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(a) Ru(dppe)o(C=C—m-CeH,1), (36)
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(b) Ru(dppe)o(C=C—m-CeH,~C=C—CsH.N), (37)
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Figure 5-18. '"H NMR spectra (aromatic region, CDCls) of the single branched complex 37 and its iodo

precursor 36.
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Figure 5-19. For crude macrocycle 35: (a) 'H (lowercase letters) and “C{'H} (Cx) NMR labelling
scheme used here, (b) '"H NMR and (c) “C{'H} NMR spectra (CDCl;). One C, resonance is not observed

in this *C{'H} NMR spectrum, possibly due to overlap with another.
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The '"H NMR spectrum of the symmetrical zrans-RuCly(dppe), complex (Figure 5-16a)
provides a useful starting point for interpretation of more complicated spectra. Clearly visible in
the aromatic region are three resonances corresponding to the phenyl protons of the dppe ligand,
in ortho (overlapping with the residual solvent peak of CDCls), para and meta positions from
downfield to upfield, respectively.”™ Upon substitution of one of the chlorides, such as in 29
(Figure 5-17a), axial asymmetry at the ruthenium centre is introduced. This results in chemical
non-equivalence of the dppe ring protons, and a splitting of their resonances (this is observed in
all analogous asymmetrical species, e.g. 32-34 in Figure 5-17b-d). Upon completion of the
macrocyclic structure (complex 35), axial symmetry is returned to Ru(dppe), and the phenyl
peaks of the dppe ligands appear much as they did in trans-RuCly(dppe), (Figure 5-19b) (albeit
with C—H, now shifted downfield by ~0.3 ppm).

From the examples given in Figure 5-17 it is clear that for these species the aromatic region
of "H NMR spectra can be troublesome to fully assign as a result of multiple overlapping ligand
resonances (Figure 5-16b-d). Those attributable to the 3,5-pyridyl (e.g. Figure 5-16d), and to
some extent the 3-pyridyl (Figure 2-13a, Figure 5-18b), moieties are however well separated
and particularly diagnostic. Of additional utility for complex identification are the distinct signals
of the dppe CH, protons (br m, d 2.6-2.7 ppm), as well as those attributable to isopropyl (br s, 6
1.20 ppm) or terminal alkyne (s, 6 3.06 ppm) functionalities, where appropriate. Interestingly, it
appears that coordination of the terminal alkyne to ruthenium results in significant electron
donation to the aromatic ligand. This is exemplified with particular clarity in the spectra of 29
and 36 (Figure 5-17a and Figure 5-18a), where the resonances of proton environments closest to
—C=C-Ru are shifted substantially upfield compared to those in the free ligand (Figure 5-16).

Though detailed assignment of *C{'H} NMR spectra proved increasingly difficult as species
became larger and more asymmetrical, characteristic resonances for dppe CH, and Cs—H
environments, the quintet corresponding to C,—Ru (though often broadened), and Cp,—H (for 33,
34, 35 and 37) were identified in nearly every case. With high molecular symmetry, even for 35
(M,, = 2447 Daltons), readily interpretable spectra were usually obtained (e.g. Figure 5-19c)
(Ru(dppe).(C=C—C¢Hs-m-1), (36) proved an exception to this rule, as a result of its limited
solubility in CDClL;/CD,Cl,).

I NMR (400 MHz, CDCL:): § (ppm) 7.27 (br m, 16H, Ph—H,), 7.20 (t, 8H, Ph—,), 7.00 (t, 16H, Ph-H,,)."
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All *'P{'H} NMR spectra showed a single singlet resonance corresponding to the equivalent
PPh; nuclei of the dppe ligands — seen at & 49.48 ppm for the mono-acetylide complex 29, and at
0 52-54 ppm for the bis-acetylides.

5.4.3 Electrochemistry

The redox properties of 29, 32, 33, 36 and 37 were investigated via cyclic voltammetry in
CHCI; (given the instability of the pyridyl-containing compounds in CH,Cl,). Data for these and
some analogous literature complexes are provided in 7able 5-3. All compounds exhibited close
to reversible redox features (and i, oc V", as expected for a solution-based redox process) at
potentials 0.05-0.09 V positive of [FcH]"/[FcH], assigned to the Ru(Il)/Ru(IIl) couple as a first
approximation (ligand contributions to the HOMOs of these species should also be considered??).
As in previous chapters, estimation of R, using AC impedance spectroscopy and correction for

iR, greatly adjusted the observed behaviour towards reversibility (AE = 0.059/n V).

Table 5-3. Electrochemical data for selected Ru(dppe), complexes.*

compound En (V) Ex (V) AE(V) i,)if En” (V) ref
trans-RuCly(dppe),” / / / / 0.04 32a
RuCl(dppe)»(C=C—C¢Hs) / / / /001 12

/ / / / -0.01 32a
Ru(dppe),(C=C-C¢Hs),* / / / / 0.00 32a
Ru(dppe),(C=C-m-CsH,s1), (36) 0.144 0.033 0.110 1.04 0.088 this work
Ru(dppe)o(C=C—m-CsHi~C=C—CsH.N), (37) 0.085 0.014 0.071 1.12 0.049 this work
RuCl(dppe),(C=C-m-CsH,~C=C-SiCyH,,) (29) 0.099 0.008 0.091 1.02 0.054 this work
Ru(dppe)(C=C—m-C¢H,~C=C-SiCsHa)) 0.092 0.014 0.079 1.02 0.053 this work
(C=C-m-CsH4-) (32)
{©-3,5-NC;sH;(C=C—-m-CcH4—C=C),} 0.078 0.022 0.056 1.06 0.050 this work

{Ru(dppe)(C=C—m-CcH,—~C=C-SiCoH,,)} (33)
“For scan rate = 0.1 Vs™'. BuN'PFs (0.1 M) in CHCl;; WE: glassy carbon; RE, CE: Pt. All potentials

assigned to the Ru(Il)/Ru(IIl) redox couple, measured against an internal [FeCp*,]’/[FeCp*,] reference,
reported relative to [FcH]'/[FcH] (0.495 V vs. [FeCp*,]'/[FeCp*,] in this system) and corrected for iR
drop. * Eip = Yo(Ep + Epye). “In CH,Cl, with BuyN"PF, or BuuN"BF,.
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From the E, values of these complexes (and in line with "H NMR observations), it seems all
the acetylide ligands utilised here are to some extent electron-withdrawing — with 36 (ligated
twice with C=C—C¢Hs-m-1) proving hardest to oxidise. That said, the potentials of these meta bis-
acetylides are more comparable to Ru(dppe).(C=C—C¢Hs), than the tertiary and quaternary para
pyridyl-containing species of Chapter 4. It would be interesting in this context to compare E,
for 36 and Ru(dppe),(C=C—p-CcH,—1),,”’ but the latter was not characterized electrochemically.

Akin to their linear analogues (Chapter 4), additional reactions were seen at higher oxidising
potentials, affecting the reversible processes.*** These are also attributed to irreversible largely
metal-based oxidations (presumably Ru(IIl) to Ru(IV), typically seen >0.80 V positive of
Ru(IT)/Ru(1IT)'**). Not fully resolved in these experiments (due to the limits imposed by solvent
oxidation), approximate onset potentials were observed at ~0.5 V vs. [FcH]"/[FcH].

Interestingly, an irreversible reduction wave was also noted at approximately -1.5 V for all of
the complexes studied (e.g. Figure 5-20). Not usually observed with analogous compounds
(aside from those containing —NO,, which demonstrate reductive features in this region'***),
these are tentatively assigned to Ru/dppe, or -C=C-R based processes." Typically, the LUMOs
of such complexes are principally comprised of metal/ancillary ligand contributions,*** however
they may also become completely ligand(n*) centred with increasing conjugation length of the
acetylide component,’” or when this is functionalised with electron-withdrawing substituents

(e.g. Ar-NO,).**" Others have calculated the LUMO as M—C(c*).*?¢"

# With step-wise increase of the overpotential, i,/i,. became larger (>> 1). This is consistent with partial
destruction of the Ru(Ill) species during the forward potential sweep — with less oxidised material available for
reduction back to Ru(Il), i,a> ipe.

%% Rather than to reduction of oxygen/water — solutions were prepared using fresh solvent, thoroughly sparged

with argon, and analogous features were not observed in blank experiments.
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Figure 5-20. Cyclic voltammogram for 29 — similar irreversible reductive waves were observed for all
acetylide complexes studied (potentials vs. [FcH]'/[FcH] and corrected for uncompensated resistance

effects).

5.4.4 UV-vis spectroscopy

The absorption spectra of 36, 37, 29, 32 and 33 were measured in CHCl;. These are shown in
Figure 5-21 (the spectrum of trans-RuCly(dppe). included for comparison), with data
summarized in Table 5-4.

Similar to the linear complexes of Chapter 4, the majority of compounds studied here exhibit
intense, broad/overlapping (non-Gaussian) absorptions centred around 325-350 nm. These
correspond to transitions from ruthenium based molecular orbitals to ligand n* orbitals (MLCT
bands).’'™** A bathochromic shift to higher wavelengths (lower energies), is seen for complexes
containing the C=C—C¢Hs-m-I ligand, in line with expectations for MLCT processes as the
electron withdrawing character of the ligand increases.”” Observed in all spectra are
multiple/overlapping absorptions at high energies, typical of such materials and attributed to
dppe-centred (i.e. intra ligand, m-m*/n-m*) transitions.’'™* Complexes containing acetylide

ligands with extended conjugation (e.g. 37 and 33), also display features in the region 275-325
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nm suggestive of ligand based n-n* processes (red shifted due to decreased HOMO-LUMO gaps,
similar features can be seen in the UV-vis spectrum of branched pyridyl ligand 27, Figure 5-9).

200000
-——- trans-RuCIz(dppe)2
ffffffff Ru(dppe),(C=C-m-C_H,-1), (36)
-— -~ Ru(dppe),(C=C-m-CH,~C=C-CH N), (37)
150000 RuCl(dppe),(C=C-m-C_H,~C=C-SiC H. ) (29)
~ -~ - Ru(dppe),(C=C-m-C H,~C=C-SiCH,,)
,_E (€=C-m-CH) (32)
g — {#-3,5-NC,H (C=C-m-C H~C=C),}
s 100000 {Ru(dppe),(C=C-m-C_H~C=C-SiCH,,)} (33)
W i
50000 |
O . ‘Nl ........... r Shail I' : T T
400 500

wavelength (nm)

Figure 5-21. UV-vis spectra (in CHCL;) of selected ruthenium complexes: trans-RuCly(dppe)., 36, 37, 29,
32 and 33.
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Table 5-4. Electronic spectral data of selected ruthenium complexes and ligands.

compound Amax /M (& /M cm™)?

trans-RuCly(dppe), 249 (24005), 263infl (23025), 277sh (14989),
306 (1609), 450 (57)

Ru(dppe)o(C=C—m-CoHy-T), (36) 247sh (73752), 276sh (38458), 336sh (43093),
350 (47920)

Ru(dppe)s(C=C—m-CeHiC=C-CsHN), (37) 259sh (53920), 265 (53345), 273 (53496),

279sh (51790), 285infl (49514), 301sh
(43963), 308 (44116), 334 (36434), 361sh

(14850)
RuCl(dppe),(C=C—m-CsH,—C=C—SiCsH,)) (29) 249 (60936), 253 (60997), 259sh (54219), 267
(52474), 320 (17024), 358sh (6883)
Ru(dppe),(C=C—m-C¢H,—C=C—SiCqH,) 244 (80600), 267(48737), 275sh (29063),
(C=C-m-CeH4-T) (32) 328sh (30367), 350sh (33335)
{1-3,5-NC;sH;(C=C-m-C¢H4—C=C),} 245 (174171), 266 (129733), 276sh (93527),
{Ru(dppe)o(C=C-m-CsH,~C=C-SiCoH,))} (33) 292 (76813), 311 (77597), 331 (84020), 351sh
(57754)

“ Recorded at room temperature in CHCls, using quartz cells with a pathlength of 10 mm. * Where

sk

possible, spectra were deconvoluted into composite Gaussian bands™  to obtain A,.x values. All extinction

coefficients were taken from the experimental data at these wavelengths.

5.5 CONCLUSION

Initial work towards macrocyclic ruthenium complexes containing the tetradentate PP; ligand
resulted in the synthesis of an unusually coordinated frans-RuCly(PP;), complex (28) and a novel
extended branched pyridyl ligand (27). Despite successes here and elsewhere with
[RuCly(dppe).]/cis-RuCly(dppe). starting materials, it was found that reactions between cis-
RuCl,(PPs) and terminal alkynes under Dixneuf conditions result only in butenynyl complexes.
Future work towards the target structures shown in Scheme 5-1 should focus on the published
M-C bond formation approaches from MH,(PPs) and X—~C=C-R (X = H, Li).’

With Ru(dppe). centres, strict adherence to a 16e” avoidance rule readily facilitated the
incorporation of pyridyl-moieties into ligand frameworks (e.g. for 37 and 33, via Sonogashira
cross-coupling) in stark contrast to the significant problems encountered using 4-ethynylpyridine
(Chapter 4). The simplicity of this approach, compared to those involving protecting groups,

suggests that it might prove a useful general strategy for incorporating other nucleophilic/basic

™ Using the ‘Fit Plot’ tool of MagicPlot Student v2.3.
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moieties into Ru(dppe), complexes. For example, it could circumvent protecting group
approaches’” when using isocyanide-termini, or enable the facile introduction of nitrile or amine
functionalities (difficulties using these have been previously reported'?).

"H/PC{'H} NMR spectra strongly suggest that the desired Ru(dppe),-containing macrocycle
35 has been prepared (albeit in ~80% purity). When contrasted with the difficulties encountered
in synthesis of the ferrocene-based analogue (13, Chapter 2) the apparent ease of cyclization of
34/3,5-DIP is quite remarkable. This may be attributed to the much greater rate of reaction for
aryl iodides compared to ferrocenyl iodides in traditional Sonogashira cross-couplings, and
further encourages future attempts to synthesise 13 using the PdC1,(MeCN),/P(‘Bu); combination
(Chapter 3).

The electrochemical and absorption properties of these products (and novel precursors) are
broadly as expected for their class of compounds, though atypical irreversible reductive features
(thought to be Ru/dppe, or -C=C—R based) were observed via cyclic voltammetry. Future work
will focus on purification of 35 (e.g. via reverse-phase column chromatography, alternative
recrystallization procedures), its full characterisation, and the synthesis of its double-branched
equivalent. If successful, single-molecule conductance and related studies will be undertaken, in

line with discussions in Chapter 1.
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CHAPTER 6 : THERMODYNAMIC CORRELATIONS IN
MIXED-VALENCE COMPLEXES

6.1 INTRODUCTION

This chapter marks a departure from the synthetic theme prevalent in the rest of this thesis. It is
concerned instead with the thermodynamic properties of relevant ‘mixed-valence’ complexes
(strictly, ‘mixed-oxidation state’ complexes,' in which the number of electrons assigned to at
least two atoms of the same element in a molecule in a localised bonding scheme is not
integral’); and the reasons for this are threefold.

First, and related to the branched synthetic targets discussed in Chapter 2 and 3, it was of
interest to better understand the properties which will stabilise a mixed-valence complex relative
to its 1sovalent states. Under such favourable circumstances oxidation of identical redox centres
will occur at different potentials, with the difference between the first (£,°) and second (£,
equilibrium potentials, AE;,’ (= E’ — E\°), large enough to facilitate investigation of the
properties of the mixed-valence. As can be seen from Figure 2.7 and Figure 5.15, this is of
fundamental importance when working with symmetrical branched binuclear complexes, where
oxidation of each redox centre individually is required to change the conductance of a single
branch (oxidized redox centre) relative to another (neutral redox centre). Thus far,
electrochemical investigations of structurally similar compounds have exhibited AE;,’= 0.

Secondly, this thesis has focussed entirely on syntheses of branched complexes comprising
synthetically accessible iron ({FeCp,}) and ruthenium ({Ru(dppe).}, {Ru(PP;)}) centres. Whilst
these have additional meritorious properties which support their incorporation within molecular
electronic components (see Chapter 2 and 4), questions pertaining to the effects of changing the
metal centre and its ligand environment on critical electronic properties (such as molecular
conductance) remain difficult to answer and are intriguing. To date, molecular junction
measurements of metal acetylides are scarce (e.g. with Pt* and Ru* centres), and do not yet
convey clear structure-property relationships. Fortunately, molecular conductance has been

related to the rate of intramolecular electron transfer,” which may itself be assessed using the
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properties of suitable mixed-valence models. The area of mixed-valence chemistry is thus of
considerable general relevance to those working within molecular electronics.

Finally, in a recent related review® this author had observed that electron density at a metal
centre (M(L),, where M represents a metal centre, and (L), represents the ancillary ligand
framework), quantified by v(X) frequencies (X = C=0, C=N, C=C) of their monometallic
{M(L),}-R analogues (R = "C=0, C=N, C=C-C¢Hs), in some cases exhibited intriguing
positive correlations with AE,," for analogous series of binuclear mixed-valence complexes
containing the same bridge motif (see section 6.3.2, qualitative relationships had been previously
noted by others’). The apparent relationship between AE;,° and such a straightforward empirical
measure (recorded for hundreds of different M(L),, e.g. for M(L),~C=C—CHs"), offered the
tantalising suggestion that the former could be predicted for numerous as yet unknown bimetallic
complexes. This could then guide researchers towards an ‘ideal’ molecular wire, assuming AE) ;"
bore some relationship to the rate of electron transfer in that series. Fully aware that the link
between electronic communication and AE;,° is often called into question, it was of significant
interest to explore this apparent association in greater detail. If the observed correlations might
not be due to a proportional rate of electron transfer between redox centres, what then should
they be attributed to?

Towards this end, a brief background to the study of mixed-valence systems (section 6.2.1),
and an overview of their properties in terms of electron transfer and intervalence charge transfer
(IVCT) band analysis is provided (section 6.2.2). In somewhat greater detail, AE;,’ and the many
thermodynamic contributions to the free energy of comproportionation (A.,G°) are then discussed
(section 6.2.3). Following this, the previously mentioned apparent relationships between electron
density at M(L), and AE,," are presented for the homobimetallic complexes [{M(L),}2(u-BL)]
(where u-BL = C, alkyne, C,4 alkene and Cs alkyne). Collected data for bridges containing 1,4-
phenylene or 2,5-thiophene units is also given, though with these systems v(X) vs. AE),
relationships could not be established. Chosen as a representative case study, the C, alkyne series
is investigated in further detail (section 6.3.3). Within this context, relationships between

electron density and the factors which stabilise/destabilise the mixed valence state are explored.
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6.2 ‘MIXED-VALENCE’ COMPLEXES

6.2.1 History and relevance

Though many ‘mixed-valence’ compounds are known throughout nature (Prussian blue,
‘Fe,"[Fe"(CN)s],’, being a popular example), the first deliberately synthesized, stable example
was the Creutz-Taube ion, [{(NHs)sRu}.(u-py)]’" (py = pyrazine, Figure 6-1, D),’ generated
from one-electron oxidation of [{(NH;)sRu}.(u-py)]*" and isolated as the tosylate salt.” In
accordance with Marcus-Hush theory (section 6.2.2)," this compound exhibited an absorption
band that was not present in the fully reduced or fully oxidised states. Thus, the spectral feature
was attributed to an IVCT transition, that is, the transition of an electron from the Ru" centre to

the Ru™ centre through the bridging pyrazine ligand. Its preparation followed on from many

years of work exploring electron transfer processes via ‘self-exchange’ (e.g. Fe*" + Fe*" 2Fe’" +

1

Fe®) and ‘cross-reactions’ (e.g. Fe*" + Ce*" 2 Fe’* + Ce™) in solution,' and greatly simplified
such investigations by eliminating diffusional aspects.

Indeed, since this work was presented an enormous (and still growing) number of analogous
systems have been prepared and extensively studied. Related group 8 complexes with bridging
ligands based on nitrogen, sulfur or oxygen donors have been the subject of substantial interest
(being largely inert to substitution and stable in different oxidation states),'> and systematic
inquiries involving metal centres (clusters,” or redox-active organic structures'!) linked by
saturated or unsaturated hydrocarbons (e.g. fulvalene/fused ring systems, linear carbon chain
bridges, or bridges containing additional metal centres) have also proved fruitful research
areas.”'"> Some representative examples are shown in Figure 6-1. Given the large number of

M"M"™ systems investigated in this context, general discussions pertaining to mixed-valence

complexes will typically refer to such species (e.g. [M;"M,"]™).

* For simplicity such complexes may be represented by the notation [M*M,*]. As such, [{(NH;)sRu}(u-py)
{Ru(NH;)s}]™ can be denoted by [Ru,"Ru,"] for the fully reduced (n = 4) and [Ru,""Ru,™] for the fully oxidized (n =
6) states. Mixed-valence complexes (in this case n = 5) can be denoted as [Ru,"Ru,"], or [Ru,""*Ru,""?] depending
on whether the charge is considered localised or delocalised, respectively. More generally, [RiR;], [0:0:], [O:R:]

shall be used to signify reduced (= R) or oxidised (= O) centres in binuclear systems.
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5+

HsN  NHjg HsN  NHg
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~PPh3
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Figure 6-1. Some classical (B,'* D,” E'®) and modern (A,"” C') examples of mixed-valence complexes.

Today, investigations of mixed-valence complexes remain an area of intense interest for
several reasons. As materials in their own right, they exhibit unusual magnetic and (often useful)
optical properties,' and their study is vital to the ratification and development of improved
electron transfer theories; they aid better understanding of related and important processes (e.g.
in biological systems such as metalloenzymes/improved materials for molecular electronics).
Overall, the field also provides useful translational insights into molecular reactivity, and links

into the concepts of redox non-innocent ligand frameworks."

6.2.2 Electron-transfer in mixed-valence complexes

Much in the same way that Eyring’s transition state theory can be used to describe reactions
involving structural changes (i.e. bond making/breaking processes), Marcus-Hush theory can be
used to describe electron transfer reactions.' As the specific application of the latter to mixed-

12220 only key concepts pertinent to

valence complexes has been thoroughly reviewed elsewhere,
later discussions are provided here.

In Marcus theory, the electron transfer reaction (e.g. [M,"M,"] — [M,""M,"]) may be
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visualised by two parabola, representing Gibbs free energies for the ‘reactant’ (i.e. the reduced
species/donor, centred at X = 0 on the reaction coordinate) and the ‘product’ (i.e. oxidised
species/acceptor, centred at X = 1) states vs. nuclear configuration (Figure 6-2)." At the minimum
on the left hand parabola, the metal-ligand/ligand-ligand bond lengths and the surrounding
solvent medium are said to be in the ground state nuclear configuration for the electron to exist
on the reactant (if an electron resides on this curve it exists on the reactant). Likewise, at the
minimum on the right hand parabola, the metal-ligand/ligand-ligand bond lengths and the
surrounding solvent medium are considered to be in the ground state nuclear configuration for

the electron to exist on the product (and if an electron resides on this curve it exists on the

product).
Class | Class Il Class |l
[M‘IIIIMZII]*
==
=]
@
-
i
[M1”M2”|]0 .Em . [M1|”M2”]n
(a) (b) [MWH”ZMZHHQ

0 1 0 1 0 1
Reaction Coordinate (X)

Figure 6-2. Potential energy curves for the reactant ((M,"M,"], left hand parabola) and product
(IM,""M,"], right hand parabola) of electron transfer reactions in mixed-valence complexes (e.g.
[{M(L),}2(u-BL)]). For (a), electronic coupling between the reactant and product states is negligible (Hy,
= 0, diabatic limit, dotted lines in (b) and (c)), in (b) it is weak (Hs = A/4) and in (¢) it is strong (Ha, =
3)\/4) (adiabatic regimes, solid lines). Figure reproduced from reference [20] by permission of The Royal
Society of Chemistry (RSC).

Though no bonds are being broken or formed, an electron transfer reaction requires changes
to the inner-sphere (i.e. metal-ligand and ligand-ligand bond lengths and angles) and outer-
sphere (i.e. the surrounding solvent medium) environments (e.g. consider how bond lengths and

solvent orientations might be different in [Fe(OH,)s]*" and [Fe(OH,)s]*"). Electron transfer thus

¥ For identical reactant/product states, the difference in energy (A,G°) between the reactant/product minima is

Z€10.
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requires an energy input to facilitate this change, and may occur via two mechanisms: a
thermally activated, ‘horizontal’ process (following the lower potential energy curve in Figure 6-
2b and ¢), or ‘vertically’, with optical excitation (following the higher potential energy curve).

To satisty the law of conservation of energy for the electron, electron transfer can only occur
when the nuclear configuration of the reactant is such that its energy is the same as the energy of
the product. This is this case (for symmetrical systems, A,G°= 0) at the intercept of reactant and
product parabola (X = 0.5), where the energy difference between X = 0 and X = 0.5 is the
activation energy (Eu) for the thermally activated process. At this energy an electron is now
allowed to hop from the reactant to product curves, and it does so at a rate defined by eqn (6-1)
(where k. = rate of electron transfer, x = transmission coefficient, v = vibrational frequency with

which the activated complex approaches the transition state, R = gas constant, 7 = temperature).*'

ke = Kve EWRT (6-1)

Alternatively, with light of sufficient energy (4v) the electron may be promoted from the
reactant curve to the product curve at X = 0 (eqn (6-2)). In accordance with the Franck-Condon
principle (which states that electronic motion can be considered instantaneous compared to
nuclear motion), this forms an excited state ([M;""M"]*) where the electron resides on the
acceptor (it is on the product curve) but the complex has the nuclear configuration of the donor
(thus it is high in energy on the product curve). This is the optical excitation mechanism of
electron transfer, and the absorption of light gives rise to an IVCT band unique to the mixed-
valence species (it is not observed in the fully reduced/oxidised states). The energy of this
transition is called the reorganisation energy (1) (formally, the energy change associated with
molecular rearrangements that must take place so that the reactant can take on the equilibrium
geometry of the product®), comprised of outer-sphere (4,) and inner-sphere () contributions,

and can be related to the activation energy of the thermal process.”

hv

[M, M, 1] [M IV, 1] (6-2)

From Figure 6-2 it can be seen that the potential energy curves of reactant and product states
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change under different circumstances. Notably, the extent of splitting at X = 0.5 is described by
an electronic coupling parameter, Hy. In the diabatic limit (Figure 6-2a) there is no mixing
between reactant and product states, and the probability (and rate) of electron transfer is small
(i.e. small x and k., see eqn (6-1)). Robin and Day classified compounds exhibiting H,, = 0 as
belonging to Class I (complete charge localisation).”” This may be the case where two redox
centres are far apart, or when their interaction is symmetry or spin-forbidden (e.g. if linked by a
long saturated hydrocarbon bridge). Alternatively, under favourable conditions (e.g. small
separation, well-matched (L),M-bridge energies), electronic coupling between the product and
reactant states will remove their degeneracy and produce two new adiabatic surfaces (solid lines
in Figure 6-2b).* With greater electronic coupling, H,, becomes larger, the minima of reactant
and product states move closer together (eventually coalescing, Figure 6-2c), and the rate of
electron transfer will increase (the thermal barrier to electron transfer is reduced, ultimately to
zero). Depending on the magnitude of H,,, complexes may be assigned as Robin and Day Class
IT (partial charge localisation) or Class III (completely delocalised).

Hush related the properties of the IVCT band to the extent of electronic coupling.'’ For
Gaussian-shaped bands of Class II systems, H,, may be determined using eqn (6-3) (where Avy,
is the bandwidth at half-height and r,, is the distance between the two diabatic states).” IVCT
bands in the Class II regime are weak (gmax < 5000 M cm™), solvent-dependant, and broad (Avy,,

> 2000 cm™).?

2.06 x 10_2 (Vmalx‘c"malxA ‘/1/2)1/2
Hab =

Fap (6-3)

With increasing electronic coupling (Robin and Day Class IIlI, Figure 6-2c), the system is
considered fully delocalised (as reactant and product minima coalesce, there is no longer a
thermal barrier to electron transfer). In this regime H,, >> A and the energy of the “IVCT band”
now provides a direct measure of H,, (i.e. hv = 2H,). The term “average valence” may be
considered more appropriate here than “mixed-valence”, with each metal centre formally
assigned a charge of 2% (i.e. [M,"""M,""?]).

Though often applied, the Hush model is not perfect for several reasons. Most importantly,

the metal-metal separation (ruw, typically used for r,) may not be the true charge transfer

* In the same way that electron wavefunctions of individual hydrogen atoms couple to form H,.
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distance (e.g. if 7, < rum due to delocalisation, H,, will be underestimated), and interpretation of
spectra is often complicated by additional overlapping IVCT and inter configurational transitions
which hinder band-shape analyses.” Due to the band cut-off effect, as a Class II system
approaches Class III use of eqn (6-3) to calculate H,, will result in a further underestimation; this
time related to Av,,. Proper assignment of Class II and III systems, improved assessments of H,
and a desire to account for all experimentally observed spectral features have driven the
development of new models for IVCT band analyses (e.g. three and four-state,” PKS,*
Ondrechen®) and methods to assess delocalisation (e.g. spin density calculations,? the charge
distribution parameter®).

A popular alternative to that of Hush is the “CNS” model,”” which considers coupling
mediated by the bridging ligand (superexchange formalism) and relies less on the properties of
the IVCT band in determining the electronic coupling parameter. The latter is in this case
denoted Hyw- and can be determined using eqn (6-4). Hw/Hw1 are provided by eqn (6-3) (taking
Hw (= Hwo) in place of Hy, using the properties of the MLCT band) and AEw is the effective
M-BL energy gap (provided by eqn (6-5) where AEuicr and AEwcr are the energies of the
MLCT and IVCT bands, respectively). As coupling via superexchange occurs predominantly via
either hole or electron transfer mechanisms, only the first or the second term in eqn (6-4) needs

to be considered for any given system.

HyiHye  HomHpw

Hype = + 6-4
MM 2AE 2AE (6-4)

1 1 1 1
- — - 6-5
AEy 2 \AEvier AEwer (6-5)

6.2.3 The electrochemical ‘tool’ (contributions to A.,G")

In addition to optical investigations, the properties of mixed valence complexes may be
studied using voltammetric methods. From such experiments it is often possible to extract the
free energy of comproportionation (A.G"), a parameter which is increased in proportion to the

extent of electronic coupling between redox sites. However, the electrochemical approach does
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not provide a direct measure of this, and use of it for such a purpose has been cautioned
against.”*** Indeed, A.,G° is composed of several factors, which can be summarised as eqn (6-6)
(where A, G° = statistical, AyG°® = electrostatic, A;,,G° = inductive, A,.G® = resonance, A,G° =
antiferromagnetic superexchange, A;,G° = ion-pairing, A,G° = solvation, AG’ = structural

contributions). Of these, only A,.G° can be linked to H.
AeoG® = AyG® + AgG® + Ay GO + A G° + Ay G + Ay G + Ay G0 + Ay, G° (6-6)

Despite this, some authors have argued that with careful assessment of its contributories,
A.G°, as calculated from AE),°, can at least be used to invoke trends in A,.G° (the free energy of
resonance exchange) in a series of structurally similar compounds.'**? On occasion, differences
in AE,,° (AAE}°) have even been utilised to evaluate the Hush/CNS models.? (This hypothesis
is further tested in section 6.3.3 using complexes of the form [ {M(L),}.(u-C=C—-C=C)].)

In any case, it is of great importance to appreciate the factors which stabilize the mixed-
valence state over its isovalent states. From a practical standpoint, the former must be isolated
(via chemical oxidation) or generated in situ (using spectrochemical methods) to facilitate its
study. Furthermore, to obtain accurate H,, values from analyses of IVCT bands, the position of

the comproportionation equilibrium shown in eqn (6-7) must be known.*

CO/

K. /4
[MIIIMZII] n [MllHMzHI] 2[MIIIM2HI] (6-7)

Thus, each of the contributing factors to A.,,G® will be discussed in detail here. This is to
provide context for later discussions, and because no clear, comprehensive overview of them all
can be found in the recent literature. Every effort has been made to provide accurate descriptions,

clear definitions, and consistent equations (converted into SI units where appropriate), with

Yt is necessary to adjust the intensity (&max) of the IVCT band to account for the actual amount of mixed-
valence species in the composition (though this error is only significant when the comproportionation constant, Ko,
is small). The proportion of the mixed-valence species ([R,0,]) in the composition at equilibrium, i.e. [R,0,]/M,
(where M, = total concentration of all species), is K.,"*/(2 + Ke.'?) (NOTE: K., adjusted for the statistical factor, vida
infra).
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assumptions, approximations and unknowns highlighted. It should be stressed that whilst each
factor is explored separately (in line with discussions elsewhere), this is for clarity only. As will

be seen, several should be considered intimately related.

The comproportionation constant (K.,) and the statistical factor (AyG°)

A symmetrical binuclear metal complex of the form [{M(L),}.(«-BL)] may exhibit different
electrochemical responses depending on the identity of the metals, their ligand environment, and
the extent of interaction™ between the centres (here we will only consider complexes with two
identical redox sites). In the case of isolated, non-interacting centres, oxidation of both will occur
at the same applied potential, £° (eqn (6-8)). From this the reaction Gibbs energy (A,G°) and the

equilibrium constant (K) of the reaction may be determined, using eqn (6-9).

E° -
M M, 1] [M 1M, 11 (6-8)
+2e”
—nFE'=AG°=—RT InK (6-9)

When there is an interaction between the metal centres, oxidation of the complex is observed
to proceed via two well-separated, one-electron processes (eqn (6-10)). For reasons discussed in
detail later, the fully reduced and fully oxidized states are unstable with respect to
comproportionation into the mixed-valence state. The difference in formal oxidation potentials,
AE\," (= E" — E\"), can be related to the extent of interaction between the sites. This was shown
by Richardson and Taube® (in an approach adapted from Sokol et al.*' for four non-equivalent

redox sites) using the method described below. '

™ This is an oversimplification used only to introduce concepts. As will be seen, discussions of AE,,%/K., should
primarily refer to the stability of the mixed-valence vs. isovalent states, rather than ‘interaction’ or ‘communication’
between redox centres.

" Their methods considered sequential reductions from a fully oxidised species. For consistency with the
compounds described later in this chapter, we derive the relationship between AE)," and A,G° by considering

sequential oxidations from a fully reduced species.
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It should first be realised that the experimentally observed standard oxidation potentials (E:°)
shown in eqn (6-10) are macroscopic parameters. When the fully reduced state is oxidized to the
mixed-valence state, the value of E,° is an algebraic combination of the microscopic potentials,
that is, where e, is the oxidation potential for R\R, — O;R,, and e,’ is the oxidation potential for
RiR; — R;0,. Though the equilibrium distribution of individual species in the same oxidation
state (i.e. [O1R;] and [R;0,]) cannot be determined at a given potential E, they may be described
by microscopic equilibrium constants (k) (Figure 6-3) that are related to the microscopic

standard potentials (e’) by rearranged Nernst equations such as eqn (6-11).

OR;

’k/ ‘\kiz
RIRZ 0102
BN s
R0,

Co ¢y C,

Figure 6-3. Microscopic equilibrium constants (k;) relating species in different oxidation states (total

concentration = C,) following sequential one-electron oxidations of a dinuclear metal complex.

F(en’ —E)

_ [0,0,] :e[ RT (6-11)

127 [0R,]

The macroscopic equilibrium constants (Kj) can be related to macroscopic standard potentials
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(E®) via analogous equations (e.g. eqn (6-12), where C/C., is the total concentration of all

species in a given oxidation state).

[ FEL—E)
RT (6-12)

Using these definitions for the microscopic and macroscopic equilibrium constants, it

becomes possible to derive relationships between them (see eqn (6-13) and (6-14)).

O,R,]+[R;0
Kl:[ 1 2] [ 1 2] (6-13)
[R1R;]
=k +ky
Where,
~ [O/R;] o [R,0,]
" [RRy] TP [RyRy]
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_ [0,0,] (6-14)
[O1R,] + [R O]

= (ki +ky !

Where,
. [0,0;] P [0,0;] P [O1R,] . [R,0,]
27 ORy] , ' [ROy]  so 27000, , ™ [0,0,]
Therefore,
[0,R,] + [R,0
ki 4k = 1Ry] 10,]
[0,0,]

The difference in macroscopic potentials (£, — E;°) thus results in the combined Nernst
equation shown in eqn (6-15). For the limiting case where ki, = k, and ki, = kx (i.e. [O1Ry] =
[R10.]), as would be expected if the redox sites were identical (i.e. M(L), = M(L),), then we can
say ki = k» = k and ki» = ko1 = k. This implies K\/K, = 4k/k’, where the difference between k and
k’ reflects interaction between the sites (eqn (6-16)). By definition 4k/k’ (K.,) is given by eqn (6-
17), with K./4 describing the comproportionation equilibrium of eqn (6-18) (a generalised
version of eqn (6-7)). As AE,," is positive, a negative free energy (A.,G°) can be calculated from
eqn (6-19). This provides a measure of the stability of the mixed-valent species relative to the
fully oxidized/reduced species. With no interaction between the sites (i.e. if k-k’ = 0), then k/k’ =
1 and K//K;, = 4 (at room temperature, AE;," = 35.6 mV and A.,,G° = -3.44 kJ mol™). This is the

so called “statistical factor”, AyG°.

RT ., [ K,
ZSEI/Z():EZO_E]O: Ia 1n<K2> (6_15)
RT 4k
AE, " = o ln< k,> (6-16)
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4[0R,]?
4k, =K = — (6-17)
k [0,0,][R|R,]
K /4
[0,0,] + [R4Ry] 2[0R,] (6-18)
AeeG’=—RT In <‘]‘(—k> =_FE,;," (6-19)

Where K., > 4, the statistical factor can be corrected for either by dividing K., (obtained from
AE\,") by 4, or by subtraction of A4G° (= -3.44 kJ mol™) from A.,G". It should be further noted
that because the equilibrium in question describes the generation of 2 moles of product, the free
energy obtained from its equilibrium constant should be divided by 2 to provide the stabilization
energy per 1 mole of product. This corrected stabilization energy term we shall call the total free

energy, A,G° (eqn (6-20)).

AoG'= ~RT In <If4c<>> -3 (ACOGO - AstGO> (6-20)
As K./4 represents the equilibrium position shown in eqn (6-7)/eqn (6-18), factors that
influence the magnitude of AE,,° (and subsequently, K../4, A,G°, etc) can be considered as those

which stabilize (or destabilize) the mixed-valence state relative to its isovalent states.

The electrostatic factor (AaG®)

Initial work in this area was conducted by Sutton, Sutton and Taube with the mixed-valence
complex [{Ru(NH;)s}(u-4,4-bipy)]™, in trying to rationalize its calculated A4G° values (-0.20
kJ mol”, from analysis of its IVCT band using the Hush model) with much larger A,G° (-2.22 kJ
mol”, from eqn (6-20)).>> They recognized that the magnitude of electrostatic repulsion between
the two positively charged metal centres of a given complex would change depending on its
oxidation state. Conveniently, the difference in charges (z) between all species in a
comproportionation equilibrium (in which each oxidation state is separated by a one electron

change), is always equal to 1 (with the magnitude of the resulting energy term described as being

205



Chapter 6

proportional to 1).** As the greatest repulsive energy term occurs for the summed contributions
of the isovalent states, the electrostatic factor favours formation of the mixed-valence species.
Initial estimations of the magnitude of A,G° were made by calculating the energy (work)
required to bring two point charges from infinite separation to a distance equivalent to the metal-
metal separation when surrounded by a continuous dielectric medium (also taking into account
the ionic strength of the solvent).**** Thus the difference in electrostatic energy between the
mixed-valence and isovalent states of a binuclear molecule can be determined using eqn (6-21)
and (6-22) (adapted for SI units). Here, e = elementary charge (in C), & = vacuum permittivity (F
m™), &= relative permittivity, 7, = metal-metal separation (m), kg = Boltzmann’s constant (J K-
", T = temperature (K), Na = the Avogadro constant (mol™) and ¢ = concentration (mol m?). As
eqn (6-21) determines the energy difference (in J) from combining four molecules, Aw requires

further manipulation to provide AyG°in kJ mol™” (eqn (6-23)).

2

_ —e
MW= el + &7)) 6-21)

coekpg T\
K=" 5 6-22
2N \é%c ( )
o AWNpX 103

BgG0 = = (6-23)

In the previous example (i.e. [{Ru(NH;)s}2(u-4,4’-bipy)]*") this provided AqG°= 0.39 kJ mol-
!, and the approach was considered to grossly underestimate AyG°. In reality, the point charges
are immersed in a molecular framework, which will likely not shield the charge between them as
well as a solvent/double-layer of higher dielectric constant. Later work by Sutton and Taube
therefore modelled this by embedding the charges in an ellipsoidal® cavity (Figure 6-4) of

dielectric constant &; (= 2, simulating the molecular environment), surrounded by a medium of

 The total electrostatic repulsion energy for the isovalent states of M**/M** systems is proportional to 13 (that
is, the sum of the repulsive energies calculated, for example using Coulomb’s Law, is proportional to the squared
charges of each isovalent state, i.e. 2% + 3%). For the mixed-valence species this is proportional to 12 (two molecules
each containing z = 3+ and z = 2+, i.e. 2 x 6). If the fully reduced species is instead neutral, the difference in charges

is still 1 but formally due to 1 (0% + 1?) for the isovalent states and 0 (2 x 0) for the mixed-valence.
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dielectric constant & (= 125). This provided a higher estimate of AyG® = 0.59 kJ mol™ (but

notably still too small to fully account for A,,G°).*

Figure 6-4. Ellipsoid model (solid line) of Sutton and Taube* used in their improved calculation of AyG°
(dotted line = molecular geometry). Reprinted with permission from reference [35]. Copyright 1981

American Chemical Society.

Others have more recently employed a simpler dielectric continuum model that neglects ionic
strength (eqn (6-24)).¢ Results obtained using eqn (6-21) and (6-24) are contrasted in Figure 6-
5. In either case, it can be seen that A,G°is increased in solvents of low dielectric constant (quite
significantly, compare values obtained using &(water) = 80.10 vs. &(CH,CL,) = 9.08 in Figure 6-
5), or with decreased ionic strength (a relatively minor effect — not shown). As the dielectric
constant plays such an important role, the capacity for dissolved electrolyte to alter the dielectric
response of a solvent should likely not be neglected in this context — & of a 0.1 M solution of
BuwNCIO; in CH,Cl, was found experimentally to be increased from the pure solvent (~9) to
12.5.%7

2

Ay =€ (6-24)
472'8081.}"12
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Figure 6-5. Distance (r1,) dependence of AgE° in CH,Cl, (¢, = 9.1, top curves) CH,Cl, + 0.1 M BuyNCIO,
(e:=12.5, middle curves) and H,O (e, = 80.1, bottom curves) calculated using continuum dielectric
models that account for (eqn (6-21), solid lines) or disregard (eqn (6-24), dotted lines) ionic strength (7=
298 K, ¢ = 0.1 mol m™).

In addition to errors resulting from modelling the solvent as a dielectric continuum and not
taking into account the shape of the molecular cavity, a serious problem in determining accurate
values using eqn (6-21) and (6-24) lies in assessing the true charge separation (particularly as
AaG° increases exponentially with decreasing ry,, Figure 6-5). In line with previous discussions,
using rume = 712 likely determines only the lower limit of electrostatic free energy within a

system.

Inductive, or synergistic effects (AinG°)

Continuing with the previous example (i.e. [{Ru(NH;)s}.(u-4,4’-bipy)]*™), to account for the
remaining contributions to A,G° Taube and co-workers conceived what are now described as
inductive, or synergistic effects (A;,G°).”**>** In an interesting thought-experiment the step-wise
assembly of isovalent and mixed-valence states from Ru", Ru™ and bridging ligand (u-BL)
components was considered. Though this is described using the redox centre (Ru") as a n-donor

and the ligand as a m-acceptor, such arguments hold for the reverse case also.”
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When a Ru" centre and u-BL are combined to Rug;,"—u-BL, the result is stabilization by back-
bonding (electron transfer from the metal nd to the ligand n* orbitals). When a second Ru" is
bound to Ruy"—u-BL (forming Rugy"—u-BL-Ru)"), the extent of backbonding corresponding to
addition of Rup)" is not as great as that when adding Ruy" (Figure 6-6, top). The consequence of
this 1s that the fully reduced state does not achieve its lowest possible energy (and so is inherently
electronically unstable). In other words, Rup" can be thought of as ‘feeling’ the electron density

" to Rugy"—u-BL is now

from Rug" inductively, and is thus more easily oxidized. If addition of Ru
considered (forming Rug,"-u-BL—Ru)"), the positive charge of Rup" results in a lowered m*
orbital on u-BL, increasing the Rug,"—u-BL backbonding interaction and stabilizing the mixed-
valence state (a push-pull effect,”® Figure 6-6, bottom). Or alternatively, the electron-withdrawing
Rup" centre is ‘felt” through the ligand, making Rug)" more difficult to oxidize. With Rup)"

easier to oxidize, and Rug,)" harder to oxidize, AE,,’is increased.

Q ligand bridge 0

T +Ru"

(delocalisation/
back-bonding)

ligand bridge

(-donor) (m-acceptor)

l Ry

ligand bridge

Figure 6-6. The inductive effect in Ru"/Ru™ systems represented schematically.

These effects were confirmed through experiment, firstly by noting the increased basicity*
and affinity for M*" ions*' of [(NH;)sRu(u-py)]*" relative to free py (indicating that electron-
density changes from addition of Ru," at one end of the ligand propagate through to the other

end), and secondly by comparing Ru"/Ru™ redox couples for the compound series shown in
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Figure 6-7 (separating electron delocalization and inductive effects, as described in the figure

caption).®

_ 5 _ 5 _ 2
HNR—N_N—RNH—|+ HNR—N_N—RhNH—|+ HNR—N_N—|+

(H3N)sRu \ u(NH3)s (HaN)sRu \ (NH3)s (H3N)sRu N/

E°(v) = 0.76 0.71 0.49

Figure 6-7. Selected complexes and potentials for their Ru"/Ru™ redox couple (measured by
potentiometric titration, reported relative to an Ag/AgCl reference electrode).”** The potential of the
mononuclear complex is much lower than for the dinuclear analogues containing (electron-
withdrawing/n*-stabilising) Ru™ and Rh™ centres. As Rh™is a d® metal it cannot participate in electron

delocalisation, yet still exerts an influence similar to Ru™ on E°(Ru"/Ru™).*

Whilst it is generally not possible to quantify Ai,G° (it can only be estimated if one assumes
AinG°® = AwG® — AuG° — AG°, etc'™), it can be argued that this contribution to A,G° increases
proportionally with A,.G or H,. These all rely upon efficient interactions between (L),M-ligand

orbitals.

The free energy of resonance exchange (A..G")

As previously mentioned, when the two wavefunctions of the reactant and product states for
an electron transfer reaction mix, they form upper and lower potential energy surfaces with a
splitting at X = 0.5 which is equal to 2H,, (Figure 6-2). When H,, # 0 the minima on the
combined ground state potential energy surface is reduced relative to its energetic position in the
diabatic limit (Figure 6-8). This decrease in energy may be described as the resonance
stabilization energy attributable to delocalization of the valence, A.G° and accordingly will
favour the mixed-valence over the isovalent states.

In the Class I/Class II regime (Figure 6-8a), this contribution to A,G° is considered to be
small'** and can be calculated for one mole of the mixed valence species from the properties of
its IVCT band using eqn (6-25).'***?"*3° For borderline Class II/III (H,, = A/2) and very strongly
coupled, Class III, systems (Hw >> A2, Figure 6-8b), this may be the dominant component of
AwG®, and is calculated via eqn (6-26)'***° or (6-27),**™ respectively.
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(a) (b)

Figure 6-8. Potential energy curves for symmetric class II (a) and class III (b) mixed-valence complexes

(Class I = thin lines in each; v = 1).*° Figure adapted from Richardson and Taube,* with permission from

Elsevier.
ALGO = — H;bz =- Ijlf (6-25)
AG~ -Hy = — Vimax (6-26)
MG = <Ha - %> - < e %) (6-27)

Antiferromagnetic superexchange (A,G°)

Over the last two decades, an additional contribution to the position of mixed-valence
equilibria has come into increasing focus. This involves magnetic coupling between unpaired (m;
= +1%) electrons on each redox centre,” and, as will be discussed, reduces A,G°by stabilizing the
fully oxidized, M,""M,", species (or more generally, any oxidation state that contains two
unpaired electrons).”*

The magnetic interaction between two spins, S, and S,, on weakly coupled ions can be
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described by the Heisenberg-Dirac-van Vleck Hamiltonian (eqn (6-28)).%*** Here, J is the

exchange coupling constant, which is positive if the spins are aligned parallel (11, ferromagnetic

coupling), and negative if the spins are anti-parallel (1], antiferromagnetic coupling).

I =-298:8; (6-28)

Two spins S; = S, = £ (= S,) may be combined to provide a triplet state (S, = 1) or a singlet
state (S; = 0). The energies of each state relative to their energy in the absence of interaction can
then be calculated from the eigenvalues of #/ using eqn (6-29).** It can be seen that when 7< 0
there is a singlet ground state (i.e. antiferromagnetic coupling is the major interaction),** and that

sokok

the singlet-triplet energy gap, Esr, is —2 7 for both <0 and 7> 0 (eqn (6-30)).” A representative
energy level diagram for antiferromagnetic coupling is shown in Figure 6-9. Previous authors
have used either 7 or 27 as the stabilization energy conferred to [M,"M,"] by this
antiferromagnetic superexchange interaction (i.e. A,G°).**** Following the above discussion, it

is suggested here that a more reasonable estimate is actually A, G° = —372 (assuming full

population of the singlet state at the temperature of interest).

E(St) = _j[St(St+1) - 2Sn(Sn + 1)] (6-29)

Esr=E(1) - E(0)=—J2-392=-27 (6-30)

¥ 7<0 is usually the case when two cations have lobes of singly occupied 3d-orbitals which point towards each
other giving large overlap and hopping integrals (from the Goodenough-Kanamori-Anderson rules).***#
" Depending on the form of the Hamiltonian used for derivation, Esr may be defined in different ways. For

example using A =—78,S,, Est =—J (as is the case for the modified Bleaney-Bowers equation, vida infra).
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Figure 6-9. Energy level diagram for antiferromagnetic coupling (7< 0) of two spins () = S, = 4,

degeneracy given by 25 + 1).

The magnitude of 7 may be estimated in several ways. Traditionally, this has been achieved
by measuring the molar susceptibility, y., of a solid sample as a function of temperature, 7, and
fitting the data using the Van Vleck equation (eqn (6-31), where x, = vacuum permeability (N A"
%), N4 = Avogadro’s constant (mol™), g = the Landé g-factor, ug = the Bohr magneton (J T™), kg =
a proportion (p) of paramagnetic impurities, weak intermolecular interactions at low
temperatures (by incorporation of a Weiss constant), and temperature independent

paramagnetism (TIP) (eqn (6-32)).°

2 -1
= HoN AZ 1B 3+ exp -279 631)
kT kT
200N £g’ g’ 27\
2mNaga | o270 (6-32)
X ka(T—0) Pl T (1-p)
2
AN
2kg(T— 0)

Substitution of eqn (6-31) into eqn (6-33) provides eqn (6-34) (uoNus*/3ks = 1.5714 x 10°°).

Using the latter expression, Thompson and Ramaswamy showed that reasonable estimates of 7

" To convert molar susceptibility from CGS (cm® mol™) to SI (m® mol™) requires multiplication by 47 x 107,
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could be obtained for binuclear Cu" complexes, measurements of their solid state room-
temperature magnetic moments and known values of g and 7. The inverse relationship between J
and u.s may be easily rationalised: as 7 increases, thermal population of the triplet excited state

decreases (Figure 6-9), rendering the complex more diamagnetic through anti-parallel pairing of

the electron spin dipoles.

Hegr = T97.73\ AT (6-33)
3g2

—2J=kgT In - 3 (6-34)
Heff

111

Their approach was subsequently applied to binuclear Ru™ systems by Naklicki et al.,*®

using a mean value of g chosen on the basis of values found for mononuclear Ru™

complexes.
Notably, they measured mass susceptibilities, ., in solution via the Evan’s NMR method,' by
applying his expression adapted™ for modern spectrometers (where magnetic fields run parallel
to the sample tube axis, rather than perpendicular) (eqn (6-35), where Af = observed frequency
shift of reference resonance (Hz), f = spectrometer frequency (Hz), m = mass of substance per

volume of solution (kg m~)).*# Values of y, obtained in this manner may be converted to . after

applying a diamagnetic correction.*

3Af
Xe ™ fm

(6-35)

It is also possible to measure 7 directly via NMR, by measuring the chemical shift of
resonances as a function of temperature, and fitting the data to eqn (6-36) (where Ho,s = the
frequency of the resonance being measured (Hz), Ha, = the frequency the same nucleus would
have in a diamagnetic environment (Hz), H, = the resonance frequency of the nucleus (Hz), 4 =
the hyperfine coupling constant between the electron and the nucleus in question (Hz), yc = the

gyromagnetic ratio of the nucleus (Hz T).**

1 This simplified equation is valid if it can be assumed that the amount of solvent displaced by solute is very

small (and thus the diamagnetic correction for the solvent is essentially the same in neat solvent and solution).*"
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-1

2gupH oA

H -
(rc2m)ksT

= Hgia + (6-36)

kT

lon-pairing and medium effects

An improved awareness of the effect of solvents and counterions on AE,” has been provided
by Geiger and co-workers in their systematic studies using model bis(fulvalene)dinickel (C1)
and tetrakis(ferrocenyl)-nickel dithiolene (C2) complexes (Figure 6-10).**> The salient features
of this insightful work show that AE,° for oxidation processes are maximized using a solvent of
low polarity and donor number, with supporting electrolyte in low concentration comprising a
large anion and a small cation (and vice versa in maximizing AE,," for reduction processes).
Thus, the largest AE;,° (= 0.85 V) observed for C1 was in CH,Cl1,/0.02 M Na(BArF,4). Under
these conditions, ion-pairing interactions between the electrolyte anions (cations) and the analyte

cations (anions) were considered minimized.

— <
Fe Fe
=)
N S
Ni Ni < Ni >
/ N\
— S N

Fe Fe

!
(

Figure 6-10. Model complexes used in the study of medium effects on AE,,’ by Geiger and co-

workers. 2%

Changes in AE,,° are determined by changes in the absolute values of E,° and E>° (eqn (6-
10)). The effect of medium changes on the latter were thus rationalized by the equilibria and
potential equations shown in Figure 6-11 (for E\°), where with increased ion-pairing (i.e. larger

Ki,) the oxidation equilibrium process is driven to the right (as Ox" is converted to OxA). This
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shifts £,” to more negative potentials (in effect, with ion-pairing the analyte becomes easier to
oxidize). The observation that changes in E,” with changing medium are significantly larger than
changes in E,°, was attributed by the authors to the increased charge density of the dication
which accentuates ion-pairing effects (i.e. Ki,([MiM,]*") >> K;,([MiM,]"), as would be expected

from simple electrostatic considerations).

Red =—— Ox'+e EIO

OxA K

Ox + A~

, RT
0 0 —
El _El — —F ln <1 +Kip[A ]>

Figure 6-11. Ion-pairing effects can be rationalised in terms of an EC (electrochemical-chemical)

mechanism (shown here for £,° only).>

An alternative way of considering the effect of ion-pairing on AE,," is in terms of how this
may stabilise the reactants and products of the comproportionation equilibria. Indeed, a complex
network of competing equilibria can be envisaged (Figure 6-12).%%% Here, ion-pairing can be
qualitatively reasoned to confer a stabilizing energy on a charged species, or to reduce its
concentration in the equilibrium (as in the model of Geiger and co-workers). To a reasonable

> with one electrolyte anion

first approximation, the favourable interaction of [M,""M,
(proportional to 4, using a simple electrostatic model i.e. Coulomb’s law) will be greater than the
favourable interaction of two [M"M"]" each with one electrolyte anion (proportional to 2), thus

driving the equilibrium towards formation of the isovalent states, and decreasing AE;°.

¥ This description neglects higher aggregates for simplification. Furthermore, analyte/electrolyte cations
should also be considered in competition with donor solvents, and electrolyte anions in competition with acceptor

solvents.
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K /4
[M;M,] + [Mle]ZJr [M;M,]"

s

A MM, — "A--[M;M,]"

A-

2[~A}- MM,

Figure 6-12. A complicated picture emerges when considering the effect of ion-pairing on the

comproportionation equilibrium.

Thus, the effects of the surrounding medium on AE,," are impossible to ignore (further
examples have been provided by others®). Comparisons between different complexes should be
made extremely judiciously, in the same solvents and with the same electrolyte
composition/concentration (though concentration is considered to have only a minor influence,
with AE},° changing < 60 mV for C1 in CH,Cl, between 0.02 M and 0.10 M Na(BArF,,)). With
the same medium, A;,G° (a positive contribution to A,G°, as increased ion-pairing stabilises the
isovalent states) may be considered approximately constant — though this assumes the same
extent of ion-pairing interaction between the electrolyte and different complexes.

From this analysis, it can be seen that A;,G° and AyG° are intimately related (see also
solvation, below). They are both affected by changing solvent (via the dielectric constant, eqn (6-
21) and (6-24)), and the latter is arguably reduced with improved screening of charges resulting

from analyte-electrolyte ion-pairing interactions.

Solvation and enthalpy changes

Two other important contributions to A,G° are not always discussed in the context of those
previously mentioned. These involve changes in the energy of ionic solvation, and any structural

distortions (a largely enthalpic term) that might occur during redox processes. These factors

ook

14,58

typically take centre stage'** in discussions of ‘potential inversion’.

"™ Normal potential ordering gives E\° < E,° (AE1,"> 0) for oxidations and E," < E," (AE "< 0) for reductions.

This is due to the greater thermodynamic difficulty in adding a second electron/hole to an already charged species
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Certainly, there will be significant changes in the solubility of a complex upon its oxidation
or reduction. Though it overestimates solvation free energies (also neglecting hydrogen bonding,
van der Waals interactions, etc),” the Born model can be used to invoke trends in energy
changes (AG") upon moving a spherical ion from one medium (i.e. vacuum, gas, or solvent) to
another. For one mole of ions moving from a vacuum to a solvent of dielectric & (i.e. the free
energy of ionic solvation), can be calculated using eqn (6-37) (where z = charge number of the
ion, 7; = ionic radius).®® At this point A,G° should be qualitatively distinguished from AqG° for
clarity — it considers favourable ion-solvent interactions (an intermolecular term), whereas the

latter intends only to describe intramolecular repulsive terms.

NI . NA(Ze)Z 1
AG"” (ionic solvation) = — - 1- = (6-37)
o r

Savéant and co-workers have considered three different ways the change in energy of
solvation (AyG") may affect the comproportionation equilibria in molecules containing identical
and independent reducible/oxidizable groups.’®" Where the groups do not interact with each
other (Figure 6-13a), A,G° will be zero (two mixed-valence complexes each with one centre
ze/r, vs. one fully oxidized complex with two centres ze/r). If the charge can instead be
considered fully delocalized across the whole molecule, the molecule can be modelled as a large
ion (Figure 6-13b). As the solvation energy of an ion is proportional to the square of its charge
(eqn (6-37)), the fully oxidized/reduced species now has a much greater free energy of solvation
(assuming the same radius for ze = 1 and ze = 2), and this shifts the comproportionation
equilibrium in favour of the isovalent species (A4,G° proportional to -2 for the two mixed-valence

complexes, and A, G° proportional to -4 for the fully oxidized complex).

for electrostatic or other reasons (vida supra). In some cases however it is thermodynamically easier to add the
second hole/electron, a phenomenon typically attributed to solvation effects or structural changes following
oxidation/reduction. This decreases AE)»,” and can result in potential inversion, where E,\° > E," (AE,° < 0) for
oxidations and E,° > E,’ (AE,,’ > 0) for reductions. In these extreme cases, a single two-electron redox wave is
observed in cyclic voltammetry experiments, with thinner peaks and a smaller peak-peak separation than expected

for one-electron Nernstian waves.*®
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Figure 6-13. The variance of stabilisation energy, conferred to the isovalent states of the
comproportionation equilibrium, that is attributable to changes in the free energy of solvation (A,,G’) with

delocalisation of charge in sequentially oxidized (+) or reduced (=) complexes. Adapted from Savéant and

co-workers.>*¢!

A third possibility may be quite applicable to the complexes considered later in this work.
When redox groups are separated by a long conjugated bridge, the single-charge of the mixed-
valence species may be considered delocalized over a large area with radius 74 (Figure 6-13c).
Depending on the nature of the end-groups (electron-donating/withdrawing), charges may

become localized at each end of the molecule in the fully oxidized/reduced species. If this should

occur, Ay,G° oc -2/r4 for the mixed-valence state and Ay,G° oc -2/r for the isovalent states. With
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increasing r4 relative to 7y (i.e. as the bridge is extended) the isovalent states become more and
more stabilized (due to a larger free energy of solvation), decreasing AE,,,".

This effect was observed in p—carotene (Figure 6-14a) and simple analogues,® which
exhibited potential inversion (i.e. AE;,° < 0) when oxidized (due to hole localization in the end-
groups, following model Figure 6-13c), but successive one-electron waves when reduced
(following model Figure 6-13b). The opposite was seen in canthaxanthin (Figure 6-14b) —
exhibiting potential inversion (AE," > 0) when reduced (due to electron localization in the end-
groups) and successive one-electron waves when oxidised. It was hypothesized by the authors
that the effect of bridge extension on A,,G° may accordingly play a critical role in reducing
AE\,", in addition to the more commonly cited factors such as decreasing electrostatic repulsion,

resonance, induction, antiferromagnetic superexchange, etc.

(a)

f—carotene
(oxidations show potential inversion, sequential reductions)

(®)

canthaxanthin
(reductions show potential inversion, sequential oxidations)

Figure 6-14. Carotenoids used in elucidating the solvation models shown in Figure 6-13.%' For fully
oxidised (a), holes are localised in the end groups due to the electron-donating methyl groups. In fully
reduced (b), electrons are localised in the end groups due to electron-withdrawing carbonyl moieties.
Charge is delocalised across the conjugated framework in all singly charged species, the dianion of (a)

and the dication of (b).
Structural changes upon oxidation/reduction will also affect AE,,,", but to what extent likely

requires assessment on a case-by-case basis. These can either be largely enthalpic in origin,

associated with bond changes (e.g. single bonds to double bonds), and/or due to changes in
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molecular shape that result from changes in bonding (i.e. impacting upon A,,G°). These effects
can be assessed in the first instance by analysis of X-ray crystallographic data for successive
oxidation states, or calculated via computational studies.®' Several informative works may be

consulted for further information and examples.'*%

Summary

For clarity, key aspects of each contribution to A,G° are summarised in Table 6-1. In
attempting to make useful comparisons between sets of similar structures, it is imperative to
correctly assess which components may be ignored (e.g. if A G® << AE,"), and which might be

assumed approximately constant across a series.

Table 6-1. Several factors may contribute to the position of the comproportionation equilibria — a

summary.
contribution to A,G° magnitude
(AG® = —Y5(AG* — AyG®))  sign® (kJ mol™")  relevant equation(s)
AuG° (electrostatic) -ve b (6-23) (using (6-21) and (6-22), or (6-24))
AiG° (inductive) -ve / /
A.G° (resonance) -ve b (6-25) for Class II systems
(6-26) for Class II/III systems
(6-27) for Class III systems
A.G° (antiferromagnetic +ve =392 (6-34) or (6-35) (from NMR studies)
superexchange)
A;,G° (ion-pairing) +ve ¢ /
A, G (solvation) +ve b Figure 6-13a, b or ¢
AyG° (structural) system specific / /

“ —ve will favour mixed-valence state, +ve will favour isovalent states. * Trends estimated using equations.
¢ Minimised for oxidations using a solvent of low polarity and donor number, with supporting electrolyte

in low concentration comprising a large anion and a small cation.

6.3 ‘ELECTRON DENSITY’ vs. AE,,,"

As previously discussed, changes in AE,° for complexes of the type [{M(L),}(u-BL)], have
on occasion been qualitatively attributed to differences in the electron density of the metal

centre.” Furthermore, a correlation between electron density, from relevant v(C=C)/v(C=0)
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values, and AE,," was noted for a small number of bisferrocenylacetylide complexes® — and a
linear dependence between solvent donor number and AE;,° in Ru pentamine complexes, noted
(the greater Lewis basicity of the solvent, the greater the electron density at the metal centre).®
The following sections expand upon our previous attempts to explore this relationship.® To the
best of our knowledge no attempts to broadly quantify such trends have been made elsewhere
(particularly with reference to metal ¢ alkynyl systems), and the potential association is

intriguing.

6.3.1 Use of v(X) to investigate the properties of M(L),

A convenient measure of electron density at the metal fragment {M(L),} was required, and
for this it was considered that the IR stretching frequencies of diagnostic (isolobal) ligands such
as carbonyl (C=0), cyanide ("C=N), and to a lesser extent phenylacetylide ("C=C—C¢Hs), bound
to mononuclear analogues of [ {M(L),}(u-BL)] species, i.e. {M(L),}-R (R = C=0, C=N, C=C-
CeHs), might prove good indicators (Figure 6-15).7"" Following Tolman’s work on the electron-
donating abilities of phosphines the inverse relationship between v(C=0) and the electron density
at a metal centre (resulting largely from metal-to-ligand back-bonding) is well established.®”® As
well as measuring electron density differences between {M(L),} where M = M and (L), # (L),,
v(X) were thought to be potentially indicative of orbital energetic/spatial changes where M # M
and (L), = (L),. Data for relevant M(L),—R is provided in Table 6-2.

(L)M—C=0 (L),M—C=N (L),,M—CEC@

v(C=0) V(C=N) v(C=C)

Figure 6-15. Mononuclear complexes and stretching frequencies used to quantify electron density at

M(L),

117 IR spectroscopy has proved useful in other ways to probe the interactions between metal centres. For
example, Geiger and co-workers utilised changes in the frequencies of IR active M(L), (e.g. metal-bound carbonyl
ligands) in different oxidation states to determine the extent of charge localisation between redox sites in valence

trapped systems (the charge distribution parameter, Ap).*
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Chapter 6

IR data“
M(L), v(C=0) complex (conditions) ref v(C=N) (szlélilziloezs) ref v(C=C) (cf)(r)lrclililzilce));(s) ref
Fe(dppe)Cp* 1940 (unknown) 66 <2060 Fe(CN)(dppe)Cp 67 2054 / 68
(unknown)

Fe(dippe)Cp* 1928 [M’]BPhs (Nujol mull) 69 / / / 2050 (Nujol mull) 70
Fe(dppe)Cp 1981 / 71 2060 (unknown) 67 2060 / 72
Fe(dppm)Cp 1983 / 71 / / / 2071 (THF) 73

2065 (KBr)
Fe(CO)(PMes)Cp 1955 [M’]Br (CHCl5) 74 / / / / / /

2054, 2009 [M’]BF,4 (C,H.Cly) 75

Fe(CO)(PPh;3)Cp 2010 / 76 2099 / 77 2085 (unknown) 78
Ru(dppe)Cp* 1972 / 79 2065 / 80 2071 / 68
Ru(dppm)Cp* / / / <2076  Ru(CN)(dppm)Cp 80 2072 / 81
Ru(dppe)Cp 1990 / 82 2075 / 80 2082 (Nujol mull) 83
Ru(PPhs;),Cp 1986 (CHCl) 84 2072 / 80 2068 (Nujol mull) 83
Ru(PPh;)(PMe;)Cp 1995 (Nujol mull) 85 / / / 2070 (Nujol mull) 86
Ru(dppf)Cp 1974 (KBr) 87 / / / 2112¢ (KBr) 87
Os(dppe)Cp* / / / / / / 2085 (Nuyjol mull) &8
Os(PPh;).Cp / / / 2065 (KBr pellets) 89 2066 (Nujol mull) 83
Re(NO)(PPh;)Cp* 2002 [M’]BF,4 (CD.Cl,) 90 2090 (thin film) 91 / / /
Re(NO)(P(p-tol);)Cp* 2002 [M’]BF, 92 / / / / / /
Re(NO)(PCy;)Cp* 1993 [M’]BF, 92 / / / / / /
Mo(dppe)(#-C-H7) 1958 / 71 2073 / 93 2025 (unknown) 94

2045 / 95
trans-FeCl(depe), 1906 [M’]CI (Nujol mull) 96 / / / / / /
trans-FeCl(dmpe), 1938 [M’]BPhy (Nujol mull) 96 / / / 2044 / 97
trans-RuCl(dppe), 1946 (KBr) 98 / / / 2072 / 99
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Table 6-2 (continued)

trans-RuCl(dppm), 1965 [M’]BFs (Nujol mull) 700 / / / 2075 (KBr) 101
1980 (Nujol mull) 100 2080 / 102

trans-OsCl(dppm), 1962 [M’]SbFs 103 / / / 2079 / 102

trans-CrCl(dmpe), / / / 2082 (neat) 104 2032 (ATR) 74

Mn(dmpe)(CsHsMe) / / / / / / 2008 (KBr) 105

“ As the [M’]"[PF4] salt in CH,Cl, unless otherwise stated, where [M’]" = [{M(L),}—C=0]". *In CH,Cl, unless otherwise stated.  In cm™. ¢ Estimated from the

IR frequency of the Cp analogue (-10 cm™ based upon the difference between Ru(dppe)Cp* and Ru(dppe)Cp). ¢ Not explicitly assigned by original authors. /

Incorrectly reported value, corrected in subsequent publications.

224



Chapter 6

Though the suitability of such parameters (i.e. v(C=C), particularly with terminal alkynes) to
measure the extent of back-bonding has been called into question,'® broadly this dataset can be
seen to follow expected trends. Indeed, complexes bearing more electron rich Cp* ligands have
lower IR frequencies than otherwise identical ones with Cp, and those with m-acceptor ligands
such as CO or NO generally have much higher frequencies. Though a typical IR measurement
might be expected to provide a value reproducible to approximately +3 cm™, larger errors across
Table 6-2 may be expected. They have been collected from independent papers published
throughout the last 50 years, were measured in different labs, with different instrumentation, and
under different conditions. The effects of the latter appear most profound for the carbonyl series,
where the changing counterion can be seen to play an important role (e.g. for M(L), = Fe(CO)
(PMe;)Cp or trans-RuCl(dppm),). Where possible, values were taken for a common set of
‘standard conditions’ (= in CH,Cl,, and with the PF¢ anion for C=0 complexes). It was
considered that compilation of three diagnostic ligand series (v(C=0), v(C=N) and v(C=C)),

rather than just one, would contribute to minimising potential errors.

6.3.2 Electrochemical data and correlations

We resolved to plot AE),” values for complexes of the type [{M(L),}2(«-BL)] (containing the
same u-BL) against v(X) from their mononuclear analogues, {M(L),}—R. Chosen bridging ligand
series were: —C=C—C=C- (C, alkyne), —C=C—C=C-C=C-C=C- (Cs alkyne), —CH=CH-
CH=CH- (C; alkene), -C=C—C¢Hs+—C=C— (phenylene) and —C=C-C,H,;S—C=C- (thiophene).
Though an extensive number of complexes of these types have been reported, their inclusion in
this study was often not possible. Many known compounds have not been studied
electrochemically, and of those that have, some show only quasi-reversible or irreversible
features (i,"/i,’ # 1). Furthermore, for a small number of complexes that exhibit reversible
features, details of their {M(L),}—-R (R = C=0, "C=N, "C=C-C¢Hs) analogues have not yet been
published (or are not easily established, i.e. for (L),M=C-R species). Known complexes thus
omitted from this inquiry are detailed in Table 6-4. Though data for -C=C—/=C=C=/=C—C= (C,)
bridges was also gathered, only two usable data points could be established (7Table 6-3).
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Table 6-3. Electrochemical data” for complexes of the type [{M(L),}.(u-Cy)].

Chapter 6

CV data
M(L), E?° E, AE,,° conditions” ref
Ru(dppe)Cp 061 021 0.82 BwN*PF, /CH,Cl, 107
Mn(dmpe)(CsH;Me) 183 -0.85 0.99 Bu,.N‘PF /CH;CN 108

“ All redox potentials in volts relative to [Cp,Fe]"/Cp,Fe. " Pt working electrode.

Relevant electrochemical data is given in Table 6-5-Table 6-9, with plots of AE;,° against

v(X) (using the data from Table 6-2) presented in Figure 6-16-Figure 6-18 for aliphatic systems.

AE 1’ vs. v(C=0) is provided for aromatic systems in Figure 6-19 (a representative example).

For the aliphatic bridges, some intriguing correlations are observed (apparently linear with

v(C=0)/v(C=N), and curved for v(C=C)), whereas no identifiable correlation can realistically be

presented for the aromatic bridges considered. Reasonably justifiable anomalies across all

datasets are highlighted in the figures and summarised in Table 6-10. Though it was not possible

here to investigate all systems in sufficient detail, the C4 alkyne bridged series was chosen for

further analysis in an attempt to rationalise these apparent relationships. This follows in the next

section.
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Table 6-4. Known complexes of the type [ {M(L),}2(u-BL)] not included in this study.

Chapter 6

M(L),
u-BL Electrochemical experiments not conducted Non-reversible electrochemistry (i,%/,°# 1)  {M(L),}—X* analogues unknown
C, MX(PR;) (M = Pt, Pd; X = CL, I; R = Me, Et, "Bu, Ph;),'” Fe(CO),Cp’,"*  Ru(CO)Cp,”>' Re(CO)s, > W(BuOs);'* WCl(dmpe),'>
HgR (R = Me, alkyl),""" Au(PRs),"? [AuR]PPh, (R = CN, PhC=C,
MeC=C, HC=C),'® Mn(CO)s'"™*, [V(mes):],"'* Cr(CO):Cp,""*
Ti(PMe;)Cps,,'"” Sm(thf)Cp*,,''® ScCp*,,'"? [Pt(‘Bus-tpy)|OTT'2°
C, alkyne Fe(CO),Cp*,'* Mo/W(CO),Tp’,”'* Rh/Ir(P'Pr;),-type centres,'”’ Re(CO)s('Busbpy),'* Mn(dmpe),R (R =1,"** C=C-H,
PtCI(PR),,'® [Pt(‘Bus-tpy)]OTE,'® Au(P(p-tol)s),'” [Rh(P"Bus),]CL,"*° W(CO);Cp'/W(0).Cp’,"** Au(PCy;)"™ C=C-SiMes,"*s C=C-SiEt;, C=C—
Mo(CO).Cp"! SiPr;, C=C-Si'BuMe,'*),
WI(dppe),,"*” Ru(PPh;),(Ph-tpy)"’
Cy alkyne Fe(CO),Cp* "% M(CO);Cp (M = Mo, W),"** [Pt(Bus-tpy)]PFe,'® Au(P(p-  Ru(dpfHu(C:SiMes), ' Pt (PY3):(R) (Y =p-  Ru(PPhy)y(R)"'
tol);)" tol, PPh,X% ' R = p-tol, ! CFs, 2 CI'%,),
Re(NO)(PR3)Cp* (R = Ph, p-CoH.-Bu, p-
C4H.-CoHs, PPh,X )14
phenylene MX(PR;), (M = Pd,'* Pt;'#<!¥7 X = Cl, Br, I, NCS, H, OTf, C¢Hs; R=Et,  Pt(NCN),*'"” Au(PCys),'® Ru(PPh;)»(R),'*
Bu, p-tol, Phy), [M(PR3),L]X (M = Pd," Pt;'™* R = Et; L = PEt,, Py, CO;  Pt(P("Bu)s),(C=C-CsHs),'® U(NN’;),*" TiCpx(CH,SiMe;)' ™
X = Cl0Oy;), Pt(dppe)(C=C-C¢H,-C=CH),"” MR; (M = Sn, Pb; R = CHs, Fe(CO),Cp,"” CoCl(cyclam)'™
CeHs:),' V(EtMesCsHs)y, 'S M(PR3) (M = Cu, Ag; R = Et, "Bu, Ph;),'s?
Rh(P"Bus),, "% [Rh(PMe;)(H)]CL'> [MCI(CO)(PPhs),(CH;CN)]OTE (M
— Ir, Rh),’* Au(PR;) (R = Me, ™ p-tol '), Cu(PRs); (R = Et, Ph),'™’
RuCl(CO)(dppf),"'** [M(P(OEt)s)s]X (M = Ru,'® Fe;'® X = PF,, BPhy;),
Ru(PPh3)sz,l6l RC(CO)2P3 (P = PPh(OEt)g, PPhg(OEt)),l62 II'(T]3-
CH,CHCHPh)Cp*,'® Ir(CO)y(PPhs),(CHCH.,),' Mn(CsH.Me)(tmeda),'**
Ir(i’]Z-C4H4)(CO)(PPh3)2166
thiophene M(CO);Cp (M = Mo, W),'” M(CO),Cp (M = Fe, Ru),'” Pt(Ph)(PEt;),,'*  Fe(CO).Cp," Ru(PPh;),(R),*"*
Fe(CO),CpR [R = CHs, I, CC-C;H,S-CC-(Cp)W(CO)(CH:), CC-C4H,S-  Pt(PBus),[CC-CeHi-CC-Pt(Ph)(PBus),]'®  PtCI(PBus)y(CC-CsHLR) (R =
CC-(Cp)Re(CO);],'* MCI(PBus), (M = Pd,"" Pt'*"™), Au(PPh;),,'” HgR (R fulleropyrrolidine moiety)'®
= Ph, Me),"” Pt(CCPh)(P(p-tol)s)s, ”* Pt(m,p-CCPh(OR)s) (R = n-
Ci,Hys),"™ Pt(PBu;),(DPAF) (DPAF = diphenylamino-2,7-fluorenylene)'®!
C, alkene RuCI(CO)(NH;)(PPhs),,'** Fe(CO),Cp,'** RuCly(PCy;),,'s* RuCl(CO)(PPhs),,'* RuCI(CO)(PEt;)s,'* /

RuCl(CO)(PPh;),(NCsH,COOEY),'*¢

“X = C=0, C=N. "’ Tp’ = hydridotris(3,5-dimethylpyrazolyl)borate). “dpf = N,N’-diphenylformamidine. ¢ X = alkyl link to PPh, ligand bound on other metal centre. R = N-
(benzoyl)-N’-(picolinylidene)-hydrazine or 4’-phenyl-2,2°:6°,2”-terpyridine. /dppf = 1,I’-bis(dipheny1phosphino)ferrocene. éNCN = [CsH3(Me,NCH,),-2,6]". "NN’; =
N(CH2CH2NSi[BuMez)3.
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Table 6-5. Electrochemical data® for complexes of the type [ {M(L),}.(u-C=C—C=C)].

CV data

M(L), E\’ EY AE,° conditions’ ref
Fe(dppe)Cp* -1.10 -0.38 0.72 (unknown electrolyte) 187

-1.14 -0.42 0.72 Bu,N'PFs 188
Fe(dippe)Cp** -1.43 -0.64 0.79 BuwN"PFs 7a
Ru(dppe)Cp* -0.89 -0.24 0.65 / 189
Ru(dppm)Cp* -0.94 -0.31 0.63 / 189
Ru(dppe)Cp -0.70 -0.11 0.59 Bu,N"PFs 7b
Ru(PPh3),Cp -0.69 -0.05 0.64 [glassy carbon] 190
Ru(PPh;)(PMe;)Cp -0.72 -0.13 0.59 [glassy carbon] 190
Ru(dppf)Cp -0.68 -0.03 0.65 BuN"PF¢ 191
Os(dppe)Cp* -1.08 -0.47 0.61 Bu,N'PFs 88
Os(PPh;),Cp -0.79 -0.30 0.49 THF 192
Re(NO)(PPh;)Cp* -0.50 -0.06 0.44 Et,;N"ClO, /CH;CN 193

-0.45 0.08 0.53 / 7c
Re(NO)(P(p-tol);)Cp* -0.68 -0.15 0.53 / 7c
CrCl(dmpe), / / 0.00 74
Mo(dppe)(n-C;H>) -1.02 -0.59 0.43 Bu,N"PFs 50b

[glassy carbon]

« All redox potentials in volts relative to [Cp,Fe]’/Cp,Fe.  Bu,N'BF,” in CH,Cl, with Pt working electrode
unless otherwise stated. ¢ dippe = 1,2-bis(diisopropylphosphino)ethane.

Table 6-6. Electrochemical data® for complexes of the type [ {M(L),}.(u-C=C-C=C-C=C-C=C)].

CV data
M(L), E\’ EY’ AE° conditions’ ref
Fe(dppe)Cp* -0.65 -0.22 0.43 Bu,N'PF,- 194
Ru(dppe)Cp* -0.38 -0.03 0.35 / 192
Ru(PPhy),Cp -0.22 0.12 0.34 / 192
Os(PPhs),Cp 032 -0.11 0.21 THF 192
Re(NO)(P(p-tol);)Cp* -0.30 -0.01 0.29 / 7¢
Re(NO)(PCy;)Cp* 035 -0.03 0.32 / 7

“ All redox potentials in volts relative to [Cp,Fe]"/Cp,Fe. * BuuN'BF, in CH,Cl, with Pt working electrode

unless otherwise stated.
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Table 6-7. Electrochemical data® for complexes of the type [{M(L).}.(u-CH=CHCH=CH)].

CV data

M(L), E\ EY’ AE,° conditions” ref
Fe(dppe)Cp* -1.25 -0.65 0.60 Bu,N"PFs 195
Fe(dppe)Cp -1.17 -0.70 0.47 Bu,N'PF¢ 195
Fe(dppm)Cp -1.17 -0.73 0.44 Bu,N"PFs 196
Fe(PMe;)(CO)Cp© -0.67 -0.26 0.41 unknown, -78°C 197
Fe(PPh;)(CO)Cp

- isomer A -0.54 -0.12 0.42 unknown, -78°C 197

- isomer B -0.58 -0.13 0.45 unknown, -78°C 197

“ All redox potentials in volts relative to [Cp,Fe]"/Cp,Fe. "Bu,N'BF,” in CH,Cl, with Pt working electrode

unless otherwise stated. ¢ Mixture of diastereoisomers.

Table 6-8. Electrochemical data for complexes of the type [ {M(L),}.(u-phenylene)].

CV data

M(L), E\° E, AE,,’ conditions” ref
Fe(dppe)Cp* -0.74 -0.48 0.26 Bu,N"PFs 198

-0.76 -0.50 0.26 BusN"PFs 199
Fe(dppe)Cp -0.37 -0.15 0.22 [Pt disk] 170

-0.50¢ -0.29¢ 0.21 BusN'PFs 200
Ru(dppe)Cp* -0.50 -0.22 0.28 [Pt microdisk] 201
Ru(dppe)Cp -0.32 -0.09 0.23 [Pt microdisk] 201
Ru(PPh;),Cp -0.30 -0.01 0.29 [Pt microdisk] 201
Ru(dppf)Cp -0.27 -0.01 0.26 Bu,N"PFs 191
Mo(dppe)(n-C;H>) -0.84 -0.67 0.17 unknown 202
trans-FeCl(depe), -0.63 -0.47 0.16 / 203
trans-FeCl(dmpe), -0.70 -0.50 0.20 BuwN*CIO, 204
trans-RuCl(dppe), -0.33 0.01 0.34 Bu,N'PFs 7d

-0.34 0.02 0.36 Bu,N*PFs 205
trans-RuCl(dppm), -0.30 0.00 0.30 / 203

-0.34 -0.02 0.32 [Pt disk] 206
trans-OsCl(dppm), -0.51 -0.21 0.30 / 203

“ All redox potentials in volts relative to [Cp,Fe]"/Cp,Fe. *Bu,N'BF, in CH,Cl, with Pt working electrode
unless otherwise stated. ¢ Assuming [Cp,Fe]/Cp.Fe = 0.50 V vs. [Cp*,Fe]/Cp*,Fe.
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Table 6-9. Electrochemical data” for complexes of the type [{M(L),}.(u-thiophene)].

CV data
M(L), E/’ E) AE,," conditions’ ref
trans-RuCl(dppm), -0.47 -0.11 0.36 / 203
trans-OsCl(dppm), -0.71 -0.19 0.32 / 203
Fe(dppe)Cp* -0.85¢ -0.51¢ 0.34 BwNPFs 207
Fe(dppe)Cp -0.65¢ -0.36° 0.29 [Pt disk] 170

« All redox potentials in volts relative to [Cp,Fe]’/Cp,Fe.  Bu,N'BF,” in CH,Cl, with Pt working electrode

unless otherwise stated. © Assuming [Cp,Fe]"/Cp.Fe = 0.460 V vs. SCE.
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Figure 6-16. AE,,,’ vs. v(C=0) for aliphatic bridges (solid squares = C, alkyne, triangles = C, alkene,

diamonds = C; alkyne). Outliers (hollow squares) discussed in Table 6-10.
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Figure 6-17. AE,," vs. v(C=N) for aliphatic bridges (solid squares = C, alkyne, triangles = C, alkene,
diamonds = Cs alkyne). Outliers (hollow shapes) discussed in Table 6-10.
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Figure 6-18. AE,,° vs. v(C=C) for aliphatic bridges (solid squares = C, alkyne, triangles = C, alkene,
diamonds = Cs alkyne). Outliers (hollow shapes) discussed in Table 6-10.
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Figure 6-19. AE,,° vs. v(C=0) for aromatic bridges (squares = phenylene, triangles = thiophene). Similar

(non-correlative) results are obtained when plotting AE,,’ vs. V(C=N) or v(C=C).

Table 6-10. Reasonably justifiable anomalies summarised from all datasets.

# M(L), suggested explanation

1 Mo(dppe)(n-C;Hy) group VI/d* metal with a different metal-acetylide bonding interaction
(see later discussion)

2 Re(NO)(PPh;)Cp* different medium conditions (Et;N"ClO,/CH;CN)

3 Os(PPh;),Cp different medium conditions (THF)

4 Ru(dppf)Cp v(C=C) of M(L),—C=C-Ph not explicitly assigned by original authors

“ From labelled points in Figure 6-16-Figure 6-18.

6.3.3 C, alkyne bridged complexes — a detailed analysis

The C, alkyne series was chosen as a case study to explore possible correlations between

electron density/v(X) and AG°. In addition to electrochemical characterisation, the majority of

complexes have been comprehensively studied (in numerous oxidation states) using a wide range

of techniques including X-ray crystallography, UV-vis, near-IR, IR, NMR, EPR/ESR and

Mossbauer spectroscopy, as well being probed computationally (vida infra). Furthermore, most
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of their mixed-valence complexes are considered to be Class III (fully delocalised) systems,
which implies that A,G° includes a substantial contribution from A.G°. For simplicity,
discussion will initially focus on d® ‘piano stool” M(L), fragments (i.e. ML,Cp’ (Cp’ = Cp, Cp*)

representing the bulk of this dataset), for reasons that will become evident.

Insights from molecular orbital considerations

It should first be explored what the variation of v(X) in the mononuclear complexes might
indicate from a molecular orbital standpoint. Whilst conventionally a decrease in ligand bond
order may be interpreted in terms of an increased electron population in ligand ©* orbitals (i.e.
metal-to-ligand © backbonding), as we shall see this is not necessarily the case for metal o
alkynyl complexes. This has an impact both on the meaning of v(C=C), as well as the nature of
inductive effects (Ai,G°) for acetylide bridged mixed-valence systems.

Interactions between ML,Cp’ fragments (M = Ru,?® Fe,*” Re??'%) and acetylides can be
qualitatively described by the same molecular orbital picture (Figure 6-20). As depicted, the
major interaction is between the metal d,? orbital and the lone pair (LP) of the acetylide ligand.
This forms a strongly bonding (o, filled) and an anti-bonding (c*, unfilled) molecular orbital
pair, and is responsible for the M—C single bond. ‘Filled/filled’ interactions between the metal dy,
and dy, and ligand © bonding orbitals result in a stabilised (filled, bonding) and a destabilised
(filled, anti-bonding) molecular orbital set, with the latter generating the HOMO and HOMO-1.
The LUMO and LUMO+1 are mainly metal or alkynyl @* in nature depending on the extent of
interactions between the metal d,, and d,, orbitals, and the ligand n* orbital pair. As they do not
have appropriate symmetry for orbital interaction with the acetylide, the metal d., and d.*.,’
orbitals are largely non-bonding. The large energy difference between the occupied metal ©
orbitals and the bridging ligand ©* orbitals is considered to result in only weak n-type back

211

backbonding effects.

233



Chapter 6

» % 06 6O0R my
d? %_
: g%

A S
w % SN

g 74 P
\ ® \ o _ _
M _M—C=C—-C=C-R C=C—-C=C-R
z L7 L7y
Yy L

Figure 6-20. A qualitative molecular orbital diagram denoting the interactions between the frontier

orbitals of a typical d® piano-stool M(L), fragment and an acetylide ligand (adapted from

references). 17208209

Several related studies on mononuclear acetylides (summarised in an excellent review by
Manna, John and Hopkins®), also cast reasonable doubt over the extent to which metal © to
ligand * backbonding can be held responsible for changes in v(C=C) (or indeed, in C=C bond
lengths). Though some expected trends do appear reasonable in this context (e.g. for M(L), =
Fe(dippe)Cp*, v(C=C) = 2050 cm™; M(L), = Fe(CO)(PPh;)Cp, v(C=C) = 2085 cm™), from the
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above molecular orbital picture ligand © to metal m bonding interactions (decreasing the electron
population in ligand =), or bond polarisation effects (M*—~C>)¥* should have a greater influence.
With increasing energy of the M(L), orbitals (increasing m-basicity) relative to the ‘fixed’
energies of the ligand, metal n-ligand n* interactions will accordingly be enhanced, and metal n-
ligand © interactions should decrease. These are opposing effects which further complicate
interpretations of changing v(C=C) frequencies in terms of the metal-acetylide bonding picture.

Conversely, for established m-acceptors such as carbonyl or cyanide ligands changes in
v(C=0)/v(C=N) can be almost exclusively attributed to n-back donation effects.® Thus, to a first
approximation the v(X) frequencies of monometallic complexes M(L),—X may be considered as
an experimental probe of the energies of the M(L), fragment relative to the bridging ligand (with
v(C=0)/V(C=N) decidedly a more reliable measure). The difference in nature (weak =-
acceptor/n-donor to predominantly m-acceptor) of the ligands in the monometallic series may
also go some way to explain the poor correlation between v(C=0) and v(C=C) (Figure 6-21),
compared to that of v(C=0)/v(C=C) with v(C=N) (Figure 6-22).
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Figure 6-21. A plot of v(C=0) against v(C=C) (data from Table 6-2).

%% The lone pair of the alkynyl anion, "C=CR, is slightly C=C anti-bonding in character. With increasing
polarisation of the M*'~C* bond, v(C=C) may be expected to decrease.®
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Figure 6-22. A plot of v(C=N) against v(X) (black squares = v(C=C), red triangles = v(C=0)) (data from
Table 6-2).

Structural aspects

From the above molecular orbital picture, it is interesting to note that the HOMO and
HOMO-1 are admixtures of metal and ligand & orbitals. Thus, when the complex is oxidised
electron density will be removed from both the metal and the bridging ligand (an example of
ligand redox non-innocence>'). As these MOs are anti-bonding between Ru—C, and Cy—C,, and
bonding between C.—Cg, a decrease in electron occupancy of the HOMO/HOMO-1 should be
expected to result in a shortening of the former bonds and a lengthening of the latter (as well as
decreases in Vv(C=C)). This is generally evidenced in bond length changes observed
experimentally via X-ray crystallographic studies (Figure 6-23, Table 6-11) and decreasing
v(C=C) frequencies of the C, alkyne bridge upon oxidation (7able 6-12), consistent with
decreasing bond order (and notably inconsistent with a metal to acetylide m-backbonding
model).®1%11 Successive oxidations (up to 4+ where M(L), = Ru(PR;),Cp') are as a result
considered to lead to carbenic/cumulenic, and potentially carbynic bridge structures (Figure 6-

24). It has however been suggested that the extent of changes in bond length/IR frequencies
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(taken alone) are not necessarily a good indicator of assigning specific bond orders (i.e.
acetylenic/cumulenic forms).****** Accordingly, further experimental evidence for the cumulenic
bridge motif in [{Re(NO)(PPh;)Cp*}(u-Cs)]"" (n = 1, 2), for example, is provided by NMR,

magnetic and computational studies, amongst other measures.*"

AN _ _
| M=C.=C)=C,=C,=M{
L L
} Prim
r
RP. PR
Ml
Ve ~
R,P” PR,

Figure 6-23. Labelling scheme used for structural parameters given in Table 6-11.
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Table 6-11. Selected structural parameters® for complexes of the type [{M(L),}2(u-Cs)]" (n =0, 1, 2).

Ma Vap
M(L), n raw(S) P\ Fop oy v (B)° omv () ref
Fe(dppe)Cp* 0 756 189 122 137 7.8 79 209
1.88 1.22
1 7.44 1.83 1.24 1.36 7.50 180 188
1.83 1.24
Ru(dppe)Cp* 0 7.82 2.00 1.22 1.38 7.82 47 189
2.00 1.22
1 7.63 1.93 1.25 1.34 7.70 180
1.93 1.25
2 7.48 1.86 1.28 1.29 7.56 40
1.86 1.27
Ru(dppm)Cp* 0 783 202 122 139 787 68 189
2.02 1.22
Ru(dppe)Cp 0 775 201 122 140 787 39 7b
2.02 1.22
Ru(PPh;),Cp® 0 7.80 1.99 1.22 1.38 7.81 178 7b
1.99 1.23
Ru(dppf)Cp 0 774 203 118 141  7.84 3 191
2.00 1.22
Os(dppe)Cp* 0 7.84 2.02 1.22 1.38 7.85 47 88
2.01 1.22
Re(NO)(PPh;)Cp* 0 7.83 2.04 1.20 1.39 7.87 108 212
2.04 1.20
2 7.64 1.93 1.24 1.33 7.67 18 209,212
1.91 1.26
CrCl(dmpe), 0 744 179 130 127 745 169 74
1.79 1.30
2 7.71 1.95 1.22 1.38 7.72 148
1.95 1.22
Mo(dppe)(#-C-H7) 2 / 2.04 1.21 1.36 7.88 ~81 50b
2.02 1.25

“Bond lengths (in A, for clarity given to 2 decimal places only) and angles as defined in Figure 6-23.
"Through space M-M’ distance. ¢ Through bond M-M" distance, with rw(S) an indicator of bridge
curvature. “ Included for completeness, variations in this (often contrasteric) torsion angle have been
attributed to electronic conformation or crystallization effects®'**"? (often experimental values differ to
geometries calculated in the gas phase®). ¢ Other X-ray crystal structures of this compound have been

161,213

obtained, with largely similar bond lengths and g either 26-32° (cis) or 178-180° (trans).
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Table 6-12. Infrared stretching frequencies® for [ {M(L), }2(u-C=C—C=C)]"" and [{M(L),}-C=C—-CsHs]""

complexes.
[{M(L)}2(u-C=C-C=C)]" [{M(L),}-C=C-C¢Hs]"
ref ref
M(L), n Vv(C=C) Av [conditions] v(C=C) Av [conditions]
Fe(dppe)Cp* 0 1955 214 2053 215
1880 [Nujol mull]
1 1973 2021
1880 1988
2 1950 / / /
2160
Ru(dppe)Cp* 0 1977sh 2071 or 2072 216
1963
1 1860 -103 1930 or 1929 -141 or -143
2 1770 -90 / / /
Ru(PPh;),Cp 0 1971 208a 2074 216b
1956 [-50°C]
1 1855 1937 -137
2 1767 -88 / / /
Ru(PPh;)(PMe;)Cp 0 1972 208a / / /
1957 [-50°C]
1 1856 / /
2 1767 -89 / /
Os(dppe)Cp* 0 1975sh / / /
1965
1 1860 -105 / /
2 1781 -79 / /
Re(NO)(PPh;)Cp* 0 1964 210 / / /
1 1872 -92 / /
2 not obs. / /
Mo(dppe)(n-C-H>) 0 / / / 2045 95a
1 / / 2032 -13 [BF4" salt]

“ Measured in CH,Cl, as the PF, salt (unless otherwise stated), with frequencies in cm™.
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® ® ® ® ® ®
(L),M—C=C—C=C—M(L), (L)yM=C=C=C=C=M(L), (L);M=C—C=C—CZ=M(L),

acetylenic carbenic/cumulenic carbynic

Figure 6-24. Potential structural forms of dicationic C, bridged species.

A further, particularly relevant, consequence of the previously mentioned bonding picture is
that with decreasing electron density at M(L), the percentage of bridging ligand character in the
HOMO (and HOMO-1) of these complexes is found to increase (7able 6-13). Upon oxidation,
for extreme cases this could result in end-localised charges for electron-rich M(L), and centrally-
localised charge(s) for electron-poor M(L), (with implications for A, G° contributions to
comproportionation equilibria, in line with above discussions). Though metal character of these
orbitals is expected to increase upon oxidation, similar trends in HOMO/HOMO-1 compositions

between M(L), fragments are observed in both neutral and dicationic species.*’

Table 6-13. Selected molecular orbital compositions and singlet-triplet energy gaps (Esr) for complexes

of the type [{M(L),}(u-C=C-C=C)]"" (from density functional calculations).

HOMO (1 = 0) HOMO-1 (n = 0)
M(L), M  C (L), M C (L), Est(eV)(@n=2) ref
Fe(dHpe)Cp 44 45 11 40 54 6 0.05 209
41 46 13 36 52 12 -0.01 88,217
Ru(dHpe)Cp* 31 54 15 26 69 5 0.14 208a
Ru(dHpe)Cp 26 62 12 21 69 10 0.13 88,217
Os(dHpe)Cp 24 59 17 2 68 10 0.19 88
Ru(PH;),Cp 27 59 14 25 69 6 0.10 208a
Re(PH,)(NO)Cp 24 56 20 24 57 19 0.35 209
32 54 14 6 66 28 0.43 217
Ru(CO),Cp* 14 76 10 10 8 4 0.13 208a
Ru(CO),Cp 13 79 8 10 87 3 -0.01 208a

Antiferromagnetic superexchange and resonance

Dications of C4 bridged d° complexes are often found to be diamagnetic (Table 6-14).

Containing two unpaired electrons (one localised at each redox centre) this is perhaps a rather
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unusual result, but can be interpreted as a consequence of strong antiferromagnetic
superexchange coupling (see section 6.2.3/Figure 6-9). This interaction provides a singlet ground
state (Scheme 6-1a) and triplet excited state (Scheme 6-1b) which are in equilibrium at k7. With
a small singlet-triplet energy gap (Esr), paramagnetism will be observed even at low
temperatures. This is found experimentally for [{Fe(dppe)Cp*}2(u-Cs)] (Esr = 18 cm™),*” where
thermal population of the triplet state occurs even at 80 K. When Esris large, at most only weak
paramagnetism is encountered and the complex will exhibit primarily diamagnetic properties
under ambient conditions (e.g. for [{Ru(dppe)Cp*}.(u-Cs)], Est = 850 cm™)."*21” A low lying
singlet state is thought to increase the proportion of the cumulenic resonance form, relative to the

acetylenic one, in accordance with Scheme 6-1.*

(L),,I\;.—CEC—CEC—I\;'(L),, D (L),,I\+/|'—CEC—CEC—I\J;I.(L),7
+ singlet + + triplet +
$=0 S=1

(a) (b)

|

(L,M=C=C=C=C=M(),
(c)

Scheme 6-1. Singlet/triplet/cumulene equilibria in dicationic diradical C4 bridged complexes (adapted

from ref).*

Experimentally determined values of Esr (= -29) for dications of the C, bridged series (and/or
other reported magnetic properties) are provided in Table 6-14. From this limited number of
reports it appears that Esr increases with decreasing electron density at M(L),. In contrast,
computational studies on a wider range of complexes show no apparent correlation (7able 6-13),
though selected complexes do collaborate the experimental trend (e.g. M(L), = Fe(dHpe)Cp <
M(dHpe)Cp' (M = Ru, Os) < Re(PH;)(NO)Cp).
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Table 6-14. Magnetic, NIR spectral data and critical observations of the mixed-valence state for complexes of the type [{M(L),}(u-Cs)]"" (n =1, 2).

magnet 1ca NIR spectral characteristics”
properties
_2~7 ref Vmax Emax AV1/2
M(L), (cm™)  (method?) (cm™) M'cem?) (ecm?)  Hy(eV)? additional comments Class®  ref
Fe(dppe)Cp* -18 47 (D) 7704 12000 3260 0.19/0.47  delocalised on IR/Mdssbauer time scales,'™ 111 188
Avy, narrower than ‘Hush limit’¢
Fe(dippe)Cp* -2 218 1318 14000 / / / / 7a
Ru(dppe)Cp* predominantly 10195 9850 2440 0.63 Avy, narrower than ‘Hush limit’¢ I 189
diamagnetic'™ 12240 6600 2600
-850 217 (1) 14000 2200 3800
Ru(dppm)Cp* / / 10165 14000 2036 0.63 Avi, narrower than ‘Hush limit’¢ 111 189
12100 9500 2456
14215 3500 3720
Ru(PPh;),Cp diamagnetic 11400 8000 3600 0.71 delocalised on IR time scale,' Av,,, I 208a
properties®®® narrower than ‘Hush limit’¢
Ru(PPh;)(PMe;)Cp / / 11100 13400 3200 0.69 delocalised on IR time scale, Av, narrower Il 208a
than ‘Hush limit’¢
Ru(dppf)Cp (could not be 11037 16400 3666 0.27,/0.68 Av,, narrower than ‘Hush limit’¢ /
isolated)
Os(dppe)Cp* diamagnetic®® 19000 / / broad overlapping bands / 88
-8000
27800 11500
Re(NO)(PPh;)Cp* diamagnetic*'” 8333 3200 1500 0.07,/0.52 delocalised on IR, ESR, Raman time 11 193,
10000 9400 1200 0.11/0.62 scales, Av,, narrower than ‘Hush limit’# 210
11325 15000 1800 0.18/0.70
Re(NO)(P(p-tol);)Cp* diamagnetic 8160 4800 1400  0.08/0.51 delocalised on IR, ESR time scales, Av, I 7c
properties’ 9804 14000 1300 0.14/0.61 narrower than ‘Hush limit’¢
11200 24000 1500 0.21/0.69
CrCl(dmpe), paramagnetic’ / / / / mixed-valence complex found unstable / 74

toward disproportionation
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Table 6-14 (continued)

Mo(dppe)(n-C-H>) -406 50b () 3200 870 1200 / multiple, low intensity, solvatochromic II 50b
4400 1750 1500 NIR bands; localised on the X-band EPR
9300 1750 1370 time scale

8500" 8440" 900"

“For the fully oxidised species. ” For the mixed-valence species, measured in CH,Cl, and considered to be IVCT bands, unless otherwise stated. ‘1 =
best fit of a modified Bleaney-Bowers equation (polycrystalline samples). II = from variation of NMR chemical shifts vs. 7.?'” ¢ Calculated by the
original authors from H,, = via/2, unless otherwise stated. “ Robin and Day Classification system, as defined by the original authors. / Calculated by
the original authors from eqn (6-3) with r,, defined as the through-space metal-metal distance (rvv). The latter was determined directly from the
mixed-valence structure, or from the average of fully reduced and oxidized species, where appropriate (values provided in Table 6-11). ¢ An indicator

of Class III systems, the Hush limit for Class II systems is calculated using Av,,= (2310v,.,)"% " Assigned as LMCT bands.
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Remarkably, no linear trend with electron density can be established for the extent of
electronic interaction between redox centres. Though the fragment M(L), = Re(NO)(PPh;)Cp*
(M(L),~C=0, v(C=0) = 2002 cm™; [{M(L),}(u-C,)], E\* = -0.45 V) may be considered less
electron rich than M(L), = Fe(dppe)Cp* (v(C=0) = 1940 cm™, E\° = -1.14 V), both of them have
a lower calculated H,, (= 0.52 eV and 0.47 eV, respectively) than a fragment of intermediate
electron density, M(L), = Ru(PPh;),Cp (v(C=0) = 1986 cm™, E\°* = -0.69 V, H, = 0.71 V).
These electronic coupling parameters were obtained by the original authors from details of IVCT
bands and application of Hush theory appropriate for Class III mixed-valence complexes. Further
H,, values (and other relevant properties) for this family of mixed-valence complexes are
presented in Table 6-14.

Despite the established greater accuracy of IVCT band analyses over electrochemical
measurements, it should be noted that the application of Hush theory to complexes which exhibit
redox non-innocent ligands is questionable; as this is strictly only relevant for two-state systems
with weakly interacting diabatic states.” Indeed, several of the examples provided in Table 6-14
exhibit multiple bands in the near-IR region, further highlighting the fact that their spectral
features should be interpreted as part of a three-, or four-state model®® (such interrogations are
currently beyond the scope of this work). Interestingly however, spin density calculations on
related complexes (considered a more accurate measure of electron delocalisation where the
bridge is involved in the redox process?) also largely agree with IVCT spectral band analyses for
these compounds. That is, they suggest the single electron in C, alkyne bridged mixed valences
complexes is less localised on the metal vs. the carbon bridge in the order [{Ru(dHpe)Cp}»(u-
Co)T" (0.352 vs. 0.562), [{Re(NO)(PH;)Cp}a(u-Cs)]" (0.499 vs. 0.512) and [{Fe(dHpe)Cp}a(u-
C4)]" (0.650 vs. 0.398).2"7

‘Rationalization’ of 4.,G’

The above discussions provide a reasonable basis on which the observed apparent trends
between A.G° and electron density may be evaluated. First, the extent to which AE;,’ may
deviate from a valid representation of electronic coupling in [ {M(L),}(u-C=C—C=C)] complexes
is made explicitly clear by plotting both A,G® and A,.G° against v(C=0) (Figure 6-25, with raw
data tabulated in Table 6-15). Whereas the former appears approximately linear (certainly within

expected experimental errors in v(C=0) and AE),"), the latter has at the very least a non-linear
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relationship.”™" Clearly, other contributions to A, G’ must dominate, and each in turn will be

considered.

-20 1
A m}
-25 - ﬁ
| |
g -30 + A E =
=
=3
o(D I‘ - A
< A
-35 4
| |
-40 - ]
T T T T T T T T
1920 1940 1960 1980 2000
v(C=0) (cm™)

Figure 6-25. A,,G° (squares) and A..G° (triangles) for [ {M(L), }(u-C=C—-C=C)] complexes plotted against
v(X) for {M(L),}—R (raw data in Table 6-2 and Table 6-15; hollow square, M(L), = Mo(dppe)(C-;H>)).

"™ If it were not for the inherent inaccuracy in applying Hush theory to ligand redox-non innocent systems, it
might be speculated that the minima in A.G° (representing a maxima in electronic coupling between the redox sites)

is suggestive of a resonance interaction (i.e. an ideal energetic/spatial match) between the M(L), and bridging ligand

molecular orbitals where M(L), = Ru(PPh;),Cp.
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Table 6-15. Calculable contributions® to A.,G° for complexes of the type [{M(L),}2(u-Ca)]™ (n =0, 1, 2).

M(L), AeG? AWwG¢ AaG? AG¢ el
Fe(dppe)Cp* -69.47 -36.45 -5.19 -22.69 0.16
Fe(dippe)Cp* -76.22 -39.83 / / /
Ru(dppe)Cp* -62.72 -33.08 -5.06 -30.40 7.63
Ru(dppm)Cp* -60.79 -32.11 -4.93" -30.40 /
Ru(dppe)Cp -56.93 -30.18 -4.98" / /
Ru(PPh;),Cp -61.75 -32.60 -4.95" -34.25 /
Ru(PPh;)(PMe;)Cp -56.93 -30.18 / -33.29 /
Ru(dppfH)Cp -62.72 -33.08 -4.99" -32.81 /
Os(dppe)Cp* -58.86 31.15 -4.92" / /
Os(PPh;),Cp -47.28 -25.36 / / /
Re(NO)(PPh;)Cp* -51.14 -27.29 -4.99 -25.09 /
Re(NO)(P(p-tol);)Cp* -51.14¢ -27.29 / -24.61 /
CrCl(dmpe), / / -5.09' / /
Mo(dppe)(n-C;H>) -41.49 -22.46 / / 3.65

“In kJ mol™. * Calculated using eqn (6-19) with AE,,° values provided in Table 6-5.  Calculated using eqn
(6-20). “ Calculated using eqn (6-23) and (6-24) with & = 9, T =293 K and r, taken as the metal-metal
distance in the mixed-valence state (rmw, Table 6-11). ¢ Calculated using eqn (6-26), where relevant
assuming that the three observed IVCT bands are due to splitting of t,, orbitals into Kramer’s doublets
(and thus taking the lowest energy IVCT transition to assess the extent of delocalisation in the ground
state).?*?! /Calculated using A,.G° = 37/2 (from values provided in Table 6-14). ¢Using AE,,’=0.53 V. "

rww taken from the neutral complex. ’ muw taken as the average of the neutral and dicationic complexes.

In this series the only contributions to A,,G° that may reasonably be attributed to changing
electron density at M(L), are A,,G°, AuG® and A;,G°. As mentioned previously, where the charge
might be considered more centrally localised due to a largely bridge-centred oxidation (electron-
poor M(L),), the complexes can be modelled as large spheres (shown for the extreme case in
Figure 6-13b). Here A,G° # 0, favouring the isovalent states. In the case of an electron rich
M(L), the charge can be considered more localised at the end groups, due to a greater metal-
centred oxidation (Figure 6-13a). In this case, A,G® = 0, and will not affect A,,G°. Working to
somewhat counter-act this contribution is AyG° (favouring the mixed-valence state), which might

be expected to increase from a lower limit of ~5 kJ mol™ (Table 6-15, calculated using ry) as
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the charges become more centrally localised and as a result are forced closer together (charge-
charge distance << ryr).

The effect of A;,G°is more difficult to gauge, even qualitatively. As described in section 6.2.3
for a m-donor M(L), and m-acceptor ligand, this should be expected to increase with increasing
metal-to-ligand backbonding (of which v(C=0)/v(C=N) for {M(L),}—-R provide an appropriate
measure). However, as previously discussed, metal acetylides are better described in terms of a
n-acceptor M(L), and m-donor ligand combination (here the argument for an inductive effect
would still apply, but in reversed form*). It is likely useful at this point to split A;,G° into normal
and reverse form contributions. With little aptitude for metal to ligand m backbonding, the
contribution of AjG’everse t0 AcoG® should decrease in the neutral state with increasing electron
density at M(L), (as the metal/ligand & orbitals move further apart in energy). Upon one-electron
oxidation of the complex, the m-acceptor character of the bridge will be enhanced by the positive
charge at M,(L),, whereby greater n-backbonding will be possible from M,(L), in systems of
higher electron density (and as the metal n-ligand ©* orbitals move closer in energy, AinG’uomal
will increase). If this latter effect outweighed the former it would support in some way the
observed trend in A.,G°. Further experiments to probe the extent and nature of this interaction,
along the line of Taube’s experiments with cationic Rh d® complexes (Figure 6-7), could greatly

aid future discussions.

(L);M—C=C—C=C—M(L), (L),M—C=C—C=C—M(L),

increasing electron density
1+ 1+

‘ (increasing AE; ;%) /\
\((L);M\"CEC—CEC—M(L)n (MRE=C=C=CIML,

~__ increasing decreasing xj
AinGOnormaI (+) ASOGO (')
I " MG (+) "
\ \ -0 \
| (L)M+C=C—C=C \M(Ly AinGlreverse (+) (L),M \C:C:?:/C—«-M(L)n

Figure 6-26. Overall thermodynamic picture for C, bridged d° piano stool M(L), complexes (the sign in
brackets following A,,G° indicates whether this contribution stabilises (+) or destabilises (-) the mixed-

valence state).

Whilst the few experimentally determined values of A,G° are suggestive of a trend

(appearing to increase in line with decreasing electron density, favouring the isovalent states),
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this is not fully collaborated by computational work and requires further investigation. '’
Furthermore, current data for A.G® provides at best non-linear or unrelated relationships with
respect to the energetic of frontier orbitals at M(L),. As all electrochemical measurements were
taken under similar medium conditions, A;,G° may reasonably be assumed approximately
constant (Table 6-5).

In many ways, this makes the correlations suggested by plots of AE;,’ vs. v(X) for aliphatic
systems even more intriguing. It could be concluded at this stage that simple relationships
between electron density and AE;,’ should not be expected for acetylide bridged dinuclear
complexes; being currently observed for C,/Cs alkyne, and C, alkene bridges only as a result of
similar, fortuitous trends in A..G° and A,,G° (the magnitude of which can be quite significant; e.g.
AssGCaey = 33.77 kJ mol™ for [{Re(PH;)(NO)Cpla(u-Cs)]*", Table 6-13). If this were correct,
such correlations would not be anticipated to continue upon expansion of the dataset to other
M(L), (even with other d° piano stool compounds).

However, given the potential inapplicability of the two-state model to these systems
(resulting in errors in Hy, and A..G") and the quite real possibility of a relationship between v(X)
and A,G°, such a verdict requires additional verification. In particular, experimental
determinations of Esr and IVCT band properties for a greater number of d° piano stool M(L),(u-
C,) complexes would prove very insightful. If linear trends between w(X) and AE;,’ were
observed to hold for a given series of complexes, voltammetric methods might yet prove
surprisingly valuable as a handle for evaluating different models of electron transfer, and in

establishing trends in A,.G° for different M(L),-bridging combinations.

Comments on other C, bridged complexes

Considering the difficulties in establishing relationships between thermodynamic parameters
for M(L), of the same frontier orbital symmetry (i.e. d® piano stool and octahedral systems'®), it

is perhaps not surprising that the M(L), = Mo(dppe)(u-C;H;) fragment, with different symmetry,

1111 Somewhat linked to A,G® (in accordance with Scheme 6-1), is a possible difference in internal structural energy
(AwG®) when the cumulenic form of the mixed-valence and dicationic states are favoured over the acetylenic one
(assuming an acetylenic form for the fully reduced state). Based upon the mean bond enthalpies Hc ¢y = 348 kJ mol”,
Hc-c)= 612 kI mol™, and Hic=c, = 838 kJ mol™,* it is suggested that A, G = Y (AH yrotucts) — 2(AH wcactants) = 3H(c—c) - 2H(c=c)
- Hc ) = -188 kI mol™, which would favour the mixed valence state in the comproportionation equilibrium (Hp ¢, and
Hupi—cy bond energies cancel out). Though this is an extremely rough approximation, which also neglects M-L

contributions, it implies the magnitude of A,;G° can in some cases be offset by enthalpic contributions to Ag,G°.
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appears as an outlier across the majority of datasets (vida supra). Its acetylide complexes exhibit
a different ordering of metal d orbitals as a result of strong interactions with the C;H; ligand (the
HOMO is now of d; character), and there is a poor spatial overlap between the [Mo(dppe)(u-
C;H,)]" fragment and the acetylide frontier orbitals." This negatively impacts upon electronic
communication across an acetylide bridge, as reflected in the fact that its C4 mixed-valence
complex has been assigned as Class I1.°%

Berke and co-workers have applied efforts across several transition metals, most notably Mn,
W and Cr. Whilst relevant v(X) data was not available for any of these systems (as noted in
Table 6-4), it is expected that their (often quite significant) deviations from properties exhibited
by the d® piano-stool series would likely facilitate further deviations from electron density vs.
AE\,° correlations. Thus, salient features are noted here for completeness.

Several compounds of the type [{Mn(dmpe),(R)}2(u-Cs)] (R = 1,"** C=C-H, C=C-SiMe3,'*
C=C-SiEt;, C=C-SiPr; and C=C-Si'BuMe,"*°) have been investigated over the last decade.
Their neutral ([Mn"Mn"], d°d’) and mixed-valence complexes ([Mn"Mn"], d°d*) are typically
low spin paramagnetic species (interestingly it was also found computationally that
[{Mn(PH;)4l},(«-Cs)] has a triplet, rather than singlet, ground state). As expected, the fully
oxidized ([(Mn"Mn""], d*d*) complexes are diamagnetic. Despite comparable values of AE),’, the
iodide complex (AE;,’ = 0.63 V; conditions unspecified) has been classified as Class II, and
those terminated with -C=C-H or —-C=C-SiMe; (AE,,° = 0.58 or 0.55 V; THF, Au electrode) as
Class I1I.

Quite recently the C, bridged tungsten complex, [I(dppe), W=C—-C=C-C=W(dppe).I]"" (n =0,
1, 2),""7 was reported (an extended structure containing FeCl(depe), end-groups has also been
communicated).”® A carbyne canonical structure persists through multiple oxidation states, with
AE = 0.29 V (Au electrode); the mixed valence species assigned as Class II based upon
apparent delocalisation on the EPR, but not IR, timescales. Both mono and dications are
reportedly paramagnetic, with antiferromagnetic coupling observed for the latter (Esr = 167 cm
"). Related structurally are complexes of the type [{Cr(dmpe),R}.(u-Cs)]* (R = Cl, I, C=C~
SiMe;).” Remarkably, both chloride and trimethylsilylacetylide-terminated compounds exhibit
only a single reversible redox wave in cyclic voltammetry studies (Au electrode, solvent

III]2+

unspecified), corresponding formally to a [CrVCr'V] 2 [Cr™Cr™"]*" + 2e process (the carbyne

form of the bridge in the fully reduced state changes to acetylenic in the fully oxidized state;
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evidenced in part by X-ray crystallography, Table 6-11). Though the apparent instability of the
mixed-valence state with respect to disproportionation was attributed to a lack of electronic
communication between the redox centres, it is not clear that this is the primary reason for AE),"
<0 V. For example, taking the bond descriptions provided for the isovalent states (and assuming
an intermediate cumulenic form in the mixed valence), AG°~ 4Hpi—c) - 2Hpi=c) - Hyic) + 6Hc—c)
- 3Hc=c) - 3Hcc) = 4Hmc) - 2Hm=c) - Hmc) + 114 kJ mol™ (see previous footnote for
assumptions/bond energies). This is almost certainly a positive value overall which should
favour the isovalent states in the comproportionation equilibria (e.g. AwG° = 190 kJ mol™ taking
H=c) = H(c=0), Ho=c) = Hic=c) and Huc) = H(c-c)).

Based upon these examples, the ‘shotgun plots’ observed between v(X) and AE,," for the
phenylene/thiophene series (e.g. Figure 6-19) might be partially explained by the greater variety
of M(L), that have been investigated with these bridges.

6.4 CONCLUSION

Correctly interpreting the properties of mixed-valence complexes is vital in developing
accurate structure-property relationships, guiding subsequent synthetic efforts and better
understanding electron transfer processes. Given that voltammetric methods remain one of the
two most popular ‘indicators’ of electron delocalisation, fundamental to this area of work is a
basic understanding of the properties that stabilise a mixed valence state with respect to
disproportionation. Though easy to measure, AE)," represents a complicated equilibrium process,
with multiple elements competing to stabilise or destabilise one oxidation state over another.
Whilst at least seven (not counting the statistical factor) have so far been identified, in related
work a comprehensive account of these is normally absent from discussions, and the magnitude
of AE\," typically ‘explained’ by reference to only one or two. Here each have been discussed in
turn — in the hope that more emphasis will be placed on the potential ambiguity of the
electrochemical result, and also to help guide future work related to the branched complexes
described previously in this thesis.

Succeeding primarily to exemplify the difficulties encountered in interpreting AE,,°, the
apparent link between this and electron density at M(L), was investigated further. Previously, it

seemed this could be quantified for certain dinuclear bridged systems by using infrared
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stretching frequencies (v(X)) of the monometallic M(L),—R species (R = C=0, "C=N, C=C-

CqHs).® However, it is apparent that not all factors contributing to A,,G° may reasonably be linked

to changes in electron density/v(X) at present. Those that can, i.e. A,G°, AaG° and AiG°, could

indeed produce such a relationship if they were the dominant contributions to A.G°. Further

studies are required to ratify relationships between electron density/v(X) and A.G°, A,G° and

AwG° (some of which provide quite significant, calculable contributions), to further probe the

utility of electrochemical methods for assessing electron delocalisation in d® piano stool

M(L).(u-C4) complexes.
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Chapter 7

CHAPTER 7 : CONCLUSIONS AND FUTURE
DIRECTIONS

This thesis has detailed synthetic efforts towards branched organometallic complexes for
molecular electronics. These contain two well defined molecular pathways, enabling the future
study of quantum interference effects and other phenomena resulting from concurrent, and
ultimately convergent, electron transport processes. Critical in this context was the incorporation
of redox-active groups, to enable the manipulation of electron transfer processes through
individual branches.

As a ‘conducting’ backbone, arylethynyl ligands containing meta-pyridyl moieties proved
extremely straightforward to synthesize. Though their incorporation into {FeCp,} and
{Ru(dppe).} complexes initially presented significant problems, successful methodologies have
now been established. For ferrocene-based compounds, the low/moderate reactivity of Fc—I
under typical Sonogashira cross-coupling conditions precluded high yields and led to difficulties
in isolating the macrocycle (13) in anything but trace amounts. This issue was subsequently
addressed by exploring the effects of concentration, solvent, base and phosphine ligand on a
model reaction, finding that large rate improvements could be achieved using a
PdC1(MeCN),/P(‘Bu); combination. Future work should revisit the synthesis of 13, applying
these new conditions. Other branched ferrocene-containing species were readily prepared (albeit
in moderate yields), and a new route to [B-phenylthioketones was discovered (precluding
formation of the desirable Fc—C=C-CsH,—SAc motif from iodoferrocenes and 4-
ethynylphenylthioacetate).

With {Ru(dppe).} centres, the bifunctional nature of 4-ethynylpyridine resulted in the
production of multiple side-products during M—C bond formation. This motivated the pursuit of
alternative, robust approaches to pyridyl-containing {Ru(dppe).} complexes, though the linear
complex Ru(dppe).(C=C—-CsHsN), (17) was ultimately prepared via normal methods. Protecting
group strategies for 4-ethynylpyridine proved only moderately successful — N-methyl-4-
ethynylpyridinium triflate was readily utilised as a monofunctional ligand, but demethylation of
the resulting complexes was not straightforward. Greater success was found employing a 16e~

avoidance rule, limiting contact between the basic/nucleophilic nitrogen and coordinatively
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unsaturated metal centres. This strategy facilitated the syntheses of macrocyclic (35) and single-
branched (37) ruthenium-containing compounds, albeit in ~80% purity in the former case.
Subsequent efforts should focus on obtaining 35 in pure form, and in extending this approach to
preparations of the double-branched species.

Factors affecting the comproportionation equilibria were also reviewed; the generation of
macrocyclic mixed-valence complexes being of substantial importance for future studies. It is
apparent that medium effects are the most readily harnessed in influencing the magnitude of
AE;°, other contributions to A,G° being largely intrinsic to the complex under investigation.
Subsequent work should therefore explore isolation of the mixed-valence states in double-
branched and macrocyclic systems by minimising AG;,’ (e.g. by using Na(BArF.) as an
electrolyte). Using CH,CL/BusN"PF¢ solutions, no separation of redox potentials was observed
for any of the dinuclear complexes investigated. Junction measurements of these materials may
prove useful in further probing the questionable link between AE,," and ko/Ha, (discussed at
length in Chapter 6).

Though this work has only attempted syntheses of symmetrical species, it would be of great
interest to study their asymmetrical analogues. These may, for example, provide an initial
destructive interference state that could be switched off by redox processes. As shown in Figure
7-1, electronic asymmetry could be introduced in numerous ways; using different metals,
alternative ancillary ligands, or even perfluorinated aryl moieties. Macrocyclic structures bearing
weakly coupled termini (e.g. —(CH,),—SAc) could also prove interesting, as these might exhibit
conductance switching by application of a magnetic field (in line with discussions in Chapter 1).
It is hypothesized that the majority of these compounds could be synthesized following a similar
route as for 35 (Scheme 5-6), albeit using 3-bromo-5-iodopyridine to facilitate the controlled

addition of each ligand ‘arm’.
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Figure 7-1. Some potentially interesting synthetic targets for future studies (M = Fe, Ru, Os; P'-P' =
dppe, depe, dppf; R=H, F; Y =N, C—(CH,),—SAc).

In conclusion, it is clear that the synthesis of conducting macrocycles containing redox
centres and surface binding moieties is not a straightforward enterprise. However, this work has
made substantial progress in understanding how best to obtain these materials, and tantalising
evidence for their formation is provided. The macrocyclic structure-type (two node regime) has
hardly been explored experimentally in junction measurements, an endeavour which is of
substantial interest in verifying theoretical studies, exploring new mechanisms for conductance
switching and ultimately improving our understanding of charge transport through complex

molecular architectures. This should prove a fascinating area of discovery in years to come.
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CHAPTER 8 : EXPERIMENTAL

8.1 GENERAL

8.1.1 Conditions and materials

All preparations were carried out using standard Schlenk line and air-sensitive chemistry
techniques under an atmosphere of nitrogen. No special precautions were taken to exclude air or
moisture during workup, unless otherwise stated. Solvents used in reactions were sparged with
nitrogen and dried with alumina beads, Q5 Copper catalyst on molecular sieves, or 3A molecular
sieves,! where appropriate. Silica and neutral alumina of Brockmann activity I (0% H,0),
activity II (3% H,0) or V (15% H,0) were used for chromatographic separations. PdCly(PPh;),,’
3,5-diethynylpyridine,’ 1-(tert-butylsulfanyl)-4-ethynylbenzene,* PdCl,(MeCN),, 4-
ethynylphenylthioacetate,’ 4-ethynylpyridine,® cis-RuCly(dppe),,” [RuCl(dppe),]OTf,” N-methyl-
pyridinium  iodide,® 1-bromo-4-(trimethylsilyl)ethynylbenzene,”  RuCly(PPhs),,”  1-
(triisopropylsilyl)ethynyl-3-ethynylbenzene'® and 3,5-diiodopyridine!' were prepared via
literature methods from commercially available starting materials. All other materials were

purchased from commercial suppliers and used without further purification.

8.1.2 Instrumentation

'H, BC{'H}, *P{'H} and "F{'H} NMR spectra were recorded at ambient temperature on a
Bruker 400 MHz spectrometer and internally referenced to the residual solvent peaks of CDCls;
at 8 7.26 ("H) and 77.16 ppm (“C{'H}); CD,Cl, at & 5.32 ('H) and 53.84 (*C{'H}) ppm; DMSO-
ds at 8 2.50 ("H) and 39.52 (“C{'H}) ppm; D,O at § 4.79 ppm ('H);'* or externally to 85%
phosphoric acid (0.00 ppm). “C{'H} spectra were fully assigned where possible using 2D
correlation spectroscopy; this could not achieved in some cases due to insufficient sample
quantity, solubility limitations or overlapping resonances. UV-vis and IR spectra were recorded
on a PerkinElmer LAMBDA 25 UV/vis spectrophotometer or a PerkinElmer Spectrum 100 FT-
IR spectrometer, respectively (the majority of UV-vis data is tabulated in the chapters). Mass

spectrometry analyses were conducted by the Mass Spectrometry Service, Imperial College
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London, the Mass Spectrometry Facility, University College London, and the EPSRC National
Mass Spectrometry Service Centre (NMSSC), Swansea. Microanalyses were carried out by
Stephen Boyer of the Science Centre, London Metropolitan University, or Alan Dickerson of the
Department of Chemistry, University of Cambridge, for all novel compounds isolated in
sufficient purity and yield. Some compounds did not produce satisfactory analyses, despite
drying under vacuum for extended periods. For similar large compounds elsewhere, it has been
argued that this is inevitable due to included solvent.” Here, NMR spectroscopy, mass
spectrometry and cyclic voltammetric studies (see previous chapters) support the absence of
unreacted materials/side products, unless otherwise stated.

Cyclic voltammograms were recorded under an atmosphere of argon in MeCN/0.1 M
"BusNPF¢ on a CHI760C potentiostat (CH Instruments, Austin, Texas) with a glassy carbon disc
as working electrode (diameter = 2.5 or 5 mm), and Pt-wire as reference and counter electrodes
respectively. Analyte solutions were between 0.1-1 mM. Potentials are reported relative to
[FeCp,]/[FeCp.], measured against an internal [FeCp,]"/[FeCp,] or [FeCp*,]"/[FeCp*.]

reference, where appropriate.

8.2 COMPOUNDS SYNTHESISED IN CHAPTER 2

8.2.1 1,1’-Diiodoferrocene (1)

A mixture of ferrocene (21.14 g, 113.6 mmol), n-hexane (100 mL) and TMEDA (37.7

Fo mL, 251.4 mmol) was stirred in an oven-dried 1 L three-necked flask and cooled to
< 0°C (ice-bath). 2.5 M "BuLi in hexanes (100 mL, 250 mmol) was added via cannula
1 over 5 min, whereby the suspension was slowly raised to ambient temperature and
stirred overnight. The resulting bright orange suspension (1,1’-dilithioferrocene-TMEDA) was
cooled to -78°C (acetone/dry ice) and a solution of I, (62.51 g, 246.3 mmol) in diethyl ether (350
mL) added over ~15 min. After warming to 0°C, the reaction was quenched with water (100 mL)
and stirred for a further 15 min. The mixture was extracted with water (3 x 200 mL), dried over
MgSO,, and filtered through Celite to provide a dark red oil (~33 g) after solvent removal.

The crude product was extracted into n-hexane (300 mL) and washed successively with 0.5

M aqueous FeCl; (~10 x 200 mL). When FcH/Fcl contaminants had been removed (composition
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monitored by '"H NMR spectroscopy between washings), the organic phase was extracted with
water until the washings were colourless, dried over MgSQO., filtered through Celite and
evaporated to reveal a brown oil. Further purification via column chromatography (silica, n-
hexane, 3" x 4") and drying in vacuo at 50°C yielded pure fcl, as a dark orange oil (9.54 g, 19%).
'H NMR (400 MHz, CDCl;): 8 (ppm) 4.18 (pseudo-t, Jos = ~1.7 Hz, 4H, Cp—H), 4.37 (pseudo-t,
Jop = ~1.8 Hz, 4H, Cp—H). “C{'H} NMR (100 MHz, CDCl;): & (ppm) 40.42 (Cp-I, C-I), 72.41
(Cp-1, C-H), 77.72 (Cp-1, C-H). HR-MS EI+: m/z 437.8065, ([M]" Calc.: 437.8065). (Found: C,
27.58; H, 1.72. Calc. for C(HsFel,: C, 27.43; H, 1.84%)).

8.2.2 1-(3-Pyridyl)ethynyl-1’-iodoferrocene (2)

A solution of 1 (3.22 g, 7.35 mmol) in DIPA (8 mL) was sparged with

=
e 0 nitrogen and added to a flask containing 3-ethynylpyridine (0.153 g, 1.48
=\ mmol), PdCL(PPh;), (0.044 g, 0.06 mmol) and Cul (0.027 g, 0.142 mmol).
2 Residual 1 was washed into the reaction flask with additional DIPA (4 x 2

mL) and the mixture stirred at 90°C for 24 h. After cooling and solvent removal the crude
material was purified by column chromatography (silica; n-hexane—CH,Cl,—CH,Cl,:diethyl
ether [3:1]) eluting first unreacted 1, then 2 as a orange-red solid (0.44 g, 72%). Spectroscopic
data was consistent with that reported previously." '"H NMR (400 MHz, CDCl;): & (ppm) 4.24
(pseudo-t, J,s = 1.9 Hz, 2H, Cp—H), 4.30 (pseudo-t, J.,s = 1.9 Hz, 2H, Cp—H), 4.46 (pseudo-t, Jus
=~1.8 Hz, 2H, Cp—H), 4.49 (pseudo-t, J,s = 1.9 Hz, 2H, Cp—H), 7.26 (ddd, 1H, Py-H,,), 7.79 (dt,
J=179, 1.8 Hz, 1H, Py-H,), 8.53 (dd, J = 4.8, 1.4 Hz, 1H, Py-H,), 8.76 (d, /= 1.4 Hz, 1H, Py—
H,). "C{'H} NMR (100 MHz, CDCl;): & (ppm) 41.42 (Cp, C-I), 66.83 (Cp, C—C=C), 71.01
(Cp, C-H), 72.32 (Cp, C-H), 74.30 (Cp, C—H), 76.56 (Cp, C—H), 83.73 (C=C), 90.90 (C=C),
121.15 (Py, C-C=C), 123.15 (Py, C-H,,), 138.35 (Py, C-H,), 148.21 (Py, C-H,), 152.25 (Py, C-
H,). IR (ATR): v (cm™) 2209 (C=C). HR-MS ES+: m/z 413.9430, ((M+H]" Calc.: 413.9442).
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8.2.3 1,1’-Bis(3-pyridyl)ethynylferrocene (3)

To a degassed (freeze-pump-thaw) solution of 1 (0.21 g, 0.480 mmol) in
THF (1 mL) and DIPA (0.33 mL) was added 3-ethynylpyridine (0.153 g,
1.484 mmol), PdCl,(PPhs), (0.007 g, 0.010 mmol) and Cul (0.004 g, 0.021

W\
\ /\\

mmol) against N,. After stirring at 80°C for 24 h, the mixture was cooled,

w \\
z

solvent removed and the residue purified by column chromatography
(alumina grade V; DCM:n-hexane [2:8—1:0]). Eluting as separate bands in the following order
were 1, 2 (0.076 g, 38% after recrystallization from CH,Cl,/n-hexane; typically contaminated
with approximately 5% 3-pyridylethynylferrocene), and 3. The latter was further purified by
recrystallization (CH,Cl,/n-hexane) and isolated as an orange-red solid (0.043 g, 23%).
Spectroscopic data was consistent with that reported previously.'” '"H NMR (400 MHz, CDCl;): &
(ppm) 4.36 (pseudo-t, J,3 = ~1.8 Hz, 4H, Cp—H), 4.57 (pseudo-t, J,s = 1.9 Hz, 4H, Cp-H), 7.14
(ddd, J = 7.7, 4.9 Hz, 2H, Py-H,), 7.62 (dt, J = 7.9, 1.8 Hz, 2H, Py-H,), 8.46 (dd, J=4.8, 1.4
Hz, 2H, Py-H,), 8.62 (d, J = 1.4 Hz, 2H, Py-H,). "C{'H} NMR (100 MHz, CDCl;): § (ppm)
66.69 (Cp, C—C=C), 71.20 (Cp, C—H), 73.19 (Cp, C-H), 83.68 (C=C), 90.66 (C=C), 121.04 (Py,
C-C=C), 123.05 (Py, C-H,,), 138.10 (Py, C-H,), 147.99 (Py, C-H,), 152.08 (Py, C-H,). IR
(ATR): v (cm™) 2207 (C=C). HR-MS ES+: m/z 389.0746, ((M+H]" Calc.: 389.0741).

8.2.4 1-(3-Pyridyl)ethynyl-1’-(trimethylsilyl)ethynylferrocene (4)

_ S/i/ Trimethylsilylacetylene (0.05 mL, 0.354 mmol) and DIPA (1.3 mL) were
Q/ \/ added to a suspension of 2 (0.094 g, 0.228 mmol), PdCl,(PPhs), (0.004 g,
é/@ 0.006 mmol) and Cul (0.002 g, 0.011 mmol) in THF (4 mL). After stirring at

4 80°C for 24 h, the mixture was cooled, solvent removed and the residue
purified by column chromatography (silica; CH,Cly/diethyl ether [3:1]) to provide 4 as an
orange-red solid (0.024 g, 27%). '"H NMR (400 MHz, CDCl;): & (ppm) 0.20 (s, 9H, Si-CH;),
4.28 (pseudo-t, Jg = ~1.8 Hz, 2H, Cp—H), 4.31 (pseudo-t, Js = 1.9 Hz, 2H, Cp-H), 4.48
(pseudo-t, J,s = 1.9 Hz, 2H, Cp—H), 4.51 (pseudo-t, J,s = 1.9 Hz, 2H, Cp—H), 7.25 (ddd, 1H, Py—
H,),7.76 (dt,J=17.9, 1.7 Hz, 1H, Py-H,), 8.52 (dd, /=4.8, 1.3 Hz, 1H, Py-H,), 8.72 (d,J=1.2
Hz, 1H, Py-H,"). "C{'H} NMR (100 MHz, CDCL;): & (ppm) 0.30 (Si—CH3), 65.72 (Cp, C—C=C),
66.53 (Cp, C—C=C), 71.25 (Cp, C-H), 71.88 (Cp, C-H), 73.56 (Cp, C—H), 73.66 (Cp, C-H),
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83.08 (C=C), 91.36 (C=C), 91.70 (C=C), 103.18 (C=C), 121.22 (Py, C-C=C), 123.13 (Py, C—
H,), 138.28 (Py, C-H,), 148.14 (Py, C-H,), 152.22 (Py, C-H,). IR (ATR): v (cm™) 2151 (Si-
C=C), 2213 (Py-C=C). HR-MS ES+: m/z 384.0860, ([M+H]" Calc.: 384.0871). (Found: C,
68.08; H, 5.46; N, 3.61. Calc. for C»,H, FeNSi: C, 68.93; H, 5.52; N, 3.65%).

8.2.5 1-(3-Pyridyl)ethynyl-1’-[1-(phenyl-4-tert-butylsulfanyl)|ethynylferrocene (5)

A solution of 1-(fert-butylsulfanyl)-4-ethynylbenzene (0.24 g, 1.26

@/Q/ S7< mmol) in DIPA (4 mL) was sparged with nitrogen and added to a flask
—

i = containing 2 (0.272 g, 0.659 mmol), PdCIl,(PPhs), (0.010 g, 0.014
= NN mmol) and Cul (0.01 g, 0.052 mmol). Residual alkyne was washed
5 into the reaction mixture with THF (3 x 4 mL) and the suspension

stirred at 80°C for 21 h. After cooling and solvent removal the crude material was purified by
column chromatography (silica; CH,Cl,/diethyl ether [8:2]) to provide 5 as an orange-red solid
(0.115 g, 37%). '"H NMR (400 MHz, CDCL;): & (ppm) 1.29 (s, 9H, C-CHs), 4.34 (pseudo-t, 2H,
Cp—H), 4.36 (pseudo-t, 2H, Cp—H), 4.56 (pseudo-t, 2H, Cp—H), 4.57 (pseudo-t, 2H, Cp—H), 7.15
(ddd, 1H, Py-H,,), 7.34 (d, J = 8.2 Hz, 2H, Ar—H), 7.40 (d, J = 8.2 Hz, 2H, Ar-H), 7.64 (dt, J =
7.8 Hz, 1H, Py-H,), 8.49 (dd, 1H, Py-H,), 8.69 (d, 1H, Py-H,). “C{'H} NMR (100 MHz,
CDCL): & (ppm) 31.11 (C—CHj3), 46.51 (C—CH3), 66.45 (Cp, C—C=C), 67.23 (Cp, C—C=C), 71.11
(Cp, C-H), 71.25 (Cp, C-H), 73.16 (Cp, C—H), 73.20 (Cp, C-H), 83.58 (C=C), 86.50 (C=C),
88.75 (C=C), 90.91 (C=C), 121.47 (br, Py, C-C=C), 123.26 (br, Ar, C—C=C), 124.21 (Py, C-
H,,), 131.33 (Ar, C—H), 132.58 (Ar, C-S), 137.30 (Ar, C—H), 138.13 (Py, C—H,), 147.94 (Py, C—
H,), 152.09 (Py, C-H,). IR (ATR): v (cm™) 2207 (C=C). HR-MS ES+: m/z 476.1139, ((M+H]"
Calc.:476.1135). (Found: C, 72.52; H, 5.26; N, 2.87. Calc. for C,yH,sFeNS: C, 73.26; H, 5.30; N,
2.95%).
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8.2.6 (u-3,5-Py)(C=C—[fc]-1); (6)

With an identical procedure to the synthesis of 2, the crude product was
produced using 1 (13.87 g, 31.54 mmol), 3,5-diethynylpyridine (0.398
N I (2N g, 3.130 mmol), PdCL,(PPhs), (0.137 g, 0.195 mmol), Cul (0.097 g,
l 0.509 mmol) and DIPA (20 mL, 3 x 10 mL). This was purified via
column chromotography (silica; n-hexane—CH,Cl,), first eluting
unreacted 1. Recrystallisation (CH,Cl,/n-hexane) and drying in vacuo
< provided the pure material as an orange-red solid (1.00 g, 43%). 'H
6 NMR (400 MHz, CDCL): & (ppm) 4.25 (pseudo-t, J,; = ~1.8 Hz, 4H,
Cp-H), 4.31 (pseudo-t, Jo3 = 1.8 Hz, 4H, Cp—H), 4.47 (pseudo-t, J,s = 1.9 Hz, 4H, Cp—H), 4.50
(pseudo-t, J,3 = 1.8 Hz, 4H, Cp—H), 7.90 (t, /=2 Hz, 1H, Py-H,), 8.64 (d, J=2 Hz, 1H, Py-H,).
BC{'H} NMR (100 MHz, CDCl;): & (ppm) 41.48 (Cp, C-1), 66.60 (Cp, C—C=C), 71.05 (Cp, C—
H), 72.43 (Cp, C-H), 74.38 (Cp, C-H), 76.62 (Cp, C—H), 83.18 (C=C), 91.63 (C=C), 120.98 (Py,
C-C=C), 140.23 (Py, C-H,), 150.35 (Py, C-H,). MS ES+: m/z 748, (IM+H]" Calc.: 748). IR
(ATR): v (cm™) 2215 (Py—C=C). (Found: C, 46.48; H, 2.54; N, 1.64. Calc. for C,HsFe;LN: C,
46.63; H, 2.56; N, 1.88%).

8.2.7 (u-3,5-Py—C=C—C=C-3,5-Py)(C=C—{[fc]-1). (7)

Combined in air, a mixture of 1 (2.39 g, 5.43 mmol), 3,5-
diethynylpyridine (0.068 g, 0.535 mmol), PdCl,(PPhs),
(0.009 g, 0.013 mmol), and Cul (0.006 g, 0.032 mmol) was
placed under an atmosphere of nitrogen and DIPA (10 mL)
added After stirring at 90°C for 24 h, the suspension was

cooled, solvent removed, and the crude residue purified by
Fe | column chromatography (silica; n-hexane—CH,Cl,). This
eluted unreacted 1, 6, and then the title product which was

isolated as a red-orange solid (0.001 g, <1%) after

recrystallisation (CH,Cl,/n-hexane) and drying in vacuo. '"H NMR (400 MHz, CDCl;): & (ppm)
4.25 (pseudo-t, J3 = ~1.8 Hz, 4H, Cp—-H), 4.32 (pseudo-t, J,s = 1.9 Hz, 4H, Cp—-H), 4.47
(pseudo-t, J,s = 1.9 Hz, 4H, Cp—H), 4.50 (pseudo-t, J,; = 1.9 Hz, 4H, Cp—H), 7.92 (t, J =2 Hz,
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2H, Py-H,), 8.67 (d, J = 1.7 Hz, 2H, Py-H,), 8.71 (d, J = 1.7 Hz, 2H, Py-H,). *C{'H} NMR
(100 MHz, CDCL): & (ppm) 71.05 (Cp, C-H), 72.50 (Cp, C-H), 74.45 (Cp, C-H), 76.67 (Cp, C—
H). IR (ATR): v (cm™) 2216 (Py—C=C). HR-MS ES+: m/z 872.8698, ((M+H]" Calc.: 872.8650).

8.2.8 (u-3,5-Py){(C=C—[fc]|-C=C-m-Py)(C=C—[fc]-I)} (8) and
(4-3,5-Py)(C=C—[fc]|-C=C-m—Py), (9)

THF (6 mL) and DIPA (2 mL) were added to a flask containing 6 (0.106
g, 0.142 mmol), 3-ethynylpyridine (0.045 g, 0.436 mmol), PdCIl,(PPh;),
(0.004 g, 0.006 mmol) and Cul (0.002 g, 0.011 mmol). After stirring at
80°C for 24 h, the suspension was cooled, solvent removed, and the crude

residue purified by column chromatography (alumina grade V; petroleum

ether/CH,Cl, [1:1—0:1]). Following elution of unreacted 6, a second
orange fraction was collected which provided 8 (contaminated with
approximately 20% of the hydrodehalogenated analogue) as an orange-
red solid (0.034 g, 26%) after recrystallisation (CH,Cly/n-hexane). 'H NMR (400 MHz, CDCl;):
O (ppm) 4.25 (pseudo-t, Jg = ~1.8 Hz, 2H, Cp—H), 4.31 (pseudo-t, J.3 = 1.8 Hz, 2H, Cp—H), 4.37
(m, 4H, Cp—H), 4.47 (pseudo-t, J,3 = 1.9 Hz, 2H, Cp—H), 4.50 (pseudo-t, J,; = 1.9 Hz, 2H, Cp—
H), 4.58 (m, 4H, Cp-H), 7.17 (ddd, J = 7.8, 4.9 Hz, 1H, 3-Py-H,,), 7.64 (m, 1H, 3-Py-H,), 7.74
(t, /=2 Hz, 1H, 3,5-Py-H,), 8.48 (m, 1H, 3-Py-H,), 8.52 (d, J = 2 Hz, 1H, 3,5-Py-H,), 8.58 (d,
J =2 Hz, 1H, 3,5-Py-H,’), 8.65 (m, 1H, 3-Py-H,’). "C{'H} NMR (100 MHz, CDCI;):  (ppm)
41.43 (Cp, C-1), 66.37 (Cp, C—C=C), 66.63 (Cp, C—C=C), 66.70 (Cp, C—C=C), 71.06 (Cp, C-H),
71.29 (Cp, C-H), 71.37 (Cp, C-H), 72.44 (Cp, C-H), 73.23 (Cp, C-H), 73.26 (Cp, C—H), 74.36
(Cp, C-H), 76.61 (Cp, C-H), 83.07 (C=C), 83.13 (C=C), 83.77 (C=C), 90.62 (C=C), 91.40
(C=C), 91.59 (C=C), 120.70 (Py, C—C=C), 120.99 (Py, C-C=C), 123.09 (3-Py, C-H,,), 138.07
(3-Py, C—H,), 140.01 (3,5-Py, C-H,), 148.13 (3-Py, C-H,), 150.15 (3,5-Py, C—H,), 152.11 (3-Py,
C-H,). IR (ATR): v (cm™) 2211 (C=C). HR-MS ES+: m/z 722.9684 ([IM+H]" Calc.: 722.9683).
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From a third orange band, 9 was isolated as an orange-red solid
(0.015 g, 15%) after recrystallisation (CH,Cl,/n-hexane). 'H
NMR (400 MHz, CDCl): & (ppm) 4.37 (m, 8H, Cp—H), 4.58
(m, 8H, Cp-H), 7.17 (ddd, J = 7.7, 4.9 Hz, 2H, 3-Py-H,,), 7.60
(t, J=1.8 Hz, 1H, 3,5-Py-H,), 7.63 (dt, J = 7.8, 1.6 Hz, 2H, 3-
Py-H,), 8.47 (m, 4H, overlapping 3-Py—H, and 3,5-Py-H,), 8.65
(d, 2H, 3-Py-H,). "C{'H} NMR (100 MHz, CDCl;): & (ppm)
66.35 (Cp, C—C=C), 66.64 (Cp, C-C=C), 71.35 (Cp, C-H),
71.42 (Cp, C-H), 73.24 (Cp, C-H), 73.27 (Cp, C—H), 82.99 (C=C), 83.70 (C=C), 90.71 (C=C),
91.45 (C=C), 120.60 (Py, C—C=C), 120.99 (Py, C—C=C), 123.08 (3-Py, C—H,,), 138.13 (3-Py, C—
H,), 139.87 (3,5-Py, C-H,), 148.11 (3-Py, C-H,), 149.95 (3,5-Py, C—H,), 152.09 (3-Py, C-H,).
IR (ATR): v (cm™) 2210 (C=C). HR-MS ES+: m/z 698.0987, ((IM+H]" Calc.: 698.0982).

8.2.9 (u-3,5-Py)(C=C—[fc]|-C=C-SiMe;), (10)

With an identical procedure to the synthesis of 4, the crude product

= o was  produced using 6 (095 g, 1.272  mmol),

N=
g %S-/ trimethylsilylacetylene (0.72 mL, 5.09 mmol) PdCL(PPhs), (0.040
l \ g, 0.057 mmol), Cul (0.017 g, 0.090 mmol), DIPA (20 mL) and
THF (40 mL). This was purified by column chromatography
c S// (silica; CH,Cl,) providing 10 as an orange solid (0.25 g, 29%) of
Q% N ~85% purity. A sample of analytical purity (0.15 g, 17%) could be

10 isolated following further column chromatography (alumina grade

V, CH,Cly/n-hexane [1:1]) and careful selection of fractions using 'H NMR spectroscopy. 'H
NMR (400 MHz, CDCls): 6 (ppm) 0.21 (s, 18H, Si—CHs), 4.28 (pseudo-t, J,s = 1.8 Hz, 4H, Cp—
H), 4.31 (pseudo-t, J3 = ~1.8 Hz, 4H, Cp—H), 4.48 (pseudo-t, J,; = 1.8 Hz, 4H, Cp—H), 4.51
(pseudo-t, J,3 = ~1.8 Hz, 4H, Cp—H), 7.85 (t, J = 2 Hz, 1H, Py-H,), 8.61 (d, J = 2 Hz, 2H, Py-
H,). "C{'H} NMR (100 MHz, CDCl;): & (ppm) 0.34 (Si—CHs), 65.47 (Cp, C—C=C), 66.61 (Cp,
C-C=C), 71.30 (Cp, C-H), 72.02 (Cp, C-H), 73.61 (Cp, C—H), 73.68 (Cp, C—H), 82.46 (C=C),
91.79 (C=C), 93.04 (C=C), 103.13 (C=C), 120.79 (Py, C—C=C), 140.20 (Py, C-H,), 150.16 (Py,
C-H,). IR (ATR): v (cm™) 2150 (Si-C=C), 2219 (Py—C=C). HR-MS ES+: m/z 688.1240
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([IM+H]" Calc.: 688.1242). (Found: C, 68.07; H, 5.34; N, 2.07. Calc. for C3yH3;Fe;NSi,: C, 68.13;
H, 5.42; N, 2.04%). The mono-substituted compound was not isolated/observed.

8.2.10 (u-3,5-Py){(C=C—[fc]-C=C—p-CsH,~SBu)(C=C—{[fc]-I) (11) and
(4-3,5-Py)(C=C—[fc]-C=C—p-CsH,~S'Bu); (12)

With an identical procedure to the synthesis of S, the crude product
was obtained using 6 (0.461 g, 0.617 mmol), 1-(tert-butylsulfanyl)-4-

~ Fe
N\ ' (= ethynylbenzene (0.35 g, 1.84 mmol), PdCL(PPhs), (0.015 g, 0.021
l mmol) Cul (0.010 g, 0.053 mmol), DIPA (8 mL) and THF (3 x 8 mL).
s This was purified by column chromatography (alumina grade V;
. > W< CH,Cly/n-hexane [7:3—1:0]), eluting unreacted 6, then 11 (the first of

two closely eluting bands) as an orange solid (0.14 g, 28%). 'H NMR

1 (400 MHz, CDCl;): & (ppm) 1.28 (s, 9H, C—CHs), 4.25 (pseudo-t, Jyp

=~1.8 Hz, 2H, Cp—-H), 4.31 (pseudo-t, J,s = 1.8 Hz, 2H, Cp—H), 4.35 (pseudo-t, J,3 = 1.8 Hz, 2H,

Cp—H), 4.37 (pseudo-t, J,3 = 1.8 Hz, 2H, Cp—H), 4.47 (pseudo-t, Js = ~1.8 Hz, 2H, Cp—H), 4.50

(pseudo-t, Jos = 1.9 Hz, 2H, Cp—H), 4.57 (m, 4H, Cp—H), 7.35 (d, /= 8.2 Hz, 2H, Ar—H), 7.42 (d,

J = 8.2 Hz, 2H, Ar-H), 7.79 (t, 1H, Py—-H), 8.57 (br m, 2H, Py—H). “C{'H} NMR (100 MHz,

CDCL) 6 (ppm) 31.14 (C—CH,), 41.40 (Cp, C-I), 46.48 (C—CHs3), 66.17 (Cp, C—C=C), 66.63

(Cp, C—C=C), 67.30 (Cp, C—C=C), 71.08 (Cp, C-H), 71.15 (Cp, C-H), 71.37 (Cp, C—-H), 72.44

(Cp, C-H), 73.16 (Cp, C-H), 73.25 (Cp, C-H), 74.37 (Cp, C-H), 76.59 (Cp, C-H), 82.96 (C=C),

83.13 (C=C), 86.61 (C=C), 88.63 (C=C), 91.53 (C=C), 91.58 (C=C), 120.65 (Py, C-C=C),

124.12 (Ar, C-C=C), 131.30 (Ar, C-H), 132.69 (Ar, C-S), 137.31 (Ar, C-H), 140.07 (Py, C—

H,), 150.13 (Py, C-H,). IR (ATR): v (cm™) 2218 (Ar—C=C). HR-MS ES+: m/z 810.0077 ([M+H]
" Calc.: 810.0077).

Careful selection of fractions from the third band (using

"H NMR spectroscopy) provided 12 as an orange-red

)< solid (0.12 g, 22%). '"H NMR (400 MHz, CDCls): 8 (ppm)

1.28 (s, 18H, C—CH5), 4.36 (m, 8H, Cp—H), 4.57 (m, 8H,

Cp-H), 7.36 (d, J = 8.2 Hz, 2H, Ar—H), 7.43 (d, J = 8.2

Fe FZ Hz, 2H, Ar-H), 7.70 (t, 1H, Py-H,), 8.50 (d, 2H, Py-H,).

BC{'H} NMR (100 MHz, CDCl;): 8 (ppm) 31.14 (C-

12
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CHs), 46.49 (C—CH3), 66.16 (Cp, C-C=C), 67.21 (Cp, C-C=C), 71.25 (Cp, C-H), 71.44 (Cp, C—
H), 73.19 (Cp, C-H), 73.28 (Cp, C-H), 82.90 (C=C), 86.55 (C=C), 88.72 (C=C), 91.58 (C=C),
120.62 (Py, C-C=C), 124.15 (Ar, C-C=C), 131.32 (Ar, C-H), 132.73 (Ar, C-S), 137.33 (Ar, C—
H), 140.01 (Py, C-H,), 150.01 (Py, C-H,). IR (ATR): v (cm™') 2218 (Ar-C=C). HR-MS ES+:
m/z 872.1795 (IM+H]" Calc.: 872.1770).

8.2.11 Evidence for a ferrocene macrocycle (13)

Representative procedure: DIPA (45 mL) and THF (65 mL) were added to
a flask containing 6 (0.53 g, 0.710 mmol), 3,5-diethynylpyridine (0.105 g,
0.826 mmol) PdCI,(PPhs), (0.023 g, 0.033 mmol) and Cul (0.005 g, 0.026
mmol). After stirring at 80°C for 48 h the reaction mixture was dried in
vacuo, extracted with CH,Cl,, and the crude material purified using column
chromatography (silica; CH,Cly/diethyl ether [0:1—6:4]). Following elution

of unreacted 6 and various coloured bands of unknown composition, 13 was

identified in trace quantities. Band eluting immediately prior to 13

(unknown composition): '"H NMR (400 MHz, CDCl;): 8 (ppm) 4.21 (pseudo-t, Jo3 = ~1.8 Hz, 4H,
Cp-H), 4.26 (pseudo-t, J,3 = 1.9 Hz, 4H, Cp—H), 4.35 (m, 8H, Cp—H), 4.43 (pseudo-t, J,; = 1.9
Hz, 4H, Cp—H), 4.46 (pseudo-t, J,s = 1.9 Hz, 4H, Cp—H), 4.45 (pseudo-t, J,s = 1.9 Hz, 8H, Cp—
H), 7.54 (t, J=2.1 Hz, 1H, Py-H), 7.71 (t, J = 2.2, 2 Hz, 2H, Py-H), 8.47 (d, /=2 Hz, 2H, Py—
H), 8.51 (d, J =2 Hz, 2H, Py-H), 8.57 (d, J = 2 Hz, 2H, Py—H). HR-MS ESI+: m/z 722.9742,
779.0026. 13: '"H NMR (400 MHz, CDCls): & (ppm) 4.34 (pseudo-t, J,3 = 1.9 Hz, 8H, Cp—H),
4.51 (pseudo-t, Js = 1.9 Hz, 8H, Cp—H), 7.43 (t, J = 4 Hz, 2H, Py-H,), 8.29 (d, J = 2 Hz, 4H,
Py-H,). HR-MS ES+: m/z 619.0591, ([M+H]" Calc.: 619.0560). No significant improvements to

the yield or purity of the title compound were observed despite multiple attempts using this
method, varying reaction concentration or trying different column purification procedures (e.g.

silica, alumina grades II/V, CH,Cl,/diethyl ether, CH,Cl,/MeOH).
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8.2.12 An ‘open’ ferrocene macrocycle (14)

A solution of 6 (0.50 g, 0.669 mmol) and 3,5-diethynylpyridine

N\/ , Z _ (0.088 g, 0.692 mmol) in THF (35 mL) was added dropwise
= \ =N over 24 h to a mixture of PAdCL(PPhs), (0.020 g, 0.028 mmol)

I ( and Cul (0.050 g, 0.026 mmol) in DIPA (10 mL) stirred at 90°C.
\ After a further 24 h at 90°C the reaction was cooled and solvent

Fe | removed, whereby the residue extracted with CH,Cl, and
@7/ 14 filtered (Celite). The crude mixture was purified by column

chromatography (silica; CH,Cl,/MeOH [1:0—99:1]), eluting unreacted 6, various coloured bands
of unknown composition, and crude 14. The latter further purified by column chromatography
(silica; CH,Cly/diethyl ether [9:1]), recrystallized (CH,Cly/n-hexane) and dried in vacuo to
provide 14 as a bright orange solid (~10 mg, 2%) of purity sufficient for spectroscopic
characterisation. 'H NMR (400 MHz, CDCl;): 8 (ppm) 3.21 (s, 1H, C=C-H), 4.25 (pseudo-t, Jo;
= ~1.8 Hz, 2H, Cp-H), 4.31 (pseudo-t, J,3 = 1.9 Hz, 2H, Cp—H), 4.38 (m, 4H, Cp—H), 4.47
(pseudo-t, Jo,s = ~1.8 Hz, 2H, Cp—H), 4.50 (pseudo-t, J,s = 1.9 Hz, 2H, Cp—-H), 4.58 (m, 4H, Cp—
H),7.71 (t, J=~2 Hz, 1H, Py-H,), 7.73 (t, /= 2 Hz, 1H, Py—H,), 8.52 (d, /=2 Hz, 1H, Py-H,),
8.57 (d, J=2 Hz, 2H, Py-H,), 8.59 (d, J = 2 Hz, 2H, Py-H,). “C{'H} NMR (100 MHz, CDCl5):
o (ppm) 71.09 (Cp, C-H), 71.40 (Cp, C-H), 71.44 (Cp, C—H), 72.45 (Cp, C-H), 73.25 (Cp, C-
H), 74.37 (Cp, C—H), 76.60 (Cp, C-H), 81.33 (C=C-H), 139.94 (Py, C—H,), 140.87 (Py, C-H,),
150.14 (Py, C-H,), 150.31 (Py, C-H,), 150.86 (Py, C—H,), 151.11 (Py, C—H,). IR (ATR): v (cm’
2216 (C=0), 3287 (C=C-H). HR-MS ES+: m/z 746.9688 ([M+H]" Calc.: 746.9683).

8.3 COMPOUNDS SYNTHESISED IN CHAPTER 3

8.3.1 Sonogashira cross-coupling reactions with phenylacetylene

Typical procedure using PdCIl,(PPh;), catalyst. THF and the relevant amine were added to a
flask containing 1 (0.51 g, 1.16 mmol), PdCl,(PPhs), (0.050 g, 0.071 mmol) and Cul (0.014 g,
0.073 mmol). The mixture was sparged with nitrogen, whereby phenylacetylene (0.51 mL, 4.64
mmol) was added and the resulting black suspension stirred at the appropriate temperature for 20

h. The mixture was subsequently opened to air and reagent grade CH,ClL, (5 mL) was added
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(NOTE: large solvent volumes were evaporated to dryness first). An aliquot (~1 mL) was taken,
eluted through a silica plug using CH,Cl,, dried, and analyzed by '"H NMR (vida infra).

Typical procedure using PdCl;(MeCN); catalyst. THF (0.75 mL) was added to a flask
containing 1 (0.25 g, 0.57 mmol), PdCl,(MeCN), (0.009 g, 0.035 mmol) and copper iodide
(0.007 g, 0.037 mmol). The mixture was sparged with nitrogen, whereby phosphine ligand
(0.070 mmol), freshly distilled and deoxygenated DIPA (0.25 mL), and phenylacetylene (0.25
mL, 2.27 mmol) were added (in that order). The resulting black suspension was stirred at the
appropriate temperature for 20 h, after which time the mixture was opened to air and reagent
grade CH,Cl, (5 mL) was added (NOTE: large solvent volumes were evaporated to dryness first).
An aliquot (~1 mL) was taken, eluted through a silica plug using CH,Cl,, dried, and analyzed by
'"HNMR (vida infra).

Partial isolation of reaction products by column chromatography. Column chromatography
(silica; CH,Cl,/n-hexane [1:4]) of the dried residue yielded several bands of co-eluting ferrocene-
containing components. These were identified by high resolution mass spectrometry and
characteristic cyclopentadienyl '"H NMR resonances (Figure 8-1)."° Band 1: Unreacted 1 (A) and
iodoferrocene (B). '"H NMR (400 MHz, CDCl;): 8 (ppm) 4.15 (pseudo-t, J,; = ~1.8 Hz, 2H, B),
4.18 (pseudo-t, J,s = 1.8 Hz, 4H, A), 4.19 (s, 5H, B), 4.37 (pseudo-t, J,s = ~1.8 Hz, 4H, A), 4.41
(pseudo-t, J,s = 1.7 Hz, 2H, B). HR-MS ES+: m/z 311.9113 ([M]" Calc.: 311.9098, B), 437.8072
(IM]" Calc.: 437.8065, A). Band 2: (phenylethynyl)ferrocene (C) and 1-iodo-1’-
(phenylethynyl)ferrocene (D). '"H NMR (400 MHz, CDCl;): & (ppm) 4.23 (pseudo-t, J,3 = ~1.8
Hz, 2H, D), 4.25 (s, 5H, C), 4.26 (pseudo-t, J.,3 = 1.9 Hz, 2H, D), 4.45 (pseudo-t, J,; = ~1.8 Hz,
2H, D), 4.47 (pseudo-t, J,3 = 1.8 Hz, 2H, D), 4.50 (pseudo-t, Js = 1.9 Hz, 2H, C) (NOTE: a
pseudo-t, 2H for C is obscured by overlapping resonances for D). HR-MS ES+: m/z 286.0446
(IM]™ Calc.: 286.0445, C), 4129482 ([M+H]" Calc.: 4129490, D). Band 3: 1,1’-
bis(phenylethynyl)ferrocene (E). '"H NMR (400 MHz, CDCl;): 8 (ppm) 4.32 (pseudo-t, Jiz = 1.8
Hz, 4H, E), 4.55 (pseudo-t, J,; = 1.9 Hz, 4H, E). HR-MS ES+: m/z 387.0821 ([M+H]" Calc.:
387.0836, E).
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Figure 8-1. A comparison of the "H NMR spectra of (a) the crude mixture resulting from a typical
catalysis run, and (b) the superposition of isolated and partially isolated components from the mixture.

Accurate mass spectroscopic analyses support 'H NMR resonance assignments.
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8.3.2 Method of analyzing product composition

The % composition of individual species in the mixture was obtained from the ratio of the
integral value representing a single proton intensity for that component (representative of the
number of moles of that component) and an integral value representing the sum of all the single
proton intensities (representative of the total number of moles) for all species (eqn (8.1)). A
worked example for the spectrum in Figure 8-1a is given in Table 8-1 (sum of single proton

intensities = 0.778).

% component = 100 x single proton intensity of component (8.1)

sum of single proton intensities for all components

Table 8-1. A worked example showing % composition of components calculated from the 'H NMR

spectrum in Figure 8-1a.

component integrated resonance division factor single proton intensity % composition
Fcl 4.43 (0.07) 2 0.035 4
fcl, 4.39 (0.32) 4 0.080 10
Fc(C=C-Ph) 4.53 (0.11) 2 0.055 7
fcI(C=C-Ph) 4.47,4.50 (1.47) 4 0.368 47
fc(C=C-Ph), 4.57 (0.96) 4 0.240 31

8.3.3 Cyclization product of 4-ethynylphenylthioacetate (15)

o A solution of 4-ethynylphenylthioacetate (0.21 g, 1.19 mmol) in THF

S (0.4 mL) and DIPEA (0.2 mL) was degassed (freeze-pump-thaw).
W PdCL(PPh;), (0.022 g, 0.031 mmol) and Cul (0.007 g, 0.037 mmol)
were added against nitrogen and the mixture stirred at 55°C for 24 h.
After cooling and solvent removal, the crude material was purified by
column chromatography (silica; CH,Cl,/diethyl ether [19:1]) and dried
15 in vacuo to provide 15 as a bright yellow solid (0.05 g, 24%). Crystals

suitable for X-ray diffraction were grown by diffusion of diethyl ether into a CH,Cl, solution. 'H
NMR (400 MHz, CD,CL): & (ppm) 2.28 (s, 9H, CH;), 6.42 (s, 3H, C=CH), 7.03 (s, 12H, Ar—H).
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3CHY NMR (100 MHz, CD,CL): § (ppm) 30.84 (CH), 125.87 (C=CH), 129.59 (Ar, C-H),
133.81 (Ar, C-H), 134.27 (Ar, C-R), 138.76 (Ar, C-R), 155.83 (C=CH), 196.03 (C=0). IR
(ATR): v (em') 1659 (C=0). UV-vis (CH,CL): Amw/nm (e/M" cn1') 303sh (31554), 325 (47443),
363sh (11759). HR-MS ES+: m/z 529.0955, ((M+H]" Calc.: 529.0966). (Found: C, 68.11; H,
4.56. Calc. for CoH»05Ss: C, 68.15; H, 4.58%).

8.3.4 Mixture of isomers (16-Z and 16-E)

A mixture of THF (1 mL), DIPEA (0.5 mL), PdCl,(PPhs),
©\S o ©\S oo (0.070 g, 0.100 mmol) and Cul (0.019 g, 0.100 mmol) was
©)\)k * ©)l sparged with nitrogen. S-phenylthioacetate (0.44 mL, 3.25

Z-isomer o mmol) and phenylacetylene (0.40 mL, 3.64 mmol) were
16 added after 5 and 10 minutes, respectively. Upon addition
of the latter, the suspension immediately changed colour from yellow to dark red. After stirring
at 55°C for 24 h, the mixture was cooled, solvent removed, and the residue purified by column
chromatography (silica; ethyl acetate/petroleum benzine [1:9]) to provide 16 (a mixture of Z/E
isomers [81/19]) as a soft yellow solid (0.66 g, 80%). Spectroscopic data was consistent with that
reported previously.'” '"H NMR (400 MHz, CDCL;): & (ppm) 1.72 (s, 3H, CHs, E), 2.35 (s, 3H,
CH;, 7), 5.71 (s, 1H, C=CH, E), 6.49 (s, IH, C=CH, Z), 6.95-7.60 (m, 10H, Ph-H). “C{'H}
NMR (100 MHz, CDCl;): 8 (ppm) 30.25 (CH;, E), 30.86 (CHs, Z), 123.12 (C=CH, E), 123.54
(C=CH, 2), 127.85 (Ph), 127.96 (Ph), 128.46 (Ph), 128.62 (Ph), 128.92 (Ph), 129.01 (Ph), 129.68
(Ph), 129.97 (Ph), 130.10 (Ph), 132.63 (Ph), 134.31 (Ph), 135.52 (Ph), 138.40 (Ph), 159.34
(C=CH), 196.40 (C=0). IR (ATR): v (cm™) 1646 (C=0), 1659 (C=0). HR-MS ES+: m/z
255.0844, (IM+H]" Calc.: 255.0844). (Found: C, 75.63; H, 5.58. Calc. for C,H,40S: C, 75.55; H,
5.55%).
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8.4 COMPOUNDS SYNTHESISED IN CHAPTER 4

8.4.1 Trans-Ru(dppe):(C=C—CsH:N), (17)

A mixture of 4-ethynylpyridine (0.058 g, 0.562 mmol), cis-
; \ thFj_‘. /Pth / A
NG )= Ri—=—' N RuCly(dppe). (0.168 g, 0.173 mmol) NaPFs (0.117 g, 0.697
— Ph,R  PPh, —
\J mmol) and EtN (0.15 mL, 0.826 mmol) in CH,CL, (5 mL)

17 . .
was stirred at room temperature for 3 days. The resulting

pink suspension was dried in vacuo and filtered through an alumina grade II plug in
CH,Cl/MeOH (95:5). The crude product was further purified by column chromatography
(alumina grade V; CH,CL,), the eluting yellow band recrystallized (CH.Cl,/n-hexane) and dried
in vacuo to yield 17 as a bright yellow solid (0.13 g, 68%). Crystals suitable for X-ray diffraction
were grown by vapour diffusion of diethyl ether into a CH,Cl, solution. '"H NMR (400 MHz,
CDCL): 8 (ppm) 2.62 (br s, 8H, CH,), 6.52 (dd, J = 4.6, ~1.5 Hz, 4H, Py-H,,), 6.97 (t, J = 7.6
Hz, 16H, Ph-H,), 7.19 (t, J = 7.4 Hz, 8H, Ph—H,), 7.44 (br m, 16H, Ph-H,), 8.28 (d, J=4.5, 1.5
Hz, 4H, Py-H,). *'P{'H} NMR (162 MHz, CDCl;): § (ppm) 53.23 (s, PPh,). “C{'H} NMR (100
MHz, CDCL;): 31.45 (m, |'Jeop + *Jop| = 12 Hz, CH,), 116.02 (Ru-C=C), 124.73 (Py, C-H,),
127.35 (Ph, C-H,,), 129.10 (Ph, C-H,), 134.13 (Ph, C-H,), 136.43 (quint., *Jcp = 10 Hz, Ru—
C=C-), 137.36 (Ar, C-R), 148.99 (Py, C-H,). IR (ATR): v (cm™) 2054 (C=C). HR-MS ES+:
m/z 1103.2539, ([M+H]" Calc.: 1103.2516). (Found: C, 71.49; H, 5.17; N, 2.57. Calc. for
CesHseN2PsRu: C, 71.92; H, 5.12; N, 2.54%).

8.4.2 Evidence for trans-RuCl(dppe),(C=C—CsHN) (18)

A mixture of 4-ethynylpyridine (0.023 g, 0.223 mmol), cis-

Ph,R  PPhy
ci al— = ¢ “\ RuCly(dppe), (0.101 g, 0.104 mmol) and NaPF (0.0419 g, 0.249 mmol)
N 4 \ —/
F)hQP\_/PPhz in CH>Cl, (3 mL) was stirred at room temperature for 24 h then dried in
18

vacuo. The brown residue was washed with diethyl ether (3 x 5 mL)
extracted with CH,Cl, (3 x 6 mL) and loaded onto an alumina (grade II) column. Elution with
CH,Cl1/MeOH (95:5), collection of the yellow band and solvent removal provided a yellow solid
(0.08 g) apparently comprising a mixture of the mono- (18, 75%) and bis-acetylide (17, 25%).

This was not easily separated by recrystallization (CH,Cl,/n-hexane) or column chromatography
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(alumina grade V; CHCls/n-hexane). In addition to features attributable to 17, the following were
tentatively assigned to 18. '"H NMR (400 MHz, CDCl;): & (ppm) 2.67 (br m, 8H, CH,), 6.35 (d, J
= 6.1 Hz, 2H, Py-H,), 6.95 (t, 8H, Ph-H,), 7.02 (t, 8H, Ph—H,), 7.15-7.24 (t, 8H, Ph—H), 7.36
(br m, 16H, Ph-H,), 8.22 (d, J = 6 Hz, 2H, Py-H,). *'P{'H} NMR (162 MHz, CDCl;): 3 (ppm)
48.95 (s, PPhy).

8.4.3 N-methyl-4-ethynylpyridinium triflate (19)

oor; A solution of 4-ethynylpyridine (1.00 g, 9.70 mmol) in diethyl ether (40 mL)

}@ﬁ_ was cooled to -41°C (acetonitrile/dry ice) whereby methyl triflate (1.45 mL,
19 12.81 mmol) in diethyl ether (20 mL) was added dropwise. The resulting
suspension was raised to room temperature, filtered, washed thoroughly with diethyl ether and
dried in vacuo to give 19 as an off-white solid (2.06 g, 79%). Spectroscopic data was consistent
with that reported previously."® '"H NMR (400 MHz, CDCl;): & (ppm) 3.99 (s, 1H, C=C-H), 4.54
(s, 3H, N-CH5), 7.97 (d, J = 6 Hz, 2H, Py-H,), 8.85 (d, J = 6.7 Hz, 2H, Py-H,). '"H NMR (400
MHz, D,0): é (ppm) 4.32 (s, 3H, N-CH;), 4.37 (weak s, 1H, C=C-H), 8.03 (d, J = 6.6 Hz, 2H,
Py-H,), 8.72 (d, J = 6.6 Hz, 2H, Py-H,). “C{'H} NMR (100 MHz, D,0): & (ppm) 48.01 (N—
CHs), 78.39, 92.00, 118.01, 121.16, 130.29 (Py, C-H,), 139.34, 144.97 (Py, C-H,). "F{'H}
NMR (377 MHz, CDCl;): & (ppm) -78.98 (s, CF3). IR (ATR): v (cm™) 2117 (C=C), 3234 (C=C-
H). HR-MS EI+: m/z 118.06472 ([M]" Calc.: 118.06513).

8.4.4 Trans-[RuCl(dppe):(C=C—CsH,N-CH;)|[OTf] (20), trans-[Ru(dppe)(C=C—CsH,N—
CH;),][OTf],(21) and [RuCl(dppe)(=C=C(H)-CsH;N-CH,)][OTf], (22)

" Typical procedure: A mixture of 19 (0.407 g, 1.523 mmol) and
©
PR /e [RuCl(dppe).]OTE (1498 g, 1.384 mmol) in CH,CL (14 mL) was
T \=~/

Cl Ru

N S
PR stirred overnight at room temperature. After removal of solvent,

20 purification of the crude product was approached in three ways.
Method A. The vinylidene intermediate was deprotonated and separated from unreacted 19 by
column chromatography (alumina grade II; acetone), recrystallized (CH,Cl,/n-hexane) and dried
in vacuo to give the title compound as a pale orange solid (0.94 g, 57%) of purity suitable for

subsequent reactions. An analytical sample could be obtained by recrystallization from
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CH,Cl,/MeOH, washing with MeOH and diethyl ether, and drying in vacuo. "H NMR (400 MHz,
CDCL): 8 (ppm) 2.69 (br m, 8H, CH,), 4.09 (s, 3H, N-CH,), 6.11 (d, J = 6.8 Hz, 2H, Py-H,,),
6.98 (t, 8H, Ph—H,,), 7.06 (m, 16H, Ph—H), 7.25 (m, 8H, Ph—H), 7.48 (br m, 8H, Ph—H,), 8.02 (d,
J = 6.8 Hz, 2H, Py-H,). *'P{'H} NMR (162 MHz, CD,Cl,): 8 (ppm) 46.59 (s, PPh,). "C{'H}
NMR (100 MHz, CDCls): 8 (ppm) 30.20 (m, |'Jep + *Jep| = 11 Hz, CH,), 46.54 (N-CH3), 127.23
(Py, C-H,,), 127.57 (Ph, C-H,,), 127.84 (Ph, C-H,), 129.73 (Ph, C-H,), 129.84 (Ph, C-H,),
133.56 (Ph, C-H,), 134.46 (Ph, C-H,), 141.90 (Py, C-H,). "F{'H} NMR (377 MHz, CDCl;): §
(ppm) -78.88 (s, CF3). IR (ATR): v (cm™) 2005 (Ru—C=C). MS ES+: m/z 1050, ([IM-OTI{]*
Calc.: 1050). (Found: C, 60.50; H, 4.53; N, 1.19. Calc. for C¢HssCIFsNO;P,RuS: C, 61.08; H,
4.62; N, 1.17%).

Method B. The vinylidene intermediate was loaded

o /M o
OTf_ﬁ/ N\ — thp’;,b e g \\ﬁ_OTf onto an alumina (grade II) column in CH,Cl,, and
\—/ SN T N\—/
pth\_/PPh2 eluted with CH,Cl,/MeOH (95:5 v/v). The isolated
21 orange fraction contained a mixture of the mono-

and bis-alkynyl species, which could be separated by fractional recrystallization (CH,CL/n-
hexane) with the bis-alkynyl complex (21) precipitating out first as a yellow solid. This was
further purified by recrystallization from CH,Cl/CHCI; at -20°C, washed with a minimum
amount of CHCl; and dried in vacuo to provide a yellow-orange powder (0.07 g, 19% — based on
0.138 g, 0.516 mmol 19). '"H NMR (400 MHz, CD,Cl,): & (ppm) 2.64 (m, 8H, CH,), 4.17 (s, 6H,
N-CH,), 6.60 (d, J = 6.8 Hz, 4H, Py-H,,), 7.05 (t, J = 7.5 Hz, 16H, Ph-H,,), 7.30 (m, 24H, Ph—
H), 8.18 (d, /= 6.9 Hz, 4H, Py-H,). *'P{'H} NMR (162 MHz, CD,Cl,): 4 (ppm) 52.97 (s, PPh,).
BC{'H} NMR (100 MHz, CD,Cl,): 8 (ppm) 30.96 (CH,), 47.26 (N-CH3), 128.21 (Ph, C-H,,),
130.39 (Ph, C-H,), 133.89 (Ph, C-H,), 133.89 (Py, C-H,). "F{'H} NMR (377 MHz, CD,Cl,): &
(ppm) -78.91 (s, CF3). IR (ATR): v (cm™) 2021 (Ru—-C=C). MS ES+: m/z 566, (IM]*" Calc.:
566). (Found: C, 58.66; H, 4.32; N, 2.04. Calc. for C;0HsnF¢N,O¢P4RuS,: C, 58.78; H, 4.37; N,
1.96%).

20 was isolated as a second orange fraction from the fractional recrystallization procedure,
washed with methanol (2 x 50 mL), ether, and n-hexane to provide a orange solid (0.22 g, 39% —
based on 0.503 g, 0.465 mmol of [RuCl(dppe).]OTf). Spectroscopic features were identical to

those observed previously.
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o Method C. Filtration of the solution prior to deprotonation provided a
PhP. PPh; H

cl rRi=c mixture of the vinylidene intermediate (22) and unreacted 19. Crystals

N S
thP\_/Pth \_/ suitable for X-ray diffraction were obtained by slow diffusion of n-
N\ hexane into a CH,Cl, solution. Co-crystallisation of both components

22
indicated this was not a useful purification procedure. "'H NMR (400 MHz, CDCL;): § (ppm) 3.09

(br m, 4H, CH>), 3.82 (s, 3H, N-CH,), 5.89 (d, J = 6.7 Hz, 2H, Py-H,,), 6.15 (quint., *Jip = 2.7
Hz, 1H, C=CH), 7.00-7.48 (m, 40H, Ph—H) 7.94 (d, J = 6.4 Hz, 2H, Py-H,). *'P{'"H} NMR (162
MHz, CDCl): 6 (ppm) 33.16 (s, PPh,).

8.4.5 Trans-[RuCl(dppe),(C=C—CsH,N-CH;)|CI (23)

A 20 mL volume of Amberlite IRA 410 (strongly basic anion

[ °
Pha ,PPh, cl . : ; ;
o R( — ¢ 5_  exchange resin, chloride form) was washed sequentially with water
thF’\_/F’F>hz (3 x 100 mL), acetone (3 x 20 mL), petroleum benzine (3 x 20 mL),
23 acetone (3 x 20 mL) and methanol (3 x 20 mL). A solution of 20

(0.033 g, 0.028 mmol) in methanol (150 mL) was eluted dropwise through the resin and dried in
vacuo to yield the title compound as an orange-red solid in quantitative yield. Crystals suitable
for X-ray diffraction were grown from slow diffusion of n-hexane into a CDCIl; solution. 'H
NMR (400 MHz, CDCl;): 6 (ppm) 2.68 (br m, 8H, CH,), 4.34 (s, 3H, N-CH5), 6.16 (d, J = 6.5
Hz, 2H, Py-H,), 6.97 (t, 8H, Ph-H,), 7.01-7.14 (m, 16H, Ph—H), 7.24 (m, 8H, Ph—H), 7.44 (br
m, 8H, Ph-H,), 8.48 (d, J = 6.6 Hz, 2H, Py-H,). *'P{'H} NMR (162 MHz, CDCl;): & (ppm)
47.22 (s, PPh,). BC{'H} NMR (100 MHz, CDCl5): & (ppm) 30.20 (m, |'Jep+ *Jep| = 10 Hz, CH),
46.76 (N-CH3), 127.01 (Py, C-H,,), 127.53 (Ph, C—H,,), 127.79 (Ph, C-H,,), 129.68 (Ph, C-H,),
129.80 (Ph, C-H,), 133.59 (Ar, C—R), 134.41 (Ph, C-H,), 134.50 (Ph, C-H,), 134.78 (br, Ru—
C=C), 142.36 (Py, C-H,). IR (ATR): v (cm™) 2018 (Ru—C=C). HR-MS ES+: m/z 1050.2028,
(IM]" Calc.: 1050.2017). (Found: C, 66.44; H, 5.16; N, 1.35. Calc. for CsHssCLLNPsRu: C, 66.36;
H, 5.10; N, 1.29%).
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8.4.6 Trans-[Ru(dppe),(C=C—C¢Hs)(C=C-CsH,N-CH;)]OTf (24)

A mixture of 20 (0.101 g, 0.084 mmol), phenylacetylene

Php PPhy Cort
7\ — w4 N (0.02 mL, 0.182 mmol), NaPFs (0.058 g, 0.345 mmol)
— REAN  \—/
PR and Et;N (0.05 mL, 0.357 mmol) in CH,Cl, (3 mL) was
24 stirred for 24 h at 30°C, whereby the suspension was

filtered and solvent removed. The crude material was recrystallized (CH,Cl,/n-hexane), washed
with n-hexane (3 x 20 mL), ethanol (I x 20 mL) and ether (3 x 20 mL) to provide 24 as an
orange-red solid (0.09 g, 85%). '"H NMR (400 MHz, CDCl;): 8 (ppm) 2.61 (br m, 8H, CH,), 4.04
(s, 3H, N-CHs»), 6.23 (d, /= 6.8 Hz, 2H, Py-H,,), 6.90-7.30 (m, 37H, Ph—H), 7.81 (br m, 8H, Ph—
H,), 7.89 (d, J= 6.8 Hz, 2H, Py—H,). *'P{'"H} NMR (162 MHz, CDCls): § (ppm) 52.45 (s, PPh,).
BC{'H} NMR (100 MHz, CDCl;): & (ppm) 31.28 (br, CH,), ~46.75 (N-CH3), 127.36 (Py, C-
H,), 127.62 (Ph, C—H), 127.99 (Ph, C-H), 129.53 (Ph, C-H), 129.92 (Ph, C—H), 133.40 (Ph, C—
H), 134.48 (Ph, C-H,), 141.70 (Py, C-H,). “F{'H} NMR (377 MHz, CD,Cl,): § (ppm) -71.96 (s,
CF3), -73.86 (s, CF5). IR (ATR): v (cm™) 1998 (Ru—C=C), 2018 (Ru—C=C). HR-MS ES+: m/z
1116.2747, (IM-OT{]" Calc.: 1116.2720). (Found: C, 58.11; H, 4.28; N, 1.01. Calc. for
CeHeoF3sNOsP,RuS: C, 65.50; H, 4.78; N, 1.11%).

8.4.7 Trans-[Ru(dppe)(C=C—CsHs)(C=C—CsHN-CH;)|I (25)

M o, A 10% w/w solution of potassium iodide in water (100
Ph2P,_. /Pth /_\\G) I
7 N = Ri—= ¢ “N— mL) was eluted dropwise through a 20 mL dry volume of
— Ph,R  PPh, —
Amberlite IRA 410 (strongly basic anion exchange resin,
25

chloride form) over ~45 min. The resin was washed with
water (3 x 100 mL), acetone (3 x 20 mL), petroleum benzine (3 x 20 mL), acetone (3 x 20 mL)
and methanol (3 x 20 mL). A solution of 24 (0.040 g, 0.032 mmol) in methanol (700 mL) was
eluted dropwise through the resin and dried (alumina grade II, CH,Cl,/MeOH [95:5] — in vacuo)
to yield the title compound as a red solid (0.030 g, 75%). '"H NMR (400 MHz, CDCls): & (ppm)
2.61 (br m, 8H, CH,), 4.36 (s, 3H, N-CH), 6.26 (d, J = 6.7 Hz, 2H, Py-H,), 6.9-7.3 (m, 37H,
Ph-H), 7.77 (br m, 8H, Ph-H,), 8.48 (d, J = 6.7 Hz, 2H, Py-H,). *'P{'H} NMR (162 MHz,
CDClL;): 8 (ppm) 52.59 (s, PPh,). IR (ATR): v (cm™) 2020 (br, Ru—C=C). HR-MS ES+: m/z
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1116.3842 ([M-I]" Calc.: 1116.2720). MS ES—: m/z 126.9 (weak) (I" Calc.: 126.9). (Found: C,
67.58; H, 5.37; N, 1.15. Calc. for C¢sHgINP4Ru: C, 65.70; H, 4.87; N, 1.13%).

8.4.8 Attempted demethylation reactions (26)

M A mixture of 25 (0.002 g, 0.002 mmol) and PPh; (0.004 g,
S\ Pha, PRy /A
= R—=—=X_ N 0.015 mmol) in DMSO-ds (~0.6 mL) was heated under a
Ph,P  PPh,
constant pressure of nitrogen at 150°C. After 1-3 days,
26

resonances attributable to [Me-PPh;]I" were observed in
'HA'P{'H} NMR spectra. Those of 26 were not easily identified in the crude spectrum. 'H NMR
(400 MHz, DMSO-ds): & (ppm) 3.15 (d, /i = 15 Hz, 3H, P-CHs). *P{'H} NMR (162 MHz,
DMSO-dg): o (ppm) 22.68 (s, PMePh;). For comparison, an analogous experiment using N-
methylpyridinium iodide (0.002 g, 0.009 mmol) and PPh; (0.022 g, 0.085 mmol) was run
concurrently. 'H NMR (400 MHz, DMSO-d;): & (ppm) 3.16 (d, “Juwr = 15 Hz, 3H, P-CH,).
S'P{'H} NMR (162 MHz, DMSO-d;): 8 (ppm) 22.68 (s, PMePhs).

8.5 COMPOUNDS SYNTHESISED IN CHAPTER §

8.5.1 Bis[4-(trimethylsilyl)ethynylbenzene]-3,5-diethynylpyridine (27)

\/ A mixture of 3,5-diethynylpyridine (0.122 g, 0.960 mmol), 1-bromo-4-
- (trimethylsilyl)ethynylbenzene (0.730 g, 2.881 mmol), PdCl,(PPhs), (0.027 g,
0.038 mmol), Cul (0.015 g, 0.076 mmol) and DIPA (5 mL) was stirred at
90°C for 36 h. After solvent removal the crude residue was purified by
column chromatography (silica; CH,Cl,) to provide 27 as a pale yellow solid
(0.25 g, 55%). '"H NMR (400 MHz, CDCI;): & (ppm) 0.26 (s, 18H, Si—CH;),
7.47 (s, 8H, Ar-H), 7.92 (t, J =2 Hz, 1H, Py-H,), 8.67 (d, J =2 Hz, 2H, Py-
H,). "C{'H} NMR (100 MHz, CDCl;): 6 (ppm) 0.03 (Si—CH;), 87.07 (C=C),
93.06 (C=C), 97.01 (C=C), 104.51 (C=C), 120.07 (Ar, C—C=C), 122.36 (Ar,
C-C=C), 123.90 (Ar, C—C=C), 131.67 (Ph, C-H), 132.14 (Ph, C-H), 140.65
(Py, C-H,), 151.06 (Py, C-H,). IR (ATR): v (cm™) 2154 (Si-C=C), 2212
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(wk, Py—C=C). HR-MS ES+: m/z 472.1909, ([M+H]" Calc.: 472.1917). (Found: C, 78.82; H,
6.34; N, 3.09. Calc. for C5;HxNSi,: C, 78.93; H, 6.20; N, 2.97%).

8.5.2 Trans-RuClz(PP3)2 (28)

PPh,

pn,p A solution of RuCly(PPhs)s (0.150 g, 0.123 mmol) and PP; (0.214 g, 0.319
Cl
é’}zp«l Pé mmol) in toluene (1 mL) was heated in an oil bath at 120°C for 2 h. After

H éfpphz cooling, the toluene solution was filtered through cotton wool into a clean

28 glass vial, using CH,ClL, (3 mL) to extract residual material from the reaction
flask. Diethyl ether (20 mL) was layered above the toluene/CH,Cl, solution, forming yellow
crystals after 6 days. The solution was decanted, the solid material washed with diethyl ether (1 x
15 mL) and acetone (1 x 15 mL) and dried in vacuo to provide 28 as a yellow-orange powder
(0.133 g, 71%). Crystals suitable for X—ray diffraction were obtained by slow diffusion of
diethyl ether into a CH,Cl, solution of 28. '"H NMR (400 MHz, CDCl5): 8 (ppm) 1.45 (br m, 4H,
CH,), 1.77 (br m, 12H, CH,), 1.94 (br m, 4H, CH,), 2.53 (br m, 4H, CH>), 6.98 (t, J = 7.6 Hz,
8H, Ph-H), 7.12 (t, J = 7.4 Hz, 4H, Ph—H), 7.15-7.30 (m, 40H, Ph—H), 7.56 (m, 8H, Ph—H).
S'P{'H} NMR (162 MHz, CDCl;) d (ppm) -11.79 (t, *Jep = ~13 Hz, 4P, free PPh,), 40.73 (t, |*Jor
+ 3Jpp| = 24 Hz, 2P, bound PPh,), 49.54 (m, 2P, bridgehead P). "C{'H} NMR (100 MHz,
CDCL): 8 (ppm) 20.37 (CH»), 22.41 (CH»), 22.55 (CH»), 127.44 (Ph, C—H), 128.43 (Ph, C-H),
128.48 (Ph, C-H), 128.53 (Ph, C—H), 128.73 (Ph, C—H), 129.29 (Ph, C-H), 132.64 (Ph, C-H),
132.82 (Ph, C—H), 133.10 (Ph, C-H), 133.28 (Ph, C-H), 134.37 (Ph, C-H), 136.80 (Ph, C—H).
UV-vis (CH,CLy): Amax/nm (/M em™) 255sh (62078) 305sh (3825). MS ES+: m/z 1513, (IM+H]"
Calc.: 1513). (Found: C, 66.75; H, 5.66. Calc. for CssHs4CLPsRu: C, 66.67; H, 5.59%).

8.5.3 Trans-RuCl(dppe).(C=C-m-CsH,—C=C-SiCoH;) (29)

A solution of 1-(triisopropylsilyl)ethynyl-3-ethynylbenzene (0.37

g, 1.310 mmol) in CH,Cl, (3 mL) was degassed (freeze-pump-
\N thaw) and added to a flask containing [RuCl(dppe).|OTf (1.417 g,

Si—< 1.309 mmol). Residual alkyne was washed into the reaction
_(>\ mixture with CH,Cl, (4 x 3 mL), and the yellow suspension

stirred for 20 h. After solvent removal, the crude material was washed with diethyl ether (3 x 20
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mL), re-dissolved in CH,Cl, and eluted through alumina (grade II). The yellow band was
collected, recrystallized (CH,Cly/n-hexane) and dried in vacuo to provide 29 as a pale yellow
powder (1.25 g, 79%). '"H NMR (400 MHz, CDCl;): 8 (ppm) 1.20 (s, 21H, Si—'Pr), 2.67 (br s,
8H, CH,), 6.61 (d, J = 7.5 Hz, 1H, Ar-H), 6.71 (s, 1H, Ar—H), 6.90-7.50 (m, 42H, Ar—H).
S'P{'"H} NMR (162 MHz, CDCl;): 8 (ppm) 49.48 (s, PPh,). "C{'H} NMR (100 MHz, CDCl;): §
(ppm) 11.55 (Si—'Pr), 18.91 (Si—'Pr), 30.86 (m, CH,), 88.84 (C=C), 108.04 (C=C), 112.34 (Ru—
C=C(), 122.49 (Ar, C-C=C), 126.24 (Ar, C-C=C), 127.12 (Ph, C-H,,), 127.36 (Ph, C-H,),
127.44 (Ar, C-H), 128.92 (Ph, C-H,), 129.01 (Ph, C-H,), 130.04 (Ar, C-H), 134.23 (Ph, C-H,),
134.68 (Ph, C-H,), 135.94 (m), 136.49 (m). IR (ATR): v (cm™) 2063 (Ru—-C=C), 2149 (Si-
C=C). MS FAB+: m/z 1179, ([M-CI1]" Calc.: 1179). (Found: C, 70.15; H, 6.05. Calc. for
C71H#CIPsRuSI: C, 70.20; H, 6.06%).

8.5.4 3-lIodo-ethynylbenzene (31)

, 1.7 M 'BuLi in pentane (13.4 mL, 22.78 mmol) was added dropwise to a
solution of 3-bromo-(trimethylsilyl)ethynylbenzene (2.81 g, 11.10 mmol) in
diethyl ether (100 mL) held at -78°C (acetone/dry ice). After 30 min, I, (5.79 g,
22.81 mmol) in diethyl ether (80 mL) was added, the mixture stirred a further
10 min at -78°C, then raised to room temperature and quenched with aqueous sodium
thiosulphate (30% w/w, 100 mL). The organic layer was extracted with diethyl ether (3 x 50 mL)
and the combined organic fractions were dried (MgSO.) and filtered (Celite). Removal of solvent
provided crude 3-iodo-(trimethylsilyl)ethynylbenzene as a pale orange liquid (3.41 g), used in
the next step without further purification. Spectroscopic data was consistent with that reported
previously.” '"H NMR (400 MHz, CDCL;): § (ppm) 0.24 (s, 9H, Si-CHs), 7.03 (t, /= 7.8 Hz, 1H,
Ar-H), 7.41 (dt,J=7.8, 1.3 Hz, 1H, Ar—H), 7.64 (ddd, J=8.1, 1.8, 1 Hz, 1H, Ar-H), 7.82 (t,J =
1.6 Hz, 1H, Ar-H). "C{'H} NMR (100 MHz, CDCl;): & (ppm) 0.14 (Si—CHj3), 93.50, 95.90,
103.15, 125.21 (C-C=C), 129.71 (Ar, C—H), 131.02 (Ar, C-H), 137.49 (Ar, C-H), 140.54 (Ar,
C-H). IR (ATR): v (cm™) 2160 (C=C). HR-MS EI+: m/z 299.98271 ([M]" Calc.: 299.98257).
A mixture of crude 3-iodo-(trimethylsilyl)ethynylbenzene (3.41 g, <11.10 mmol)
and IM NaOH (6 mL, 6 mmol) in methanol/THF (120 mL, 1:1) was stirred
Y4 overnight then neutralised with aqueous NaHCO; (3.5% w/w, 100 mL). After
31 extraction with CH,Cl, (3 x 100 mL), the combined fractions were dried (MgSO,),
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filtered (Celite) and purified by column chromatography (silica; petroleum benzine) to provide
31 as a pale yellow oil (1.84 g, 73% over two steps). Spectroscopic data was consistent with that
reported previously.?’ 'H NMR (400 MHz, CDCL): & (ppm) 3.12 (s, 1H, C=C-H), 7.05 (t,J=17.9
Hz, 1H, Ar-H), 7.45 (dt, J= 7.7, 1.1 Hz, 1H, Ar—H), 7.68 (dt, J = 8.2, 1.3 Hz, 1H, Ar—H), 7.85
(t, J = 1.3 Hz, 1H, Ar-H). "C{'H} NMR (100 MHz, CDCl;): 78.69 (C=C-H), 82.01, 93.69,
124.29 (Ar, C-C=C), 129.95 (Ar, C-H), 131.38 (Ar, C-H), 138.00 (Ar, C-H), 140.82 (Ar, C-H).
IR (ATR): v (cm™) 3288 (C=C-H). HR-MS EI+: m/z 227.94301 ([M]" Calc.: 227.94304).

8.5.5 Trans-Ru(dppe)(C=C—m-CH~C=C-SiCoHy)(C=C—m-CH,-T) (32)

N A solution of 31 (0.4 g, 1.75 mmol) in CH,Cl, (3 mL)
- v
\ / — = /_\ was degassed (freeze-pump-thaw) and added to a flask
thp\_/PF’hz
: 1 AN containing 29 (1.056 g, 0.869 mmol) and NaPF, (0.296

Si_< g, 1.762 mmol). Residual alkyne ligand was washed into
_( >\ the reaction flask with CH,Cl, (3 x 2 mL), whereby
additional CH,Cl, (24 mL) and Et;N (0.49 mL, 3.52 mmol) were added. After stirring overnight
at room temperature, the yellow suspension was filtered and solvent removed. The residue was
recrystallized (CH,Cly/n-hexane) and washed with n-hexane (3 x 50 mL), MeOH (50 mL,
portionwise) and diethyl ether (3 x 50 mL), providing 32 as a yellow powder (1.1 g, 90%). 'H
NMR (400 MHz, CD,Cl,): 8 (ppm) 1.21 (s, 21H, Si—'Pr), 2.61 (br s, 8H, CH,), 6.78 (m, 2H, Ar—
H), 6.89 (m, 3H, Ar-H), 7.01 (m, 16H, Ar—H), 7.10 (d, J = 4.8 Hz, 2H, Ar-H), 7.22 (m, 8H, Ar—
H), 731 (d, 1H, Ar-H), 7.47 (br m, 8H, Ph-H,), 7.54 (br m, 8H, Ph-H,). *'P{'"H} NMR (162
MHz, CD,Cl,): & (ppm) 52.93 (s, PPhy). “C{'H} NMR (100 MHz, CD,Cl,): 8 (ppm) 11.82 (Si—
'Pr), 18.95 (Si—'Pr), 31.76 (m, CH,), 89.35 (C=C), 93.94 (C=C), 108.20 (C=C), 122.93, 126.61,
127.50 (Ph, C-H,), 127.94, 129.18, 129.53 (Ph, C-H,), 130.23, 130.62 (Ar, C-H), 132.08,
132.50, 134.56 (Ph, C-H,), 137.32 (m, Ru—C=C), 139.71 (Ar, C-H). IR (ATR): v (cm™) 2054
(Ru—C=C), 2148 (Si—C=C). MS MALDI+: m/z 1406.3 (weak) ([M]" Calc.: 1406.3). (Found: C,
67.25; H, 5.49. Calc. for C;yH~IPsRuSi: C, 67.47; H, 5.52%).
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8.5.6 {u-3,5-NCsH;(C=C—m-C¢H,~C=C),} {Ru(dppe)(C=C—m-CsH,~C=C-SiCsH1)} (33)

a
= PhoR, PPhy

\ 7/ — Ph F?u"PPh
2
N

a
— PhoR, PPh,

— R
\_7 PhoR PPh
Nt

33

7 N\

L

_(

>\

THF (9 mL) and DIPA (3 mL) were added to a
mixture of 32 (1.030 g, 0.732 mmol), 3,5-
diethynylpyridine (0.046 g, 0.362 mmol),
PdCl1y(PPh;), (0.006 g, 0.009 mmol) and Cul
(0.003 g, 0.016 mmol). The yellow suspension
was stirred at room temperature for 45 h, whereby
solvent was removed in vacuo. The residue was
purified by column chromatography (alumina V,
petroleum benzine/CHCIl; [1:0—6:4]) to provide
33 as a yellow solid (0.60 g, 61%). '"H NMR (400

MHz, CDCl;): 8 (ppm) 1.20 (s, 42H, Si—'Pr), 2.60 (br s, 16H, CH,), 6.72 (dt, 2H, Ar-H), 6.79 (m,
4H, Ar—H), 6.86 (br s, 2H, Ar-H), 6.98 (m, 32H, Ph-H,,), 7.06 (t, 2H, Ar—H), 7.10-7.23 (m, 22H,
Ar-H), 7.46 (br m, 16H, Ph—H,), 7.57 (br m, 16H, Ph—H,), 7.98 (t, 1H, Py-H,), 8.73 (d, 2H, Py—
H,). *'P{'"H} NMR (162 MHz, CDCL): § (ppm) 53.79 (s, PPhy). *C{'H} NMR (100 MHz,
CDClL): & (ppm) 11.58 (Si—'Pr), 18.92 (Si—'Pr), 31.61 (m, CH,), 84.48 (C=C), 88.89 (C=C),
108.09 (C=C), 120.82 (Ar, C—C=C), 121.40 (Ar, C-C=C), 122.62 (Ar, C—C=C), 126.05, 126.45,
127.25 (Ph, C-H,,), 127.54, 127.86, 128.82 (Ph, C-H,), 128.89 (Ph, C-H,), 129.95, 130.79,
133.93, 134.25 (Ph, C-H,), 134.46 (Ph, C—H,), 137.05 (m, Ru—C=C), 140.47 (Py, C-H,), 150.71
(Py, C-H,). IR (ATR): v (cm™) 2050 (Ru-C=C), 2148 (Si-C=C), 2213 (Py—C=C). MS
MALDI+: m/z 2684.8 (ex. weak) ([M+H]" Calc.: 2684.8). (Found: C, 73.92; H, 5.86; N, 0.51.
Calc. for C,¢;H 57NPsRu,S1,: C, 74.73; H, 5.90; N, 0.52%)).
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8.5.7 {u-3,5-NCsH;(C=C—m-CsH,~C=C),} {Ru(dppe):(C=C-m-CsH,~C=C-H)} (34)

— PhZP‘/_\\PPhZ 7\ 1.0 M TBAF in THF (0.45 mL, 0.45 mmol) was added
\ /— thpzépphzz —_ dropwise to a solution of 33 (0.55 g, 0.205 mmol) in
Vi N\ THF (20 mL). After stirring at room temperature for 1.5
N\ h, the yellow solution was dried in vacuo and
— \ redissolved in CH,Cl,. This was washed with water (1 x
A\ _ oo o, 50 mL), dried (MgSO,), filtered (Celite) and purified by

= Ré- 7 N\ .
\_ 7 ohy P‘\_;PPM — column chromatography (alumina grade V, n-
24 N\ hexane/CHCI; [1:0—8:2]) to provide 34 as a bright

yellow solid (0.23 g, 47%). 'H NMR (400 MHz,
CDCls): & (ppm) 2.63 (br s, 16H, CH,), 3.06 (s, 2H, C=C-H), 6.75-6.88 (m, 8H, Ar-H), 6.98 (m,
32H, Ar-H), 7.08-7.38 (m, 24H, Ar—H) 7.52 (br s, 32H, Ar—H,), 8.00 (t, 1H, Py—H,), 7.45 (d,
2H, Py-H,). *'P{'"H} NMR (162 MHz, CDCL): 8 (ppm) 53.67 (s, PPh,). "C{'H} NMR (100
MHz, CDCL): 6 (ppm) 31.55 (m, CH,), 76.10 (C=C-H), 84.50 (C=C), 94.34 (C=C), 116.00
(Ru—C=C), 120.80 (Ar, C—C=C), 121.20 (Ar, C—C=C). 121.37 (Ar, C-C=C), 126.04, 126.59,
127.23 (Ph, C-H,,), 127.64, 127.86, 128.86 (Ph, C-H,), 130.48, 130.56, 130.76, 133.96, 134.11,
134.32 (Ph, C—H,), 136.95 (br m, Ru—C=C), 140.48, 150.70 (Py, C-H,), 153.67 (Py, C—H,). IR
(ATR): v (cm™) 2045 (Ru—C=C), 2213 (Py-C=C), 3288 (C=C-H). MS MALDI+: m/z 2372.1
([M]" Calc.: 2371.5). (Found: C, 73.85; H, 5.04; N, 0.61. Calc. for Cy4H;;7NPsRu,: C, 75.46; H,
4.97; N, 0.59%).
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8.5.8 Evidence for cyclo{u-3,5-NCsH3(C=C—m-CsH~C=C),},{Ru(dppe).}: (35)

Php. PPh A mixture of 34 (0.181 g, 0.076 mmol), 3,5-
- _ \l:o 2 7 \
N\ 7/ — th%Pth_ — diiodopyridine  (0.025 g, 0.076 mmol),
Y4 AN PdCl,(PPhs), (0.002 g, 0.003 mmol), Cul (0.001
N2\ 7 N, & 0.005 mmol), THF (5 mL) and DIPA (1 mL)
— \ y —  was stirred for 44 h at room temperature.
\ ph Pen / Solvent was removed and the residue extracted
=\ __ PSP
\ /T — & — /_\ into CH,Cl,. The solution was filtered through a
thP\JPth
15 short alumina (grade II) plug and dried in vacuo,

providing 35 (0.08 g, 43%) in ~85% purity.
Column chromatography on alumina (grade II and V, CHCls/n-hexane) appeared to degrade the
compound. '"H NMR (400 MHz, CDCL;): § (ppm) 2.62 (br m, 16H, CH,), 6.77 (m, 8H, Ar—H),
6.98 (t, 32H, Ph-H,,), 7.10-7.24 (m, 24H, Ar-H), 7.51 (br m, 32H, Ph-H,), 7.99 (t, 2H, Py-H,,),
8.74 (d, 4H, Py—-H,). *'P{'H} NMR (162 MHz, CDCl;): & (ppm) 53.66 (s, PPh,). "C{'H} NMR
(100 MHz, CDCls): 8 (ppm) 31.56 (m, |'Jep + *Jcp| = 12 Hz, CH,), 84.49 (C=C), 94.36 (C=C),
116.05 (Ru—C=C), 120.80 (Ar, C—C=C), 121.39 (Ar, C—C=C), 126.08 (Ar, C-H), 127.25 (Ar, C—
H,,), 127.87 (Ar, C-H), 128.87 (Ar, C-H,), 130.61 (Ar, C—H), 130.74 (Ar, C-H), 133.94 (Ar, C—
H), 134.33 (Ar, C-H,), 136.97 (m, *Jer = 10 Hz, Ru—C=C), 140.46 (Py, C-H,), 150.72 (Py, C-

H,). Further purification/characterisation is in progress.

8.5.9 Trans-Ru(dppe)(C=C-m-CsH,—C=C-I), (36)

. A solution of 31 (0.09 g, 0.395 mmol) in CH,Cl, (3 mL) was

\_/ — Ph2P‘RG~‘PPh2: </ \? degassed (freeze-pump-thaw) and added to a flask containing
4, J—

PRaR P2 cis-RuCly(dppe). (0.129 g, 0.133 mmol) and NaPFs (0.091 g,

[ [
36

0.542 mmol). Residual alkyne ligand was washed into the
reaction flask with CH,Cl, (4 x 3 mL), whereby Et;N (0.11 mL, 0.79 mmol) was added. After
stirring at room temperature for 3 days the yellow suspension was filtered and thoroughly
extracted with CH,Cl,. The combined extracts were dried in vacuo, recrystallized (CH,Cly/n-
hexane) and washed with n-hexane, MeOH (3 x 10 mL) and diethyl ether (3 x 10 mL), providing
36 as a bright yellow solid (0.14 g, 78%). '"H NMR (400 MHz, CDCl;): 8 (ppm) 2.58 (br m, 8H,
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CH,), 6.74 (dt, J = 7.8 Hz, 2H, Ar-H), 6.85 (t, J = 7.4 Hz, 2H, Ar—H), 6.90 (t, 2H, Ar—H), 6.99
(t, J= 7.6 Hz, 16H, Ph-H,,), 7.21 (t, J = 7.4 Hz, 8H, Ph-H,), 7.32 (dt, J = 7.9 Hz, 2H, Ar-H),
7.49 (br m, 16H, Ph—H,). *'P{'H} NMR (162 MHz, CDCl;): & (ppm) 53.62 (s, PPh,). *C{'H}
NMR (100 MHz, CDCL): 6 (ppm) 31.41 (m, CH,), 93.86 (C=C), 127.29 (Ph, C-H,,), 128.75 (Ar,
C-H), 128.96 (Ph, C-H,), 129.20 (Ar, C-H), 131.87 (Ar, C-H), 134.30 (Ph, C-H,), 136.89 (m,
%Jep = ~10 Hz, Ru—C=C), 139.53 (Ar, C-H). IR (ATR): v (cm™) 2057 (Ru—C=C). HR-MS ES+:
m/z 1352.9144 (IM+H]" Calc.: 1353.0544). (Found: C, 57.43; H, 4.06. Calc. for CeHsel,P4Ru: C,
60.41; H, 4.18%).

8.5.10 Trans-Ru(dppe):(C=C—m-C¢H,—~C=C—CsH,N), (37)

- phzﬁpphz_ /N THF (3 mL) and DIPA (1 mL) were added to a

\ 7/ — thgtpphz— — mixture of 36 (0.080 g, 0.059 mmol), 3-

Vi - AN ethynylpyridine (0.0139 g, 0.135 mmol),
N\_ p /_\N PdCL(PPhs), (0.001 g, 0.001 mmol) and Cul

(0.001 g, 0.005 mmol). After stirring for 41 h at
room temperature, the resulting suspension was dried in vacuo, re-dissolved in CHCl; and
filtered through alumina (grade II). Recrystallization by slow diffusion of diethyl ether into a
CHClI; solution provided 37-Et,O as bright yellow needles (0.065 g, 79%). '"H NMR (400 MHz,
CDCL): 8 (ppm) 2.63 (br m, 8H, CH,), 6.78 (m, 4H, Ar—H), 6.98 (t, J = 7.6 Hz, 16H, Ph-H,,),
7.09-7.24 (m, 12H, Ar-H), 7.32 (ddd, 2H, Py—H,,), 7.52 (br d, 16H, Ph-H,), 7.84 (dt, J=7.9, 1.9
Hz, 2H, Py-H,), 8.56 (dd, J = 4.9, 1.5 Hz, 2H, Py-H,), 8.81 (d, J = 1.6 Hz, 2H, Py-H, ). *'P{'H}
NMR (162 MHz, CDCl;): 8 (ppm) 53.69 (s, PPh,). *C{'H} NMR (100 MHz, CDCI;): 8 (ppm)
31.55 (m, |'"Jep + *Jep| = 12 Hz, CH,), 85.07 (C=C), 93.70 (C=C), 116.04 Ru—C=C), 121.12 (Ar,
C-C=C), 121.55 (Ar, C-C=C), 123.24 (Py, C-H,), 126.00 (Ar, C-H), 127.24 (Ph, C-H,),
127.82 (Ar, C—H), 128.85 (Ph, C-H,), 130.41 (Ar, C-H), 130.70 (Ar, C-H), 133.93 (Ar, C-H),
134.34 (Ar, C-H,), 136.98 (m, “Jop = 10 Hz, Ru—C=C), 138.44 (Py, C-H,), 148.47 (Py, C-H.),
152.41 (Py, C-H,). IR (ATR): v (cm™) 2057 (Ru—C=C), 2211 (Py—C=C). HR-MS ES+: m/z
1303.3086 ([M+H]" Calc.: 1303.3142). (Found: C, 73.66; H, 5.56; N, 1.97. Calc. for
Cs:HauN,P4Ru (37): C, 75.62; H, 4.95; N, 2.15. Calc. for CssHN,OP,Ru (37-Et,O): C, 75.04; H,
5.42; N, 2.04%).
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APPENDIX A - SELECTED NMR SPECTRA.doc
Compounds prepared in Chapter 2.mnova
Compounds prepared in Chapter 3.mnova
Compounds prepared in Chapter 4.mnova

Compounds prepared in Chapter 5.mnova

B CRYSTALLOGRAPHIC DATA

15 (NL1204) Cyclization product of 4-ethynylphenylthioacetate
17 (NL1207) Trans-Ru(dppe),(C=C—CsHsN),

22 (NL1002) [RuCl(dppe)-(=C=C(H)-CsHsN-CHj3)][OTf],

23 (NL1110) Trans-[RuCl(dppe),(C=C—CsH4sN—CH3)]Cl

28 (NL0908) Trans-RuCl,(PP3),

(folders contain .doc files with relevant crystal, refinement and structural data, .cif/.pdb

files and .png images for each compound)

C PUBLICATIONS

The publications referenced on page 8 are provided here as .pdf files.

D COMPOUND GUIDE

This .pdf document contains labelled structures for all of the numbered compounds

described in this thesis (3 pages).
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