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Abstract

Since the discovery of nonlinear effects, both the theory and measurement
techniques have been developed significantly, especially since the invention of the
laser. However, structure-NLO property relationships for organometallics as well
as their NLO mechanisms are far less explored than those of organic molecules and
inorganic salts. The greater flexibility and exceptionally large NLO responses of

organometallic compounds attracts chemists to this field.

Modification of coordinated co-ligands in organometallic systems has influence on
the NLO merit by introducing new electronic charge-transfer transitions, oxidation
state and coordination sphere of the metal centers. In this work, the donor sets of
the ruthenium complexes were modified from the most investigated (P"P): to
(N~N)(P”P) and (N”P)2 and a series of ruthenium complexes were synthesized

and characterized.

In Chapter 2, the study of the Ru(N”N)(P"P) complexes is detailed. Three
bidentate diphosphine ligands (dppe, dppb and dppf) and one diimine ligand (‘Bu-
bpy) were selected for this study as the diphosphine and diimine ligands,
respectively. Ruthenium halide and mono-alkynyl complexes were obtained
successfully. Their optical, electrochemical and spectroelectrochemical properties
were examined and are discussed. The formation of n3- and n!-butenynyl
complexes was confirmed by single-crystal X-ray diffraction. Attempts towards
bis-alkynyl complexes were made, but no conclusive evidence could be obtained to

confirm the successful synthesis of this species.

In Chapter 3, the focus of the work is the study of ruthenium complexes with a
(N*P)2 donor set. Two iminophosphine ligands, 2-(diphenylphosphino)pyridine
(PPh2py) and 8-(diphenylphosphino)quinoline (PPhzgn), were selected for this
study. The cis-RuClz(N*P) complexes and the corresponding dimers were
synthesized and characterized. Their optical and electrochemical properties were

measured and are discussed.



In Chapter 4, the quadratic and cubic nonlinear optical properties of
organometallic complexes were explored by hyper-Rayleigh scattering (HRS) and
frequency-depentdent Z-scan techniques, respectively. The first
hyperpolarizabilities of the ruthenium halide and mono-alkynyl complexes
described in Chapter 2 were determined by HRS measurements. The second
hyperpolarizabilities of some organometallic complexes synthesized by the

Humphrey group and the collaborators were measured by the Z-scan technique.
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Chapter 1 - An Introduction to the Nonlinear Optics of

Organometallic Complexes






1.1 INTRODUCTION TO NONLINEAR OPTICS

Nonlinear optical (NLO) effects are caused by the interaction of an applied
electromagnetic field with molecules or materials, and were first discovered by
John Kerr in 1875 [l These kinds of optical phenomena are related to the
polarizability of a molecule or bulk materials with emission of new
electromagnetic fields that differ in physical properties (e.g. frequency, phase)

from the incident fields.

Historically, the Kerr effect was the earliest known NLO effect. It is an electro-optic
effect [2l. Kerr's experimental set-up consisted of an upright horseshoe
electromagnet, a light source and two Nicol prisms. The details can be found in the
literature [11. In Kerr’s first attempt, he found that the polarization state of plane-
polarized light can be changed when reflected from a magnetic surface. In his
second attempt, the reflections from a magnetic ‘mirror’ with the orientation of the
magnetization lying in the plane of the ‘mirror’ was addressed with the
development of the experimental set-up, which gave rise to the quality control of
magnetic storage media. Another electro-optic effect called the Pockels effect was
discovered in 1906. This is similar to the Kerr effect, but the Pockels effect is
proportional to the electric field while the Kerr effect is proportional to the square
of the electric field [>3l. All-optical NLO effects were not discovered until the
advent of the laser. Second-harmonic generation (SHG) was first observed in
single-crystal quartz by Franken and coworkers in 1961 [2 4 5. Parametric
amplification was observed in LiNbO3 in 1965. Subsequently, more and more NLO
effects, e.g. two-photon absorption (TPA) [2 6 7], degenerate four-wave mixing

(DFWM) [2.8] third-harmonic generation (THG) [2], were discovered [° 101,

In general, NLO phenomena are characterized as second-order, third-order or
higher order in nature. One second-order NLO phenomenon of interest is the
electro-optic or Pockels effect. It finds applications in the development of active
optical interconnects and switches, which can be used in data processing and
communication systems [2 31, Third-order effects include the Kerr effect, optical
bistability, optical phased conjugation, photorefractivity, and third-harmonic

generation (THG) [2l. The ultimate target applications of third-order NLO
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phenomena include all-optical computing and signal processing, higher density
optical data storage and high-frequency optical communications. The optical
limiting process can be employed for the protection of sensors and eyes from laser

light [11],

NLO materials should have the ability to interact with electromagnetic fields and
responsed via modifications in frequency, phase, amplitude, polarization, path, etc.
The ideal NLO materials for device application should have not only fast responses
and high hyperpolarizabilities, but also necessary secondary properties such as
thermal and/or mechanical stability, high transparency, etc [11l. So far, a variety of
materials have been investigated for their NLO properties. Inorganic salts such as
LiNbO3z and KH;PO4 or glasses have been intensively studied and are more
advanced toward commercial application [12-16], During the 1980s, organic
materials showed potential as a better choice for NLO applications [17]. First of all,
compared with the present inorganic materials, lots of organic compounds exhibit
extremely high and fast nonlinearities. Their NLO properties can be custom-
tailored depending on the desired application, due to the versatility of organic
synthesis. Finally, the chromophores can be incorporated into macroscopic
structures such as Langmuir-Blodgett films and polymers. The focus of some
research shifted to the optimization of thermal and chemical stability and optical
loss. Organic materials can be divided into several types: traditional DmA
chromophores, octupolar = molecules, charged organic = compounds,
multichromophore systems, other unconventional organic chromophores, and

organometallic compounds.

The field of organometallics for nonlinear optics is relatively less explored than
organics for nonlinear optics, although organometallic compounds show greater
potential in this field [17]. Organometallics show very strong absorption bands e.g.
metal-to-ligand charge transfer (MLCT), ligand-to-metal charge transfer (LMCT) or
intra-ligand charge transfer (ILCT) in the UV-Vis region, which are related to high
transition dipole moments and low transition energies. Furthermore, such
complexes enjoy higher structural diversity in the metal centers, ligands,
coordination pattern, etc, while in some cases the involvement of the metal atom

improves the stability of the unstable organic fragment.
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NLO materials can be classified as second-order, third-order, or higher-order
materials. Second-order materials are used in applications at present, while there
is still a long way to go to turn third-order materials into real applications since

theory and mechanism of processes are not well understood.
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Figure 1.1 Examples of organic materials: a. traditional DrA chromophores, b. octupolar
molecules, c. charged organic compounds, d. multichromophores, e. other unconventional organic

chromophore, f. organometallic compound.

1.2 BRIEF DESCRIPTION OF NONLINEAR OPTICAL THEORY

Optical nonlinearities are manifested during the interaction of strong
electromagnetic fields with matter. A brief theoretical explanation of nonlinear

polarizability from both a microscopic and macroscopic view is as follows.
1.2.1 Microscopic view of nonlinear polarizability [2]

Light has an electric field E that interacts with the charges in materials, distorting

the electron density distribution. The first moment of the electron distribution is



called the dipole moment u, which is the most important quantity with respect to
the optical properties. As light travels through a material, its electric field interacts
with other electric fields within the material, producing a force. Figure 1.2
exemplifies the instantaneous displacement (polarization). The polarization of the
material is assumed to be a linear function of the applied field. However, in reality,
the induced polarization produces an internal electric field that can modify the
applied field and the secondary polarization. This interrelationship is the origin of

the nonlinear polarization P.

linear

nonlinear

P

Applied field

v

v Polarization

Figure 1.2 Plots of induced polarization vs. applied field for both linear and nonlinear materials.

The application of an electric field associated with a light wave that is a symmetric
field to the anharmonic potential leads to an asymmetric polarization response.
The polarization wave can be deconvoluted into a DC polarization component and
polarization components at the fundamental and second-harmonic frequencies,
based on Fourier analysis. The mathematical formula of the nonlinear polarization
remains unknown because the NLO process is complex, but a common

approximation of polarizability is expansion as a Taylor series:

U= po+aE+BE2+yE3+... (Equation 1.1)

where uy is the static dipole in the absence of the applied field. The tensorial «, 3
and y quantities defined by the equation above are the linear polarizability, the
second-order/quadratic hyperpolarizability/first hyperpolarizability, and the
third-order/cubic hyperpolarizability/second hyperpolarizability respectively,
and they are characteristic properties of a medium that depend on the detailed

electronic and molecular structure of the medium. Both u and E are vectors. The
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equation has limitations. Firstly, it is only an approximation with increasing field
strength. Secondly, it is not applicable when the strength of the electric field
approaches the strength of the atomic fields than bind electric charges (108-10°
V/cm): fortunately, most nonlinear effects are observed at an electric field of 103-
104 V/cm. Thirdly, the expansion is not valid at or near a resonance frequency. The
terms beyond aF are not linear with respect to E. Since a >> f3, y, it approximates a
linear response at a small field, while nonlinear effects become more significant

with increasing field strength.

1.2.2 Macroscopic view of nonlinear polarizability [2]

It is important to understand how the polarizability changes in the evolution from
an isolated atom to a molecule, a group of atoms or molecules, an extended array,
and ultimately the bulk material. The macroscopic description of nonlinear
polarizability in the bulk materials can be expressed by an analogous expression to

the equation for the microscopic description, as shown below.

P=go(y(VE + }(IE2 + y(BJE3 + ...) in the MKS system (Equation 1.2)
P= y(WE + x(JEZ + ¥(3¥E3 + ... inthe cgssystem (Equation 1.3)

Here, epdenotes the permittivity of free space. Susceptibility coefficients y(U are

tensors of order i+1 (e.g., x? has tensor elements y@;y).

To some degree, the NLO properties rely on the delocalized electrons of the
materials. If the electronic coupling between local clusters of atoms is relatively
weak, the macroscopic property can be treated as a sum of the microscopic
contributions. For example, the usual way to treat the optical properties of systems
containing organic molecules is in terms of the oriented gas model. By following
this procedure of transforming tensor properties from one coordinate system to
another using matrices of orientational cosines, the macroscopic expressions of the
nonlinear susceptibilities are derived. If the coupling is strong, a band structure
approach should be used. Nonlocal polarization must be considered in long
conjugated chain compounds, semiconductors, or small clusters that are spatially
separated, but electronically coupled via resonance tunneling or similar

7



phenomena. The intermediate situation is of considerable interest since
semiconductor clusters have shown unusual NLO behavior. Generally, as
polarization dimensions increase, there is a transition from atomic or molecular

linear and nonlinear polarizabilities to bulk susceptibilities at some point.

There are several different systems of units used to describe NLO properties [18],
The two most common unit systems are the SI (System International, or MKS)
system and Gaussian (or cgs) unit system. The introduction and convertion

between the two systems is detailed in the appendix.

1.3 MEASUREMENTS OF NONLINEAR OPTICAL PROPERTIES

Measurements of second- and third-order NLO properties can be performed with a
variety of techniques. A short description of the techniques is given in this section;
more details can be found in reference [19]. It is worth noting that comparison of
measurement results of third-order nonlinearity should be restricted to data from
the same laboratory. This is contributed by the use of varying measurement
standards and definitions of the measured quantities (e.g., x(?)) [18-201. There are
several possible different difinitions of y(3), and it will be very helpful if well-known
standard y(® or y values used or determined in a given series of experiments (e.g.,
fused silica or solvents such as chloroform) exist. However, trends observed for

the compounds in a single set of experimental results are relatively reliable.

1.3.1 Measurements for Second-order NLO Materials

Many techniques have been developed for measurements of the second-order NLO
properties. The specific technique used depends on the form of the material and
which kind of method should be adopted in the measurements. For single crystals,
the options are varied, such as the phase-matched and parametric fluorescence
methods, the powder method and the Maker fringe method. In some cases, the
material of interest only exists in the form of thin films. Thin film reflectance and
poling (polymer films) are suitable for NLO measurements. The above are all used
for assessing bulk materials, but it is sometimes more convenient and appropriate

to characterize the individual molecules rather than the bulk materials, especially
8



for organic materials. Relative methods for such characterization include electric
field-induced second-harmonic generation (EFISH), hyper-Rayleigh scattering

(HRS) and solvatochromatic measurements.

1.3.1.1 Electric Field-Induced Second-Harmonic Generation

A convenient way of screening a new material is to make it as a solution. The
solute molecules with different dipole moments in the solution have very random
arrangement. From a macroscopic view, the molecules have no dipole contribution
to the whole system, which means there is no macroscopic (@ in the solution. And
the solution can be regarded as centrosymmetric. However, due to the instinct
dipole moments of the molecules, the symmetry can be broken by applying an
external electric field to the solution, since all the solute molecules have the same
displacement in this case. This process produces an electric field-induced second-
harmonic signal through the molecular second hyperpolarizability y of the

material, and EFISH is a third-order nonlinear process.

In EFISH experiments, the fundamental is polarized along the direction of the
applied DC field. The generated second-harmonic will be also polarized along this
direction due to the symmetry properties of an isotropic medium. A series of
parameters are involved in the calculation. However, the solution dielectric
constant € can be measured using a capacitance bridge; the refractive index n can
be obtained by measuring the angular deviation of a laser beam passing through a
solution-filled hollow glass prism; [1, the EFISH third-order macroscopic
susceptibility of the solution, which is related to the microscopic second
hyperpolarizability, is determined by a nearly identical experimental set-up to the
wedge Maker-fringe method. The main difference is the details of the EFISH cell.

The cell geometry is shown below in Figure 1.3.

The cell consists of two thin glass pieces, cut at small angles and placed together to
form a small wedge space for the solution. The solution area is adequately covered
by a pair of plane electrodes placed on each side of the wedge windows. High
voltage pulses of 1-10 kV are applied to the cell with durations in the range of a
few microseconds or milliseconds, which is also used to make sure there is no

9



current flow in the solution. The second-harmonic pulses are detected with
photomultiplier tubes (PMTs), and the signals are averaged in a boxcar integrator.
With the acquirement of I1, the pertinent microscopic quantities can be obtained

through three equations demonstrated in the literature [°l.

Top View
Cell Translation
— Direction

~1-39) I

Laser Beam Line

4

/AR

Liquid Region Metal Electrodes
N

Laser Beam Line

v

Side View

Figure 1.3 Design of an EFISH wedge-shaped liquid cell configured with plane parallel electrodes.

The widely adopted EFISH method has some limitations, although it is well
established for characterizing the first hyperpolarizability of organic molecules.
First of all, the molecules must possess a permanent dipole moment and must not
ionize in solution. It causes some potentially interesting materials to be unable to
be analysed. Furthermore, its complexity, such as specialized cells, Maker fringe

analysis, etc., makes it challenging for screening some materials.

1.3.1.2 Hyper-Rayleigh Scattering

Hyper-Rayleigh scattering (HRS) offers a method that alleviates some drawbacks
of EFISH. Light is scattered at a frequency of 2w when the sample is irradiated by
light at a frequency of w; this is a parametric frequency conversion process

without the involvement of two-photon fluorescence.
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The advantages of this technique are obvious. Firstly, it has no DC applied field
requirement. Secondly, it offers a way of characterizing the non-vector part of .
Thirdly, it is unnecessary to measure y or y, since the second-harmonic scattered
light is proportional to f2. Finally, calibration can be via the internal solvent. Thus,
it can be used for nonpolar (e.g., octupolar) and ionic samples with no external
field. However, it also has disadvantages. It requires sensitive detection and high
fundamental intensity, since the scattered second harmonic is weak. The light
intensity should not be so high that it results in self-focusing, stimulated Raman or

Brillouin scattering, or even dielectric breakdown in the liquid.

The theory and experimental requirements of HRS will be detailed in Chapter 4

with practical data analysis.

1.3.2 Measurements for Third-order NLO Materials

The third-order susceptibility is an important parameter in nonlinear optics, which
leads to a variety of phenomena. Once understood, these phenomena can in turn
be used to measure the NLO parameters. The techniques developed include
degenerate four-wave mixing, nearly degenerate three-wave mixing, Z-scan,
optical Kerr gate and ellipse rotation, interferometric methods, beam self-bending,
and third harmonic generation. Some of the popular methods are introduced

briefly in this section.

1.3.2.1 Degenerate Four-Wave Mixing

Four-wave mixing refers to the interaction of four waves in a nonlinear medium
via the third-order polarization. In this process, three waves out of four are
coherent and they are incident on the nonlinear medium. The fourth wave (the
phase conjugate) is then generated. This is a widely accepted method for
characterizing third-order nonlinear materials wusing a combination of
polarizations for four beams. It can be used for the measurements of isotropic

materials.
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The theory of degenerate four-wave mixing (DFWM) is very complicated and a
detailed explanation can be found in reference [19. Figure 1.4 shows a typical

experimental setup for DFWM illustrating the backward geometry.

e H HETEE—] >

Shutter Variable Telescope
Attenuator

Beam Splitter
(calibrated)

Conjugate Energy

. Detector
Beam Splitter

(50/50)

Beam Splitter

Probe/Pump
(calibrated)

Energy
Detector

A/2
Delay
Line Line

Detector

Figure 1.4 Schematic diagram of a DFWM experiment.

All of the interacting beams are derived from the same laser. The path lengths of
the beams should not be more than the coherence length of the laser to ensure the
beams coherently interact in the sample to generate the phase conjugate beam.
Normally the laser is operated at its maximum output to provide a more stable
operation. The beam is then attenuated to desired power or energy for the
experiment. Telescopes and lenses are used to adjust the beam size for the
required range of intensities. The first beam splitter splits the beam into two
beams. The smaller fraction is picked off to serve as the probe beam. Most of the
beam passing through the splitter is then separated by a 50/50 beam splitter into
two beams that are directed by beam steering optics to serve as the
counterpropagating pump beams into the sample. The probe beam is directed at a
desired angle by the second beam splitter with respect to the forward pump beam
into the sample. The second beam splitter also serves to transmit the generated
conjugate beam to the corresponding detector. The polarization for each individual

beam can be achieved by half-wave plates and/or polarizers. An optical delay line

12



is set up for time-resolved studies on each beam line. All beam splitters are
calibrated to ensure that the energy or power measurements can be translated

into the actual beam energy/power used in theoretical analysis.

The technique of DFWM has several advantages. First of all, the phase conjugate
beam is distinguished readily by spatial separation from the interacting beams.
Secondly, the detected signal is independent from the laser intensity, and can be
easily checked for verification. Thirdly, various forms of the samples are
acceptable for measurements and all the independent x(3;ji can be obtained in one
single experimental setup for isotropic materials. Finally, the time dependence of
the nonlinearity can be studied at the same time. The disadvantages of this
technique are obvious. Only the modulus of (3 can be measured, which means the
technique needs supplemental measurement to extract the real and imaginary
parts of y(3). The alignment sensitivity of the three incident beams on the sample is

another downside of DFWM.

1.3.2.2 Z-scan

A sensitive self-focusing measurement technique that involves focusing the laser
beam through a thin sample and detecting the light transmitted by a small
aperture in the far field was developed by Stryland and his coworkers in 1989.
Since the sample is scanned along the z-direction through the focus of the lens, this

measurement technique was named Z-scan.

Compared with DFWM, the simplicity of Z-scan is apparent. As a single-beam
technique, there is no difficulty on aligning the beam except keeping the beam
centered on the aperture. Furthermore, the data analysis is quick and simple. Most
importantly, both the real and imaginary parts of () can be obtained through Z-
scan measurement. Fourthly, the technique is also of high sensitivity, capable of
resolving a phase distortion in samples of high optical quality. Finally, it can be
modified to study nonlinearities on different time scales as well as higher-order

contributions.
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Quite a number of the parameters used in the operation of Z-scan involved in
Chapter 4 are closely related to the theory and experimental technique. In order to
clearly expain the data obtained from Z-scan measurement, the theory and
experimental description of this technique will be detailed in Chapter 4 with
practical data analysis, due to the complexity and the strong link between the

theoretical and practical measurement.

1.3.2.3 Optical Kerr Gate and Ellipse Rotation

The optical Kerr effect appears in a third-order isotropic medium under polarized
optical radiation. The birefringence is induced by the intense light beam and it can
lead to two interesting phenomena, induced linear birefringence and ellipse
rotation. The two phenomena are collectively regarded as the optical Kerr effect.
The goal of the methods discussed in this section is to measure the light intensity
passed through a nonlinear material and a final polarizer, which results from a
transmitted light of a known polarization state. The nonlinear susceptibility is
obtained by inversion of the formulas given in Table 6, Chapter 6 of reference [19].
Although the measurement techniques are straightforward, neither can determine
all the tensor components of y(3). As a result, optical Kerr gate and ellipse rotation

are required to fully characterize the material.

A typical setup for an optical Kerr effect experiment, as shown in Figure 1.5,
comprises of two different frequencies, namely the pump and the probe, an
attenuator, half-wave plates and polarizers, the analyzer and the detectors. The
pump and probe are aligned collinearly through the sample by an appropriate
beam splitter; the attenuator controls the incident tunable pump intensity; the
desired polarization of each incident beam on the sample is achieved using half-
wave plates and polarizers in the pump and probe paths; the analyzer is set to be
crossed to the incident probe polarization; three detectors are used for measuring

the energies of the pump and the probe and the final transmitted probe energy.

Ellipse rotation is a single-beam experiment technique. The composition of the

setup is similar to that of optical Kerr gate. The output beam is directed to another
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birefringent element identical to the input birefringent element. In the experiment,

the samples are required to have a very small intrinsic birefringence.
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(e.g., Grating) as required

Figure 1.5 Schematic diagram of an optical Kerr gate experiment.

Generally speaking, the simplicity of these experiments is between DFWM and Z-
scan. The data analysis is simple, and the experiments are time resolved and invole
non-degenerate frequency measurements. Both the real and imaginary parts of y(3

can be measured, which is the greatest utility.

1.4 STRUCTURE-PROPERTY RELATIONSHIPS BETWEEN ORGANOMETALLIC
COMPLEXES AND NONLINEAR OPTICS

NLO processes are extremely complicated, but what prevents the realization of
these technologies is a lack of understanding of structure-property relationships in
NLO materials. A bridge between theoretical models for nonlinear polarizability

and real NLO materials should be established by chemists [2 11 21-27] The
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relationship between the chemical structure of organometallic complexes and the
NLO properties will be discussed in this section. However, only metal alkynyl
complexes, metallocenyl complexes, and pyridyl-, polypyridyl-complexes are

included below since they are closely related to this work.

1.4.1 General Introduction

Investigations on NLO materials were initially focused on purely inorganic and
organic systems [21.28]. The inorganic single crystals (e.g. KH2PO4, LiNbO3) have
become popular owing to the transparency in the UV region, high structure
perfection, and relatively high laser damage threshold. And the bridging hydrogen
bonds (such as O-H::- and N-H---0) within KH2PO4 crystals were suggested playing
a crucial role in optical nonlinearities [2%.30], Then the inorganic semiconductors,
such as gallium arsenide (GaAs) and indium antimonide (InSb), exhibited large
response in nonlinear optics [31l. Both of the inorganic salts and semiconductors
have been advanced in commercial applications as modulators, Q-switches and
harmonic generators of high-powerful lasers etc. [32-34l. Later, organic systems
were investigated as an alternative to purely inorganic species due to the fast and
large nonlinear response, greater synthetic flexibility, intrinsic tailorability [21.35 36],
The early-studied organic crystal, urea, has been developed as the reference
substance in SHG measurement [37.38], The origin of the nonlinearity of the urea
crystal is the C-N bond in the conjugated system of bonds O & C « N — H [39]. More
organic compounds showed excellent NLO response [21]. For example, 2-methyl-4-
nitroaniline, exhibited large values of 2 due to the presence of an electron-
donating and electron-accepting groups on the benzene ring [40l. A series studies
suggested the presence of electron push-pull groups on benzene and stilbene
systems was in favor of strong second-order optical nonlinearities. In third-order
nonlinearity studies, conjugated organic polymer systems have been of interest,
and polydiacetylene is the most significant [#1. The delocalized m-electron

backbone is responsible for the NLO activity.

More interest has been shifted to organometallic and coordination compounds.

The molecules exhibiting highly active quadratic NLO responses are usually of the
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donor-m-bridge-acceptor (D-m-A) type. In the case of dipolar organometallic

compounds, the metal centres act as donors, as acceptors, or even as the bridge.

The first organometallic compounds in the NLO field to be studied were metal
carbonyls [#2l. However, the weak quadratic nonlinearities of the metal carbonyls
forced researchers to shift the focus to other types of complexes. Metallocene
derivatives of higher NLO properties were then reported [43l. The metallocenes
interact with a conjugated m-system both through the cyclopentadienyl group and
the metal-based orbitals to achieve the coupling of the metal orbital with the -
system, which enables such complexes to possess better NLO performance. Typical
examples are ferrocenyl and ruthenocenyl compounds. The third major family that
has been investigated as quadratic NLO materials is the metal alkynyl compound

class [#4]; highlights of this family will be described in Chapter 2.

For cubic NLO active materials, there are no clear structural requirements so far
due to the lack of broad wavelength studies, large measurement errors and the low
sensitivity of the cubic nonlinearity to the properties of the applied
electromagnetic fields [6 45 46], Metallocenes were the first organometallic
compounds measured for cubic NLO study, but metal alkynyl complexes have now

attracted the most extensive investigation among the organometallics.

1.4.2 Modification of n-delocalizable systems

An advantage of organometallic compounds as potential NLO materials is the great
potential for structural modification to tune the electron distribution that is closely

associated with the NLO effects.

The m-conjugated systems can be modified by increasing the m-bridge length. This
modification is effective in improving the NLO properties for both quadratic and
cubic NLO materials. An excellent example for quadratic nonlinearity is shown in
Figure 1.6 [6.47.48] [n these complexes, the metal atom serves as the donor group
connected by a m-linker. The insertion of a 4-C¢Hs-(E)-CH=CH group results in an
impressive six-fold increase in the quadratic hyperpolarizability. An example for
cubic nonlinearity is shown in Figure 1.7 [4°1. The hexyloxy groups aim to improve
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the solubility of the molecule for NLO characterization. With the increase of the
number of phenyl rings, the values of y and o2 indeed increase as expected, but the
increase is not significant after three phenyl rings, which may be due to out-of-

plane rotation.

PhoP,  PPh,

Cl —Ru —
’—©_\\_©N02
PhoP PPh

2

/\

\/ B1 o6 (HRS)= 2676x10-0 esu
fo (HRS)= 342x10-30 esu
PhP, /PPh2
e e
PhoP  PPhy g o (HRS)= 351x10-% esu

Bo (HRS)= 55x10-30 esu

Figure 1.6 Example of the effect of extending m-bridge length on quadratic nonlinearity.
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Cl_RU\ :\ \ / :/3 \\ // — ‘\\ /; — \\ /,‘\ — / u\— Cl
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0,= 630

Figure 1.7 Example of the effect of extending m-bridge length on cubic nonlinearity.

The D-m-A type is the basic structural model for quadratic NLO nonlinearity; when
the push-pull process is enhanced, the second-order response may increase. As is
shown in Figure 1.8, the asymmetric porphyrins on the left show relatively low
second-order response, B1.0s (HRS) = 118 and 92 x 10-30 esu [50.51], When the push-
pull process is enhanced by changing the position of the nitro group, the response
increases to 1501 and 4933 x 10-30 esu, respectively, for which a strong coupling
between the donor and acceptor substituents occurs. The electron withdrawing

ability of the nitro group is much improved in the new structure of the molecules.
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M=Cu, f, o= 118x10-3 esu M=Cu, f, ¢= 1501x10-30esu
M=Zn, B, 6= 92x10-30esu M=2Zn, B, o= 4933 x10-30 esu

Figure 1.8 Example of enhancing the push-pull process for the quadratic nonlinearity.

A study from Thompson and co-workers [52] revealed that a change in position of
the alkene substituents on the benzene ring from m- to p- can result in a great
increase of the third-order susceptibility. In the p-Zr dimer, shown in Figure 1.9,
the m-conjugated bridge allows for easier movement of electrons, which reduces
the energy of transition between the ground and excited states.
ﬁ\ /CI ﬂ /!
Zr Zr
NS
— % Zr
Zr C|/ ﬂ

c’

(a) y=154x10-36 esu (b) y=68x10-36 esu

Figure 1.9 (a) para-Zr dimer, (b) meta-Zr dimer.

1.4.3 Modification of metal centre and co-ligands

Electronic tuning of organometallic compounds can involve changing the metal
centre itself. The larger the metal atom is, the more dispersed the electron density
is, which may result in a more polarizable metal centre. With this in mind,
complexes that differ in their metal atoms (from the same group of the periodic
table) have been studied [4453-55], For alkynyl complexes of Fe, Ru and Os, there is a
clear trend that the quadratic nonlinearity f increases in the order Fe < Ru < 0s. On
the other hand, no obvious trend could be seen for the cubic nonlinearity. Another
example is shown in Figure 1.10. In these alkynyl organometallic complexes, the

NLO responses vary with different ligated metal centres. The trend is Au < Ni < Ru
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for the second-order hyperpolarizability, while it is Au < Ni < Ru for the third-

order hyperpolarizability.

= =
g = N - =

NO,
PhgP PhgP

B1.06 (HRS)= 1455x10-30 esu y=210x10"%6 esu
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B1.06 (HRS)= 445x10-%0 esu y= 2781036 esu
PheP — A= Ph P—Au—:—@No
—©_\\_©N02 4 ,
Fr.06 (HRS)=120x100 esu y=121x10"36 gsu

Figure 1.10 Examples of different metal atoms for both quadratic and cubic nonlinearity.

The ligands around the metal atoms have different affinities for withdrawing or
donating electrons. So a change of the ligand set can induce a change of NLO
behavior. As shown in Figure 1.11, the ligand PMe3 is more electron donating than

PPh3 and the y value is correspondingly larger.

PhaP ““'R“—:—QNOZ

PhyP
y=210x1036 esu

: \
Mesp\“‘?u—TQNo?

Mesp
y= 240x1036 esu

Figure 1.11 The influence on cubic nonlinearity resulting from different donating ligands.

The ligands can be either monodentate or polydentate. Nonchelated pyridyl and
chelated bipyridyl complexes were synthesized and their second-order
hyperpolarizabilities compared [5¢]; the 8 value of the former is relatively large
compared to the latter. This can be attributed to a larger m-delocalization in the

molecule of the latter which may decrease the strength of MLCT.
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Figure 1.12 The influence on quadratic nonlinearity of chelated and nonchelated ligands.

1.4.4 Dentritic effect

A newly explored structural modification of organometallic complexes is
hyperbranching in dendrimers [57 58, The two charged NLO chromophores
developed by Le Bozec and coworkers are shown in Figure 1.13. The zero-
generation dendrimer exhibits a f191(HRS) value of 380 x 10-3° esu in CH:Cl..
Which increases to 1900 x 1039 esu on proceeding to the first-generation
dendrimer [59-62]. A second example of a dendritic effect is shown in Figure 1.14 [57,
58], It can be concluded from two aspects that he dentritic effect is beneficial to the
NLO properties. On one hand, the more ruthenium centres the molecule has, the
better NLO response it may have. On the other hand, the dramatically large -

conjugated chain/area is significantly helpful on improving the NLO performance.
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B.91(HRS)= 380x10-30 esu

B1.91(HRS)=1900x10-30 esu

Figure 1.13 The dendritic effect on quadratic nonlinearity.
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GO: y=3000 x10-36 esu
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G2: y=163000 x10-36 esu

Q ) [Ru]=trans-Ru(dppe),

Figure 1.14 The dendritic effect on cubic nonlinearity.

1.5 CONCLUSION

Since the discovery of nonlinear effects, both the theory and measurement
techniques have been developed significantly, especially since the invention of the
laser. However, due to the extreme complexity of nonlinear optics, there is still a

great gap between the theoretical models and real materials. A lot of effort from
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chemists has been poured into this field. However, structure-NLO property
relationships for organometallics as well as their NLO mechanisms are far less
explored than those of organic molecules and inorganic salts. The greater
flexibility and exceptionally large NLO responses of organometallic compounds
attracts chemists to this field. The most intensive studies of organometallics have
focused on ferrocenyl and metal alkynyl compounds, especially ruthenium
complexes. In this work, the donor sets of the ruthenium complexes were modified
from the most investigated (P*P); to (N*N)(P*P) and (N”P)2 and a series of
ruthenium alkynyl complexes were synthesized. Specifically, ruthenium alkynyl
complexes with a (N*N)(P”P) donor set are described in Chapter 2 in detail and
those with a (N”P); donor set are discussed in Chapter 3. A series of NLO studies

are summarized in Chapter 4.
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Chapter 2 — Synthesis and Characterization of Ruthenium

Complexes with (NAN)(P~P) Donor Sets

29



30



2.1 INTRODUCTION

2.1.1 Common ligand sets of ruthenium complexes for NLO studies

Modification of the coordinated co-ligands in organometallic complexes can
introduce new electronic charge-transfer transitions between the metal atoms and
the ligands, and sometimes change the oxidation state of the metal centers, which
in turn can influence the NLO merit [1-5]. Some ligand sets have been intensively
studied due to the excellent NLO response when they are coordinated to

ruthenium atoms.

Ruthenium Ammine Complexes

NLO studies of ruthenium ammine complexes were mainly undertaken by Coe and
coworkers [6-11], The early complexes with the composition trans-[Ru(NHz)4(LP)]2*
(LP = an electron-rich ligand), as shown in Figure 2.1, are electron-rich and air-
stable in the Rul! forms. The combination with an electron-acceptor ligand (LA)
gives rise to species with significant quadratic NLO response. Later, two-
dimensional systems were developed: (1) the cis-[Ru(NH3)4]?* centre in
combination with two LA ligands resulted in two-dimensional systems, and the
presence of the LA ligands afforded complexes with multiple MLCT bands, the
energies of which can be tuned by modifying the substituents of the LA ligands; the
NLO merits can be increased by extending the m-conjugation of the LA ligands; (2) a
two-dimensional system was also achieved by pyrazinyl-centred (L4) Rull ammine
complexes. The visible MLCT absorption gains in intensity on increasing the

number of metal atoms, but the energy remains constant.

Ruthenium n>-Cyclopentadienyl Complexes

Since the report by Green et al. [12] revealing good SHG efficiencies for ferrocenyl
derivatives, the interest in organometallics for developing new NLO materials has
increased considerably. Ruthenium n>-cyclopentadienyl half-sandwich complexes
exhibit excellent NLO response [+ 13-19] leading to higher  values than compounds

with the usual organic donor groups (NRz, NH, etc.). Some typical chemical
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structures of this type are shown in Figure 2.1. They are strongly asymmetric
systems obtained by combining a m-conjugated chain with electron donor and/or
acceptor groups. The metal centres can behave as either donor or acceptor group

by simply varying the metal oxidation state.

Ruthenium Diimine Complexes

Octupolar molecules have zero net ground-state dipole moments, but substantial
NLO response can be generated by large dipole moment change, accompanying
intra-ligand charge transfer (ILCT) excitations. The first such transition metal
complex for NLO studies was [Ru(bpy)3]?* in D3 symmetry, reported by Zyss and
his coworkers [20] in 1993. The metal centre is engaged in o-bonding with the
bipyridine ligand, which results in low energy MLCT, and hence the molecule is
promising for NLO applications. Following this work, a vast field of research based
on Ru'l and polypyridyl ligands, specifically Ru!! tris-chelate bipyridine complexes
as shown in Figure 2.1, with applications ranging from anti-tumoral activity [21] to

optical properties [22-29], was gradually developed.

The ruthenium 4,4’-disubstituted-2,2’-bipyridine complexes have synthetic
flexibility that allows fine-tuning of the optical properties by simple modification
of the m-conjugated backbone [30l. The substituted derivatives can be electron-
donating (e.g. styryl) groups [23-26] or electron-withdrawing (e.g. pyridinium)
groups [27. 28], The dithienylethene (DTE) group can be used to control donor-
acceptor interactions in Ru'! tris-chelate bipyridine complexs, and has been used in
switches [29]. The ruthenium tris(bipyridine) core can be incorporated in a

dendritic structure [25 26], exhibiting excellent quadratic NLO performance.

Ruthenium Bidentate Diphosphine Complexes

1,2-Bis(diphenylphosphino)ethane and bis(diphenylphosphino)methane (dppe
and dppm, respectively) are widely investigated electron donating and bidentate
diphosphine ligands for NLO studies [31-40], The ruthenium o-alkynyl complexes
with (P*P) donor sets, as shown in Figure 2.1, are the most favourable class of

second-order NLO chromophores, mainly developed by Humphrey and his
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coworkers [32-38], In such complexes, the almost linear M-C=C-R structures allow
good coupling between the metal d-orbitals and the 7" system of the o-alkynyl
bridge, resulting in strong low-energy MLCT excitations to enhance the NLO
properties. Based on the Ru(C=CR)(P”P): structure, various organometallic
complexes exhibiting excellent NLO response were developed, e.g. a cubic NLO
switch with a DTE bridge [32], Ru alkynyl dendritic species [33-37], heterobimetallic

complexes [38-40] etc..

LD —I 2+ NH o+ /\N —I o+

HsN.,,, ’ NH3 HaNo,, ’ “‘\\LA No,,. ‘ N
"Ru"‘\ /’Ru"\ /Ru'\

HNT ‘ NH3 HoN ‘ LA \ | N

LA NH; \/
LD = Electron-donating ligands NAN = 4,4'-disubstituted-2,2"-bipyridine
LA = Electron-withdrawing ligands

C
A
7N

SN G GV,

D DD

R \ pa \ N \ /
P P
R k/ P k/N N4

R=-PRs, -CO P"P = dppe, dppf NAN = TMEDA P"P = dppe, dppm
— D = Conjugated chain —P=-X, =R
B D

Figure 2.1. Ruthenium ammine complexes (A), typical ruthenium n3-cyclopentadienyl complexes
(B), ruthenium(II) tris-chelate N*N complexes (C) and ruthenium(II) (P*P), complexes (D) for NLO

studies.

2.1.2 Alkynyl ruthenium complexes

The study of transition metal o-alkynyl complexes has been an intense area of
research since the mid-1980’s [41l. The carbon-rich “rigid-rod” alkynyl species have
promising electronic and structural properties including NLO effects [42-43],

luminescence and photoconductivity [#4-45] and electronic communication [46].

Group 8 metal alkynyl complexes, especially the ruthenium complexes, are one of
the most promising classes of organometallic complexes with regard to their NLO
merits [32-38], This is in part due to their ease of preparation and high stability.
More importantly, o-alkynyl complexes have significant m-electron conjugation in a

linear structure. The NLO response can be enhanced by optimizing the -
33



conjugated system. The alkynyl ligand and the auxiliary ligands share a role in
determining the ease of oxidation at the metal centre, which is another important

factor impacting the NLO merit.

2.1.3 Ligand options

Changing the co-ligands in organometallic systems has been shown to influence
NLO merit. The aim of the research described in this Chapter is to investigate the
effect on reactivity and properties resulting from changing the donor set around

the ruthenium atom from (P*P)2 to (N*N)(P*P).

4,4’-Disubstituted-2,2’-bipyridines are diimine (N”N) ligands with synthetic
flexibility, allowing fine tuning of the optical properties by modification of the -
conjugated backbone [39]; they are excellent building blocks for the construction of
either octahedral [22] or pseudo-tetrahedral octupolar complexes [47l. In these
complexes, the metal atom may play two important roles: 1) as a powerful
template to gather ligands in the octupolar arrangement, and 2) as a Lewis acid to
induce strong ILCT transitions. 4,4’-Di-tert-butyl-2,2’-bipyridine (‘Bu-bpy) was
selected as the diimine ligand, because the ‘Bu- group improves the solubility of

the ruthenium complexes.

For diphosphine (P”P) ligand options, three candidate bidentate ligands were
considered: dppe, dppb and dppf. In order to make a comparison with previous
studies, the dppe ligand, having an extensive background in coordination
chemistry, is an excellent choice. The dppb ligand has two types of aromatic groups
attached to the phosphorus atoms: the bridging o-phenylene group and phenyl
groups, and from the structural perspective it is expected to have a smaller bite
when chelating with metal atoms due to the rigid backbone. There are also some
reports of phosphorescence from transition metal complexes bearing the dppb
ligand [48-501, The dppf ligand, acting mainly as a x?-mode diphosphine ligand
despite high coordinative versatility [51, is a well-known ferrocene-based
molecule. The ferrocene group is a well-documented redox-active centre [52-53], and
a promising approach to construct active molecular circuits is to develop
ferrocene-based systems. Thus far, several multistate redox-active architectures
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containing the ferrocene group have been synthesized [54->3], and the dppf ligand
has been employed in multistate switching molecules with a combination of Ru!l/1l!

and Fe!/lll redox-active centres for NLO, as shown in Figure 2.2.
Diphosphine ligands .
PhP PPh, PhP  PPh,

1,2-Bis(diphenylphosphino)ethane  1,2-Bis(diphenylphosphino)benzene
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e
@\ |
PPh, RLE(II) Ru(
Fe
thp\é 1 TL

l 4

Fe(ll) Fe(lll)
1,1'-Bis(diphenylphosphino)ferrocene | = |
dppf Ru(llN) Ru(lily
L Bu
Diimine ligand _ _
/ \§
\ NN /
4,4’-di-tert-butyl-2,2’-bipyridine
Bu-bpy

Figure 2.2. Chemical structures of selected ligands for Ru(N*N)(P"P) complexes.

2.1.4 Conclusion

To our knowledge, there is no report of ruthenium complexes bearing a diimine-
diphosphine donor set for NLO study. A series of Ru(N*N)(P”*P) complexes have
therefore been synthesized and characterized in this Chapter. Three bidentate
diphosphine ligands (dppe, dppb and dppf) and one diimine ligand (‘Bu-bpy) were

used in this study.

2.2 SYNTHESIS AND CHARACTERIZATION

2.2.1 Synthesis of RuCl,(N~N)(P~P)

The synthesis of RuCl;(N*N)(P”P) complexes is the basis of this project. Since the
‘Bu-bpy ligand has stronger coordinating ability than the diphosphine ligands, the
synthetic strategy of the Ru(N”*N)(P*P) core is to introduce the diimine ligand first,
and then attach the diphosphine ligand, as shown in Scheme 2.1. The starting
materials RuClz(PPhs)3 [56] and RuClz(*Bu-bpy)(PPhs). [57] were prepared through
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literature methods. RuClz(‘Bu-bpy)(PPhs). reacted with different diphosphine
ligands in refluxing CHCI3 for more than three hours, leading to the desired
products in good yields. The two doublets in each 31P-NMR spectrum suggested all

products are cis-isomers.
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opn | .wPPhg | _N,. ‘ «Cl
RuClg'xH,0 thsp—m“\ bRt AN
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2.1a P P=dppf, 95%
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21c P P=dppb, 76%

Scheme 2.1 Synthesis of cis-RuClz(N*N)(P*P) complexes.

2.2.2 Synthesis of mono-alkynyl complexes

An efficient, stepwise approach to ruthenium mono-alkynyl compounds is
provided via the intermediacy of vinylidene complexes. The isolated vinylidene
species are then deprotonated by EtsN [#1l. The syntheses towards the mono-
alkynyl Ru(N”N)(P”*P) complexes, using the classical method, are displayed in
Scheme 2.2. The vinylidene salts of the Ru(N”*N)(P*P) series were found to be
easily oxidized, as shown in Scheme 2.3. The structure of one oxidized vinylidene
complex 2.3a was confirmed by X-ray study. Unlike the other Ru(P”P):
compounds [32-38], the ruthenium atom was coordinated by mixed ligands in this
project, one P"P ligand and one N”N ligand, which differ in the electron
withdrawing ability. Obviously, ‘Bu-bpy ligand has better performance on this
aspect and enhances the 6* property of Cg atom in the vinylidene arm, which makes
the attack from the oxidant (e. g. oxygen) more easily. As a result, the isolation of
vinylidene species was not pursued, but rather they were immediately reacted
with base, and the mono-alkynyl products were obtained successfully. The yields

of the products varied during the purification procedure, because pads of basic
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alumina needed for chromatographic purification also decomposed the products to

different extents.

Bu N P ’\ By p ”\—| PFe Bu N =)
| N, ‘ PR _ | _N,, ‘ WP

Ru: —_— | % Ru.

N \CI NaPF - /~

N
~ ] N
Bu cl Bu Bu cl
VRN N R
21a P P=dppf 22a P P =dppf,R=-NO,, 80%
N N
21b P P=dppe 22b P P=dppf,R=-H,57%
™
21¢ § P= dppb 22¢ P P =dppe, R =-NO,, 92%
N
22d P P =dppe, R=-H, 55%
N
2.2e P P =dppb, R =-NO,, 50%
N
22f P P=dppb,R=-H 27%
Scheme 2.2 Synthesis of ruthenium mono-alkynyl complexes.
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Scheme 2.3 Oxidation of a vinylidene complex.

2.2.3 Synthesis of n’-butenynyl complexes

In the presence of both EtsN and NaPFs, reaction of dichloro complexes or chloro-
ligated five-coordinate cations with excessive alkynyl ligand (ca. 3 equiv.) can lead
to the formation of bis-alkynyl species [41l. However, this does not occur to these
Ru(N~N)(P”P) complexes. The outcome of the reactions is shown in Scheme 2.4.
Using either ruthenium halides or mono-alkynyl complexes as the starting
materials, and carrying out the reactions at room temperature or in refluxing

CH2Cly, the products were n3-butenynyl species resulting from alkyne coupling.

The first ruthenium precedent of this kind was reported by Jia et al. 81 in 1989 and
a possible mechanism was suggested. During the past 27 years, more
investigations have been reported [59-63]. The most similar synthetic route to that
described in this Chapter was from Lynam [62] and Low [63]. Mechanistic studies

were carried out with the aid of isotopic labeling 621 and DFT methods [63]. The
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proposed mechanism, based on the previous reports and the observations in this
Chapter, is shown in Scheme 2.5.
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Scheme 2.4 Synthesis of ruthenium 7n3-butenynyl complexes.

Based on the experimental result that the mono-alkynyl complexes leads to the
formation of the n3-butenynyl species, the reaction of cis-RuClz(N*N)(P*P) and
HC=C-4-C¢Hs4-R (R= -H, -NOz) with NaPFs is presumed to firstly result in the
formation of the vinylidene species, and then the mono-alkynyl complexes.
Subsequent reaction of mono-alkynyl complexes with HC=C-4-CsHs-R (R = -H, -
NO2) may then be envisaged to result in the formation of intermediates A [62],
Formation of A1 or A2 depends on steric factors. In A species, on one hand, the C,
of alkynyl group is &7, while the C, in the vinylidene arm is 6*; on the other hand,
the two carbon atoms are very close to each other. Thus the bonding between the
Ces tends to be formed, as shown in intermediates B. The proton could shift from
one arm to the other end along the newly-formed conjugated C4 chain, and B3 is
the one that is assumed to be the most stable form, since it could provide more
space to the bulky diphosphine ligand, compared with the other two B species. The
C-C bond formation in this step could be slow and fragile, and require long time
and high energy. In order to achieve a relatively stable state, the molecule is

assumed to transform to a lower energy transition state, the C species, and then
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finally D species [¢3]. The procedure forming D species from intermediates C may
be slow and proton shifts could occur much more frequently, as shown in Scheme

2.5.
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Scheme 2.5 Proposed mechanism for the formation of ruthenium 7n3-butenynyl complexes, where: i)
+ HC=C-4-C¢H4-R, PFg, -Cl; ii) - HC=C-4-CeH4-R, PF, +Cl; iii) -H, PF¢; iv) + H, PFg (R = -H, -NO2).
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The alkyne-coupling complexes can be used as catalysts in the dimerization of
terminal alkynes, firstly disclosed by Jia [°8] and then confirmed by Caulton [¢1l. No

other applications have been suggested or investigated so far.

2.2.4 Synthesis of n’-coordinated complexes

The dppe-ligated ruthenium n3-butenynyl complex can convert to a n!- butenynyl
complex in the presence of excess "BusNCl, as shown in Scheme 2.6. The structure
was confirmed by a single-crystal X-ray study. In the structure, the chlorine atom
from "BusNCl has formed a new bond with ruthenium, and cleaved of two Ru-C

bonds replacing the n3-coordination with a n?-binding mode.

Bu
Bu
77\ 77\
24c p P =dppe,R=-NO, 25b P P =dppe, R =-NO, 89%

Scheme 2.6 Synthesis of ruthenium n?-butenynyl complexes.

The first nl-ligated complex 2.5a confirmed by X-ray study (Figure 2.3), was
obtained from the attempted purification of cis-[Ru(CsHPhz)(dppf)(tBu-bpy)]PFs
(2.4b) when passing a solution of the complex through a short pad of basic Al;0s.
Crystals of 2.4b and 2.5a crystallized from the eluent. Further investigation
revealed that this complex 2.5a cannot be synthesized through the reaction with
nBugNCl in a similar fashion to the synthesis of 2.5b. This is attributed to the bulky
dppf ligand. The reactions of 2.4d and 2.4a with excess "BusNCl were carried out
under the same conditions affording 2.5c and 2.5d, respectively. The 31P-NMR data
are summarized in Table 2.1. The signals of 2.5b and 2.5c are shifted significantly
downfield and have larger coupling constants than those of the analogous 7n3-
bound complexes. A molecular ion of [Ru(C=CH(4-CsHs-NO2)C=C(4-CeHs-
NO2))Cl(dppb)(tBu-bpy)] was found in the mass spectrum (HR ESI MS ([M - ClJ*,
100): calcd for CeaHs704N4P2102Ru 1109.2899, found 1109.2891), consistent with
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the product of the reaction of the dppb-containing complex being the nl-complex.
In contrast, the 31P-NMR data of the dppf complex 2.5d does not follow the same
trend as those of the dppe and dppb analogues, which indicated the reaction

pathway and outcome may vary.

,,

Figure 2.3 Chemical structure of cis-[Ru(C=CHPh)C=CPh]Cl(dppf) (‘Bu-bpy)].

Table 2.1 Chemical shifts in positive range of 31P-NMR spectra.

Cor;ll(;)).lex §/ppm Cor;llgllex 5 /ppm Cor;llgllex 5 /ppm
2.1b 61.7 (J= 21 Hz) 2.1c 70.0 (J =23 Hz) 2.1a 36.0 (/=30 Hz)
70.0 (J =22 Hz) 73.4 (=23 Hz) 43.0 (J =29 Hz)
2.4c 63.8 (/=13 Hz) 2.4d 68.1 (=19 Hz) 2.4a 34.7 (] =26 Hz)
69.4 (J=13 Hz) 74.6 (=19 Hz) 42.6 (J =25 Hz)
2.5b 65.1 (=23 Hz) 2.5¢ 73.9 (=32 Hz) 2.5d 149 (J=16 Hz)
78.5 (] = 23 Hz) 84.8 (/] = 32 Hz) 43.4 (J=16 Hz)

Note: 2.5¢ = cis-[Ru(C=CH(4-C¢HsNO2)C=C(4-CsHsNO2))Cl(dppb)(‘Bu-bpy)]
2.5d = cis-[Ru(C=CH(4-CsHsNO2)C=C(4-CsH4NO2))Cl(dppf) (‘Bu-bpy)]

2.2.5 Attempted formation of a Cg ligand

The n3-butenynyl ligands can be regarded as C4 ligands. Complexes of Cg ligands
were pursued through the reactions with (4-nitrophenyl)butadiyne, as shown in

Scheme 2.7.

Different diphosphine ligands resulted in different products. The reaction of 2.1b
afforded a mixture, yielding 54 % of the mono-alkynyl complex 2.6b and 25 % of a
secondary product 2.7a. Although it also resulted in a mixture, the selectivity of
the reaction with 2.1c was higher, yielding 2.6¢ in 87 % yield; in this case, the yield
of the secondary product was too small to be isolated. The dppf-containing
complex afforded two main products under the same conditions, with 31P-NMR
signals at 6 12. 7 (d, Jer = 29 Hz) and 43.4 (d, Jer = 29 Hz) (2.6a), and 6 19.9 (d, Jer =
30 Hz) and 45.7 (d, Jer = 28 Hz) (2.6a*). Mass spectrometry confirmed the
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existence of the dppf analogus, but the solubilities of the two compounds were
very similar and they could not be separated by precipitation or chromatography.
The longer the mixture was left on the plug, the greater the amount of 2.6a*. The
decrease in 2.6a and the increase in 2.6a* occurred simultaneously as the reaction
proceeded, eventually affording only 2.6a* which did not match the expected
molecular weight for a dppf-containing 2.6 analogous. Because there are no
symmetry elements in the molecule, which leads to extremely complicated NMR
spectra, the chemical structure of 2.6a* remains unknown, but two points can be
confirmed: 1) 2.6a corresponds to signals at 6 12. 7 (d, Jer = 29 Hz), 43.4 (d, Jer = 29
Hz) (2.6a) in the 31P-NMR spectrum, and is the dppf-containing analogous of 2.6; 2)
2.6a* is a neutral molecule, and is thus neither a “2.6” species nor an analogue of

the aforementioned secondary species.
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Scheme 2.7 Reactions with 4-nitrophenylbutadiyne.

The formation of the (vinylammonio)alkynyl complex 2.7a via the intermediacy of
the cationic butatrienylidene cis-[Ru(C=C=C=CH(NEt3))(‘Bu-bpy)(dppe)]* is shown
in Figure 2.4. Both C, and C, are electrophilic, but due to steric effects, C, is more

easily attacked by the lone pair of electrons of the nitrogen atom.
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Figure 2.4 Chemical structure of cis-[Ru(C=C=C=CH(4-C¢H4NO>))(‘Bu-bpy)(dppe)]PFs and Et3N.

Another (vinylammonio)alkynyl complex was obtained in THF/Et:N (1:1) by
Bruce and his coworkers [64l. They conducted a CV study of this species, and
further reaction of their (vinylammonio)alkynyl cation with 4 equiv. I> at room
temperature resulted in migration of the alkynyl group to the cyclopentadienyl
group to give [Rul(dppe){n-CsH4C=CC(EtsN)=CHFc}]I3, as shown in Scheme 2.8. So

far, there is no report on the spectroelectrochemistry or NLO studies.

4 A
Q el Iy el

Ru — — > —

-
PPh, / NEts NEt,
PPh, /Ru\l
PP, |
PPh,

Scheme 2.8 Migration of the alkynyl group to the Ru-Cs ring [64],

The reaction of 2.1b with diisopropylamine, a secondary amine replacing the role
of EtsN, was attempted. The main product was 2.6b, consistent with the result

employing Et3N.

2.2.6 Attempted syntheses of bis-alkynyl complexes

Several attempts to synthesize Ru(N”*N)(P*P) bis-alkynyl complexes were made,

summarized below.

2.2.6.1 Order of introduction of ligands
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The successful order of introduction of ligands for the synthesis of mono-alkynyl
complexes was firstly the diphosphine, and subsequently the alkynyl ligand, but
further addition of alkyne failed to afford bis-alkynyl complexes. The synthetic
strategy was therefore modified, the order of ligand introduction being adjusted to
alkynyl groups first, followed by diphosphine ligand. Mono-alkynyl complexes
were successfully synthesized using this strategy, as shown in Scheme 2.9.
Attempts to prepare bis-alkynyl complexes using this second synthetic strategy

were therefore conducted, as described in this section below.
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By X PPhg By X PPhg By X Cl
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Scheme 2.9 Synthetic routes to mono-alkynyl complexes.

Reaction with lithium alkynyl complex

The reaction with lithium alkynyl complex is shown in Scheme 2.10. The molecular
ratio of RuClz(‘Bu-bpy)(PPhs), was taken as 1.0 equiv.. The molecular ratio of
nBuLi was up to 3.78 equiv. and it was 3.01 equiv. for phenylacetylene. The
reaction ended up with a mixture of mono- and bis-alkynyl complexes of a ratio ca.
4:1, concluded from the 31P-NMR study, shown in Figure 2.5. The solubility of bis-
alkynyl complex was slightly higher than that of mono-product in THF or CHzCly,
but quite close to each other, which caused the difficulties in separation. But the
stabilities varied. The bis-alkynyl complex Ru(C=CPh):(‘Bu-bpy)(PPhs)2 could

decompose in CDCI3 in the air.
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Scheme 2.10 Reaction of RuCl;(*Bu-bpy)(PPhs), with lithium alkynyl complex.
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Figure 2.5 31P-NMR spectrum of the reaction products of RuClz(‘Bu-bpy)(PPhs), with Li-C=CPh.

The precipitate from petrol spirit, was taken as the starting material for the next
step, as shown in Scheme 2.11. The experimental conditions were the same as the
syntheses of Ru(N”*N)(P”P) cores in Route 1. The result is shown in Figure 2.6. 31P-
NMR spectra confirmed the existence of 2.2b as the leading product. The
secondary product at § 35.4 (d) and 42.1 (d), corresponded the peaks at
1127.2866 as CegHs3N2P2FeRu in mass spectrum, which is a possibility of capping a
proton for the target bis-alkynyl complex CegHe2N2P2FeRu. However, the chemical
shift of the product moved upfield compared with that of mono-alkynyl complex,
which is opposite to the trend that bis-alkynyl complexes move downfield usually.

So, the secondary product could not be concluded as the target product.
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Scheme 2.11 Expected reactions of ruthenium acetylides with the dppfligand.
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Figure 2.6 31P-NMR spectra of the product reaction of ruthenium acetylides with the dppfligand.

Reaction with arylalkynes in the presence of halide abstracting agents

The same synthetic method as employed for the synthesis of the Ru(N”*N)(P”P)
mono-alkynyl complexes was used to prepare the Ru(‘Bu-bpy)(PPhs); alkynyl
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complexes, as shown in Scheme 2.12. Ru(C=CPh)CI(*Bu-bpy)(PPhs). was obtained
pure, while Ru(C=CPh)z(Bu-bpy)(PPhz)2 was formed, but could not be purified.
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Scheme 2.12 Syntheses of the Ru(*Bu-bpy)(PPhs); alkynyl complexes.

A common impurity resonating at § 56.0 (s) in the 3'P-NMR spectrum was formed
with both phenylacetylene and 4-nitrophenylacetylene as the starting material.
The impurity was presumed to be connected in some way to the presence of
NaPFs. As a result, reactions of RuClz(‘Bu-bpy)(PPh3). with NaPF¢ only were
conducted at room temperature and in refluxing CHzClz, as shown in Scheme 2.13.
The dominant product was proved to be the species resonating at § 56.0 (s); its
chemical structure was determined by crystallography, and shown to be a

ruthenium dimer bridged by three chlorine atoms.

4
Bu .~ PPh, Bu PPhg P B
l /N/,, \\\Cl l /NI/, ‘ \\\\\\ CI/ ,,,,, ’ /N 4
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= IN cl = IN \CI/| ‘N7 |
N
By PPhg By PPhg Bu
2.8a 90%

Scheme 2.13 Determination of the impurity from several reactions.

Another impurity was generated during the purification. A yellow band appeared
on the top of the short pad of basic alumina as the eluent CH2Cl/Et3N (10:1) was
passed through, overlapping with the band of Ru(C=CPh)Cl(*Bu-bpy)(PPhs)2. The
impurity formed bright yellow crystals from CH2Cl;/n-hexane at -19°C. An X-ray

structural study confirmed the chemical structure as that shown in Figure 2.7.
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Figure 2.7 The chemical structure of the impurity from the short pad of alumina.

A more-logical synthesis of 2.8b was attempted, based on a report from Batista
and James [65 6] in which [RuClz(bpy)(PPh3)2]Cl-4H20, a similar complex, was
synthesized successfully in hexane from RuCl3(PPhs)2(DMA)-DMA (bpy = 2,2'-
bipyridine, DMA = N,N’-dimethylacetamide). However, as shown in Scheme 2.14,
no target product [RuClz(*Bu-bpy)(PPh3)2]Cl was isolated. The reaction carried out
in hexane led to a Ru(IIl) species, in which the oxidation state was unchanged. In
the polar solvent MeOH, the product was a chloride salt of an Ru(Il) species with

two ‘Bu-bpy ligands.
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Scheme 2.14 Reactions of RuCl3(PPh3)2(DMA)-DMA with tBu-bpy in different solvents.

2.2.6.2 Attempts to prepare trans-bis(alkynyl) isomers

The alkynyl and vinylidene ligands in cis-isomers couple to form the n3-butenynyl
complexes. In contrast, the two alkynyl ligands in trans-isomers should hopefully

not couple, so attempts to prepare trans-isomers were made.

The first attempt was to convert cis-RuClz(‘Bu-bpy)(dppf) to its trans-isomer. Cis-

RuClz(*Bu-bpy)(dppf) was stirred in toluene for three days, but proved unreactive.
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Since the polarity of the reaction solvent may influence the product, and cis-
isomers were synthesized in polar solvents, the same synthetic procedure was
conducted except the solvent was replaced by nonpolar toluene. However, this still

afforded the cis-isomer.

Another synthetic route to the trans-isomer was explored based on de Araujo’s
report [671 (Scheme 2.15). In de Araujo’s work, a Schlenk flask containing a
degassed CH2Cl; solution of RuClz(PPh3)s and dppf was stirred for five minutes.
The reaction was protected from exposure to light and 2,2’-bipyridine was added.
The mixture was stirred for additional two minutes. In this work, the described
procedure was adopted. But the secondary ligand was the ‘Bu-bpy ligand. Finally,
the resultant trans-isomer was detected by 31P-NMR (a singlet at § 41.7). The

whole procedure, including the determination was carried out in the absence of

light.
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Scheme 2.15 Synthesis of trans-RuCl;(*Bu-bpy)(dppf).

However, the trans-isomer (the kinetic isomer) readily isomerized when exposed
to ambient light, leading to the formation of the cis-isomer (the thermodynamic
isomer). The well-sealed CDCI3 solution of the freshly-made trans-isomer was
monitored by 31P-NMR study. Then the solution was exposed under the ambient
light for 15 minutes and monitored. The ratio of the cis-isomer increased as the
exposure time increased. The solution containing both trans- and cis-isomer was
detected for the second time. The procedure was repeated until the ratio of the two
isomers remained unchanged. Subsequently, a conversion curve could be drawn
and it is shown in Figure 2.8, with the ratio of the two isomers expressed as the
concentration in integration ratio of trans- and cis-isomers and time in minutes.
The amount of trans-isomer drops quickly. Plotting the natural logarithm of
concentration versus time gave a straight line, which indicates that the reaction is
a first-order reaction (i.e. if the concentration of the trans-isomer doubled, the rate

of production of cis-isomer would also double).
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In order to try and avoid the production of cis-isomer, the synthesis of mono-
alkynyl complex in toluene was carried out in the dark, but proceeded without
isolation of the trans-isomer, as shown in Scheme 2.16, and affording the cis-,

mono-alkynyl complex.

y =-0.0194x - 0.0462
07 0.5 R? = 0.99449

Concentration / Integration ratio
°
In[concentration]

t /min ‘ ” t / min
Figure 2.8 Conversion from the trans-isomer to the cis-isomer: the plots of concentration versus

time (left) and In[concentration] versus time (right).
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Scheme 2.16 Reaction of trans-RuCl;(*Bu-bpy)(dppf) with p-nitrophenylacetylene.

2.2.6.3 Reactions of a n'-butenynyl complex with 4-nitrophenylacetylene

This reaction shown in Scheme 2.17 was conducted in chlorinated solvents. The
target complex was cis-[Ru(C=CH-4-CcH4NO2C=C-4-CsH4NO;)(C=C-4-
CeH4NO2)(dppe)(Bu-bpy)]. However, the molecular weight of the cations detected
by MS study at 1061.2900 matched that of the n3-butenynyl ruthenium cation
CeoHs57N404P2192Ru, and there was no further peak icon detected beyond 1061,
which doubted the existence of the target complex. Besides, the chemical shifts of
31P-NMR spectrum showed no difference from the already confirmed complex
2.4c. In a word, the attempt afforded the n3-butenynyl species, confirmed by MS
and 3'P-NMR studies.
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Scheme 2.17 Reaction of nt-butynenyl complex with 4-nitrophenylacetylene.

2.2.6.4 Reactions with lithium alkynyl compound

One well-established synthesis of transition metal o-alkynyl complexes is from the
interaction of either an alkali metal alkynyl R-C=C-M (M = Li, Na, etc.) with a
transition metal halide LaMX (X = Cl, Br, I). This is a displacement reaction, in
which the alkynyl anion acts as a nucleophile, and the metal centre as an
electrophilic substrate [41l. Furthermore, this can avoid the formation of the
vinylidene complexes that contribute to the formation of the n3-butenynyl coupling
species. As a result, the reactions of cis-RuClz(N*N)(P*P) with PhC=CH and "BuLi

were carried out, targeting the formation of bis-alkynyl complexes.

As shown in Scheme 2.18, excess "BulLi (3.0 equiv., taking cis-RuClz(N*N)(P*P) as
1.0 equiv.) reacted with excess phenylacetylene (3.2 equiv.) in distilled THF at -
78°C to form Ph-C=C-Li. The solution was then transferred to a flask containg cis-
RuClz(N~N)(P~P), but neither of the expected products, cis- or trans-isomers, were

obtained.
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Scheme 2.18 Reactions of cis-RuClz(N*N)(P”*P) with lithium alkynyl complex.
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For cis-RuClz(‘Bu-bpy)(dppf), the freshly-obtained product was analyzed by NMR,
as shown in Figure 2.9. The major product resonates at 6 14.7 (d, Jep = 22 Hz) and
43.6 (d, Jer = 22 Hz), and is accompanied by a complex resonating at 6 22.8 (d, Jer =
22 Hz) and 47.8 (d, Jer = 22 Hz). There was no trace of the starting material, but the
mono-alkynyl complex 2.2b was detected. The crude product was separated into
two parts. The first part was purified by chromatography through a pad of basic
alumina, revealing that the majority of material had converted to 2.2b, as
confirmed by a 31P-NMR study. Crystallization was attempted on the other part,
but NMR studies revealed replacement of the major product by 2.2b in non-

chlorinated solvents in the absence of light (Figure 2.9).
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Figure 2.9 31P-NMR study of the product from cis-RuCl,(*Bu-bpy)(dppf): freshly-obtained product

(above) and product following attempted crystalization (below).
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Studies with cis-RuClz(*‘Bu-bpy)(dppe) were more complicated than the related
studies with the dppf complexes because more impurities had appeared at the end
of the reaction. One of the impurities crystalized from CH2Cl2/n-hexane, as shown
in Figure 2.10. It was proposed that the addition of Mel used to quench the "BuLi
reaction lead to the formation of the iodo product from 2.2d. Reaction with "BusNI,
which has a non-coordinating cation, was attempted to prove this idea (Scheme
2.19). Excessive "BusNI was added to a THF solution of 2.2d with stirring for 24 h.
An HR ESI mass spectrum confirmed the existence of cis-Ru(C=CPh)I(‘Bu-
bpy)(dppe): ([M + H]*) caled 997.1851, found 997.1852 for Cs2Hs4N2P;1271102Ruy,
supporting the suggestion of the iodine atom from Mel replacing the chlorine atom

in 2.2d to form cis-Ru(C=CPh)I(*Bu-bpy)(dppe).

",

i — 1
A ]
tBu A Cl tBU

Scheme 2.19 Reaction of 2.2d with "BusNI.

Overall, none of the attempts at preparing bis-alkynyl complexes were successful

in affording the desired product.

2.2.7 Investigation on an oxidized phosphine complex

The complex 2.3a was exposed to air as a solid for nearly two years at room
temperature. After this period, the existence of two complexes, 2.3a-1 and 2.3a-2,
was confirmed by crystallography, as shown in Figure 2.11. They crystallized from

CH2Clz/n-hexane. A series of investigation were conducted.
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Figure 2.11 Crystallized impurities from 2.3a over two years.

2.2.7.1 Investigation based on Van’t Hoff Rule

The molecules of 2.3a were surrounded by other molecules and experience strong
packing forces in the solid state, having little mobility when the oxidation
occurring. By contrast, the molecules in solution are surrounded by solvent and
have greater freedom of motion. The investigation described in this section is a
qualitative attempt, aiming to get some sort of ideas of the upper bounds for a

solution reaction.

The Van’t Hoff Rule indicates that the speed of chemical reactions is increased
twofold or more for each rise of 10 °C in temperature (very approximately). Based
on this approximation, the oxidation of 2.3a, which required 730 days (two years)
at 25 °C, could in principle occur in three days at 105 °C. Toluene, with a boiling
point at 110.6 °C, was selected as the reaction solvent. The crystals of 2.3a were
placed in refluxing toluene for three days. The pale suspension gradually became a
light brownish yellow solution under aeration. A sample was taken to dryness and

examined by MS and 31P-NMR spectroscopy. The result is shown in Figure 2.12.

The majority of the product was 2.3a, and the other peaks indicated that reaction
had indeed happened. However, none of the likely target products were observed
in the MS spectra. It may be concluded that: 1) the complexes 2.3a-1 and 2.3a-2
are not thermally stable; 2) any traces of 2.3a-1 and 2.3a-2 are insufficient to be

detected.
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Figure 2.12 Experimental investigation results based on Van’t Hoff Rule.

2.2.7.2 Investigation on a secondary possibility

A secondary possible source of 2.3a-1 is shown in Scheme 2.20. Because of the
synthesis employed, the sample of the complex 2.1¢c may have contained a trace of
PPhs. The formation of intermediate 2.3a-1* could then occur in the presence of

NaPFs. Subsequently, 2.3a-1* may be oxidized to 2.3a-1.

—|PF6 —|PF6
Bu N, PhP Bu | N Ph2P pth rth
.

A\ wPPh, N, \PPh2 ,,,,,,,, o
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2.1c 2.3a-1* 2.3a-1

Scheme 2.20 A secondary possible source of 2.3a-1.

The reaction of 2.1c (16.9 mg, 1.0 equiv.) with PPh3 (1.1 equiv.) and NaPFs (1.1
equiv.) was performed in distilled CH2Cl; at room temperature for 45 h. The crude
product was dissolved in the minimum amount of CHCl; and then precipitated

from ca. 20 mL petrol. The orange precipitate analyzed by 31P-NMR spectroscopy
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and MS studies. The HR ESI mass spectrum showed a match for [M*]
corresponding to 2.3a-1*: calcd for CesHe3N2P335CI102Ru 1113.2936, found
1113.2927. The 31P-NMR spectrum is shown in Figure 2.13. The starting material
2.1c reacted completely. Four phosphorus resonances at § -144 (sept), 16 - 18
(dd), 59 - 60 (dd) and 60 (m) ppm, can be recognized with significant integrals, in
accordance with the chemical structure of target product 2.3a-1*. The oxidation of

2.3a-1* was attempted using two methods.
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Figure 2.13 31P-NMR spectrum of 2.3a-1%*.
Method A: Sparging air into a toluene solution

Toluene solutions of 2.3a-1* were sparged with air for three days at room
temperature and 65 °C. The results showed no obvious difference. Although a trace
of 2.3a-1 was found in the mass spectrum, it could not be regarded as solid
evidence for the formation of 2.3a-1, because the signal corresponding to 2.3a-1
was too weak to support that the majority of 2.3a-1 came from a trace reaction

shown in Scheme 2.20.

Method B: Reaction with mCPBA
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A stronger oxidant mCPBA (meta-chloroperoxybenzoic acid) was reacted with
2.3a-1* in CH2Cl> at room temperature for 24 h, leading to a dominant product
resonating at 6 30.5 (s) in 31P-NMR spectrum. No trace of 2.3a-1 could be found

from mass spectrometry.

2.2.7.3 Investigation on 2.3a-2

A toluene solution of 2.1c and "BusNPFs (1.05 equiv.) was heated to 65 °C with

aeration for three days. The hoped-for reaction is shown in Scheme 2.21.

y |PFe
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2.1c 2.3a-2

Scheme 2.21 Anticipated reaction of 2.1c with oxygen and "BusNPFé.

The mass spectrum cannot distinguish between these compounds, since 2.3a-2
has the same ligand environment as 2.1c. The 31P-NMR spectrum is shown in
Figure 2.14. There are no broad signals. Instead, sharp signals resonating at 6 65.0
(s), 65.3 (s), 69.1 (d) and 74.5 (d) ppm, indicated the formation of new complexes.
The other two doublets on the 31P-NMR spectrum (at § 69.6 (d) and 73.0 (d) ppm)
are from the starting material 2.1c. There are seemingly no signals from the target
complex 2.3a-2, since it is a Ru(III) species and paramagnetic. Curiously, no signals

from PF¢ or its oxidized species were detected.

Separation was attempted using thin-layer chromatography. The material in the
yellow first band afforded a mass spectrum with the exact molecular weight of
RuCl(*Bu-bpy)(dppb) + MeCN, and showed no signals in its 31P-NMR spectrum.
This may be the target compound 2.3a-2. The second band proved to be an

inseparable mixture.
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Figure 2.14 31P-NMR spectrum from the reaction of 2.1c with oxygen and "BusNPFs.

2.2.8 NMR analysis

The structures of all stable and purified complexes in this Chapter were assigned
from 1D-NMR (1H-, 13C-, 31P-NMR and DEPT or APT) and 2D-NMR (gHSQC, gHMBC

and gCOSY) spectra. All the complexes, except 2.8a, have no symmetry elements.

Only complexes 2.8a and 2.9b show a singlet in the positive range of their 31P-
NMR spectra: 2.8a is a dimer with two symmetric phosphorus nuclei, while there
is only one phosphorus nucleus in 2.9b. All the complexes with Ru(N*N)(P*P)
cores proved to be cis-isomers, showing two doublets in their 31P-NMR spectra.
The complex 2.5b has the most downfield chemical shifts at 6 65.1 (d, 1P, Jep = 23
Hz), 78.5 (d, 1P, Jpp = 23 Hz) ppm. Compared with Ru halide complexes, the signals
from the corresponding mono-alkynyl complexes are more downfield, except
those from 2.6b and 2.6c. The data are tabulated in Table 2.2. One phosphorus
nucleus is trans to the -C=C group and the other to the ‘Bu-bpy ligand in 2.6b, 2.6¢
and 2.7a, while one phosphorus nucleus is trans to -Cl and the other to the ‘Bu-bpy
ligand in the other mono-alkynyl complexes, which may explain the differing

chemical shifts behavior.
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Table 2.2 Chemical shifts in positive range of 31P-NMR spectra.

Cor;ll(;)).lex §/ppm Cor;llgllex 5 /ppm Cor;llgllex 5 /ppm
2.1b 61.7 (J= 22 Hz) 2.1c 70.0 (J =23 Hz) 2.1a 36.0 (/=30 Hz)
70.0 (J =22 Hz) 73.4 (=23 Hz) 43.0 (J=30Hz)
2.2¢ 64.7 (] =17 Hz) 2.2e 75.2 (=23 Hz) 2.2a 41.7 (J=31Hz)
74.5 (=17 Hz) 77.1 (J=23 Hz) 50.1 (=31 Hz)
2.6b 43.6 (J=12Hz) 2.6¢ 49.9 (J=14 Hz)
66.9 (J=12 Hz) 73.5 (=14 Hz)
2.7a 45.0 (J=12Hz)

70.3 (J = 12 Hz)

Three types of carbons are found in the complexes: primary, tertiary and
quaternary. The only primary carbons are those of the ‘Bu-bpy ligands, and can be
easily recognized as the dominant peaks upfield in the 13C-NMR spectra. Based on
the information provided by DEPT or APT studies, the other two types can be
separated clearly. All quaternary carbons connected to phosphorus atoms exhibit
coupling with chemical shifts ranging from 6 134 - 147 ppm. In several cases, it is
difficult to reliably extract coupling constants because of the complexity of the 13C-
NMR spectra in this region. For the dppf complexes, the signals of the dppf carbons
lie in the range § 70 - 85 ppm. For the dppe complexes, there are two doublets in
the range 6 25 - 29 ppm with coupling constants Jpp = 10 - 15 Hz. For the dppb
complexes, the carbon signals are difficult to assign because they appear within the

Ph-C region.

In the 'H-NMR studies, the two dominant singlets are from ‘Bu-Hs. For the dppf
complexes, the signals from the Fc-Hs are found in the range 6 3.0 - 6.6 ppm and
are all singlets. In the 'TH-NMR spectra of 2.1a and 2.2a, eight peaks are found,
showing different chemical environments for each proton, while some signals from
the Fc-Hs overlap in spectra of the other dppf complexes. The assignments of the
Fc-Hs were achieved with the aid of gCOSY. For the dppe complexes, unlike
Ru(dppe). complexes, the signals from the four protons attached to secondary
carbons, exhibit multiple peaks in the range § 2.4 - 3.5 ppm. For the dppb
complexes, consistent with the 13C-NMR spectra, the four protons from the dppb

ligands are difficult to assign.
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2.3 X-RAY STRUCTURAL STUDIES

A series of crystal structures were obtained from the X-ray diffraction

measurements, the results from which are discussed in this section.

The molecular geometry and atom labeling of the ruthenium halides are shown in
Figure 2.15 and selected bond information is listed in Table 2.3. From the structure
of cis-RuClz(dppe)(‘Bu-bpy), it is obvious that the bite angle of the bipyridine
group is much smaller than that of the dppe ligand. The bite angles of the
bipyridine group are similar among the three cis-Ru(N*N)(P*P) complexes. The
bite angle of the dppf group is 96.69(8)°, which is significantly larger than the
other two ligands (dppe and dppb groups). Due to the large size of the dppf group,
the CI(1)-Ru-Cl(2) bond angle of cis-RuClz(dppf)(‘Bu-bpy) is also slightly smaller
than CI(1)-Ru-Cl(2) bond angles of the other two complexes. However, a significant
difference between cis-RuClz(dppe)(‘Bu-bpy) and cis-RuClz(dppb)(‘Bu-bpy) is the
backbones: as expected, the coordinated dppb ligand has a rigid backbone, while
the backbone is flexible in the dppe complex. The bond length of Ru-P in 2.1c is

slightly shorter, which may be influenced by the m-conjugated backbone.

Figure 2.15 Molecular geometry and atomic labeling scheme for cis-RuCl,(dppf) (tBu-bpy) (2.1a)
(left), cis-RuClz(dppe) (‘Bu-bpy) (2.1b) (middle), and cis-RuCly(dppb) (tBu-bpy) (2.1c) (right).

Hydrogen atoms have been omitted for clarity.
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Table 2.3 Selected bond lengths (A) and angles (°) for cis-RuClz(dppf) (t‘Bu-bpy) (2.1a), cis-

RuClz(dppe)(tBu-bpy) (2.1b), and cis-RuCl;(dppb)(*Bu-bpy) (2.1c).

Complexes 2.1a 2.1b 2.1c

Bond Lengths

Ru-CI(1) 2.498(2)  2.4188(10) 2.4310(15)
Ru-CI(2) 2.428(2)  2.4921(10) 2.4664(16)
Ru-P(1) 2.345(2)  2.3045(10) 2.2824(15)
Ru-P(2) 2.295(2) 2.2574(11) 2.2434(15)
Ru-N(1) 2.106(6)  2.103(3) 2.117(5)
Ru-N(2) 2.095(7) 2.083(3) 2.074(4)
Bond Angles

Cl(2)-Ru-CI(1) 90.36(8)  92.28(3) 92.40(5)
P(1)-Ru-CI(1) 90.59(8) 83.59(3) 83.90(5)
P(1)-Ru-CI(2) 87.63(7) 96.45(3) 92.30(5)
P(2)-Ru-CI(1) 172.71(8) 91.83(3) 90.59(5)
P(2)-Ru-CI(2) 90.33(8) 175.86(4) 175.30(5)
P(2)-Ru-P(1) 96.69(8) 84.46(3) 84.41(5)
N(1)-Ru-Cl(1) 84.4(2) 93.98(10) 92.75(14)
N(1)-Ru-C1(2) 166.5(2)  84.56(9) 84.51(14)
N(1)-Ru-P(1) 104.8(2) 177.39(11) 175.28(13)
N(1)-Ru-P(2) 93.3(2) 94.71(9) 98.97(14)
N(2)-Ru-Cl(1) 82.44(19) 170.98(8) 170.39(13)
N(2)-Ru-Cl(2) 90.0(2) 84.73(9) 84.56(13)
N(2)-Ru-P(1) 172.6(2) 105.18(9) 105.29(13)
N(2)-Ru-P(2) 90.3(2) 91.14(9) 93.05(13)
N(2)-Ru-N(1) 77.0(3) 77.29(13) 77.91(18)

Information on the crystal structures of the mono-alkynyl complexes 2.2a, 2.2b,
2.2¢, 2.2e and 2.2d* is provided in Figure 2.16 and Table 2.4. The mono-alkynyl
complexes retain the cis-geometry of the ruthenium halides. The halogen atoms
which were trans to the Bu-bpy ligands in RuCl2(N*N)(P”P) complexes were
replaced by an alkynyl groups in each complex. As expected, the bond lengths of
the Ru-C bonds are smaller than those of Ru-Cl bonds. Generally, most of the
structural details follow the same trend as those of the Ru(N*N)(P*P) cores in the
structures discussed above. What is notable is that the bond angle of Cl-Ru-C in
2.2e is much larger than those in the other three complexes. The reason may be
due to the unique rigid and aromatic structure of the dppb ligand. Different from
the other four mono-alkynyl complexes, the halogen atom in the complex 2.2d* is
iodine, which is much larger than the chlorine atom. Thus, the bond length of Ru-I
is significantly longer than that of Ru-Cl, and the angle of C-Ru-I is increased to

95.6°.

The dppe-containing complexes 2.6a and 2.7a are also octahedral cis-isomers, as

shown in Figure 2.17. Unlike 2.2c, the alkynyl group in these complexes is trans to
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one of the phosphorus atoms, while it is cis to all the phosphorus atoms in 2.2c.
The existence of the butadiynyl group is confirmed from the bond length
information in Table 2.5. Incorporation of the Et3N in 2.7a is also confirmed. The

C(3)=C(4) bond lengths and angles are consistent with a C=C bond.

(e)

Figure 2.16 Molecular geometry and atomic labeling scheme for cis-Ru(C=C-4-
C¢H4NO2)Cl(dppf) (tBu-bpy) (2.2a) (a), cis-Ru(C=CPh)Cl(dppf) (*Bu-bpy) (2.2b) (b), cis-Ru(C=C(4-
CeH4NO2))Cl(dppe) (tBu-bpy) (2.2c) (c), cis-Ru(C=C(4-CcH4NO2))Cl(dppb)(tBu-bpy) (2.2€) (d) and

cis-Ru(C=CPh)Cl(dppe)(tBu-bpy)I (2.2d*) (e). Hydrogen atoms have been omitted for clarity.
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Table 2.4 Selected bond lengths (A) and angles (°) for cis-Ru(C=C-4-CsHsNO2)Cl(dppf) (tBu-bpy)
(2.2a), cis-Ru(C=CPh)Cl(dppf) (*Bu-bpy) (2.2b), cis-Ru(C=C(4-CcH4NO2))Cl(dppe)(*Bu-bpy) (2.2c)
and cis-Ru(C=C(4-CsH4NO2))Cl(dppb)(‘Bu-bpy) (2.2e) and cis-Ru(C=CPh)(dppe) (‘Bu-bpy)I

(2.2d%).
Complexes 2.2a 2.2b 2.2c 2.2e 2.2d*
Bond Lengths
Ru-P(1) 2.341(3) 2.335(2) 2.2640(16) 2.269(2) 2.263(3)
Ru-P(2) 2.302(3) 2.272(2) 2.2823(15) 2.2315(19) 2.276(3)
Ru-X(1) 2.481(3) 2.488(2) 2.4801(16) 2.5516(15) 2.7792(12)
Ru-N(2) 2.127(9) 2.125(6) 2.176(5) 2.145(6) 2.158(9)
Ru-N(1) 2.195(8) 2.165(7) 2.128(4) 2.170(6) 2.105(8)
Ru-C(1) 2.014(11) 2.022(10) 2.028(7) 2.003(8) 2.139(10)
Bond Angles
P(2)-Ru-P(1) 97.81(11) 96.51(8) 84.59(5) 85.22(7) 85.44(10)
X(1)-Ru-P(1) 89.10(10) 91.52(7) 176.81(5) 91.92(6) 175.58(8)
X(1)-Ru-P(2) 170.57(9) 171.78(8) 92.70(5) 174.74(7) 92.87(7)
N(2)-Ru-P(1) 172.6(3) 172.39(18) 88.80(14) 177.04(17) 88.9(2)
N(2)-Ru-P(2) 89.5(3) 91.04(18) 104.93(13) 94.87(16) 105.6(2)
N(2)-Ru-X(1) 83.8(3) 80.90(17) 90.28(14) 88.22(16) 87.6(2)
N(1)-Ru-P(1) 101.7(2) 103.71(19) 97.86(13) 106.85(18) 96.8(2)
N(1)-Ru-P(2) 98.2(2) 94.81(18) 177.41(13) 95.44(17) 177.2(2)
N(1)-Ru-X(1) 86.6(2) 84.91(18) 84.88(13) 81.15(16) 85.0(2)
N(1)-Ru-N(2) 75.7(3) 76.5(3) 76.04(17) 76.1(2) 76.2(3)
C(1)-Ru-P(1) 93.0(3) 88.3(2) 91.62(18) 85.1(2) 88.3(3)
C(1)-Ru-P(2) 84.7(3) 87.7(2) 86.59(16) 85.7(2) 83.8(3)
C(1)-Ru-X(1) 88.6(3) 90.9(2) 89.89(18) 98.5(2) 95.6(3)
C(1)-Ru-N(2) 89.1(4) 91.1(3) 168.5(2) 91.9(3) 169.9(4)
C(1)-Ru-N(1) 164.5(4) 167.3(3) 92.5(2) 168.0(3) 94.6(3)

Figure 2.17 Molecular geometry and atomic labeling scheme for cis-Ru(C=CC=C-4-

CeH4NOZ)Cl(dppe)(tBu-bpy) (2.6b) (left) and cis-[Ru(C=CC(NEt3)=CH-4-CcH4NO2)Cl(dppe)(*Bu-

bpy)]PFs (2.7a) (right). Hydrogen atoms except C=CH have been omitted for clarity.
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Table 2.5 Selected bond lengths (A) and angles (°) for cis-Ru(C=CC=C-4-C¢HsNO,)Cl(dppe) (‘Bu-
bpy) (2.6b) and cis-[Ru(C=CC(NEt3)=CH-4-C¢H4NO2)Cl(dppe)(*Bu-bpy)]PFs (2.7a).

Complexes 2.7a 2.6b Complexes 2.7a 2.6b
Bond Lengths

Ru-C(1) 2.027(6) 2.044(4) C(3)-C(4) 1.342(8) 1.204(5)
C(1)-C(2) 1.194(9) 1.189(5) C(4)-C(5) 1.467(9)

C(2)-C(3) 1.412(5) 1.399(5) C(3)-N(3) 1.530(8)

Bond Angles

Ru-C(1)-C(2) 173.8(5) 176.5(3) C(3)-C(4)-C(5) 126.4(6) 173.3(4)
C(1)-C(2)-C(3) 171.0(6) 177.4(4) C(2)-C(3)-N(3) 112.0(5)
C(2)-C(3)-C(4) 128.1(6) 179.5(4) N(3)-C(3)-C(4) 119.9(5)

The structures of the n3-butenynyl complexes were confirmed by X-ray diffraction,
the structural information being provided in Figure 2.18 and Table 2.6. Each
ruthenium atom is within bonding distance of seven atoms. The complexes are
formally Ru(II) species with one PFg¢ anion in the vicinity of the ruthenium-
containing cation. The chelating dppf and butyl-containing ‘Bu-bpy ligands occupy
two cis-disposed positions each. The n3-butenynyl ligands exhibite E-
stereochemistry and occupy the remaining coordination sites at the ruthenium
centres. Ru, C(1), C(2) and C(3) are approximately in a plane. Notable is the much
smaller bite angle of the ‘Bu-bpy ligand compared to aforementioned structures, in

the present cases affording more space for the n3-coupling ligands.

Figure 2.18 Molecular geometry and atomic labeling scheme for cis-[Ru(CsH(4-

CeH4NO,),) (dppf) (tBu-bpy)]PFs (2.4a) (left) and cis-[Ru(C4HPh,)(dppf) (Bu-bpy)]PFs (2.4b) (right).

PF¢ anion in 2.4b and hydrogen atoms except C=CH have been omitted for clarity.

Table 2.6 Selected bond lengths (A) and angles (°) for cis-[Ru(C4H(4-CsHsNO2)2)(dppf) (‘Bu-
bpy)]PFs (2.4a) and cis-[Ru(C4HPh)2)(dppf) (‘Bu-bpy)]|PFs (2.4b).
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Complexes 2.4a 2.4b Complexes 2.4a 2.4b

Bond Lengths

Ru-P(1) 2.371(4) 2.352(3) Ru-C(1) 2.290(14) 2.296(10)
Ru-P(2) 2.376(4) 2.374(2) Ru-C(2) 2.171(15) 2.212(11)
Ru-N(1) 2.126(11) 2.130(7) Ru-C(3) 2.091(13) 2.100(9)
Ru-N(2) 2.140(12) 2.157(7)

Bond Angles

P(2)-Ru-P(1)  99.09(13) 99.73(9) C(2)-Ru-P(2) 133.7(4) 131.6(3)
N(1)-Ru-P(1) 169.2(3) 168.6(2) C(2)-Ru-N(1) 87.4(5) 86.4(4)
N(1)-Ru-P(2) 91.6(3) 91.3(2) C(2)-Ru-N(2) 128.2(5) 130.6(4)
N(2)-Ru-P(1) 100.9(3) 100.0(2) C(2)-Ru-C(1) 31.6(5) 32.7(4)
N(2)-Ru-P(2) 96.2(3) 95.2(2) C(3)-Ru-P(1) 90.8(4) 92.2(2)
N(2)-Ru-N(1) 76.5(4) 76.3(3) C(3)-Ru-P(2) 95.6(4) 93.3(3)
C(1)-Ru-P(1) 86.4(4) 88.6(3) C(3)-Ru-N(1) 89.3(5) 89.6(3)
C(1)-Ru-P(2) 164.4(4) 162.6(3) C(3)-Ru-N(2) 161.8(5) 163.7(3)
C(1)-Ru-N(1) 83.5(4) 81.4(3) C(3)-Ru-C(1) 69.6(5) 71.0(4)
C(1)-Ru-N(2) 97.0(5) 98.4(3) C(3)-Ru-C(2) 38.1(5) 38.4(4)
C(2)-Ru-P(1) 86.0(4) 88.1(3)

The molecular geometry of the n!-coordinated complexes 2.5a and 2.5b is
confirmed in Figure 2.19. The molecules are all neutral species in contrast to the
n3-butenynyl complexes. The cleavage of the two Ru-C bonds and introduction of
chlorine atoms on proceeding from n3- to nl-coordination results in the geometry
at ruthenium reverting to pseudo-octahedral. The -C=CHRC=CR ligands retain E-
stereochemistry. Despite similarities, there is a key difference between the two
complexes. In 2.5a, the chlorine atom is cis-disposed with respect to the dppf
ligand, while it is trans-disposed to one phosphorus atom and cis to the other
phosphorus atom of the dppe ligand in 2.5b. Since the chlorine atom is electron-
withdrawing, the relative location of the chlorine atom and the dppe ligand may
explain the significant signal move downfield in the 31P-NMR study of 2.5b. The C-
Ru-Cl angle in 2.5a is smaller than that in 2.5b, presumably a result of

accommodating the larger dppf ligand.

65



Figure 2.19 Molecular geometry and atomic labeling scheme for cis-
Ru(C=CHPhC=CPh)Cl(dppf)(*Bu-bpy) (2.5a) (left) and cis-Ru(C=CH(4-CsH4NO2)C=C(4-
C6H4NO2))Cl(dppe)(tBu-bpy) (2.5b) (right). Hydrogen atoms except C=CH have been omitted for

clarity.

Table 2.7 Selected bond lengths (A) and angles (°) for cis-Ru(C=CHPhC=CPh)Cl(dppf)(:Bu-bpy)

(2.5a) and cis-Ru(C=CH(4-CsH4NO2)C=C(4-CsH4NO2))Cl(dppe)(‘Bu-bpy).

Complexes 2.5a 2.5b Complexes 2.5a 2.5b
Bond Lengths

Ru-P(1) 2.3316(19) 2.297(3) Ru-N(2) 2.124(5) 2.139(8)
Ru-P(2) 2.4535(18) 2.251(3) Ru-N(1) 2.072(5) 2.184(8)
Ru-CI(1) 2.4364(17) 2.497(3) Ru-C(1) 2.153(7) 2.103(9)
Bond Angles

P(2)-Ru-P(1) 100.36(6) 85.84(10) N(1)-Ru-Cl(1) 167.52(15) 84.6(2)
Cl(1)-Ru-P(1)  93.18(6) 94.52(9) N(1)-Ru-N(2) 78.2(2) 76.3(3)
Cl(1)-Ru-P(2)  82.06(6) 172.31(10) C(1)-Ru-P(1) 86.95(17) 87.2(3)
N(2)-Ru-P(1) 168.76(15) 177.4(2) C(1)-Ru-P(2) 168.00(16) 98.0(3)
N(2)-Ru-P(2) 90.78(15) 93.1(2) C(1)-Ru-CI(1)  88.09(17) 89.7(3)
N(2)-Ru-Cl(1)  89.78(15) 86.2(2) C(1)-Ru-N(2)  82.3(2) 95.4(3)
N(1)-Ru-P(1) 99.26(15) 101.3(2) C(1)-Ru-N(1)  93.5(2) 170.1(3)
N(1)-Ru-P(2) 94.63(15) 87.8(2)

Figure 2.20 displays the molecular geometries obtained by X-ray crystallography
of the complexes 2.8a, 2.8b, 2.9a and 2.9b. 2.8a is a dimer bridged by three

chlorine atoms. Each ruthenium atom is coordinated with one ‘Bu-bpy ligand and

one PPhs. Each of the two nitrogen atoms, two phosphorus atoms and two chlorine

atoms at the ruthenium centre of the Ru(IIl) complex 2.8b are equivalent, and so

2.8b has the highest symmetry of the complexes studied. The complex 2.9a, in

which the ruthenium atom is coordinated by one ‘Bu-bpy ligand and one PPhs, is

effectively the monomer of 2.8a. It is a Ru(IlI) complex as is 2.8b, but unlike 2.8b,

it is a neutral molecule, not in a salt form comprised by the anion and cation; The

complex 2.9b is a chloride salt of a Ru(Il) cation with octahedral geometry at the
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metal. There are no symmetry elements: ruthenium atom is coordinated by two
‘Bu-bpy ligands and one PPhs, and each of the atoms, except the tbutyl groups in

the tBu-bpy ligands, exhibits different signals in the NMR spectra.

() (d)
Figure 2.20 Molecular geometry and atomic labeling scheme for [Ruz(u-Cl)3(PPh3).(tBu-bpy)2]PFe
(2.8a) (a), [RuClz(PPhs)2(*Bu-bpy)]Cl (2.8b) (b), RuCl3(PPhs)(tBu-bpy) (2.9a) (c) and
[RuCl(PPhs3)(tBu-bpy)2]Cl (2.9b) (d). Hydrogen atoms have been omitted for clarity.

The molecular geometry of the complexes 2.3a, 2.3a-1 and 2.3a-2, related to the
oxidation of the vinylidene complex, are shown in Figure 2.21. All of the three
complexes possess six-coordinate octahedral geometries at ruthenium and all have
PFs- counter-ions. The vinylidene ligand has reacted to form a C=0 ligand in 2.3a.
2.3a-1 has three phosphorus atoms coordinated to ruthenium, and confirms
insertion of one oxygen atom between the ruthenium atom and the dppb ligand.
Complex 2.3a-2 has a ruthenium core exactly the same as 2.1c, except that the

oxidation state of Ru is +3.
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(a) (b)

(c)
Figure 2.21 Molecular geometry and atomic labeling scheme for cis-[Ru(C=0)Cl(dppb)(*Bu-
bpy)]PFs (2.3a) (a), [RuCl(*Bu-bpy)(0-dppb)(PPh3)]PFs (2.3a-1) (b) and cis-[RuCl;(dppb) (Bu-

bpy)]PFs (2.3a-2) (c). Hydrogen atoms have been omitted for clarity.

2.4 LINEAR OPTICAL STUDIES

Linear optical studies were conducted on a UV-Vis spectrometer in CH2Cl; using a

quartz cell at 298 K. The UV-Vis absorption spectra are displayed below.

The spectra of cis-RuClz(dppf) (‘Bu-bpy) (2.1a), cis-RuClz(dppe)(‘Bu-bpy) (2.1b)
and cis-RuClz(dppb)(‘Bu-bpy) (2.1c) are shown in Figure 2.22. All the spectra are
similar, with weaker broad absorption in the visible region and stronger
absorption in the UV region. The bands in the lower energy region are tentatively
assigned as MLCT transitions from the ruthenium centre to the ‘Bu-bpy ligand. The
intense bands at higher energy are proposed to be intra-ligand m-m* transitions
between the diphosphine ligands and the tBu-bpy ligand. 2.1a and 2.1c have

slightly larger molar extinction coefficient than 2.1b.
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Figure 2.22 UV-Vis absorption spectra (CH2Clz, 298 K) for cis-RuClz(N*N)(P~P) complexes.

The spectra of cis-Ru(C=C-4-CsH4NO2)Cl(dppf)(‘Bu-bpy)  (2.2a), cis-
Ru(C=CPh)Cl(dppf)(Bu-bpy) (2.2b), cis-Ru(C=C-4-CsHsNO2)Cl(dppe)(‘Bu-bpy)
(2.2c¢) and cis-Ru(C=C-4-CcH4sNO2)Cl(dppb)(Bu-bpy) (2.2e) are displayed in
Figure 2.23. The complex 2.2b has the highest intensity band in the high-energy
region with weak absorption in the visible region. The mono-alkynyl complexes
with a nitro group show the same trend as 2.2b, exhibiting an intense peak around
300 nm, but show differences in the visible region as their spectra contain
relatively intense broad bands. Generally, the absorption intensities are similar to
those of the cis-RuClz(N”*N)(P*P) complexes. The bands in the UV region are
attributed to intra-ligand m-r* transitions from the diphosphine ligands to the ‘Bu-
bpy ligand. The introduction of nitro group in 2.2a, 2.2c¢ and 2.2e induces broad
bands in the UV-Vis spectra, because it enhances the MLCT from the ruthenium
atoms and alkynyl ligands to the nitro groups as well as ILCT. In 2.2b, the weak
absorption in the visible region is induced by MLCT (from the ruthenium atom to

the tBu-bpy ligand) and LLCT (from the alkynyl group to the ‘Bu-bpy ligand).

Figure 2.24 shows the UV-Vis absorption spectra of the ruthenium dppf complexes
cis-RuClz(dppf) (‘Bu-bpy) (2.1a), cis-Ru(C=C-4-C¢H4NO2)Cl(dppf)(*Bu-bpy) (2.2a)
and cis-Ru(C=CPh)Cl(dppf)(‘Bu-bpy) (2.2b). The complexes 2.1a and 2.2b are
similar, while the significant absorption in the low-energy region induced by the
nitro group distinguishes 2.2a from the other two. Both the absorption intensities

of 2.2a and 2.2b are stronger than those of 2.1a.
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Figure 2.23 UV-Vis absorption spectra (CH2Clz, 298 K) of cis-Ru(C=C-4-CsH4R)CI(N*N)(P*P), (R = -

H, -NO2) complexes.
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Figure 2.24 UV-Vis absorption spectra (CH2Cl,, 298 K) of Ru(dppf)(*Bu-bpy) complexes.

The complexes cis-Ru(C=C-4-CsHsNO2)Cl(dppe)(‘Bu-bpy) (2.2c), cis-Ru(C=C-4-
CeHaNO2)Cl(dppb)(‘Bu-bpy) (2.2e), cis-Ru(C=CC=C-4-CsH4sNO2)Cl(dppe)(‘Bu-bpy)
(2.6b) and cis-Ru(C=CC=C-4-CsHsNO2)Cl(dppb)(‘Bu-bpy) (2.6c) differ in the
number of C=C bonds and co-ligands. The UV-Vis spectra of 2.2¢, 2.2e, 2.6b and
2.6c¢ are collected in Figure 2.25. The dppe and dppb complexes follow the same
trend. Compared with 2.2c and 2.2e, the absorption intensities of 2.6b and 2.6c
are significantly stronger, and a blue shift is seen for the bands attributed to the

MLCT involving the nitro group. The explanation is as follow: 1) in 2.6b and 2.6c,
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the m-conjugated chain is increased by one more C=C bond. Since the absorption in
the visible region is mainly contributed by the MLCT from Ru(C=C-R)Cl to the nitro
group, a longer m-conjugated chain may enhance the charge transfer. 2) The
absorption in the high-energy region is dominated by the intra-ligand m-m*
transitions from the diphosphine ligands to the ‘Bu-bpy ligand. The Cl is trans to a
phosphorus atom in 2.2c and 2.2e, while a m-electron-rich and electron-donating
ligand, the C=CC=C-R ligand, is trans to the phosphorus atom at the same position
in 2.6b and 2.6c¢. The replacement of Cl by the C=CC=C-R ligand may influence the

transition.
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Figure 2.25 UV-Vis absorption spectra (CH2Clz, 298 K) of ruthenium mono-alkynyl complexes.

The UV-Vis absorption spectra of cis-[Ru(CsH(4-CcH4NO2)2)(dppf)(tBu-bpy)]PFs
(2.4a), cis-[Ru(C4HPh2)(dppf)(‘Bu-bpy)|PFs (2.4b), cis-[Ru(CsHPhz)(dppe)(‘Bu-
bpy)]|PFs (2.4c) and cis-[Ru(C4H(4-C6H4NO2)2)(dppb)(‘Bu-bpy)]PFs (2.4d) are
shown in Figure 2.26. There are three absorption peaks in the spectra of each
complex except 2.4b which lacks nitro groups. The intense absorptions in the UV
region are assigned as intra-ligand m-* transitions from the diphosphine ligands
to the ‘Bu-bpy ligand, consistent with the other Ru(N”N)(P”*P) complexes. Both
MLCT and ILCT transitions contribute to the absorption in the visible region, but

their individual contributions cannot be deconvoluted.
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Figure 2.26 UV-Vis absorption spectra (CH2Clz, 298 K) of ruthenium 53-butenynyl complexes.

2.5 ELECTROCHEMICAL STUDIES

The electrochemical behavior of the Ru(N*N)(P”P) complexes was investigated by
means of cyclic and square-wave/differential pulse voltammetry in distilled CH2Cl»
with 0.1 M "BusNPF;s as the supporting electrolyte. Under the same conditions, the
ferrocene/ferrocenium (FcH/FcH") oxidations are one-electron, reversible redox

processes at 100 mV/s scan rate.

The electrochemical data of the RuClz(N*N)(P*P) complexes are tabulated in Table
2.8. All the complexes exhibit reversible processes. 2.1a undergoes two redox
processes, the peak at 0.69 V being assigned as the Fel'/Il redox couple based on
previous reports [52 53,671, The electron-withdrawing ferrocenium decreases the
electron density at the ruthenium centre, making the ruthenium oxidation more
difficult. Thus, the oxidation potential of 2.1a at 1.11 V is much higher than those
of 2.1b and 2.1c at 0.68 and 0.70 V, respectively. This also shows that 2.1a has the
potential to be developed as a multi-stated switch. Both the complexes 2.1b and
2.1c possess one redox active center. The half-wave potential (E7/2) of 2.1c is more
anodic than that of 2.1b, indicating that the dppb ligand withdraws more electron
density from the ruthenium centre and makes the oxidation more difficult. Thus,
the dppb ligand is more capable of stabilizing the ruthenium centre than the dppe

ligand.
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Table 2.8 Electrochemical data of RuCl;(N*N)(P”P) complexes (E in volts, I in pA).

Compound  Peak

No. No. E. Eq AE E1/2 I Iq la/ I
2.1a 1 0.76 0.61 0.15 0.69 1.74 1.67 0.96

2 1.18 1.04 0.14 1.11 1.00 0.99 0.99
2.1b 1 0.72 0.63 0.096  0.68 2.80 2.81 1.00
2.1c 1 0.74 0.67 0.076  0.70 2.16 2.18 1.00

Note: 2.1a = cis-RuClz(dppf) (‘Bu-bpy) 2.1b = cis-RuClz(dppe) (‘Bu-bpy) 2.1c = cis-RuClz(dppb) (Bu-bpy)

With the introduction of the alkynyl group, the complexes have different
behaviours. The electrochemical data of the Ru(C=C-R)CI(N*N)(P"P) complexes
are summarized in Table 2.9. Generally, the Ru(C=C-R)CI(N*N)(P”P) complexes
can be catalogued as two types: nitro complexes and non-nitro complexes. All the
nitro groups in the nitro-containing complexes except 2.2c and 2.2e exhibit quasi-
reversible processes, with E1/2 ranging from -1.11 to -0.92 V. Each of the complexes
2.2¢, 2.2e, 2.6b, 2.6¢c and 2.7a has one reversible redox wave, with no obvious
difference on the values of the half-wave potential with that of the corresponding
RuClz(*‘Bu-bpy)(P”P). Unlike the other analogues, the complex 2.2a bearing the
dppf ligand has no reversible processes. In contrast, complex 2.7a shows
significant stability with a shift of the Rul//!! redox potential to higher value at 0.84
V.

The non-nitro complexes 2.2b, 2.2d and 2.2f exhibit complicated processes in
their electrochemical studies, so a combination of cyclic and square-wave (SQWV)
voltammetry or differential pulse (DPV) voltammetry was conducted. The results
of 2.2b and 2.2d are shown in Figure 2.27. Both of them have irreversible waves
around 0.60 and 1.05 V. The expected redox wave in 2.2b induced by the Fell/lll
redox couple could not be observed. Thus, it seems clear that chemical reactions

occur during the oxidation of the non-nitro complexes 2.2b, 2.2d and 2.2f.

To the date, the redox behaviour of the ruthenium 73- or n!-butenynyl complexes
have not been reported. In this Chapter, the electrochemical studies on such
complexes were conducted and the data is summarized in Table 2.10. The complex
2.4b displayed similar redox behaviour to 2.2b but at higher potentials. The
oxidation of other nitro complexes becomes more difficult as well, and no
reversible redox waves could be observed. The two nitro groups in each complex

show two quasi-reversible processes ranging from -0.78 to -0.91 V, which could be
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distinguished by square-wave voltammetry studies, as shown in Figure 2.28. In the
complex 2.4c, the peak at 0.56 V is the redox wave from the reference chemical,
the FcH/FcH" redox couple, and the other peaks represent the redox behaviour of
2.4c. The area under the peak at ca. 1.3 V is smaller than that of the reference peak
that corresponding to a one-electron reversible redox process. It indicates that
there is no simple one-electron Rul/!' redox process occurring in 2.4c. The other

nitro complexes show the same trend.

Table 2.9 Electrochemical data of Ru(C=CR)CI(N*N)(P*P) complexes (E in volts, I in uA).

Compound  Peak

No. No. E. E, AE Eip I Iq Ia/ I
2.2a 1 -1.01 -1.20 0.18 -1.11 2.29 2.29 1.0
2 0.76 0.71 0.054 - 2.11 0.62 0.29
i 1.17 1.05 0.12 - 2.36 2.21 0.94
2.2b 1 0.60 0.52 0.080 - 1.68 0.75 0.45
2 1.03 0.96 0.068 1.00 1.42 1.39 0.98
3 1.16 1.07 0.098 - 38.0 15.5 0.41
2.2¢c 1 -1.20 -1.00 0.20 - 0.80 0.47 0.59
2 0.70 0.63 0.076 0.67 0.39 0.38 0.97
2.2d 1 0.63 0.11 - 0.53 0.33 0.62
2 1.11 0.22 - 0.44 0.33 0.75
2.2e 1 -1.16 -1.01 0.15 - 0.47 0.42 0.89
2 0.72 0.67 0.056 0.70 0.39 0.39 1.0
2.2f 1 0.77 0.084 - 0.71 0.66 0.93
2 1.37 0.12 - 0.35 0.26 0.74
3 1.71 - - 0.89 0.26 0.29
2.3a 1 -1.37 - -
) 118 ) ) -10.4 -9.06 0.87
2.6b 1 -0.87 -1.01 0.13 -0.94 0.86 0.85 0.99
2 0.69 0.64 0.054 0.67 0.89 0.86 0.97
2.6¢ 1 -0.97 -0.87 0.10 -0.92 0.56 0.56 1.0
2 0.71 0.67 0.038 0.69 0.57 0.56 0.98
2.7a 1 -0.87 -0.96 0.084 -0.92 1.38 1.37 0.99
2 0.87 0.80 0.068 0.84 1.37 1.37 1.0
Note: 2.2a = cis-Ru(C=C-4-CsH4NO2)Cl(dppf) (‘Bu-bpy) 2.2b = cis-Ru(C=CPh)CI(dppf) (‘Bu-bpy)
2.2c = cis-Ru(C=C-4-CsHsNO2)Cl(dppe) (‘Bu-bpy) 2.2d = cis-Ru(C=CPh)CI(dppe)(‘Bu-bpy)
2.2e = cis-Ru(C=C-4-CcH4NO2)Cl(dppb) (*Bu-bpy) 2.2f = cis-Ru(C=CPh)Cl(dppb) (‘Bu-bpy)
2.3a = cis-[Ru(C=0)Cl(dppb)(‘Bu-bpy)] PFe 2.6b = cis-Ru(C=CC=C-4-C¢H4NO2)Cl(dppe)(‘Bu-bpy)

2.2c = cis-Ru(C=CC=C-4-CsH4NO2)Cl(dppb) (‘Bu-bpy)
2.7a = cis-[Ru(C=CC(NEt3)=CH-4-CsH:NO2)Cl(dppe)(tBu-bpy)]PFs
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Figure 2.27 Electrochemical studies of the complexes 2.2b (left) and 2.2d (right).

Table 2.10 Electrochemical data of ruthenium 7n3- and n-butenynyl coupling complex (E in volts, I

in pA).
Coml\‘l’su“d Pl\?g.k E. E, AE Eip I. I I/ 1.
2.4a 1 071  -085  0.14 -0.78 458 4.47 0.98
2 1.08 1.01  0.076 1.04  4.04 3.95 0.98
2.4b 1 1.04 098  0.060 ; 1.23 0.97 0.79
2 1.37 127  0.098 ; 1.35 0.29 0.21
3 1.56 148  0.078 1.52 1.74 1.69 0.97
2.4c 1 -0.91 - - 1.16 113 0.97
2 -0.83 ; ; 1.16 113 0.97
3 1.35 126  0.086 ; 0.86 0.65 0.76
2.4d 1 -0.86 - - 1.21 1.21 1.0
2 -0.78 ; ; 1.21 1.21 1.0
3 1.38 128  0.096 ; 0.92 0.79 0.86
2.5b 1 -0.85 ; ;
, s ] ] 1.02 1.02 1.0
3 1.22 1.01 0.21 ; 0.51 0.20 0.39
4 1.33 127  0.066 ; 3.70 2.40 0.65

Note: 2.4a = cis-[Ru(CsH(4-C¢HsNO2)2) (dppf) (tBu-bpy)]PFse 2.4b = cis-[Ru(C+HPh2)(dppf) (‘Bu-bpy)]PFe
2.4c = cis-[Ru(C+H(4-CsH4NO2)2) (dppe) (‘Bu-bpy)]PFs 2.4d = cis-[Ru(CsH(4-CsH4NO2)2) (dppb) (tBu-bpy)]PFs
2.5b = cis-[Ru(C=CH(4-CsH4NO2)C=C(4-CsHaNO2))Cl(dppe) (‘Bu-bpy)]
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Figure 2.28 Electrochemical studies of the complexes 2.4c (left) and 2.4b (right).

The redox data of the Ru(PPh3),(‘Bu-bpy)n complexes are tabulated in Table 2.11.
The complex 2.8a bearing two ruthenium centres has two one-electron reversible
Rul//Il redox processes, one at 0.83 V and the other at 1.59 V. The first ruthenium

oxidation makes the second Ru!'-oxidation much more difficult. The Ru(III)
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complex 2.9a has two one-electron irreversible redox processes, as shown in
Figure 2.29, assigned as Ru/IV and tBu-bpy/tBu-bpy* redox couples. The Ru(II)
complex 2.9b has a dominant wave around 1.06 V with a shoulder towards higher
oxidation potential, assign as Rul//!l redox processes. Compared with the FcH/FcH"
redox process (the signal at 0.56 V in the SQWV study shown in Figure 2.29), it
proves not to be a one-electron redox process. The process occurring in the

cathodic region is regarded as corresponding to the ‘Bu-bpy/‘Bu-bpy* couple.

Table 2.11 Electrochemical data of Ru(PPh3).(tBu-bpy). complexes (n =1, 2) (E in volts, I in yA).

Compound  Peak

No. No. E. Eq AE E1/2 I I la/ I
2.8a 1 0.87 0.79 0.074 0.83 1.62 1.62 1.0
2 1.63 1.55 0.080 1.59 2.10 1.93 0.92
2.9a 1 1.51 1.40 0.11 - 5.35 2.59 0.48
2 -0.11 -0.017 0.092 - 3.02 1.40 0.46
2.9b 1 1.09 1.03 0.058 1.06 0.69 0.68 0.99

Note: 2.8a = [Ruz(u-Cl3)(PPh3)2(tBu-bpy)2]PFs  2.9a = RuClz(PPhs)(tBu-bpy) 2.9b = [RuCl(PPhs3)(tBu-bpy):]Cl

1.206-06 8.00E-06

-8.00E-07 i /
—sQwv

5.00E-06 250605
2 00E07 / /| 7.00e-06
400606 N / //
I\, S/ 6.00E-06
3.00E-06 [} 2.00e-05 2.00E-07 o /
/ —
( —
2.006-06 / < T/ 5.00E-06
—— /
S -3.00E-07 L ™
1.00E-06 1.50E-05 < [
/ k3 { 4.00E-06 o
g — o /
g
£
H
o

i 3.00E-06

Current/uA

T R
-2.00E-06

130806 | |/
f 2.00E-06

/
5.00£.06 /
-1.80E-06 (/J 1.00€-06
01 06 11 16

-3.00E-06
-4.00E-06

-5.00E-06
14

0.00E+00 -2.306-06 0.00E+00

0.00£:00 ///——:—-—4
-1.00E-06 — 1.008-05 ~ SAWV
/
N
-0.9 -0.4

16 11 06 0.1 0.4 0.9 14

Potential/V Potential/V

Figure 2.29 Electrochemical studies of the complexes 2.9a (left) and 2.9b (right).

2.6 SPECTROELECTROCHEMICAL STUDIES

Combining electrochemistry with various spectroscopic techniques provides the
possibility to probe into the effect of electron transfer upon the bonding and the
structure of the complexes. Herein, the UV-Vis spectroelectrochemical
measurements were conducted for the complexes 2.1a, 2.1b, 2.1c, 2.2c, 2.2e, 2.6b
and 2.7a which exhibited reversible redox processes in cyclic voltammetry studies.
The data collected between -15 - 30 °C in CHzCl; using an OTTLE cell are

summarized in Table 2.12.
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Table 2.12 UV-Vis-NIR spectroelectrochemical data for the Ru(N*N)(P”*P) complexes (Amax in nm,

€in M-1cm1).

M M1+ M]z+

Complexes Amax[ [ ]103] AmaE [8]103] Amgx [s] 107]

2.1a 296 [19.7] 295 [15.4] 301 [21.8]

cis-RuClz2(dppf) (tBu-bpy) 445 [3.40] 309 [13.7] 363 [5.81]
377 [3.55]
580 [0.832]
2.1b 293 [17.7] 307 [12.1]
cis-RuClz(dppe) (tBu-bpy) 340 [3.45]
560 [1.13]
2.1c 293 [19.7] 313[13.8]
cis-RuClz(dppb)(tBu-bpy) 408 342 [4.63]
[3.85]sh 580 [1.19]
2.2c 293 [22.2] 394 [10.9]
cis-Ru(C=C-4-CsHaNO2)Cl(dppe)(tBu-bpy) 469 [15.2] 738 [0.844]
2.2e 294 [24.2] 295 [21.0]
cis-Ru(C=C-4-CsHaNO2)Cl(dppb) (:Bu-bpy) 474 [19.0] 451 [10.0]
738 [2.79]
2.6b 295 [28.7] 298 [19.0]
cis-Ru(C=CC=C-4-CcH4NO2)Cl(dppe)(:Bu-bpy) 452 [16.6] 374 [15.7]
496 [3.86]
784 [4.97]
2.7a 296 [33.9] 301 [23.7]
cis-[Ru(C=CC(NEts)=CH-4-CsH4NO3)Cl (dppe) (‘Bu- 439 [12.1] 308 [23.9]
bpy)]PFe 363 [15.1]
597 [2.61]

Figure 2.30 shows the spectroelectrochemical behaviour of the first oxidation
induced by the dppfligand in 2.1a. The intra-ligand n-m* transitions band in the UV
region split into two sharp peaks at 295 and 309 nm with decreased intensities. A
blue shift in the MLCT band in the visible region to the near UV region at 376 nm
was observed. The first oxidation proved to be irreversible, and there were no
isosbestic points in the spectra of the second oxidation from Ru!! to Ru'. Although
it showed two reversible waves in the cyclic voltammetry study, the result of the
spectroelectrochemistry study suggested that the complex 2.1a was not a possible
candidate for multiple states switching applications. The analogous complexes
2.1b and 2.1c to 2.1a have similar spectra plots with little significance difference.
The plots are shown in Figure 2.31 and 2.32. The intra-ligand n-7* transitions band
in the UV region did not split into two sharp peaks as 2.1a did, but red-shifted to
307 and 313 nm in 2.1b and 2.1c¢, respectively, with a shoulder at a higher-energy

wavelength.
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Figure 2.30 UV-Vis-NIR spectroelectrochemical plot of 2.1a at 0.7 V [243 - 258 K, 1st oxidation].
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Figure 2.31 UV-Vis-NIR spectroelectrochemical plot of 2.1b at 0.8 V [243 - 258 K].

The spectroelectrochemical plots of the mono-alkynyl complexes 2.2c and 2.2e are
shown in Figure 2.33 and 2.34. The intensities of the intra-ligand m-m* transitions
band in the UV region decrease, and a blue-shift is observed in the MLCT
absorptions associated with the nitro groups in each complex. However, the
complexes 2.2c¢ and 2.2e do show difference. Firstly, the intra-ligand m-m*
transitions band in the UV region of 2.2e changes to a peak of weaker intensity at
295 nm with a closely-located shoulder, while the analogous band in the UV region

of 2.2c disappears. Secondly, compared with 2.2e, the MLCT band in the visible
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region of 2.2c experiences a greater blue shift of 75 nm with stronger absorption.
Finally, 2.2e has a more distinct new band forming at 738 nm. The oxidations of
the complexes 2.2c and 2.2e were irreversible processes, with 37 -52 % and 46 -

58 % recovery rates, respectively.

20
15
F"E
HU
=
mg 10 -
X
w
S
0 r r r r = —_ —_—
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)
Figure 2.32 UV-Vis-NIR spectroelectrochemical plot of 2.1¢ [243 - 258 K].
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Figure 2.33 UV-Vis-NIR spectroelectrochemical plot of 2.2¢ [298.15 K].
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Figure 2.34 UV-Vis-NIR spectroelectrochemical plot of 2.2e at 0.6 V [243 - 258 K].

Similarly, the complex 2.6b displayed an irreversible oxidation with a recovery
rate of 46 - 80 %. The plot is shown in Figure 2.35. A significant new absorption
band formed at 784 nm with an intensity of 4.97 x 103 M-1cml. A secondary peak
developed at 496 nm on the shoulder of the peak at 374 nm. The broad absorption
at 374 nm was formed by contribution from the blue shifted MLCT band associated
with the nitro group and the development of a former shoulder around 330 nm

into a distinct band located at 343 nm.
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Figure 2.35 UV-Vis-NIR spectroelectrochemical plot of 2.6b at 0.9 V [243 - 258 K].
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Figure 2.36 demonstrates the reversible oxidation of the complex 2.7a. There are
five isosbestic points in the plot. Two significant absorption peaks with similar
intensities of 23.7 and 23.9 x 103 M-1cm™! are apparent, one at 301 nm from the
weakened former intra-ligand m-m* transitions band, and the other at 308 nm was
a development of a former shoulder around 320 nm into a distinct peak. The blue-
shift of the MLCT band was 76 nm, showing no difference with the other dppe-
containing complexes, but the absorption became more intense. Unlike 2.6b, no

significant new absorption band could be detected between 600 and 850 nm.
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Figure 2.36 UV-Vis-NIR spectroelectrochemical plot of 2.7a at 1.0 V [243 - 258 K].

2.7 EXPERIMENTAL SECTION

General. Reactions were performed under a nitrogen atmosphere with the use of
standard Schlenk techniques, with no precautions to exclude air during workup.
The starting materials RuCl3(PPh3z)z [5¢], RuClz(PPhs)2(*Bu-bpy) [71 and
RuCl3(PPh3)2(DMA)-DMA [65] were synthesized as described in the literature. The
ligands, 1,2-bis(diphenylphosphino)benzene (dppb) (68, 69] 1,1-
bis(diphenylphosphino)ferrocene [70.711 and (4-nitrophenyl)butadiyne [72. 73] were
prepared based on literature procedures. All commercially available materials
were used as received. Petrol refers to a fraction of petroleum with a boiling range
of 60 -80 °C. Reagent grade solvent CHzCl, (Merck) was dried by distilling over
calcium hydride and stored under N2, THF (Merck) over sodium/benzophenone,

and toluene (Merck) over sodium and stored under N. All other solvents were
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used as received. High-resolution electrospray ionization mass spectra (HR ESI
MS) were obtained using a VG Quattro II triple quadrupole instrument; peaks are
reported as m/z (assignment, relative intensity). Microanalyses were carried out
by the Microanalysis Service Unit, Research School of Chemistry, Australian
National University and Elemental Analysis Service Unit, Science Centre, London
Metropolitan University. UV-Vis spectra were recorded as CH2Cl; solutions in 1 cm
quartz cells using a Cary 5 spectrophotometer; bands are reported in the form
frequency (cm) [extinction coefficient, 103 M1 cm™]. Infrared spectra were
recorded on KBr discs or NaCl plates using a Perkin Elmer Spectrum One FT-IR
spectrometer. NMR spectra were recorded using a Varian MR-400 FT-NMR or
Bruker Avance 800 MHz NMR spectrometer and are referenced to residual CHCl3
(7.26 ppm ('H, 400 MHz/800 MHz) or CDCl3z 77.16 ppm (3C, 100 MHz/201 MHz).
Cyclic voltammetry measurements were recorded using an e-corder 401
potentiostat system from eDaq Pty Ltd. Measurements were carried out at room
temperature using Pt disc working-, Pt wire auxiliary- and Ag/AgCl reference
electrodes, such that the ferrocene/ferrocenium redox couple was located at 0.56
V (CH2Clz) (ipe/ipa = 1, AEp 0.09 V). Scan rates were typically 100 mV s
Electrochemical solutions contained 0.1 M "BusNPFs and ca. 103 M complex in
dried and distilled CH2Cl;. Solutions were purged and maintained under a nitrogen
atmosphere. Spectroelectrochemistry spectra were recorded using a Perkin Elmer
Lambda 950 UV-Vis-NIR spectrophotometer. Data for the oxidized species
obtained by electrogeneration using a pAutolab III potentiostat were recorded by a
Cary 5 spectrophotometer at temperatures ranging from -15 to -30 °C in an
optically-transparent thin-layer electrochemical (OTTLE) cell (0.5 mm) with a Pt
grid working-, a Pt auxiliary- and an Ag/AgCl reference electrode. The oxidation
potential was set ca. 0.1 V beyond E1,2 measured using cyclic voltammetry to
ensure complete oxidation. The reversibility of the processes was tested by
applying a sufficiently negative potential to reduce the oxidized species, and

observing the reappearance of the spectrum for the remaining ‘neutral’ species.

Synthesis of cis-[RuClz(dppf)(tBu-bpy)] (2.1a)

RuClz(PPhsz)2(tBu-bpy) (0.925 g, 0.958 mmol) was dissolved in CHClz (60 mL), dppf
(0.558 g, 1.007 mmol) was added, and the solution was refluxed for 4 h. The
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solution was allowed to cool and the volume was reduced to ca. 2 mL. A mixture of
diethyl ether and n-hexane (150 mL, Vether:Vn-hexane = 3:2) was added and the
resulting precipitate collected and washed with diethyl ether and n-hexane to give
an orange solid identified as 2.1a (0.905 g, 0.910 mmol, 95%). A red single crystal
suitable for X-ray study was obtained from concentrated CDClz at room
temperature. HR ESI MS ([M + MeCN - Cl]*, 100): caled 1000.1953, found
1000.1954. Microanalysis for Cs2Hs2Cl2FeN2P2Ru: Caled C, 62.79; H, 5.27; N, 2.82.
Found C, 62.99; H, 5.32; N, 3.27. UV-Vis (CH2Cl2): 22490 [3.40], 33750 [19.7]. IR
(KBr): 3584 (w), 3053 (m), 2965 (m), 1615 (m), 1481 (m), 1432 (m) cm1. TH-NMR
(CDCl3, 399 MHz): 6 1.24 (s, 9H, Bu-H), 1.33 (s, 9H, ‘Bu-H), 3.40 (s, 1H,
Ha1/42/Ha3/44), 4.12 (s, 1H, Hasj46/Ha7/48), 4.22 (s, 1H, Ha7/48/Has;46), 4.30 (s, 1H,
Ha7/48/Has/46), 4.46 (s, 1H, Hasj46/Ha7/48), 4.55 (s, 1H, Hazj44/Ha1/42), 4.94 (s, 1H,
Ha3z/44/Ha1/42), 6.13 (s, 1H, H41/42/Ha3z/44), 6.45 (d, 1H, Jun = 4.8 Hz, H7/s), 6.70 - 8.55
(m, 20H, Ar-H), 6.97 (m, overlap, 1H, H7/g), 7.64 (s, 1H, Hz/4), 7.73(s, 1H, H3,4), 8.10
(d, 1H, Jun = 6.4 Hz, Ho,10), 9.27 (dd, 1H, Jun = 5.6 Hz, Jun = 2.4 Hz, Hy,10). 13C-NMR
(CDCls, 100 MHz): & 30.4 (C13/14), 30.6 (C13/14), 34.7 (C11/12), 34.9 (C11/12), 70.3 (Jcp
= 5 Hz, Ca45/46/Ca7/48), 70.4 (Jer= 5 Hz, Ca7/48/Cas/46), 71.1 (Jer= 5 Hz, Ca7/48/Cas/46),
73.3 (Jer = 8 Hz, C44/45/C41/42), 73.7 (Jer = 5 Hz, Cs5/46/Ca7/48), 75.6 (Jer = 5 Hz,
Ca1/42/Caaya5), 77.4 (Jer= 5 Hz, Ca5/46/Ca7/48), 78.7 (Jer= 11 Hz, C41/42/Ca4/s5), 80.9
(Jer = 49 Hz, C39/Ca0), 84.2 (Jcp = 44 Hz, C39/Ca0), 117.5 (C3/4), 118.4 (C3/4), 120.4
(C7/8), 122.6 (C7/8), 126.1 - 137.2 (Ar-C), 134.6 (Jcr = 41 Hz, Ci5/16/17/18), 136.7 (Jcp
= 42 Hz, Ciss16/17/18), 138.1 (Jer = 45 Hz, Cisji6/17/18), 140.7 (Jeor = 32 Hgz,
Cis/16/17/18), 151.4 (Co/10), 155.9 (C1,2), 157.9 (Co/10), 159.0 (Css6), 159.4 (Cs/e),
159.7 (C1/2). 3'P-NMR (CDCl3, 162 MHz): 6 36.0 (d, 1P, Jpr = 30 Hz), 43.0 (d, 1P, Jpp =
30 Hz).

Synthesis of cis-[RuClz(dppe)(tBu-bpy)] (2.1b)

RuClz(PPhsz)2(Bu-bpy) (0.973 g, 1.008 mmol) was dissolved in CHCl3 (60 mL) and
dppe (0.421 g, 1.057 mmol) was added. The solution was stirred and refluxed
under N2 for 3 h and the volume was then reduced to ca. 2 mL. Petroleum spirit
(200 mL) was added to precipitate the complex, which was filtered and washed
with petroleum spirit. The product was dried under vacuum, yield 0.812 g (0.968

mmol, 96%). A red single crystal for X-ray study was obtained from
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CH2Clz/petroleum spirit at 5 °C. HR ESI MS ([M + MeCN - ClJ*, 100): calcd
844.2690, found 844.2690. Microanalysis for C44H4sCI2N2P2Ru: Caled C, 63.00; H,
5.77; N, 3.34. Found C, 62.67; H, 6.11; N, 3.02. UV-Vis (CHzClz): 34130 [17.7]. IR
(KBr): 3051 (m), 2963 (m), 2870 (w), 1613 (m), 1482 (m), 1434 (m) cm-1. TH-NMR
(CDCls, 399 MHz): 6 1.24 (s, 9H, '‘Bu-H), 1.43 (s, 9H, '‘Bu-H), 2.42 (s, 1H, H39/40), 2.52
(d, Jun = 2.8 Hz, 1H, Hz9/40), 2.78 (s, 1H, H39,40), 3.17 (s, 1H, H39/40), 6.23 (dd, 1H, Jun
= 6.0 Hz, Jun = 2.0 Hz, H7/8), 6.50 - 8.21 (m, 20H, Ar-H), 7.16 (m, overlapped, 1H,
Ho/10), 7.23 (dd, 1H, Jun = 5.2 Hz, Jun = 1.6 Hz, Hy7/g), 7.30 (d, 1H, Jun = 2.0 Hz, H3z/4),
7.36 (d, 1H, Jun = 1.2 Hz, H3/4), 9.70 (d, 1H, Jun = 6.0 Hz, H9,10). 13C-NMR (CDCl3, 100
MHz): 8 25.0 (Jer = 30 Hz, Jcp = 11 Hz, C39/40), 27.7 (Jcp = 34 Hz, Jcp = 14 Hz, C39/40),
30.4 (C13/14), 30.7 (C13/14), 34.6 (C11/12), 35.2 (C11/12), 118.0 (C3/4), 118.9 (C3z/4),
120.9 (C7/g), 122.7 (C7/8), 127.4 - 134.0 (Ar-C), 134.8 (Jcr = 38 Hz, Ci5/16/17/18),
135.2 (Jep = 40 Hz, Ci5/16/17/18), 136.9 (Jcp = 44 Hz, Ci5/16/17/18), 137.2 (Jep = 36 Hz,
C1s/16/17/18), 151.8 (Co/10), 156.1 (Co/10), 156.4 (C1/2), 158.7 (C1/2/Cs/6), 160.5 (Cs/6).
31P-NMR (CDCl3, 162 MHz): 8 61.7 (d, 1P, Jer = 22 Hz), 70.0 (d, 1P, Jep = 21 Hz).

Synthesis of cis-[RuClz(dppb)(tBu-bpy)] (2.1c)

RuClz(PPhsz)2(*Bu-bpy) (0.772 g, 0.799 mmol) was dissolved in CHClz (60 mL) and
dppb (0.382 g, 0.855 mmol) was added. The solution was stirred and refluxed
under N2 for 20 h, and after that the volume was reduced to ca. 2 mL. Petroleum
spirit (150 mL) was added to precipitate the complex, which was filtered and
washed. The red product was dried under vacuum. The yield of the synthese is ca.
76% (0.539 g, 0.607 mmol). A red single crystal for X-ray diffraction was obtained
from THF /n-hexane at -19 °C. HR ESI MS ([M + MeCN - Cl]*,100): calcd 894.2259,
found 894.2261. Microanalysis for C4gH48Cl2N2P2Ru: Calcd C, 65.01; H, 5.46; N, 3.16.
Found C, 64.83; H, 5.49; N, 3.31. UV-Vis (CH2Cl2): 34120 [19.7]. IR (KBr): 3051 (m),
2964 (m), 2870 (w), 1614 (m), 1481 (m), 1432 (m) cml. TH-NMR (CDCl3, 400
MHz): 6 1.19 (s, 9H, ‘Bu-H, Hi3/14), 1.41 (s, 9H, ‘Bu-H, His/14), 5.73 (dd, 1H, J = 5.0
Hz, ] = 2.0 Hz, H7/g), 6.09 (d, 1H, ] = 6.0 Hz, Ho,10), 6.20-8.50 (m, 24H, Ar-H), 7.38 (d,
1H,J = 5.6 Hz, H7/8), 7.71 (s, 1H, Hs,4), 7.96 (s, 1H, H3,4), 9.76 (dd, 1H,J = 6.0 Hz, ] =
2.8 Hz, Ho/10). 13C-NMR (CDCl3, 100 MHz): & 30.4 (C13/14), 30.6 (C13/14), 34.5 (C11/12),
35.2 (C11/12), 117.8 (C3/4), 118.3 (C3/4), 120.3 (C7/8), 122.3 (C7/8), 126.0 - 140.0 (Ar-
C), 135.2 (Jcp = 45 Hz, C39/Cs0), 137.5 (Jecr = 37 Hz, C39/Cs0), 144.2 (Jcr = 31 Hz,
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Cis/16/17/18), 144.7 (Jcr = 30 Hz, Ci5/16/17/18), 145.3 (Jer = 33 Hz, Cis5/16/17/18), 145.8
(Jer = 33 Hz, Cis/16/17/18), 151.2 (Co/10), 154.9 (Cojr0), 156.3 (C12), 158.3 (Cus2),
158.3 (Cs/6), 160.3 (Cs/s). 3'P-NMR (CDCls, 162 MHz): & 70.0 (d, 1P, Jpp = 23 Hz),
73.4 (d, 1P, Jop = 23 Hz),

Synthesis of cis-[Ru(C=C-4-CsH4NOz)Cl(dppf) (tBu-bpy)] (2.2a)

NaPFs (0.018 g, 0.105 mmol) was added to a solution of 2.1a (0.101 g, 0.100
mmol) and 4-nitrophenylacetylene (0.024 g, 0.162 mmol) in CH2Clz (20 mL) and
the resulting solution was stirred at room temperature overnight. n-Pentane (ca.
20 mL) was added and a light yellow was obtained and filtered out under Nz. EtsN
(0.1 mL, 0.72 mmol) was added into the solution. The red solution was stirred for
one hour. The solvent was reduced to ca. 2 mL, and n-pentane (ca. 100 mL) was
added to precipitate the product. The solid was collected and then dissolved in a
minimum amount of CHzCl>. The solution was passed through a pad of basic
alumina. Elution with CH2Clz/EtsN (100/1) gave a red solution that was taken to
dryness on a rotary evaporator, affording 2.2a as a red powder (0.089 g, 0.081
mmol, 80 %). A red single crystal for X-ray study was obtained from CH:Clz/n-
pentane at room temperature. HR ESI MS ([M + MeCN - Cl]*, 100): caled 1111.2506,
found 1111.2507. Microanalysis for CeoHs6CIFeN302P2Ru: Calcd C, 65.19; H, 5.11; N,
3.80. Found C, 65.55; H, 5.49; N, 3.56. UV-Vis (CH2Cl2): 20690 [18.2], 33550 [23.5].
IR (KBr): 2045 cm?! v (C=C). TH-NMR (CDCls, 399 MHz): & 1.28 (d, 9H,J = 1.6 Hz,
‘Bu-H), 1.31 (d, 9H, J = 1.6 Hz,'Bu-H), 3.36 (s, 1H, H41/42/H43/44), 4.06 (s, 1H, Hys/46
/Ha7/48), 4.16 (s, 1H, Ha344,47,48/H41,42,4546), 4.20 (s, 1H, Ha344,4748/H41,42,4546), 4.25
(s, 1H, Haza44748/Ha1,42,4546), 4.90 (s, 2H, Haz444748/Ha1424546), 4.38 (s, 1H,
Has/46/Ha7/48), 6.25 (s, 1H, Ha1742/Ha3/44), 6.70 (d, ] = 6.0 Hz, 1H, H7/Hsg), 6.80 - 8.60
(m, 25H, Ph-H, H7/Hs), 7.73 (s, 1H, Hs/Ha4), 7.75 (s, 1H, Hs/H4), 8.15 (d, ] = 6.8 Hz,
1H, Ho/H10), 9.39 (m, 1H, H9/H10). 13C-NMR (CDClI3, 100 MHz): 6 30.4 (C13/14), 30.6
(C13/14), 34.9 (Ci1/12), 70.2 (Jer = 5 Hz, Ca3444748/Ca1424546), 71.3 (Jer = 5 Hz,
C43,44,47,48/Ca1,42,4546), 73.5 (Jor = 8 Hz, C43,44,47,48/Ca1,42,4546), 70.7 (Jcr = 6 Hz, Cas/46/
Ca7/a8), 74.2 (Joo = 6 Hz, Casjae/Ca7/48), 75.8 - 77.0 (m, overlapped, Ca1/s2,
Ca3/a4/47/48/Ca3/44, Ca1/a2/a5/46), 80.9 (Jop = 54 Hz, C39/Cs0), 84.5 (Jor = 40 Hz,
Cs0/C39); 117.0-161.0 (Ph-C & 'Bu-bpy-C), 118.0 (C4/C3), 118.4 (C3/C4), 120.9
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(C7/Cs), 123.2 (Cs/C7), 124.0 (Co/C10), 159.6 (Cs/Cs), 160.4 (Cs/Cs). 3'P-NMR
(CDCls, 162 MHz): 5 41.7 (d, 1P, Jep= 31 Hz), 50.1 (d, 1P, Jrr = 31 Hz).

Synthesis of cis-[Ru(C=CPh)Cl(dppf)(tBu-bpy)] (2.2b)

NaPFs (0.029 g, 0.173 mmol) was added to a solution of 2.1a (0.164 g, 0.164
mmol) and phenylacetylene (0.03 mL, 0.273 mmol) in CH2Cl; (20 mL) and the
resulting solution was stirred at room temperature for 21 h. Deoxygenated n-
pentane (ca. 20 mL) was added and the white precipitate was filtered, which gave
a clear yellow solution. EtsN (0.1 mL, 0.72 mmol) was added into the stirring
solution. The red solution was kept stirring for another 1 h. The solvent was
reduced to ca. 2 mL, then n-pentane was added to precipitate the product, which
was filtered and extracted with CH2Cl;. The extracted residue was purified on a
pad of basic alumina. Elution with CH2Clz/EtsN (100/1) gave a red solution from
which the solvent was removed completely, affording the complex 2.2b (0.099 g,
0.093 mmol, 57%). A red single crystal for X-ray diffraction was obtained from
CH2Cl2/n-hexane at 5 °C. HR ESI MS ([M + MeCN - Cl]*, 100): calcd 1066.2655,
found 1066.2653. Microanalysis for CeoHs7ClFeN2P2Ru: Calcd C, 67.96; H, 5.42; N,
2.64. Found C, 67.87; H, 5.66; N, 2,71. UV-Vis (CH:Cl2): 33270 [26.9]. IR (KBr):
2065 cm! v (C=C). TH-NMR (CDCl3, 399 MHz): 6 1.26 (s, 9H, tBu-H), 1.30 (s, 9H,
‘Bu-H), 3.28 (s, 1H, Has1/4a2/H43/a4), 3.99 (s, 1H, Hasa6/Hazss), 4.12 (s, 2H,
H43/44/47/48/Ha1/42/a5/46), 4.21 (s, 1H, Ha7/48/Has/46), 4.35 (s, 1H, Has/46/Ha7/48), 4.90
(s, 1H, H43/44/Ha1/42), 6.64 (s, 1H, Ha1/42/Ha3/44), 6.65 (m, overlap, 1H, H7/Hs), 6.80 -
8.70 (m, 26H, Hs/H7, Ph-H), 7.71 (s, 1H, H3/Ha4), 7.74 (s, 1H, H3/H4), 7.92 (d, 1H, J =
5.5 Hz, Ho/H10), 9.60 (dd, 1H, /= 6.0 Hz, J = 3.0 Hz, Hy9/H10). 13C-NMR (CDCl3, 100
MHz): & 30.4 (Ci3/14), 30.6 (Ci3/14), 34.8 (Ci1/12), 69.7 (Joo = 5 Hz
Ca1/42/45/a6/Ca3/aa/47/48), 70.3 (Joo = 6 Hz, Cas/46/Ca7/48), 70.8 (Joo = 5 Hz,
Ca7/48/Cas,46), 73.3 (Jcr = 8 Hz, Ca1/42/Ca3/44), 74.2 (Jop = 6 Hz, C45/46/Ca7/18), 75.8 (Jcp
= 5 Hz, C41/42/Ca3/24), 77.1 (Jcp = 7 Hz, Cs41/42/45/46/Ca3/24/47/48), 77.7 (Jcr = 11 Hz,
Cs1/42/C43/44), 8L.5 (Jer = 54 Hz, C39/Ca0), 85.3 (Jcr = 47 Hz, C39/Ca0), 114.9 (Cso),
117.6 (C3/4), 118.2 (Cay3), 120.7 (C7/8), 122.9 (C7/8), 123.3 - 142.0 (Ph-C), 131.0
(Cs1), 135.0 (Jer = 37 Hz, Ci5/16/17/18), 137.7 (Jep = 45 Hz, Ci5/16/17/18), 138.3 (Jep = 47
Hz, C1i5/16/17/18), 141.2 (Jer = 31 Hz, Ci5/16/17/18), 152.6 (Co/10), 154.5 (Co/10), 155.3
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(C1/2), 157.2 (C1/2), 159.0 (Cs/6), 159.8 (Cs/s). 3'P-NMR (CDCl3, 162 MHz): 5 42.9 (d,
1P,]pp =32 HZ), 51.7 (d, 1P,]pp =32 HZ).

Synthesis of cis-[Ru(C=C-4-CsH4sNOz)Cl(dppe)(tBu-bpy)] (2.2c)

To a solution of 2.1b (0.103 g, 0.123 mmol) and 4-nitrophenylacetylene (0.020 g,
0.135 mmol) in CH2Clz (20 mL) was added NaPFs (0.023 g, 0.135 mmol) and the
resulting solution was stirred at room temperature for 44 h. Deoxygenated n-
pentane (ca. 20 mL) was added and the precipitate was filtered off, which gave a
clear orange solution. EtsN (0.1 mL, 0.72 mmol) was added into the solution. The
solution was kept stirring for a further 1 h. The volume was reduced to ca. 2 mL,
and then n-pentane (ca. 100 mL) was added to precipitate the product, which was
filtered and extracted with CH2Cl;. The extracted residue was purified on a pad of
basic alumina. Elution with Vacetone/Vn-hexane (3/7) gave a red solution. Reduction in
volume of the solvent on a rotary evaporator afforded a red powder (0.107 g,
0.113 mmol, 92%). The solvent system CH:Clz/n-pentane offered a red single
crystal for X-ray diffraction at -19 °C. HR ESI MS ([M - Cl]*, 100): calcd 914.2578,
found 914.2580. Microanalysis for Cs2Hs2CIN302P2Ru-0.5CH2Cl;: Caled C, 63.57; H,
5.39; N, 4.24. Found C, 63.44; H, 5.46; N, 3.95. UV-Vis (CH2Clz): 21210 [15.2], 34120
[22.2]. IR (KBr): 2049cm! v (C=C). 'H-NMR (CDClz, 399 MHz): § 1.27 (s, 9H, ‘Bu-
H), 1.42 (s, 9H, ‘Bu-H), 2.45 - 3.00 (m, 4H, H39/40), 6.42 (dd, 1H, Jun = 5.8 Hz, Jun =
1.8 Hz, H7/8), 6.56 - 8.33 (m, 25H, Ar-H), 7.23 (m, overlapped, 1H, Ho/10), 7.81 (d,
1H, Jun = 1.6 Hz, H3/4), 7.86 (d, 1H, Jun = 9.2 Hz, Hy8), 7.97 (s, 1H, H3/4), 9.80 (dd,
1H, Jun = 6.0 Hz, Jun = 2.8 Hz, Ho,10). 13C-NMR (CDCl3, 100 MHz): 6 25.4 (Jcp = 31 Hz,
Jep = 11 Hz, C39/40), 28.4 (Jcp = 36 Hz, Jcp = 12 Hz, C39/40), 30.5 (C13/14), 30.7 (C13/14),
34.9 (C11/12), 35.3 (C11/12), 116.8 (C42), 118.5 (C3/4), 118.9 (C3/4), 121.5 (C7y8), 123.2
(C7/8), 123.2 - 133.4 (Ar-C), 135.5 (Jer = 11 Hz, Ci5/16/17/18), 135.9 (Jer = 20 Hz,
Cis/16/17/18), 136.9 (C43), 137.3 (Jer = 14 Hz, Cis/16/17/18), 137.8 (Jer = 8 Hz,
C1s/16/17/18), 146.6 (Cs1), 153.2 (Co/10), 156.1 (C1/2), 156.5 (C1/2), 160.1 (Cs/6), 160.8
(Cs/6). 31P-NMR (CDCl3, 162 MHz): & 64.7 (d, 1P, Jepp = 17 Hz), 74.5 (d, 1P, Jpp = 17
Hz).

Synthesis of cis-[Ru(C=CPh)Cl(dppe)(tBu-bpy)] (2.2d)
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To a solution of 2.1b (0.037 g, 0.044 mmol) and phenylacetylene (5 uL, 0.046
mmol) in CH2Clz (10 mL) was added NaPF¢ (0.008 g, 0.047 mmol) and the resulting
solution was stirred at room temperature for 67 h. EtsN (0.01 mL, 0.072 mmol)
was added to the solution. The solution was kept stirring for 5 min, and then taken
to dryness. The red solid was dissolved in ca. 1 mL acetone. The acetone solution
was titrated into stirring distilled water. The precipitate was filtered off and
redissolved by CH:Clz. MgSO4 was added to dry the CH2Cl; solution, after which it
was filtered and the solvent removed. The crude product was concentrated in the
minimum amount of CH2Cl; (ca. 0.5 mL), and then 30 mL mixed solvent (Vpiethyl ether
/Vpetroleum spirit = 1:1) was added to precipitate the impurity which was then filtered
off. The filtrate was concentrated and the final product was precipitated from
petroleum spirit as a red powder (0.022 g, 0.024 mmol, 55%). HR ESI MS ([M - Cl +
MeCN]*, 100): caled 910.2993, found 910.2996. UV-Vis (CH2Cl2): 33990 [20.2]. IR
(KBr): 2070 cm! v (C=C(). 'H-NMR (CDCls, 399 MHz): 6 1.27 (s, 9H, 'Bu-H), 1.40 (s,
9H, tBu-H), 2.30 - 3.00 (m, 4H, H39,40), 6.39 (dd, 1H, Jun = 6.0 Hz, Jun = 2.0 Hz, H7/s),
6.61 - 8.42 (m, 25H, Ar-H), 6.76 (d, 2H, Jun= 7.6 Hz, Hasa/Hag), 7.20 (m, overlap, 1H,
Ho/10), 7.33 (m, 1H, H7/s), 7.80 (s, 1H, Hz/4), 7.93 (s, 1H, H3/4), 9.91 (dd, 1H, Jun = 5.8
Hz, Jun = 2.6 Hz, Hg;10). 13C-NMR (CDCl3, 100 MHz): 6 25.6 (Jcp = 32 Hz, Jcp = 11 Hz,
C39/40), 28.7 (Jcp = 36 Hz, Jcp = 12 Hz, C39/40), 30.6 (C13/14), 30.7 (C13/14), 34.9 (C11/12),
35.2 (C11/12), 114.4 (C42), 118.1(C3/4), 118.6 (C3/4), 121.3 (C7/8), 122.9 - 134.4 (Ar-
C), 123.0 (Cy/8), 136.2 (Jcr = 43 Hz, Cis/16/17/18), 136.6 (Jcr = 33 Hz, Cis/16/17/18),
137.8 (Jcp = 47 Hz, Ci5/16/17/18), 138.5 (Jep = 32 Hz, Ci5/16/17/18), 153.1 (Coy10), 153.4
(Co/10), 156.0 (Cy12), 156.7 (C1/2), 159.4 (Cs/6), 160.0 (Css6), C41 not observed. 31P-
NMR (CDCls, 162 MHz): 8 67.2 (d, 1P, Jee= 20 Hz), 76.7 (d, 1P, Jep = 20 Hz).

Synthesis of cis-[Ru(C=C-4-CsH4NOz)Cl(dppb)(tBu-bpy)] (2.2e)

To a solution of 2.1c¢ (0.117 g, 0.132 mmol) and 4-nitrophenylacetylene (0.022 g,
0.148 mmol) in CH2Clz (20 mL) was added NaPFs (0.025 g, 0.154 mmol) and the
resulting solution was stirred at room temperature for 20 h. Deoxygenate n-
pentane (ca. 20 mL) was added to lower the polarity of the solution. The white
precipitate was filtered, which gave a clear yellow solution. EtsN (0.1 mL, 0.72
mmol) was added into the solution. The red solution was stirred for 1 h. The
volume was reduced to ca. 2 mL, and then n-pentane was added to precipitate the
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product, which was filtered and extracted with CH2Cl;. The extracted residue was
purified on a pad of alumina. Elution with Vacetone/Vi-hexane (3/7) gave a red
solution. Reduction in volume of the solvent on a rotary evaporator afforded a red
powder (0.066 g, 0.066 mmol, 50%). A red single crystal was obtained from
CH2Clz/n-pentane at -19 °C. HR ESI MS ([M - Cl]*, 100): calcd 962.2578, found
962.2574. Microanalysis for Cs¢Hs2CIN302P2Ru- 0.75CH2Cl;: Calcd C, 64.23; H, 5.08;
N, 3.96. Found C, 64.48; H, 5.12; N, 4.27. UV-Vis (CH:Cl2): 21090 [19.0]; 34050
[24.2]. IR (KBr): 2049 cm™ v (C=C). tH-NMR (CDCls, 399 MHz): 6 1.26 (s, 9H, '‘Bu-H,
Hi3z/14), 1.42 (s, 9H, ‘Bu-H, Hi3/14), 6.08 (d, 1H, Jun = 5.2 Hz, Hy/8), 6.20 (d, 1H, Juu =
5.6 Hz, Ho/10), 6.37 - 8.51 (m, 30H, Ar-H), 6.85 (d, 2H, Jun = 8.4 Hz, Ha9), 7.4
(overlapped, H7/8), 7.85 (s, 1H, H3z/4), 7.90 (d, 2H, Jun = 8.8 Hz, Hag), 8.01 (s, 1H,
Hz/a), 9.85 (dd, 1H, Jun = 5.6 Hz, Jun = 2.4 Hz, Ho/10). 13C-NMR (CDCl3, 100 MHz): &
30.5 (C13/14), 30.6 (C13/14), 34.7 (C11/12), 35.2 (C11/12), 118.3 (C3/C4), 121.0 (C7/s),
123.0 (C78), 123.4 (Css), 127.0 - 137.7 (Ar-C), 130.5 (Cs9), 142.6 (Cso0), 144.6 -
145.7 (Jcp uncertain, C15/C16/C17/C18), 149.6 (Jcp = 23 Hz, C39/40), 149.8 (Jcp = 23 Hz,
C39/40), 152.1 (Co/10), 152.6 (Coy10), 155.9 (C12), 155.9 (C1/2), 159.6(Csy6), 160.6
(Csys6), Cas, Cs6 not observed. 31P-NMR (CDCls, 162 MHz): 6 75.2 (d, 1P, Jer = 23Hz),
77.1(d, 1P, Jer = 23Hz).

Synthesis of cis-[Ru(C=CPh)Cl(dppb)(tBu-bpy)] (2.2f)

To a solution of 2.1¢c (0.204 g, 0.230 mmol) and phenylacetylene (30 uL, 0.273
mmol) in CH2Clz (20 mL) was added NaPFs (0.047g, 0.281 mmol) and the resulting
solution was stirred at room temperature for 11 h. Deoxygenated n-pentane (ca.
20 mL) was added to lower the polarity of the solution. The white precipitate was
removed by filtration. Ets3N (0.1 mL, 0.72 mmol) was added to the solution. The
solution turned red in seconds and was kept stirring for another two min, and then
taken to dryness. The red solid was dissolved in ca. 1 mL acetone. The acetone
solution was dropped into stirring distilled water and then the precipitation was
filtrated and dissovled in CH2Cl2. MgSO4 was added to dry the solution, and then
the solution was filtered and the solvent was removed from the filtrate. The crude
product was dissolved in the minimum amount of CH2Cl; (ca. 0.5 mL), and then ca.
60 mL of a mixed solvent (Vpiethyl ether /Vpetroleum spirit =1:1) was added to precipitate
the impurity which was filtered off. The filtrate was concentrated and the final
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product was precipitated from petroleum spirit as a red powder (0.060 g, 0.063
mmol, 27%). HR ESI MS ([M - Cl + MeCN]*, 100): calcd 958.2993, found 958.2992.
UV-Vis (CH2Cl2): 33950 [18.6]. IR (KBr): 2070 cm v (C=C). 'H-NMR (CDCls, 800
MHz): 6 1.23 (s, 9H, ‘Bu-H, Hi3/14), 1.39 (s, 9H, ‘Bu-H, H13/14), 6.00 (d, 1H, Jun = 5.5
Hz, H7/8), 6.12 (d, 1H, Jun = 6.5 Hz, Ho/10), 6.33 - 8.65 (m, 29H, Ar-H, H49, H7/8), 6.89
(overlapped, Ha9), 6.95 (d, 2H, Juu = 7.0 Hz, Hag), 7.35 (overlapped, H7/g), 7.80 (s,
1H, Hz/4), 7.96 (s, 1H, Hz/4), 10.04 (d, 1H, Jun = 5.5 Hz, Ho/10). 13C-NMR (CDCl3, 201
MHz): 6 30.5 (C13/14), 30.6 (C13/14), 34.7 (C11/12), 35.2 (C11/12), 115.9 (C47), 118.1
(C3/4), 118.2 (C3/4), 120.8 (C7/8), 122.8 (C7/8), 122.9 (C49), 127.0 - 137.9 (Ar-C),
130.6 (Css), 136.8 (Jcp = 42 Hz, C39/40), 138.7 (Jcp = 36 Hz, C39/40), 145.2 (Jcp = 30 Hz,
C15/C16/C17/C18), 145.4 (Jcr = 21 Hz, Ci5/Ci6/C17/C18), 145.6 (Jer = 21 Hz,
C15/C16/C17/C18), 145.8 (Jcp = 33 Hz, C15/C16/C17/C18), 152.2 (Co/10), 153.0 (Co/10),
156.0 (C1/2), 156.2 (C1/2), 159.0 (Cs/6), 160.1 (Cs/6). 31P-NMR (CDCl3, 324 MHz): 6
76.4 (d, 1P, Jepp = 24 Hz), 77.9 (d, 1P, Jrr = 24 Hz).

Synthesis of cis-[Ru(C=0)Cl(dppb)(tBu-bpy)]PFs (2.3a)

To a solution of 2.1c (0.282 g, 0.319 mmol) and phenylacetylene (0.18 mL, 1.64
mmol) in CH2Clz (40 mL) was added NaPFs (0.061g, 0.366 mmol) and the resulting
solution was stirred at room temperature for 20 h. n-Pentane (ca. 30 mL) was
added and then the precipitate was filtered off, giving a clear yellow solution. The
volume was reduced to ca. 2 mL, and then n-pentane was added to precipitate the
product, which was collected by filtration and extracted with CH2Cl,. The extracted
residue was purified on a pad of basic alumina. Elution with CH;Clz/EtsN (100/1)
gave a bright yellow solution. Reduction in volume of the solvent on a rotary
evaporator afforded a yellow powder (0.272 g, 0.266 mmol, 83%). A yellow single
crystal was obtained at -19 °C from CH2Clz/n-hexane. HR ESI MS ([M + MeCN -
Cl]+,100): calcd 879.2081, found 879.2068. Microanalysis for
C49H48ClFsN20P3Ru-CH2Cl2: Caled C, 54.14; H, 4.54; N, 2.53. Found C, 53.89; H, 4.68;
N, 2.45. UV-Vis (CH2Clz): 31730 [12.8], 32830 [11.4]. IR (KBr): 837 cm! v (P-F),
1993 cm! v (C=0). TH-NMR (CDCl3, 800 MHz): 6 1.27 (s, 9H, ‘Bu-H, Hi3/H14), 1.44
(s, 9H, tBu-H, H13/H14), 6.40 - 8.06 (m, 25H, Ar-H, H7/8), 6.47 (d, 1H, ] = 6.0 Hz, H7/s),
6.68 (d, 1H, J = 6.0 Hz, Ho/10), 7.88 (s, 1H, Hs/4), 8.07 (s, overlapped, Hs/4), 8.67 (d,

1H,]= 5.5 HZ, H9/10). 13C-NMR (CDClg, 201 MHZ): 0 30.2 (C13/14), 30.4 (C13/14), 35.5
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(C11/12), 35.8 (C11/12), 120.5 (C3/4), 120.8 (C3/4), 130.0 (C7/8), 124.9 (C7/s), 127.5 -
135.8 (Ar-C), 140.3 (Jcr = 30 Hz, Ci5/Ci6/C17/C18), 140.5 (Jer = 30 Hz,
C15/C16/C17/C18), 141.6 (Jcr = 30 Hz, Ci5/Ci6/C17/C18), 1419 (Jcr = 30 Hz,
C15/C16/C17/C18), 151.5 (Co/10), 151.8 (Co/10), 155.0 (C1/2), 155.2 (C1/2), 164.6 (Cs/6),
165.7 (Cs/s), C45 not observed. 3'P-NMR (CDCls, 324 MHz): 6 62.0 (d, 1P, Jpp = 16
Hz), 68.9 (d, 1P, Jrr = 16 Hz), -143.4 (septet, 1P, Jpr = 716 Hz, PF¢’).

Synthesis of cis-[Ru(C4H(4-CsH4NO2)z)(dppf)(tBu-bpy)]PFs (2.4a)

Method A: NaPF¢ (0.031 g, 0.184 mmol) was added to a solution of 2.1a (0.061 g,
0.061 mmol) and 4-nitrophenylacetylene (0.025 g, 0.168 mmol) in CH2Cl> (20 mL)
with 5 drops of EtsN and the solution was stirred and refluxed for 17 h. The
volume of the solution was reduced after it cooled down to room temperature. The
red solid was dissolved in ca. 2 mL acetone. The solution was dropped into stirring
distilled water. The precipitate was collected by filtration and extracted with
CH2Clz. MgS0O4 was added to the extract. After that, the solution was filtered and
the solvent was removed from the filtrate. n-Pentane was added to precipitate the

product which was filtered out and collected (0.072 g, 0.053 mmol, 88%).

Method B: NaPFs (0.022 g, 0.130 mmol) was added to a solution of 2.2a (0.011 g,
0.009 mmol) and 4-nitrophenylacetylene (0.002 g, 0.011 mmol) in CH2Cl> (30 mL)
with 5 drops of EtsN and the solution was stirred at room temperature for 43 h.
The volume of the solution was reduced. The red solid was dissolved in ca. 2 mL
acetone. The solution was dropped into stirring distilled water. The precipitate
was collected by filtration and extracted with CH2Cl.. MgSO4 was added to the
extract. After that, the solution was filtered and the solvent was removed from the
filtrate. n-Pentane was added to precipitate the product which was filtered out and

collected (0.011 g, 0.008 mmol, 88%).

A concentrated CDCl3 solution at room temperature gave a red single crystal for X-
ray study. HR ESI MS ([M]*, 100): caled 1217.2561, found 1217.2589.
Microanalysis for CegsHs1FsFeN4O4P3Ru: Calcd C, 59.96; H, 4.51; N, 4.11. Found C,
59.61; H, 4.50; N, 4.21. UV-Vis (CH2Cl2): 21900 [13.3], 26770 [18.2], 34220 [28.7].
IR (NaCl/Nujol): 1614 (s, w), 1584 (s, m), 1514 (s, m), 1336 (s, s), 1260 (s, w),
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1162 (s, w), 1107 (s, m), 1090 (s, m), 1027 (s, w), 840 (s, s) cm-1. TH-NMR (CDClI;,
399 MHz): 6 1.29 (s, 9H, H13/14), 1.49 (s, 9H, His/14), 3.72 (5, 1H, Ha1/a2/Has/ad), 442
(s, 3H, Has a6, Haz/aa, Ha7/a8/Ha7/48, Ha1/42, Hasa6), 4.60 (s, 1H, Ha7/48/Has/a6), 4.70 (s,
1H, Has/aa/Ha1/a2), 4.93 (s, 1H, Has as/Hazas), 5.57 (s, 1H, Hat az/Has a), 6.70 - 7.60
(29H, Ph-H, C=C-H), 6.95 (s, 1H, Ho/H10), 9.12 (d, 1H, ] = 6.0 Hz, Ho/10), 8.05 (d, 1H, J
= 3.1 Hz, Hy/g), 8.17 (d, 1H, J = 5.0 Hz, Hy/s), 8.08 (s, 1H, Hs/s), 8.14 (s, 1H, Hs/4). 13C-
NMR (CDCls, 100 MHz): & 30.3 (C13/14), 30.5 (C13/14), 35.5 (Ci1/12), 35.8 (Ci1/12),
65.1 (Cs2), 71.7 (Jcp = 5 Hz, C45/46, C43/44, Ca7/48/Ca7/48, Ca1/42, Cas/46 ), 72.3 (Jor = 4
Hz, Casjae, Cazjas, Ca7/48/Ca7/a8, Ca1/a2, Casae ), 75.3 (Jer = 2 Hz, Casjae, Cazjas,
Ca7/48/Ca7/48, Ca1/42, Cassa6 ), 74.2 (Jer = 15 Hz, Ca3/44/Cs1/42), 75.0 (Jecr = 8 Hz,
Cas5/46/Ca7/48), 75.1 (Jcr = 7 Hz, Ca7/48/Cas/46), 75.5 (Jor = 3 Hz, C41/42/Ca3/24), 76.2 (Jcp
= 15 Hz, Ca1/42/Casyas), 79-4 (Jep = 51 Hz, C30/Ca0), 110.0 - 136.0 (Ph-C), 119.0, 120.9
(C7/Ce), 124.3 (Cs/a), 1246 (C3/4), 130.4 (Jep = 45 Hz, C15/C16/C17/Cis), 131.6 (Jep =
36 Hz, Cis/C1s/C17/Cis), 133.2 (Jer = 39 Hz, Ci5/C16/C17/C1s), 135.4 (Jep = 40 Hz,
C15/Ci6/C17/Cis), 143.1 (Csi/s3), 159.3 (Csi/ss), 145.9 (Casse), 146.8 (Caoyse), 149.5
(Co/10), 157.6 (Coy10), 155.2 (C1/2), 156.0 (Cr/2), 164.4 (Cs/e), 163.4 (Cs/s), Some of
the carbon peaks are overlapped. 31P-NMR (CDCls, 162 MHz): 6 34.7 (d, 1P, Jpp = 25
Hz), 42.6 (d, 1P, Jep = 25 Hz), -143.5 (sept, 1P, Jor = 713 Hz, PF¢).

Synthesis of cis-[Ru(C+HPhz)(dppf)(tBu-bpy)]PFs (2.4b)

To a solution of 2.1a (0.065 g, 0.065 mmol) and phenylacetylene (0.02 mL, 0.18
mmol) in CH2Clz (20 mL) with 5 drops of EtsN was added NaPFs (0.033 g, 0.196
mmol) and the solution was stirred and refluxed for 17 h. The volume of the
solution was reduced after it cooled down to room temperature. The yellow solid
was dissolved in ca. 2 mL acetone. The solution was dropped into stirring distilled
water, and then the precipitate was collected by filtration and extracted with
CH2Clz. MgS0O4 was added to the extract. After that, the mixture was filtered, and
the filtrate solvent was reduced to ca. 3 mL. n-Pentane (ca. 100 mL) was added to
precipitate the product which was collected (0.061 g, 0.054 mmol, 83%). The
solvent system of THF /n-hexane gave an orange single crystal for X-ray study at -
19 oC. HR ESI MS ([M]*, 100): calcd 1127.2859, found 1127.2861. Microanalysis for
CesHe3FsFeN2P3Ru-0.5CH2Cl2: Caled C, 62.59; H, 4.91; N, 2.13. Found C, 62.85; H,
5.21; N, 2.08. UV-Vis (CH2Clz): 24510 [11.4], 33710 [30.5]. IR (NaCl/Nujol): 3053
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(s, m), 1614 (s, m), 1592 (s, w), 1541 (s, w), 1481 (s, s), 1436 (s, s), 1410 (s, m),
1306 (s, w), 1256 (s, m), 1163 (s, m), 1088 (s, m), 1027 (s, m), 839 (s,s) cm-L. 1H-
NMR (CDCls, 399 MHz): & 1.28 (s, 9H, Hiz/14), 1.50 (s, 9H, His/14), 3.69 (s, 1H,
Ha1/42/Ha3/44), 4.36 (s, 1H, H47/48/Ha4s/46), 4.39 (s, 2H, Has/46, Hazs48), 4.53 (s, 1H,
Ha3z/44/Ha1/42), 4.67 (s, 1H, Hazj44/Ha1/42), 4.86 (s, 1H, Hasja6/Ha7/48), 5.72 (s, 1H,
Ha1/42/Ha3/44), 6.40 - 7.60 (m, 33H, Ph-H, C=C-H, H7, Hs, Ho/10), 6.85 (m, H7/g), 7.07
(m, Hoy10), 7.35 (m, H7/8), 7.92 (s, 1H, H3,4), 8.11 (d, 1H, J = 2.0 Hz, H3/4), 9.12 (d, 1H,
J = 6.4 Hz, Ho/10). 13C-NMR (CDCl3, 100 MHz): 6 30.4 (C13/14), 30.5 (C13/14), 35.3
(C11/12), 35.7 (C11/12), 59.5 (Cs2), 71.5 (Jcr = 4 Hz, Cs5/46), 72.1 (Jop = 5 Hz, Ca7/48),
74.2 (Jer = 15 Hz, C43/44/Ca1/42), 74.6 (Jcr = 10 Hz, Cas/46/Ca7/48), 74.7 (Jcr = 8 Hz,
C43/44/Ca1/42), 75.2 (Jcr = 2 Hz, C47/48/Cas/46), 75.3 (Jor = 3 Hz, C41/42/Ca3/24), 76.3 (Jcp
= 15 Hz, C41/42/Ca3/44), 77.4 (overlapped, C39/40), 79.8 (Jcr = 50 Hz, C39/40), 118.0
(C3/4), 120.0 (C3/4), 123.4 (Cy/8), 124.9 (C7/8), 125.0 - 140.0 (Ph-C), 128.6 (Cso/s55),
138.0 (Csoss5), 130.6 (Jer = 44 Hz, Ci5/Ci6/C17/Ci8), 133.1 (Jer = 35 Hz,
C15/C16/C17/C18), 134.0 (Jer = 38 Hz, Ci5/C16/C17/C18), 136.4 (Jcr = 44 Hz,
C15/C16/C17/C18), 155.1 (C1/2), 156.4 (Cy12), 162.4 (Cs/6), 163.5 (Cs/6), Some of the
carbon peaks are overlapped or failed to be assigned. 31P-NMR (CDClz, 162 MHz): 6
37.0 (d, 1P, Jep = 27 Hz), 43.0 (d, 1P, Jep = 27 Hz), -143.6 (sept, 1P, Jor = 713 Hz, PF¢
).

Synthesis of cis-[Ru(C+H(4-CsH4NO2)z)(dppe)(tBu-bpy)]PFs (2.4c)

To a solution of 2.1b (0.159 g, 0.190 mmol) and 4-nitrophenylacetylene (0.089 g,
0.603 mmol) in CH2Cl; (20 mL) with 5 drops of EtsN was added NaPF¢ (0.115 g,
0.685 mmol), and the resulting solution was stirred and refluxed for 16 h. The
solvent was removed after the solution had cooled down to room temperature. The
residue was extracted with ca. 2 mL acetone. The solution was dropped into
stirring distilled water, and then the precipitate was collected by filtration and
dissolved in CH2Clz. MgSO4 was added to the solution, after then the mixture was
filtered and the filtrate was reduced to ca. 3 mL. Diethyl ether (ca. 60 mL) was
added to precipitate the product. The dissolution/precipitation was repeated 3
times, and the dark red solid was collected (0.126 g, 0.104 mmol, 55%). HR ESI MS
([M]*, 100): «caled 1061.2899, found 1061.2893. Microanalysis for
CeoHs57FsN4O4P3Ru: Caled C, 59.75; H, 4.76; N, 4.65. Found C, 59.67; H, 4.61; N, 4.75.
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UV-Vis (CH2Clz): 21700 [18.8], 27130 [23.9], 34510 [35.5]. IR (KBr): 837 (s) cm'! v
(P-F), 1106 (s), 1338 (s), 1585 (s), 1612 (s), 2924 (m), 2963 (m) cm. TH-NMR
(CDCls, 399 MHz): 6 1.33 (s, 9H, ‘Bu-H), 1.37 (s, 9H, Bu-H), 2.60 - 3.70 (m, 4H,
H39/40), 6.18 (s, 1H, Has), 6.48 - 8.14 (m, 34H, Ar-H, H3, Hs, H7, Hs, Ho, H10), 7.44
(overlapped, Hsz4), 7.62 (overlapped, Ho/10), 7.98 (d, Jun = 2.0 Hz, overlapped,
Ho/10), 8.05 (d, Jun = 9.2 Hz, overlapped, H7/s), 8.08 (s, overlapped, Hz/4), 8.12 (d, Jun
= 9.2 Hz, overlapped, H7/g). 13C-NMR (CDCl3z, 100 MHz): 6 26.7 (Jcp = 34 Hz, Jcp = 12
Hz, C39/40), 28.4 (Jcr = 34 Hz, Jcpr = 11 Hz, C39/40), 30.4 (C13/14), 30.5 (C13/14), 35.4
(C11/12), 35.7 (C11/12), 119.1(C3/4), 120.2 (Co/10), 123.9 (C7/8), 124.1 - 154.6 (Ph-C),
124.4 (C7/8), 125.8 (Cs0), 128.7 (Cag), 130.9 (Jcp = 42 Hz, Ci5/16/17/18), 131.6 (Jep = 36
Hz, Cis/16/17/18), 134.2 (Jer = 54 Hz, Cis/16/17/18), 145.7 (Ca9), 154.9 (Cys2), 155.3
(C1/2), 158.8 (C47), 162.8 (Cs/6), 163.6 (Cs/6). Some of the carbon peaks could not be
assigned. 31P-NMR (CDCl3, 162 MHz): 6 63.8 (d, 1P, Jer = 13 Hz), 69.4 (d, 1P, Jpp = 13
Hz), -143.5 (sept, 1P, Jer = 713 Hz, PF¢).

Synthesis of cis-[Ru(C4H(4-CsH4NO2)z)(dppb)(tBu-bpy)]PFs (2.4d)

To a solution of 2.1c (0.013 g, 0.014 mmol) and 4-nitrophenylacetylene (0.007 g,
0.048 mmol) in CH2Cl; (30 mL) with 5 drops of EtsN was added NaPF¢ (0.018 g,
0.11 mmol) and the solution was stirred and refluxed for 18 h. The volume of the
solution was reduced after it had cooled down to room temperature. The resulting
red solid was dissolved in ca. 1 mL acetone. The solution was dropped into stirring
distilled water, and then the precipitate was collected by filtration and redissolved
in CH2Cl>. MgSO4 was added to the solution, the mixture was filtered, and the
solvent volume of the filtrate was reduced. Diethyl ether (ca. 100 mL) was added to
precipitate the product, which was dried and collected (0.014 g, 0.011 mmol,
78%). HR ESI MS ([M]*, 100): calcd 1109.2899, found 1109.2897. Microanalysis for
Ce4Hs57F6N4O4P3Ru: Caled C, 61.29; H, 4.58; N, 4.47. Found C, 61.45; H, 4.44; N, 4.64.
UV-Vis (CH:Clz): 21570 [17.0], 27030 [21.8], 34550 [31.2]. IR (KBr): 839 (s) cm'! v
(P-F), 1334 (s), 1513 (m), 1584 (m), 2926 (w), 2959 (w) cm1. TH-NMR (CDClI3, 800
MHz): 6 1.35 (s, 9H, ‘Bu-H), 1.36 (s, 9H, tBu-H), 5.69 (s, 1H, Hs2), 6.64 - 8.07 (m,
31H, Ar-H, Hs, Hs, Ho/10), 6.71 (d, /= 5.0 Hz, 1H, H7/8), 7.01 (d, J = 8.5 Hz, 2H, Hss),
7.12 (d, J = 8.5 Hz, 2H, Hs4), 7.23 (d, / = 5.5 Hz, 1H, Ho/10), 7.38 (d, J = 5.5 Hz, 1H,

Hy/s), 7.90 (Hoj10), 7.91 (Hs/a), 7.92 (Hsss). 13C-NMR (CDCls, 201 MHz): & 30.4
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(Ci3/14), 30.5 (C13/14), 35.5 (Ci1/12), 35.7 (Ci1/12), 119.3 (Csya), 120.3 (C3/a), 123.5
(C7/8), 124.2 - 142.7 (Ph-C), 124.5 (C7/8), 126.0 (Cs4), 128.0 (Cs2), 131.1 (Css), 140.0
- 142.6 (Ci5/16/17/18), 145.7 (Css), 147.0 (Cs3), 149.1 (Cos10), 153.6 (Co/10), 154.4
(Ci/2), 155.0 (C1/2), 163.2 (Cs/6), 163.7 (Cs/s), Cas, Cas, Cas, Cso, and Cs; could not be
assigned. 31P-NMR (CDCls, 324 MHz): 5 68.1 (d, 1P, Jpp = 20 Hz), 74.6 (d, 1P, Jpp = 20
Hz), -144.1 (sept, 1P, Jer = 713 Hz, PF¢).

Synthesis of cis-[Ru(C=CH(4-CsH4sNOz)C=C(4-CsHsNOz))Cl(dppe)(tBu-bpy)] (2.5b)

nBugNCI (0.005 g, 0.018 mmol) was added to a THF (ca. 30 mL) solution of 2.4c
(0.017 g, 0.0138 mmol) at room temperature. The solution was stirred for 1 h and
then taken to dryness under vacuum. The mixture was redissolved in CHCl3 and
the solution was filtered. The filtrate was concentrated and the product was
precipitated by addition to n-pentane (ca. 30 mL), and collected (0.013 g, 0.0123
mmol, 89%). The solvent system CH:Clz/diethyl ether afforded a dark red single
crystal for X-ray diffraction at -19 °C. HR ESI MS ([M - ClIJ*, 100): calcd for
CeoHs7N404P2102Ry 1061.2899, found 1061.2899. Microanalysis for
CeoHs57CIN404P2Ru-0.75CH2Cl2: Calced C, 62.89; H, 5.08; N, 4.83. Found C, 63.04; H,
5.41; N, 4.89. UV-Vis (CH2Cl2): 21730 [17.1], 26750 [19.7], 33770 [29.1]. IR (KBr):
2017 cm! v (C=C). TH-NMR (CDClz, 800 MHz): 6 1.21 (s, 9H, tBu-H), 1.45 (s, 9H,
tBu-H), 2.50 - 3.25 (m, 4H, H39,40), 6.03 (d, /] = 9.0 Hz, 2H, Ha3), 6.20 - 8.24 (m, 28H,
Ar-H, Hs/4, H7/8), 6.38 (d, J = 6.5 Hz, 1H, H7/8), 7.50 (d, / = 6.5 Hz, 1H, Ho,10), 7.54 (s,
1H, H3/4), 7.59 (overlapped, H7/s), 7.89 (overlapped, Hz/4), 8.38 (s, 1H, Has), 9.87 (d,
J =5.5 Hz, Ho/10). 3C-NMR (CDCl3, 201 MHz): 8 25.2 (Jcp = 30 Hz, Jcp = 12 Hz, C39/40),
26.4 (Jcr = 30 Hz, Jcp = 12 Hz, C39/40), 30.5 (C13/14), 30.7 (C13/14), 34.8 (C11/12), 35.3
(C11/12), 104.5 (Css), 118.8 (C3/4), 119.2 (C3/4), 121.6 (Cy7/8), 122.3 (C7/8), 123.3 -
146.2 (Ph-C), 127.5 (Cso), 135.7 (Jer = 39 Hz, Cis/16/17/18), 137.5 (Jer = 39 Hz,
C1s/16/17/18), 138.0 (Jep = 42 Hz, Ci5/16/17/18), 145.7 (J = 12 Hz, C4g), 152.4 (J = 18 Hz,
Co/10), 153.2 (Coy10), 155.9 (C1/2), 157.2 (C1/2), 159.7 (Cs/6), 160.9 (Cs/6), Ca1, Caa,
Cs6, C47, C49 and Cs2 could be assigned.31P-NMR (CDCls, 324 MHz): 8 65.1 (d, 1P, Jep
= 24 Hz), 78.5 (d, 1P, Jpp = 24 Hz).

Synthesis of cis-Ru(C=CC=C-4-CsH4NO2z)Cl(dppe)(tBu-bpy) (2.6b)
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To a solution of 2.1b (0.016 g, 0.0191 mmol) and 4-nitrophenylbutadiyne (0.010 g,
0.058 mmol) in CH2Cl; (20 mL) with 5 drops of EtsN was added NaPF¢ (0.010 g,
0.062 mmol). The solution was stirred at room temperature for 17 h and then
concentrated and purified on a pad of basic alumina. Elution with CH2Clz/EtsN
(100/1) gave a red solution. Reduction in volume of the solvent on a rotary
evaporator afforded a red powder. Reprecipitation from n-pentane (20 mL) and
filtration afforded the product (0.010 g, 0.0102 mmol, 54 %). The red single crystal
for X-ray study was obtained from CH2Clz/n-hexane at room temperature. HR ESI
MS ([M]*, 100): calcd for CssHs235CIN302P2192Ru 973.2267, found 973.2268.
Microanalysis for CssHs2CIN302P2Ru: Caled C, 66.62; H, 5.38; N, 4.32. Found C,
66.40; H, 5.20; N, 4.44. UV-Vis (CH2Clz): 21680 [16.2], 33540 [27.2]. IR (KBr): 2012
cm! v (C=C), 2146 cm! v (C=(C). 'H-NMR (CDCl3, 399 MHz): 1.23 (s, 9H, ‘Bu-H,
Hi3s/14), 1.47 (s, 9H, tBu-H, H13/14), 2.40 - 3.40 (m, 4H, H39/H40), 6.08 (d, 1H, Jun = 4.4
Hz, H7/s), 6.44 - 8.20 (m, 25H, Ar-H), 7.14 (m, Ho/10), 7.53 (m, H7/8), 7.68 (s, 1H,
Hz/4), 7.96 (s, 1H, Hs4), 9.98 (dd, 1H, Jun = 6.0 Hz, Jun = 2.4 Hz, Ho/10). 13C-NMR
(CDCls, 100 MHz): 6 26.0 (Jcr = 11 Hz, C39/40), 26.8 (Jcr = 11 Hz, C39/40), 30.6 (C13/14),
30.8 (C13/14), 34.7 (C11/12), 35.3 (C11/12), 63.4 (C43/Ca4), 90.0 (J = 28 Hz, C42), 117.8
(C7/8), 118.7 (Cy/8), 121.2 (C3y4), 122.7 (C3/4), 123.4 - 132.4 (Ar-C), 134.0 (Css),
134.6 (Jcp = 23 Hz, Ci5/16/17/18), 135.3 (Jer = 30 Hz, Cis5/16/17/18), 136.7 (Jep = 18 Hz,
C1s/16/17/18), 137.1 (Jep = 26 Hz, C15/16/17/18), 151.7 (Co/10), 155.7 (Co/10, C1/2), 157.9
(C1/2), 158.2 (Cs/6), 160.2 (Cs/6), C41 not observed. 31P-NMR (CDCl3, 162 MHz): &
43.6 (d, 1P, Jep = 12 Hz), 66.9 (d, 1P, Jrp = 12 Hz).

Synthesis of cis-Ru(C=CC=C-4-CsH4sNO2z)Cl(dppb)(tBu-bpy) (2.6c)

To a solution of 2.1c¢ (0.119 g, 0.135 mmol) and 4-nitrophenylbutadiyne (0.029 g,
0.172 mmol) in THF (30 mL) was added NaPFs (0.029 g, 0.175 mmol). The solution
was stirred at room temperature for 17 h, and then 0.2 mL EtsN was added. The
resulting solution was concentrated after a further 5 min stirring, and then
purified on a pad of basic alumina. Elution with CH2Clz/petroleum spirit/EtsN
(100/100/1) gave a red solution. The eluent was taken to dryness under the
rotavapor. A CH:Cl; extract of the dark red powder was precipitated from n-
pentane (30 mL) and collected by filtration (0.120 g, 0.117 mmol, 87 %). HR ESI

MS ([M]*, 100): calcd for CssHs235CIN302P2102Ru 1021.2267, found 1021.2277. UV-
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Vis (CH2Clz): 22200 [21.4], 33700 [31.8]. IR (KBr): 2015 cm'! v(C=C(), 2147 cm'! v
(C=C). 'H-NMR (800 MHz): 6 1.21 (s, 9H, 'Bu-H, Hi3/14), 1.43 (s, 9H, ‘Bu-H, H13/14),
5.75 (d, 1H, Juu = 8.0 Hz, H7/g), 6.17 - 8.10 (m, 28H, Ar-H), 6.19 (Jun = 9.5 Hz, Ho/10),
7.41 (d, 1H, Jun = 5.5 Hz, H7/8), 7.67 (s, 1H, H3,4), 7.91 (s, 1H, Hz/4), 9.86 (d, 1H, Jun =
5.0 Hz, Ho,10). 13C-NMR (CDCl3, 201 MHz): 6 30.6 (C13/14), 30.8 (C13/14), 34.6 (C11/12),
35.2 (C11/12), 117.6 (C3/C4), 118.2 (C3/C4), 120.7 (C7/8), 122.5 (C78), 123.4 - 137.0
(Ar-C), 134.1 (Csz2), 144.1 - 144.8 (C15/C16/C17/C18), 145.1 (Ca9), 146.1 (Jcp = 21 Hz,
C39/40), 146.7 (Jcr = 18 Hz, C39/40), 154.7 (Co/10), 155.5 (C1/2), 157.6 (C1/2), 158.0
(Css6), 160.0 (Css6), Cas, one of Cos10 not observed, Css, Ca7, Csg could not be
assigned. 31P-NMR (CDCl3, 324 MHz): 6 49.9 (d, 1P, Jepp = 16 Hz), 73.5 (d, 1P, Jpp = 16
Hz).

Synthesis of cis-[Ru(C=CC(NEt3)=CH-4-CsH4NOz)Cl(dppe)(tBu-bpy)]PFs (2.7a)

To a solution of 2.1b (0.149 g, 0.166 mmol) and 4-nitrophenylbutadiyne (0.067g,
0.394 mmol) in CH2Cl; (20 mL) with 5 drops of EtsN was added NaPF¢ (0.088 g,
0.526 mmol). The solution was stirred at room temperature for 17 h and then
concentrated. The extracted residue was purified on a pad of basic alumina.
Elution with CH2Clz/EtsN (100/1) and then ethyl acetate/EtsN (100/1) gave an
orange band that was collected and reduced in on a rotary evaporator to afford an
orange powder (0.050 g, 0.041 mmol, 25 %). The red single crystal for X-ray study
was obtained from CH:Clz/diethyl ether at room temperature. HR ESI MS ([M]*,
100): calcd for CeoHeg02N4P23>C1102Ru 1075.3550, found 1075.3552. Microanalysis
for CeoHesClF¢N4O2P3Ru: Caled C, 59.04; H, 5.62; N, 4.59. Found C, 58.88; H, 5.51; N,
4.64. UV-Vis (CH:Cl2): 22770 [12.1], 33750 [33.9]. IR (KBr): 840 (s) cm? v (P-F),
2034 (m) cmt, 2152 (w) cm! v (C=C). 'H-NMR (CDCl3, 399 MHz): 8 1.02 (t, 9H, Juu
= 6.8 Hz, Hso), 1.28 (s, 9H, ‘Bu-H, Hi3/14), 1.43 (s, 9H, ‘Bu-H, H13/14), 2.60 - 3.50 (m,
10H, Hzo, H4o, Ha9), 6.24 (d, 1H, Jun = 6.0 Hz, H7/s8), 6.47 - 8.05 (m, 20H, Ar-H), 6.56
(s, 1H, Ha4), 7.11 (s, Hoy10), 7.51 (d, 1H, Jun = 6.0 Hz, H7/8), 7.70 (H47), 7.87 (s, 1H,
Hz/4), 8.08 (s, 1H, H3/4), 8.16 (d, 1H, Jun = 8.4 Hz, Hae), 9.92 (d, 1H, Jun = 5.6 Hz,
Ho/10). 13C-NMR (CDCI3, 100 MHz): 6 8.2 (Cso), 26.8 (J = 27 Hz, ] = 13 Hz, C39/40),
279 (J = 29 Hz, ] = 16 Hz, C39/40), 30.4 (C13/14), 30.6 (C13/14), 35.0 (C11/12), 35.4
(C11/12), 52.7 (Ca9), 99.2 (J = 26 Hz, Cs2), 123.2 - 140.7 (Ar-C), 127.3 (Ca3), 129.6

(Css, C46), 133.2 (Jep = 30 Hz, C15/16/17/18), 134.9 (Jer = 31 Hz, C15/16/17/18), 135.9 (Jep
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= 39 Hz, Cis/16/17/18), 137.8 (Jor = 46 Hz, Cis/16/17/18), 146.6 (Cs8), 151.2 (Co/10),
155.9 (Cy1,2), 156.1 (Coy10), 157.7 (C1/2), 159.9(Cs/6), 161.4 (Cs/6), Ca1 not observed.
31P-NMR (CDCls, 162 MHz): 6 45.0 (d, 1P, Jep = 12Hz), 70.3 (d, 1P, Jpp = 12Hz), -
143.6 (sept, 1P, Jpr = 713Hz, PF¢).

Synthesis of[RuZ(y-CI]3(PPh3]2(’fBu-bpy)Z]PFg (2.83)

To a solution of RuClz(PPh3)3(*Bu-bpy) (0.007 g, 0.008 mmol) in CH2Cl> (20 mL)
was added NaPFs (0.010 g, 0.060 mmol) and the resulting solution was stirred
refluxed for 17 h, after which the solution was allowed to cool to room
temperature. A CHzCl; extract was washed with water to remove excessive NaPFe.
The CH2Cl; layer was collected and dried by MgSOa4, which was then removed by
filtration. The filtrate was reduced to ca. 1 mL. n-Hexane was added, affording the
product as an orange solid that was washed by n-hexane (0.005 g, 0.003 mmol,
90 %). Red single crystals for X-ray diffraction were obtained from CH;Clz/diethyl
ether at room temperature and CHzCl2/n-hexane at -19 °C, respectively. HR ESI MS
([M]*, 100): calcd for C72H78N4P235Cl3102Ruz: 1369.2854, found 1369.2850; calcd
for C72H78N4P235Cl237C1102Ru,: 1371.2825, found 1371.2821. Microanalysis for
C72H78Cl3FsN4P3Ruz: Caled C, 57.09; H, 5.19; N, 3.70. Found C, 57.22; H, 5.12; N,
3.61. UV-Vis (CH2Clz): 20640 [10.4], 30020 [12.3], 33690 [44.6]. IR (KBr): 1481
(m), 1614 (w), 2960 (m), 3059 (w) cm, 838 cm! v (P-F). TH-NMR (CDCls, 399
MHz): 6 1.59 (s, 9H, ‘Bu-H, Hi3/14), 1.69 (s, 9H, ‘Bu-H, H13/14), 7.10 (d, 1H, Jun = 5.6
Hz, H7/8), 7.26 (m, 6H, H17), 7.31 (d, 1H, Jun = 4.0 Hz, H7/8), 7.41 (m, 3H, His), 7.51
(m, 6H, Hie), 8.07 (s, 1H, H3/4), 8.10 (s, 1H, Hz/4), 8.74 (d, 1H, Juu = 4.8 Hz, Ho/10),
8.95 (d, 1H, Jun = 4.8 Hz, Ho,10). 13C-NMR (CDCl3, 100 MHz): & 30.6 (C13/14), 30.7
(C13/14), 35.2 (C11/12), 35.3 (C11/12), 118.3 (C3/4), 118.5 (C3z/4), 122.7 (Cy/8), 123.0
(C7/8), 127.8 (Jep = 9.9 Hz, C17), 129.2 (C18), 133.2 (Jcp = 10 Hz, C16), 133.5 (Jep = 44
Hz, Ci5), 154.4 (Co/10), 154.5 (Co/10), 159.0 (C1/2), 159.4 (C1/2), 160.1 (Csy6), 160.2
(Csy6). 31P-NMR (CDCl3, 162 MHz): 6 56.0 (s, 2P, -PPhz), -146.0 (sept, 1P, Jpr = 712
Hz, PFs’).

Synthesis of RuCl3(PPh3z)(tBu-bpy) (2.9a)
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RuCl3(PPh3)2(DMA)-DMA (0.165 g, 0.182 mmol) and ‘Bu-bpy (0.286 g, 1.06 mmol)
were suspended in n-hexane (20 mL) and the solvent refluxed for 18 h. The
resulting orange suspension was allowed to cool to room temperature and the
product was collected by filtration and washed with diethyl ether (0.1181 g, 0.160
mmol, 88 %). An orange single crystal for X-ray study was obtained from CH:Clz/n-
hexane at -20 °C. HR ESI MS ([M + Na]*, 100): calcd for C3sH39N2NaP35Cl3102Ru:
760.0858, found 760.0848; calcd for C3sH39N2NaP35Cl237Cl102Ru: 762.0828, found
762.0830. Microanalysis for C3¢H39Cl3sN2PRu: Calced C, 58.58; H, 5.33; N, 3.80. Found
C, 58.51; H, 5.46; N, 3.74. UV-Vis (CH2Clz): 25280 [4.62], 34480 [14.5]. IR (KBr):
695 (s), 745 (s), 1091 (m), 1434 (s), 1604 (s), 1966 (w), 2965 (m), 3057 (m) cm™™.

Synthesis of [RuCl(PPh3z)(tBu-bpy)z]Cl (2.9b)

RuCl3(PPh3)2(DMA)-DMA (0.093 g, 0.103 mmol) and ‘Bu-bpy (0.136g, 0.508 mmol)
were suspended in distilled MeOH (20 mL) and the solvent refluxed for 24 h. The
red solution was allowed to cool to room temperature and then concentrated. The
product was precipitated by addition of diethyl ether (50 mL), and then collected
by filtration, and washed with diethyl ether (0.081 g, 0.083 mmol, 81 %). The
solvent system CH:Cly/diethyl ether afforded a red single crystal for X-ray
diffraction at room temperature. HR ESI MS ([M]*, 100): caled for
Cs4He3N4P35C1192Ru: 935.3522, found 935.3521; calcd for CssHesN4P37Cl102Ru:
937.3493, found 937.3494. UV-Vis (CH2Cl): 21680 [6.93], 34160 [35.6]. IR (KBr):
698 (m), 1481 (m), 1613 (m), 2854 (m), 2924(s), 2958 (s), 3310 (br) cm'L. 1TH-NMR
(CDCls, 399 MHz): 6 1.37 (s, 9H, '‘Bu-H, H7), 1.42 (s, 9H, ‘Bu-H, H7), 1.49 (s, 18H, ‘Bu-
H, H7), 6.94 (d, 1H, /= 6.0 Hz, H4), 6.99 (d, 1H, J = 5.6 Hz, Hs), 7.05 (d, 1H, /= 6.0 Hz,
H4), 7.13 - 7.17 (m, 7H, Ho, Hs), 7.26 - 7.30 (m, 8H, H1o, 2H4), 8.22 (s, 1H, H:), 8.28
(s, 1H, H2), 8.51 (s, 1H, Hz), 8.53 (s, 1H, Hz2), 9.03 (d, 1H, J = 6.0 Hz, Hs), 9.09 (d, 1H, J
= 6.4 Hz, Hs). 13C-NMR (CDCl3, 100 MHz): 6 30.5 (C7), 30.6 (C7), 30.7 (C7), 30.8 (C7),
35.4 (Ce), 35.5 (Ce), 35.6 (Ce), 119.7 (C2), 120.0 (Cz2), 120.7 (Cz2), 120.9 (C2), 123.3
(C4), 123.6 (C4), 124.3 (C4), 124.6 (C4), 128.1 (Co), 128.2 (C9), 129.6 (C11), 132.1 (Jep
= 40 Hz, Cg), 133.6 (C10), 133.7 (C10), 148.6 (Cs), 150.9 (Cs), 153.3 (Cs), 156.7 (Cs),
156.3 (C1), 156.6 (C1), 158.1 (C1), 158.8 (C1), 161.3 (C1), 161.6 (C1), 161.8 (C1),
162.1 (C1). 3'P-NMR (CDCl3, 162 MHz): 6 45.1 (s).
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Attempted synthesis of cis-[RuCl(dppb)(tBu-bpy)(PPh3)]PFs (2.3a-1%)

To a solution of 2.1¢ (0.017 g, 0.019mmol) and triphenylphosphine (0.006 g, 0.021
mmol) in CH2Cl; (15 mL) was added NaPFs (0.003 g, 0.020 mmol). The solution
was stirred at room temperature for 45 h and then concentrated to ca. 1 mL.
Precipitation from petrol spirit (30 mL) and filtration afforded the final orange
powder. HR ESI MS: calcd for CesHs3N2P33>Cl102Ru 1113.2936, found 1113.2927.
31P-NMR (CDCl3, 162 MHz): 6 17.2 (dd, 2P, Jer = 300 Hz, Jep = 16 Hz), 59.1 (d, 1P, Jep
=16 Hz), 60.9 (m, 3P), -144.3 (d, 2P, Jep = 712 Hz, PF¢).

Attempted synthesis of cis-[RuClz(dppb)(tBu-bpy)]PFs (2.3a-2)

nBusNPFs (0.012 g, 0.031 mmol) was added to a toluene (60 mL) solution of 2.1c
(0.026 g, 0.029 mmol, in crystal form). The solution was stirred and sparged with
air at 65°C for 68.5 h and then taken to dryness under vacuum. The thin-layer
chromatography was adopted and the developing solvent was a mixture of CHzCl;
and EtsN (100:1). The first band (Rr = 0.8) was collected and studied. HR ESI MS:
caled for CsoHsiN3P235CI102Ru  892.2291, found 892.2290; caled for
Cs0Hs51N3P237CI102Ru 894.2261, found 894.2268. No NMR spectra obtained.

Synthesis of cis-[Ru(C=CH(4-CsH4sNOz)C=C(4-CsH4NOz))CI(dppb)(tBu-bpy)] (2.5¢)

nBugNCI (0.015 g, 0.052 mmol) was added to a THF (3 mL) solution of 2.4d (0.010
g, 0.008 mmol) at room temperature. The solution was stirred for 1 h and then
taken to dryness under vacuum. The solid sample was sent to analysis
immediately. HR ESI MS ([M - Cl]*, 100): calcd for Cs4Hs7N404P2192Ru 1109.2899,
found 1109.2891.31P-NMR (CDCl3, 162 MHz): 6 73.9 (d, 1P, Jer = 32 Hz), 84.8 (d,
1P, Jer = 32 Hz).

Attempted synthesis of cis-[Ru(C=CH(4-CsH4sNOz)C=C(4-CsHsNOz))CI(dppf)(*Bu-bpy)]
(2.5d)

nBugNCl (0.014 g, 0.050 mmol) was added to a THF (3 mL) solution of 2.4a (0.006

g, 0.004 mmol) at room temperature. The solution was stirred for 1 h and then
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taken to dryness under vacuum. The solid sample was sent to analysis
immediately. HR ESI MS: calcd for CesHe2FeN4O4P23>Cl102Ru 1253.2328, found
1253.2336.31P-NMR (CDCl3, 162 MHz): 6 14.9 (d, 1P, Jepr = 16 Hz), 43.4 (d, 1P, Jpp =
16 Hz).

Attempted synthesis of cis-[Ru(C=CC=C-4-CsH4NO;)Cl(dppf)(tBu-bpy)] (2.6a and
2.6a%)

To a solution of 2.1a (0.455 g, 0.457 mmol) and 4-nitrophenylbutadiyne (0.091 g,
0.531 mmol) in THF (50 mL) with 5 drops of EtsN was added NaPF¢ (0.086 g, 0.510
mmol). The solution was stirred at room temperature for 5 h and then
concentrated and purified on a pad of basic alumina. Elution with CH2Clz/petrol
spirit/EtsN (50/75/1) with gave a red solution. Reduction in volume of the solvent
on a rotary evaporator afforded a red powder. Reprecipitation from n-pentane (20
mL) and filtration afforded the final product. HR ESI MS: found 1306.2994, found
1265.2701. 31P-NMR (CDCl3, 162 MHz): 6 12.7 (d, 1P, Jer = 29 Hz), 43.4 (d, 1P, Jpp =
29 Hz) (2.6a); 8 19.9 (d, 1P, Jer = 30 Hz), 45.7 (d, 1P, Jpp = 28 Hz) (2.6a%*).

Synthesis of Ru(C=C-CsHs)CI(PPhs)z(tBu-bpy) and Ru(C=C-CsHs)2(PPhs):(tBu-bpy)
(Scheme 2.10)

To a solution of phenylacetylene (0.095 mL, 0.865 mmol) was slowly added "BuLi
(0.5 mL, 0.800 mmol, in 1.6 mol/L n-hexane solution) in THF (ca. 50 mL). The
solution was stirred at -78°C for 25 min and then transferred to a solution of
RuClz(PPhsz)2(Bu-bpy) (0.278 g, 0.288 mmol) in THF (ca. 50 mL). The reaction was
kept at -78°C for another 2 h under stirring, then warmed up slowly to room
temperature. The solution was stirred at room temperature for 20 h. The solvent
was reduced to ca. 2 mL, then 100 mL diethyl ether was added. The precipitation
was filtered by celite and the filtration was concentrated to ca. 2 mL. n-Pentane (ca.
30 mL) was added to precipitate the product, which was filtered and collected,
affording a mixture of Ru(C=C-CeHs)ClI(PPh3)2(*Bu-bpy) and Ru(C=C-
CeHs)2(PPh3)2(tBu-bpy). HR ESI MS: calcd for C72HegN3P2192Ru 1138.3932, found
1138.3934 ([Ru(C=C-CeHs)2(PPh3)2(Bu-bpy) + MeCN + H]*). 31P-NMR (CDCl3, 162
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MHz): 6 31.9 (s) (Ru(C=C-CeHs)Cl(PPh3)2(*Bu-bpy)); 6 37.4 (s) (Ru(C=C-
CeHs)2(PPhz)2(tBu-bpy)).

Attempted  synthesis  of  Ru(C=C-CsHs)Cl(dppf)(tBu-bpy) and  Ru(C=C-
CsHs)2(dppf)(tBu-bpy) (Scheme 2.11)

To a flask containing a mixture of Ru(C=C-CsHs)Cl(PPh3)2(‘Bu-bpy) and Ru(C=C-
CeHs)2(PPh3)2(tBu-bpy) (0.018 g, ca. 0.0171 mmol) and dppf (0.013 g, 0.0235
mmol) was added CHCI3 (ca. 15 mL). The solution was refluxing and stirred for 4 h.
After cooled down to room temperature, the solution was concentrated to ca. 2 mL.
Diethyl ether (ca. 30 mL) was added to precipitate the product. The solid was dried
and collected. HR ESI MS: calcd for CgoHs7FeN2P2102Ru 1025.2390, found
1025.2385 ([Ru(C=C-CsHs)Cl(PPh3)2(tBu-bpy) - Cl]*); calcd for CegsHezFeN2P2192Ru
1127.2859, found 1127.2860 ([Ru(C=C-CeHs)2(dppf)(tBu-bpy) + H]J*). 31P-NMR
(CDCls, 162 MHz): 6 28.4 (s), 29.0 (s), 35.4 (d, Jer = 16 Hz), 42.3 (m), 51.1 (d, Jer =
32 Hz).

Attempted synthesis of trans-[Ru(C=C-4-CsH4NO;z)Cl(dppf)(tBu-bpy)] (Scheme 2.16)

To a solution of RuClz(PPh3)s (0.091 g, 0.095 mmol) was added dppf (0.053 g,
0.095 mmol) in CH2Cl; (ca. 15 mL). The solution was stirred at room temperature
for 6 min and then quickly added t‘Bu-bpy (0.026 g, 0.095 mmol). The solution was
taken to dryness after 2 min. Then to the flask was added nitrophenylacetylene
(0.016 g, 0.107 mmol), toluene (ca. 50 mL) and NaPFs (0.018 g, 0.107 mmol) in
order. After the solution was stirred at room temperature for 67.5 h, 4 drops of
EtsN was added. The solution was kept stirring for further 1.5 h. Then the solution
was taken to dryness. The crude product washed by petrol spirit was sent to 31P-
NMR study. The whole procedure was carried out in dark. 31P-NMR (CDCl3, 162
MHz): 8 21.3 (s), 25.3 (s), 29.7 (s), 36.0 (d, Jer = 29 Hz), 41.7 (d, Jer = 31 Hz), 42.7
(d, Jer = 29 Hz), 50.1 (d, Jer = 31 Hz).

Attempted synthesis of cis-[Ru(C=CH-4-CsH4NO2C=C-4-CsH4sNO;)(C=C-4-
CsH4NO:z)(dppe)(tBu-bpy)] (Scheme 2.17)
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To a solution of 2.5b (0.010 g, 0.009 mmol) and nitrophenylacetylene (0.002 g,
0.014 mmol) was added NaPFs (0.009 g, 0.056 mmol) in CH2Cl> (ca. 15 mL). After
the solution was stirred at room temperature for 16.5 h, 3 drops of EtsN was added.
The solution was kept stirring for further 0.5 h. Then the solution was taken to
dryness. The red crude product was sent to analysis. HR ESI MS: calcd for
CeoH57N404P4102Ru 1061.2899, found 1061.2900 ([Ru(C4H(4-
CeH4NO2)2)(dppe)(‘Bu-bpy)]*). 31P-NMR (CDCl3, 162 MHz): 6 33.3 (s), 63.8 (d, Jep =
13 Hz), 69.4 (d, Jer = 13 Hz), 97.8 (s).

To a solution of 2.5b (0.062 g, 0.057 mmol) and nitrophenylacetylene (0.012 g,
0.080 mmol) was added AgOTf (0.016 g, 0.062 mmol) in CHzClz (ca. 20 mL). 5
drops of EtsN was added subsequently. After the solution was stirred at room
temperature for 21.5 h, the solution was taken to dryness. The crude product was

red powder.

Attempted synthesis of Ru(C=C-C¢Hs)z(dppf)(tBu-bpy) (Scheme 2.18)

To a solution of phenylacetylene (0.350 mL, 3.19 mmol) was slowly added "BuLi
(1.20 mL, 3.00 mmol, in 2.5 mol/L n-hexane solution) in THF (ca. 60 mL). The
solution was stirred at -78°C for 20 min and then transferred to a solution of 2.1a
(0.972 g, 0.977 mmol) in THF (ca. 100 mL). The reaction was kept at -78°C for
another 3 h under stirring, then warmed up slowly to room temperature. The
solution was stirred at room temperature for 20 h. The solvent was reduced to ca.
10 mL, then 150 mL diethyl ether was added. The precipitation was filtered and
collected as the crude product. The crude product was analysized by 31P-NMR. 31P-
NMR (CDCls, 122 MHz): 6 14.7 (d, Jer = 22 Hz), 22.8 (d, Jrp = 22 Hz), 43.6 (d, Jrp = 22
Hz), 47.8 (d, Jer = 22 Hz).

The crude product was separated into two parts. One part was purified on a pad of
basic alumina. Elution with CH2Clz/EtsN (100/1) gave a red solution. The eluent
was taken to dryness under the rotavapor. The product was analysized by 31P-
NMR. 31P-NMR (CDCls, 122 MHz): 6 43.2 (d, Jer = 32 Hz), 51.8 (d, Jer = 32 Hz). The
other part was purified by crystallization in THF /n-hexane in dark. There were no
crystals with good quality after a long period, but the solid was collect and sent to
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31P-NMR study. 3'P-NMR (CDCls, 122 MHz): & 43.2 (d, Jer = 32 Hz), 51.8 (d, Jepp = 32
Hz).

Attempted synthesis of Ru(C=C-C¢Hs)z(dppe)(tBu-bpy) (Scheme 2.18)

To a solution of phenylacetylene (0.080 mL, 0.728 mmol) was slowly added "BuLi
(0.250 mL, 0.625 mmo], in 2.5 mol/L n-hexane solution) in THF (ca. 20 mL). The
solution was stirred at -78°C for 40 min and then transferred to a solution of 2.1b
(0.179 g, 0.214 mmol) in THF (ca. 35 mL). The reaction was kept at -78°C for
another 2 h under stirring, then warmed up slowly to room temperature. The
solution was stirred at room temperature for 17 h. After that, Mel (0.15 mL, 2.41
mmol) was added to quench the reaction. The solvent was reduced to ca. 2 mL,
then 60 mL diethyl ether was added. The precipitation was filtered and collected
as the crude product. The crude product was analysized by 31P-NMR. 31P-NMR
(CDCls, 162 MHz): 6 52.2 (d, Jer = 15 Hz), 63.3 (d, Jer = 15 Hz), 65.1 (d, Jer = 25 Hz),
71.1 (d, Jer = 25 Hz). The filtration was taken to dryness and purified on a pad of
basic alumina. The secondary elution with ethyl acetate/EtsN (100/1) gave a red
solution. The eluent was taken to dryness under the rotavapor, affording a product
as red powder. The powder was attempted to be purified by crystallization in

CH2Clz/n-hexane. Red crystals were obtained and proved to be cis-[Ru(C=C-
CeHs)(dppe)I(tBu-bpy)].

Attempted synthesis of cis-[Ru(C=C-CsHs)(dppe)l(tBu-bpy)] (Scheme 2.19)

To a flask containing 2.2d (0.028 g, 0.031 mmol) and ‘BuNI (0.013 g, 0.036 mmol)
was added THF (ca. 15 mL). The solution was stirred at room temperature for 25 h.
The solution was taken to dryness, affording the crude product as red solid. The
crude product was sent to MS and 3!P-NMR study. HR ESI MS: calcd for
Cs2Hs54N2P21271102Ru 997.1851, found 997.1852 ([Ru(C=C-CsHs)(dppe)I(‘Bu-bpy) +
H]*). 31P-NMR (CDClI3, 162 MHz): 6 67.2 (d, Jer = 20 Hz), 76.7 (d, Jpr = 20 Hz) (2.2d);
8 69.6 (d, Jer = 18 Hz), 78.6 (d, Jer = 18 Hz).
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Chapter 3 — Synthesis and Characterization of Ruthenium

Complexes with (N~P), Donor Sets
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3.1 INTRODUCTION

Ruthenium(II) polypyridine complexes have been studied intensively for their
potential application in energy conversion, luminescent sensing, biotechnology, etc
[1-71. Due to the o-donating and m-accepting abilities of phosphine ligands to control
the electronic structure of the ruthenium center, ruthenium(Il) phosphine
complexes are also well documented [8-131. Control over the spectroscopic and
electrochemical properties of ruthenium complexes can be achieved by changing
the number and position of donor sets. Thus, conducting studies on mixed-ligand
ruthenium complexes are worthwhile. The diimine-diphosphine (N”N)(P”P)
donor set has been detailed in Chapter 2. A study of the iminophosphine (N”P)>

donor set is described in this Chapter.

Two iminophosphine ligands, namely 2-(diphenylphosphino)pyridine and 8-
(diphenylphosphino)quinoline, were selected for this study, as shown in Figure
3.1. The heterobifunctional ligands, having both imine and phosphine moieties can
act as unsymmetrical bidentate ligands. The m-acceptor phosphorus atom can
stabilize a low oxidation state of the metal atom, while the o-donor nitrogen is
helpful to stabilize a higher oxidation state and make the metal atom more
susceptible to an oxidative addition reaction. The Cu! complexes based on the
PPh2ogn ligand exhibit higher electro- and photochemical stability than those

complexes with traditional diimine or diphosphine ligands [14.

X
[ |
2 N
N Ph
2 Ph,
2-(diphenylphosphino)pyridine 8-(diphenylphosphino)quinoline
PPhopy PPhygn

Figure 3.1 Chemical structures of the N*P ligands used in this study.

The concept of hemilability was first mentioned by Jeffrey and Rauchfuss, referring
to the labile coordination of ligands bearing soft and hard donor atoms [15l. The
two N”P ligands herein represent an important class of hemilabile ligands which
can bind to transition metals with medium strength. Due to the dynamic chelating
ability, organometallics containing such hemilabile ligands can provide potential

sites for reversible binding to metal centres, which makes the hemilabile metal
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complexes extremely important in catalysis and various organic transformations

[16-18]

PPhypy is among the most widely studied hemilabile N*P ligands, and is one of the
most useful ligands in coordination chemistry, with four different possible
coordination modes as shown in Figure 3.2: N-monodentate [19], P-monodentate [20.
211, N~P bridge [22-25] and N”P chelate mode [26 27, In its chelating coordination
mode, it forms strained four-membered rings, which are relatively unstable and
play a crucial role in chemical- and bio-catalysis [28 291, The catalysis studies of
PPhopy organometallics are numerous. Additionally, the half sandwich
organometallic complexes with PPh;py have potential applications as

chemotherapeutics [301.

N-monodentate NAP chelate mode
| A
\ e
/Mﬁ PPh,
B \N':j
Z N pph, NF

OoC S co
0c* / \ __.\i‘“‘\\co
Co—|—~Co
/ \ \ 3< WO
N PPh, -
N Co /
_ N N
N
ocC co &
NAP bridge
OCOC/"', / S\ ““‘\CSCO N/-\P CNBu
~~c5i—|—co~ | Jcl ’ al ‘ CNBu
/ AN Cl——RH- pd” Pd—RH—oal
N PPh, .
3 Co A BUNC \ Cl ‘ ol ‘
== N| CNBu P N
0o P N
co

Figure 3.2 Possible coordination modes of the PPh,py ligand.

Compared with the PPhypy ligand, there have been much fewer investigations of
the PPhzqn ligand. Unlike the former, the PPhzqn ligand can form a planar five-
membered chelating ring with the metal atom which may further stabilize unusual

oxidation states and /or coordination geometries, owing to the steric requirements
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and the electronic differentiation of the phosphine and quinolyl donor groups 311,
So far, research on the PPhzqn ligand coordinating with Cu! [32-35] Znll [35,36] Ryl [37,
38] pdll [39,40] and Ir™ [41,42] has been reported widely, and some complexes with the
PPhzqn ligand coordinating with Ni! [43] and Au! [#4] have been synthesized. Similar
to the PPhypy ligand, research on organometallics bearing the PPhzqn ligand

mainly focuses on catalysis.

There are no reports of the NLO properties of ruthenium complexes with (N*P)>
donor set. In this work, a series of such complexes were synthesized and
characterized, including linear absorption and electrochemical studies. The NLO
properties of these complexes will be examined in the near future following

reestablishment of a local femtosecond Z-scan capability.

3.2 SYNTHESIS AND CHARACTERIZATION

3.2.1 Solvent effect on the synthesis of cis-[RuCl,(PPh;py).]

The complex cis,cis,cis-[RuClz(PPhzpy)z], as shown in Figure 3.3, has been
synthesized by Faraone and his co-workers through a two-step reaction from
[Ru(CgH12)Clz]n in a total yield of 32 % [45l. The Messerle group has synthesized
trans,cis,cis-[RuCl2(PyP)2] (PyP =  1-(2-diphenylphosphinoethyl)pyrazole)
successfully from RuClz(PPhs)3 in chlorinated solvent, then cis,cis,cis-[RuClz(PyP)2]
through stirring trans,cis,cis-[RuClz(PyP)z] in EtOH overnight [#6l. A similar
experimental procedure to Messerle’s synthesis was used in this work. To a
Schlenk flask with RuClz(PPh3)3 and more than two equiv. PPh;py ligand was
added distilled CHzClz. The brown solution gradually became yellow after stirring
for two hours. In contrast to Messerle’s result, the dominant product in this study
is cis,cis,cis-[RuCl2(PPhzpy)2], which may be a result of steric effects due to
insufficient space for two PPhzpy ligands sited in the same plane; compared with
Faraone’s method, this synthetic route saves time and results in a much higher

yield of 82 %.
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Figure 3.3 Chemical structures of cis,cis,cis-[RuCly(PPhzpy)2] (left) and trans,cis,cis-[RuClz(PyP)2]
(right)

The influence on the reaction outcome of different solvents employed in the
synthesis of cis-[RuClz(PPhzpy)2] (3.1a) is shown in Scheme 3.1. In non-polar
solvents, e.g. toluene, the main product is the cis-isomer. As the solvent polarity is
increased, e.g. in THF, 3.1a* confirmed by MS and a single-crystal X-ray study,
appears as a minor product. In polar solvents, e.g. MeOH, 3.1a* replaces 3.1a as
the dominant product. The structure of 3.1a* reveals that two of the three PPh3
ligands have been replaced by two bidentated PPh;py ligands, with one PPh3
ligand remaining; one Cl atom is no longer in the coordination sphere, but present
as a chloride counter-ion.

Cl 2R Pth’O

] wPPhg N, | N

PhgP—Ru’. _ PPhpy
‘ \Pphs distilled Toluene

cl
3.1a 82%
cl
¢ N\ thF’/@ QPth —I
| .wPPhg _
PhsP—Ru’’ % / \ /
‘ \Pph3 distiled THF ~ PhaP ‘ cl PhgP ‘ \Pph2
Cl ol &
3.1a 62%
cl = o
)—PPh, =~
] PPhg \_{ I
Phap— _PPhapy N | NG
Ru
‘ \pph3 distilled MeOH  pp_p=™ ‘ \Pph2
Cl
3.1a*

Scheme 3.1 Varying synthetic outcome in different solvents.

3.1a* is stable in the crystalline form, while decomposition is observed in
deuterated solvent as shown in Figure 3.4. Initially, three different phosphorus
atoms can be observed at 6 -28.5, -11.1 and 38.9 ppm, which are assigned as the

phosphorus nuclei in PPhzpy, PPh3z and PPhypy, respectively. All the resonances

116



are doublets of doublets. The coupling constant between PPhz and PPhzpy is ca. 30
Hz, while the coupling between the two PPhzpy ligands is much stronger (coupling
constant ca. 300 Hz). After three days, some of the 3.1a* converts to 3.1a and

other complexes of uncertain composition.

39.4
393
385
38.4

(2]

o

o
_-28.0
-28.0

‘ .JJL ﬂ ol

55 45 35 25 15 5 -5 -15 =25 -35

Figure 3.4 NMR spectra of 3.1a* in CDCls: after solution preparation (above) and three days later

(below). The peaks with * are assigned to 3.1a.

3.2.2 Attempts to form mono-alkynyl complexes

Attempts to form mono-alkynyl complexes were made, the results being shown in
Scheme 3.2. In the presence of phenylacetylene, NaPFs and Et3N, no alkynyl or 7n3-
coupling products were synthesized. Instead, the dimer cis-[Ruz(u-
Cl2)(PPh2py)4](PFs)2 (3.2a), confirmed by a single-crystal X-ray diffraction study,
was the dominant product. A secondary product 3.2a*, as shown in the scheme,
was crystallized from CHzCl2/n-hexane. In 3.2a*, one of the previous Ru-N bonds
has been cleaved and replaced by a Ru-C bond from insertion of a C=CHPh group.

Further investigations were conducted.
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Scheme 3.2 Expected (above) and actual (below) synthetic results of the reactions making mono-

alkynyl complexes .

The complex 3.2a was also synthesized in the presence of NaPF¢ only, in a 71 %
yield and with less impurities. 3.2a* could not be made from 3.2a as shown in
Scheme 3.3, which suggests competition occurs between the formation of 3.2a and

3.2a* in the presence of phenylacetylene when 3.1a is used as the precursor.

N PFe)z
/ 7\ Php B \ ) PPh2 Ph2P
N | e Nl o
R NaPF6 R o
- | K
PhaP ‘ ci phop | \CI/ f \PPh2
Cl N N |
NS | NS
3.2a71%
~
_ | (PFe: _ | | ] (PFee
C)—PPhe Pth\@ @’PPhg N
N ‘ ‘ R Phenylacetylene N, I Cl,, ~PPhy
R e NaPFg, EtsN '
Prop | i I\PPh2 thp/ f \ /
N N N thp
3.2a

Scheme 3.3 Further investigations of ruthenium PPh,py complexes.

3.2.3 Synthesis of PPh,qn complexes

The synthesis of ruthenium PPh2qn complexes followed the same strategy as that

of PPhzpy series, as shown in Scheme 3.4. The complex 3.1b was obtained from

RuClz(PPh3z); and excess iminophosphine ligand in distilled THF. 3.2b was
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synthesized easily in the presence of NaPFs in good yield. Similarly, no mono-
alkynyl or bis-alkynyl complexes were detected in the presence of the alkyne
reagent in a further attempt, which was consistent with the results of the PPhypy
reactions. However, no product analogous to 3.2a* was observed in the MS spectra
from the PPhzqn reactions. Overall, the selectivity of the PPhzqn reactions is better
than that of the PPhypy reactions, which can possibly be attributed to the more

stable five-membered chelate ring formed by the N*P ligand and the ruthenium

atom.
~N
»
Cl - PPhy Eha \ \PPh,
PheP—Ru_ PPh,gn g
—hu _— u
3 \ \N/ \
| I Cl
& PPhg _
cl
3.1b 72 %
A X A
PF
P | ( T leFa,
Pha PPh N |
P, \ y PhoP.., \ - ] \PPh,
oy NaPF Ayt
N \\m Ph, P/ | \Cl/ | pen
= cl N N
3.1b N | x l
3.2b 90%

Scheme 3.4 Synthesis of PPhyqn ruthenium complexes.

3.2.4 NMR analysis

The structures of all stable complexes in this Chapter were assigned from 1D-NMR
(tH-, 13C-, 31P-NMR and APT) and 2D-NMR (gHSQC, gHMBC and gCOSY) spectra,
except 3.2a because of insufficient solubility to obtain useful APT or 13C-NMR
spectra. There are no symmetry elements in 3.1a, 3.1b or 3.2a, while the four N*P

ligands are in the same chemical environment in 3.2b.

3.1a, 3.1b and 3.2a show a doublet of doublets in their 3'P-NMR spectra,
suggesting cis-isomers. The two phosphorus nuclei in each N*P ligand couple with
each other, with a coupling constant of ca. 30 Hz. For 3.2b, there is one singlet in
the 31P-NMR spectra at 6 64.0 ppm which corresponds to the PPhzqn ligand, and a
septet signal from the PFs at 6 -144.2 ppm (Jpr = 706 Hz), which is in good
agreement with the structure.
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The two types of carbons in the complexes, tertiary and quaternary, can be
recognized easily based on the information provided by APT studies. All
quaternary carbons connected to phosphorus atoms exhibit coupling in 3.1b and
3.2b, with chemical shifts ranging from § 132.9 - 133.5 and 130.7 - 131.9 ppm
respectively. Because of the complexity of the 13C-NMR spectra in this region, it is
difficult to reliably extract coupling constants. The 13C-NMR spectrum of 3.1a is
similar; the chemical shifts of the Ph-Cs connected to the phosphorus atoms range
from § 129.7 - 130.3 ppm, and again have uncertain coupling constants. The two
quaternary Py-Cs have large downfield chemical shifts (6 172.8 and 174.4 ppm)

and large coupling constants (ca. 53 and 48 Hz, respectively).

In the TH-NMR studies, all the complexes in this work have no signals upfield (< &
5.0 ppm). The protons attached to the tertiary carbon atoms next to the nitrogen

atoms have the greatest downfield chemical shift in 3.1a, 3.1b and 3.2b.

3.3 X-RAY STRUCTURAL STUDIES

Single crystal structure determinations have been made for the complexes 3.1a,
3.1a* 3.1b, 3.2a, 3.2a* and 3.2b. Crystal data and plots of each molecule with the

atom labeling are summarized below.

Figure 3.5 and Table 3.1 show the data and plots of 3.1a and 3.1b. Both of them
are cis-octahedral isomers and six-coordinate. The PPhypy ligand forms a four-
membered ring with the ruthenium atom and with a N-Ru-P angle of ca. 70°, while
it forms a five-membered ring in 3.1b with a wider N-Ru-P angle of ca. 82°. The
four-membered ring forces the two chloride atoms closer to each other than those
in 3.1b. The crystal data of 3.1a* is listed in Table 3.1. The ruthenium centre is six-
coordinate with two PPh;py ligands, one PPhs ligand and one chlorine atom. The
phosphorus atoms from the PPh;py ligands are cis-disposed, and the phosphorus
atom from the PPhs ligand is trans to the chloride atom, and cis to the other two

phosphorus atoms.
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The complex 3.2a, the dimer of 3.1a as shown in Figure 3.7, is a charged
ruthenium complex with two PFs groups. The related information on bond lengths
and angles is tabulated in Table 3.3. There is no difference in bond lengths
between 3.1a and 3.2a, while the angles vary. The smaller angle between the two
chlorine atoms induced by the bridging function, is reduced to 83.66(9)° in 3.2a,
which provides more space for the two PPhypy ligands. The values of the N-Ru-Cl

angles are increased as well.

A single crystal structure determination has been made for 3.2a*, the result being
summarized in Figure 3.8 and Table 3.4. The complex is a charged species with
four PPh;py ligands. What is notable here is the insertion of a C=CHPh group into
one of the former Ru-N bonds. The angles of N(1)-Ru-C(1), C(2)-C(1)-Ru and C(1)-
C(2)-C(3) are all around 120°, and the bond length of C(1)-C(2) is within the

reasonable range of the C=C bond.

Figure 3.9 and Table 3.5 exhibit the result of the X-ray study of complex 3.2b, a +2
charged diruthenium complex. The crystal of 3.2b belongs to the monoclinic
crystal system with a Cc space group. The four phosphorus atoms are in the same
chemical environment, showing one singlet in the 31P-NMR study. Compared with
3.1b, the two chlorine atoms are closer with an angle of CI-Ru-Cl at 79.12(8)e,
much smaller than that of 3.1b (92.157(15)°). The phosphorus atom in 3.2b is cis
to one chlorine atom and trans to the other chlorine atom. The two chlorine and
the two phosphorus atoms are in the same plane, while one phosphorus atom is
perpendicular to the corresponding plane in 3.1b. Similarly, the nitrogen atoms in
3.2b are cis to the phosphorus and chlorine atoms. The bond data of 3.2b within

the PPhzqn ligands has no obvious differences to that of 3.1b.
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Figure 3.5 Molecular geometry and atomic labeling scheme for cis-[RuClz(PPh;py)2] (3.1a) (left)

and cis-[RuCl;(PPh2qn)2] (3.1b) (right). Hydrogen atoms have been omitted for clarity.

Table 3.1 Selected bond lengths (A) and angles (©) for for cis-[RuClz(PPhzpy)2] (3.1a) and cis-

[RuClz(PPhzqgn).] (3.1b).

Complexes 3.1a 3.1b Complexes 3.1a 3.1b

Bond Lengths

Ru-P(1) 2.249(4) 2.2392(5) Ru-N(2) 2.114(13) 2.1884(15)
Ru-P(2) 2.243(4) 2.2512(4) Ru-N(1) 2.137(12) 2.0822(15)
Ru-CI(1) 2.463(4) 2.4488(4) Ru-CI(2) 2.454(4) 2.4750(4)
Bond Angles

P(2)-Ru-P(1) 100.74(15) 100.684(16) N(1)-Ru-Cl(1) 88.6(3) 176.66(4)
Cl(1)-Ru-P(1) 157.13(14) 96.226(16) N(1)-Ru-N(2) 98.7(5) 95.31(6)
Cl(1)-Ru-P(2) 99.97(14) 91.163(16) Cl(2)-Ru-P(1) 97.24(15) 87.010(16)
N(2)-Ru-P(1) 91.4(3) 177.50(4) Cl(2)-Ru-P(2) 99.52(15) 171.242(16)
N(2)-Ru-P(2) 70.5(4) 81.48(4) Cl(2)-Ru-Cl(1) 88.76(14) 92.157(15)
N(2)-Ru-Cl(1) 86.5(3) 84.93(4) Cl(2)-Ru-N(2) 168.0(3) 90.74(4)
N(1)-Ru-P(1) 69.2(3) 83.41(5) Cl(2)-Ru-N(1) 92.3(4) 84.51(4)
N(1)-Ru-P(2) 165.5(4) 92.16(4)

Figure 3.6 Molecular geometry and atomic labeling scheme for cis-[RuCl(PPhzpy).(PPhz)]Cl

(3.1a*). Hydrogen atoms have been omitted for clarity.
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Table 3.2 Selected bond lengths (A) and angles (©) for for cis-[RuCl(PPhzpy)2(PPhs)]Cl (3.1a*).

Bond Lengths

Ru-P(1) 2.3175(15) Ru-N(2) 2.123(4)
Ru-P(2) 2.3143(15) Ru-N(1) 2.126(4)
Ru-CI(1) 2.4210(15) Ru-P(3) 2.3342(14)
Bond Angles

P(2)-Ru-P(1) 104.21(4) N(1)-Ru-Cl(1) 88.64(11)
Cl(1)-Ru-P(1) 155.30(4) N(1)-Ru-N(2) 92.51(16)
Cl(1)-Ru-P(2) 95.04(4) P(3)-Ru-P(1) 102.10(4)
N(2)-Ru-P(1) 88.33(11) P(3)-Ru-P(2) 101.97(5)
N(2)-Ru-P(2) 68.73(12) P(3)-Ru-Cl(1) 88.61(4)
N(2)-Ru-Cl(1) 84.34(11) P(3)-Ru-N(2) 167.69(12)
N(1)-Ru-P(1) 68.11(11) P(3)-Ru-N(1) 97.41(12)

N(1)-Ru-P(2) 160.34(12)

Figure 3.7 Molecular geometry and atomic labeling scheme for cis-[Ruz(u-Cl)2(PPh2py)4] (PFe)2

(3.2a). Hydrogen atoms have been omitted for clarity.

Table 3.3 Selected bond lengths (&) and angles (°) for for cis-[RuCl,(PPhzpy).] (3.1a) and cis-
[RUZ([J-Cl)z(Pthpy)4] (PF6)2 (323)

Complexes 3.1a 3.2a Complexes 3.1a 3.2a
Bond Lengths

Ru-P(1) 2.249(4) 2.317(4) Ru-N(2) 2.114(13) 2.131(12)
Ru-P(2) 2.243(4) 2.255(4) Ru-N(1) 2.137(12) 2.076(9)
Ru-CI(1) 2.463(4) 2.246(3) Ru-CI(2) 2.454(4) 2.445(3)
Bond Angles

P(2)-Ru-P(1)  100.74(15) 98.75(15)  N(1)-Ru-Cl(1) 88.6(3)  92.7(3)
Cl(1)-Ru-P(1) 157.13(14) 102.49(12) N(1)-Ru-N(2) 98.7(5)  92.5(5)
Cl(1)-Ru-P(2) 99.97(14)  158.71(15) CI(2)-Ru-P(1) 97.24(15) 108.16(12)

N(2)-Ru-P(1)  91.4(3) 157.6(3) Cl(2)-Ru-P(2)  99.52(15) 91.15(11)
N(2)-Ru-P(2)  70.5(4) 68.7(3) Cl(2)-Ru-CI(1) 88.76(14) 83.66(9)
N(2)-Ru-Cl(1) 86.5(3) 90.7(3) Cl(2)-Ru-N(2) 168.0(3) 91.1(3)
N(1)-Ru-P(1)  69.2(3) 69.1(4) Cl(2)-Ru-N(1)  92.3(4) 174.9(3)

N(1)-Ru-P(2) 165.5(4)  93.5(3)
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Figure 3.8 Molecular geometry and atomic labeling scheme for cis-[Ruz(u-

C1)2(C=CHPhPPhpy)(PPh2py)s] (PFs)2 (3.2a*). Hydrogen atoms except C=CH have been omitted for

clarity.

Table 3.4 Selected bond lengths (A) and angles (°) for for cis-[Ruz(u-
C1)2(C=CHPhPPh;py)(PPhzpy)3)](PFs)2 (3.2a%*).

Bond Lengths
Ru-P(1)
Ru-P(2)
Ru-CI(1)
C(1)-C(2)
C(1)-N(1)
Bond Angles
P(2)-Ru-P(1)
Cl(1)-Ru-P(1)
Cl(1)-Ru-P(2)
N(2)-Ru-P(1)
N(2)-Ru-P(2)
N(2)-Ru-Cl(1)
C(1)-Ru-P(1)
C(1)-Ru-P(2)
C(2)-C(1)-Ru

2.2250(18)
2.2673(18)
2.5415(17)
1.346(10)
1.488(9)

99.05(7)
104.96(6)
155.96(6)
1165.43(16)
68.75(16)
87.31(16)
82.4(2)
90.8(2)
123.8(6)

Ru-N(2)
Ru-C(1)
Ru-CI(2)
C(2)-C(3)

C(1)-Ru-Cl(1)
C(1)-Ru-N(2)
Cl(2)-Ru-P(1)
Cl(2)-Ru-P(2)
Cl(2)-Ru-ClI(1)
Cl(2)-Ru-N(2)
Cl(2)-Ru-C(1)
N(1)-C(1)-Ru
C(1)-C(2)-C(3)

2.158(6)
2.027(7)
2.4749(17)
1.475(10)

91.2(2)
89.7(3)
94.75(6)
100.56(6)
78.85(5)
95.35(16)
168.6(2)
116.8(5)
132.7(7)

Figure 3.9 Molecular geometry and atomic labeling scheme for [Ruz(u-Cl)2(PPh2qn)4] (PFe)2 (3.2b).

Hydrogen atoms have been omitted for clarity.
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Table 3.5 Selected bond lengths (&) and angles () for for [Ruz(u-Cl)2(PPh2qn)4](PFs)2 (3.2b).

Complexes 3.2b
Bond Lengths

Ru-P(1) 2.250(2)
Ru-CI(1) 2.505(3)
Ru-CI(2) 2.507(7)
Ru-N(1) 2.109(9)
Bond Angles

Cl(1)-Ru-Cl(2)  79.12(8)
Cl(1)-Ru-P(1)  174.06(9)
Cl(2)-Ru-P(1)  95.71(9)
N(1)-Ru-CI(1)  93.9(3)
N(1)-Ru-Cl(2)  92.6(3)
N(1)-Ru-P(1)  83.3(3)

3.4 LINEAR OPTICAL STUDIES

Linear optical studies were conducted on a UV-Vis spectrometer in CH2Cl; using a
quartz cell. The spectra are displayed in Figure 3.10. All the complexes have
intense absorption bands in the higher-energy region which are dominated by
intra-ligand m-m* transitions, and moderately intense lower-energy absorption
bands assigned to metal-to-ligand charge transfer (MLCT). The shoulder

absorption of 3.1a at ca. 430 nm corresponds to MLCT.

=—3.1a

—3.1b

=—=3.2b

—T——

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 3.10 UV-Vis absorption spectra (CH2Clz, 298 K) for ruthenium (N*P), complexes.

The PPhzgqn complexes have weaker MLCT bands and stronger ILCT bands than
the PPhzpy complexes. The absorption strength of the dimers is doubled that of the
mono-ruthenium complexes, consistent with doubling the number of ruthenium

centres. A blue shift can be observed in the spectra of the dimers, compared to the
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mono-ruthenium complexes, 1630 cm! for the PPhapy complexes and 2180 cm
for the PPh2gn complexes. The broad absorption band of 3.1b at 480 nm and the
blue shift in proceeding to 3.2b explain the difference in colour between the two

complexes.

3.5 ELECTROCHEMICAL STUDIES

The redox behavior of the ruthenium (N*P)> complexes has been investigated by
cyclic voltammetry and square-wave voltammetry with 0.1 M "BusNPF¢ as the
supporting electrolyte. The electrochemical data are tabulated in Table 3.6. All
complexes undergo one oxidation process in the potential region from 0.70 to 1.50
V, assigned to a Ru'/ redox couple. 3.1a, 3.1b and 3.2b display reversible waves
with the half-wave potential (E;z) at +0.70, +0.71 and +1.47 V wvs
ferrocene/ferrocenium (FcH/FcH*), respectively. The oxidation potentials of the
complexes bearing PPhoqn ligands are more positive than those of the PPh;py
series, 0.01 V higher than 3.1a and 0.17 V higher than 3.2, which suggests that the
PPhzqn ligand is a better m-acceptor than the PPhypy ligand. The big gap in
oxidation potentials between the two dimers indicates that geometry can strongly
affect redox behavior.

Table 3.6 Electrochemical data of ruthenium (N”P); complexes (E in volts, I in pA).

Compound  Peak

No. No. E. Eq AE E1yz I, I L/ I
3.1a 1 0.74 0.67  0.070  0.70 1.62 1.64 1.0
3.2b 1 1.30 - - 0.80 0.56 0.70
3.1b 1 0.75 0.68  0.074 0.71 1.01 1.01 1.0
3.2b 1 1.50 145  0.058 147 0.98 0.96 1.0

3.6 EXPERIMENTAL SECTION

General. Reactions were performed under a nitrogen atmosphere with the use of
standard Schlenk techniques with no precautions to exclude air during workup.
RuClz(PPhz)3 and 8-(diphenylphosphino)quinoline were synthesized as described
in the literature [47]. All commercially available materials were used as received.
Petrol refers to a fraction of petroleum with a boiling range of 60 -80 °C. Reagent

grade solvents CH:Cl> (Merck) was dried by distilling over calcium hydride, THF
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(Merck) over sodium/benzophenone, and toluene (Merck) over sodium and stored
under N;. All other solvents were used as received. High-resolution electrospray
ionization mass spectra (HR ESI MS) were obtained using a VG Quattro II triple
quadrupole instrument; peaks are reported as m/z (assignment, relative intensity).
Microanalyses were carried out by the Elemental Analysis Service Unit, Science
Centre, London Metropolitan University. UV-Vis spectra were recorded as CHzCl;
solutions in 1 cm quartz cells using a Cary 5 spectrophotometer; bands are
reported in the form frequency (cm-1) [extinction coefficient, 103 M1 cm].
Infrared spectra were recorded on KBr discs using a Perkin Elmer Spectrum One
FT-IR spectrometer. NMR spectra were recorded using a Bruker Avance 800 MHz
NMR spectrometer and are referenced to residual CHClz (7.26 ppm (1H, 800 MHz),
CDCl3 77.16 ppm (13C, 201 MHz), residual CH2Cl; (5.32 ppm (1H, 800 MHz), CD2Cl;
53.5 ppm (13C, 201 MHz), or residual acetone (2.05 ppm ('H, 800 MHz), (CD3).CO
29.8 ppm (13C, 201 MHz). Cyclic voltammetry measurements were recorded using
an e-corder and EA161 potentiostat from eDaq Pty Ltd. Measurements were
carried out at room temperature using Pt disc working-, Pt wire auxiliary- and
Ag/AgCl reference electrodes, such that the ferrocene/ferrocenium redox couple
was located at 0.46 V (CH2Cl2) (ipe/ipa= 1, AE, 0.09 V). Scan rates were typically
100 mV s1. Electrochemical solutions contained 0.1 M "BusNPF¢ and ca 103 M
complex in dried and distilled CH2Cl>. Solutions were purged and maintained
under a nitrogen atmosphere. Electronic spectra were recorded using a Cary 5

spectrophotometer.

Synthesis of cis-[RuClz(PPhzpy)z] (3.1a)

To a solution of RuClz(PPhs)3 (0.509 g, 0. 530 mmol) in 40 mL toluene was added
the ligand diphenyl-2-pyridylphosphine (0.361 g, 1.369 mmol). The solution was
stirred at room temperature for 2 h, filtered, and the product was washed with 10
mL toluene and then 30 mL diethyl ether, yielding the product as a yellow powder
at (0.3046 g, 82%). The orange crystal for X-ray study was obtained from
CH2Clz/n-hexane at room temperature. HR ESI MS ([M - Cl + MeCN]*): calcd for
C36H31N3P235Cl192Ru  704.0725, found 704.0726; ([M - CI]*): caled for
C34H28N2P235C1192Ru 663.0460, found 663.0460. UV-Vis (CH2Cl2): 29120 [5.89]. IR
(KBr): 1099 (s), 1434 (m), 1594 (s), 3391 (br) cml. 1TH-NMR (CD:Cl, 800 MHz): &
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6.43 - 8.06 (m, 22H, Ar-H, Hs, Hs), 6.80 (t, 1H, /= 6.0 Hz, Hs/9), 7.02 (dd, 1H, /= 7.5
Hz, ] = 3.0 Hz, Hz/7), 7.29 (dd, 1H, /= 7.5 Hz, ] = 4.0 Hz, Hz/7), 7.43 (m, overlap, H3s),
7.50 (d, 1H, J = 5.0 Hz, Hs/10), 7.55 (t, 1H, /= 6.5 Hz, H4/9), 7.88 (m, overlap, H3/s),
9.14 (d, 1H, J = 4.5 Hz, Hs/10). 13C-NMR (CD2Clz, 201 MHz): & 125.6 (Cz/7), 126.2
(Cz2/7), 126.4 (Cs/9), 127.4 (C4/9), 128.5-135.9 (Ar-C), 137.6 (C3/8), 151.7 (J = 14 Hz,
Cs/10), 152.8 (J = 13 Hz, Cs/10), 172.8 (Jor = 53 Hz, C1/6), 174.4 (Jcp = 48 Hz, C1/6). 31P-
NMR (CD:Clz, 324 MHz): 6 1.7 (d, 1P, Jep = 32 Hz), -5.6 (d, 1P, Jpp = 32 Hz).

Synthesis of cis-[RuClz(PPhzqn):z] (3.1b)

To a solution of RuClz(PPhs)3z (0.189 g, 0.197 mmol) in 30 mL THF was added
excess ligand 8-(diphenylphosphino)quinoline (0.155 g, 0.493 mmol). The solution
was stirred under N at room temperature for 3 h and then concentrated under
reduced pressure. A red powder was precipitated following addition to diethyl
ether, collected by filtration, and washed with diethyl ether. The product was
collected and dried under vacuum, yield 0.113 g (72%). A red single crystal
suitable for X-ray study was obtained from CH:Clz/n-pentane at room
temperature. HR ESI MS ([M - Cl]*): calcd for C42H32N2P23°CI192Ru 763.0773, found
763.0778. Microanalysis for C42H32N2P2CI2Ru-0.75CH2Cl;: Caled C, 59.54; H, 3.92; N,
3.25. Found C, 59.69; H, 4.28; N, 3.38. UV-Vis (CH:Clz): 20900 [3.19], 33540
[16.59]. IR (KBr): 692 (s), 1091 (m), 1433 (m), 2921 (s) cm1. TH-NMR (CDCl3, 800
MHz): & 6.17 (t, 2H, J = 8.5 Hz, Ar-H), 6.36 (t, 1H, J = 5.5 Hz, H2/10), 6.54 (t, 2H, ] =
7.0 Hz, Hiz/16/29/33), 6.75 (t, 2H, J = 7.0 Hz, Hi2/16/29/33), 6.83 (t, 1H, ] = 7.5 Hz,
Hi3/17/30/34), 6.97 (t, 1H, J = 7.0 Hz, H13/17/30/34), 7.01 (t, 2H, J = 6.5 Hz, Ar-H), 7.25
(overlapped, Ar-H), 7.34 (m, 4H, Hs;22, Ar-H), 7.55 (m, 1H, Hi/18), 7.58 (m, 3H,
Hz/20/Ha 21, Ar-H), 7.71 (m, 3H, Hz/19, H3,20, H4/21), 7.79 (d, 1H, J = 8.0 Hz, Hs/23),
8.06 (d, 1H, J = 8.0 Hz, He/23), 8.39 (m, 4H, H3/20, Hs/22, Ar-H), 10.83 (s, 1H, H1/1s).
13C-NMR (CDCls, 201 MHz): 6 121.0 (Cz/19), 123.4 (C2/19), 127.1-128.0 (Ph-C), 128.5
(C13/17/30734), 128.6 (C13/17/30734), 129.3 (Cos26), 129.6-129.9 (Ph-C), 130.0 (Co,26),
131.0 (Ce/23), 131.1 (Ce/23), 131.5-131.9 (Ph-C), 132.9-133.5 (C7,C10, C14, C24, C27,
C31), 134.4 (C3/20), 134.5-134.6 (Ph-C), 135.6 (Cg/2s), 136.3-136.4 (Ph-C), 136.7
(Cs/22), 136.7 (Cs/22), 137.1 (Ph-C), 138.1 (Cs/25), 156.0 (C1/18), 156.1(C1/18). 31P-
NMR (CDCls, 324 MHz): 6 53.9 (d, 1P,/ =32 Hz), 62.2 (d, 1P, ] = 32 Hz).
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Synthesis of cis-[Ruz(u-Cl)2(PPhzpy)4](PFs): (3.2a)

To a solution of 3.1a (0.040 g, 0.057 mmol) in 6 mL CH2Cl; was added NaPFs
(0.023 g, 0.137 mmol). The solution was stirred under N; at room temperature for
15 h and passed through a pad of Celite. The yellow product suitable for X-ray
study crystallized from CH:Cl2/n-hexane, yield 0.033 g (71%). HR ESI MS ([M]?*):
calcd for C34H28N2P235CI102Ru 663.0460, found 663.0460, ([M + MeCN]?*): calcd for
C36H31N3P235CI102Ru ~ 704.0725, found  704.0732.  Microanalysis  for
CesHs6N4PsCl2F12Ruz: Caled C, 50.54; H, 3.49; N, 3.47. Found C, 50.43; H, 3.47; N,
3.49. UV-Vis (CH2Clz): 30750 [12.9]. IR (KBr): 837 (s) v(P-F), 1095 (w), 1435 (w),
2850 (w), 2918 (m) cm'L. TH-NMR (CD2Clz, 800 MHz): § 6.00 (t, 2H, J = 8.0 Hz), 6.63
(dd, 1H,/=7.5 Hz,J = 3.4 Hz), 6.81 (t, 2H, ] = 6.5 Hz), 6.90 (t, 2H, J = 7.0 Hz), 6.94 (t,
1H, /= 6.0 Hz), 7.05 (t, 1H, /= 6.0 Hz), 7.14 (t, 1H, J= 7.5 Hz), 7.17 (d, 1H, J= 5.5
Hz), 7.20 (t, 1H, /= 7.0 Hz), 7.27 (dd, 1H, J = 7.5 Hz, ] = 4.0 Hz), 7.9-7.32 (m, 2H),
7.43 (t,1H, ]/ = 7.5 Hz), 7.47 (t, 2H, ] = 7.5 Hz), 7.54 (m, 2H), 7.63-7.67 (m, 3H), 7.75-
7.78 (m, 2H), 7.83-7.86 (m, 2H), 8.87 (d, 1H, J = 5.0 Hz). 31P-NMR (CD:Cl;, 324
MHz): § 0.5 (d, 1P, Jepp= 32 Hz), -16.2 (d, 1P, Jep= 32 Hz), -143.8 (septet, 1P, Jpr= 712
Hz).

Synthesis of [Ruz(u-Cl)z(PPhzqn)+](PFs)2 (3.2b)

To a solution of 3.1b (0.012 g, 0.015 mmol) in 15 mL CH:Cl, was added NaPFs
(0.007 g, 0.044 mmol). The solution was stirred under N; at room temperature for
17 h and then passed through a pad of Celite. The bright yellow product suitable
for X-ray study crystallized from CH2Cl;/n-pentane, yield 0.019 g (90%). HR ESI
MS ([M]?*): calcd for C42H32N2P23>Cl1192Ru 763.0733, found 763.0780. Microanalysis
for CgaHeaN4PsCl2F12Ru2: Caled C, 55.55; H, 3.55; N, 3.08. Found C, 55.54; H, 3.61; N,
3.14. UV-Vis (CH2Cl2): 23080 [9.02]. IR (KBr): 841 (s) v(P-F), 1591 (m), 3435 (m)
cml. TH-NMR (Acetone-de, 800 MHz): 6 5.79 (m, 2H, H1s/11), 6.44 (t, 2H, J= 7.5 Hz,
Hie/12), 6.82 (m, 2H, Hi11/15), 6.87 (t, 1H, /= 7.5 Hz, H17/13), 7.04 (dd, 1H, /= 8.5 Hz, ]
= 5.0 Hz, Hz), 7.16 (t, 2H, J = 7.5 Hz, Hi2/16), 7.39 (t, 1H, J = 7.0 Hz, Hi3/17), 8.09 -
8.12 (m, 2H, Hs, He), 8.65 (d, 1H, /= 7.5 Hz, H4), 8.84 (d, 1H, , J = 8.0 Hz, H3), 8.93 (d,
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1H, J = 4.0 Hz, H1). 13C-NMR (Acetone-de¢, 201 MHz): 8 124.1 (C7), 129.0 (Cs, C12/16),
129.1 (Cie6/12), 130.1 (C17/13), 130.3 (C15/11), 130.4 (C13/17), 130.7 - 131.9 (Cy, Cio,
C14), 131.4 (Co), 134.3 (C11/15), 134.8 (C4), 140.0 (Cs), 140.7 (Ce), 157.6 (J = 10 Hz,
Cg), 158.4 (C1). 31P-NMR (Acetone-ds, 324 MHz): 6 64.0 (s, 2P), -144.2 (septet, 1P,
Jer =708 Hz).

Synthesis of cis-[RuCI(PPh3)(PPhzpy):]Cl (3.1a*)

To a solution of RuClz(PPh3)3 (0.141 g, 0. 145 mmol) in 40 mL MeoH was added the
ligand diphenyl-2-pyridylphosphine (0.091 g, 0.346 mmol). The brown suspension
was stirred at room temperature for 2 h and turned out to be bright yellow
solution gradually. After he solvent was removed, the crude product was
redissolved in ca. 1 mL CH2Cl;. Then a mixture of CH2Cl; and diethyl ether (20 mL,
Vbcm:Vether = 1:4), yielding the product as a yellow powder. The orange crystal for
X-ray study was obtained from CH2Clz/n-hexane at room temperature. HR ESI MS
([M]*, 100): calcd for CszH43N2P335Cl1192Ru 925.1371, found 925.1365. 31P-NMR
(CDCls, 324 MHz): 8 39.0 (dd, 1P, Jep = 291 Hz, Jpp = 32 Hz), -11.1 (m, 1P), -28.5 (dd,
1P,, Jep =291 Hz, Jpp = 32 Hz).
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4.1 INTRODUCTION

As described in Chapter 1, both HRS and Z-scan techniques are used to conduct the
NLO studies, HRS for second-order NLO materials, and Z-scan for third-order NLO

materials (11,

Second-order optical hyperpolarizabilities in solutions were measured by the
traditional method, EFISH for dipolar molecules. In this method, the molecules are
oriented in an DC electric field, but it is not suitable for the ionic or octopolar
species. On contrary, based on second harmonic scattering, HRS has no
requirements for DC electric field [2 31, which enables HRS to provide the
measurement of second-order hyperpolarizabilities of molecules (e.g. octopolar
molecules) with no electric dipole moment 4. Up to date, HRS has been
successfully used to study NLO properties of proteins dissolved in isotropic media,
charged chromophores, nondipolar chromophores and nanoparticles [5-°l. The
second-order hyperpolarizabilities of the complexes synthesized in Chapter 2,

which are of octopolar species, were studied by HRS.

The techniques developed for the measurement of the third-order NLO parameters
of materials (e.g. DFWM, ellipse rotation, beam-distortion), require much more
complicated experimental apparatuses and set-ups than Z-scan [10-12], Z-scan
proposed by Sheik-Bahae, is based on the spatial distortion of a laser beam [12,13],
This technique is widely used in material characterization because of not only the
relatively simplicity, but also higher sensitivity. A variety of organic materials has
been characterized by Z-scan, including fullerenes, carbon nanotubes, dyes,
chalcones and the derivatives and so on [1418. Although a number of
organometallic complexes has been studied using Z-scan [19-22], the investigation of
such materials is still far from sufficient. Since there was no enough time left for
the characterization of the complexes described in Chapter 2 or 3 due to the set-up
maintenance, the samples for Z-scan study in this thesis were prepared by the
Humphrey group or sent by collaborators. Some of the synthsis of these

compounds can be found in the literature [23-251,
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The synthsis described in this thesis, was designed to investigate the relationship
between the chemical structure and NLO response. Although the Z-scan study for
the newly-prepared complexes was unavailable, a better understanding of the
interrelationships between the chemical structures and the corresponding optical
effects will be obtained with the information obtained from this NLO studies,
which will be of help in tailoring future compounds towards desired properties. In
addition, a more detailed introduction to the HRS and Z-scan techniques is given.

Supplementary plots of NLO data can be found in the Appendix.

4.2 HYPER-RAYLEIGH SCATTERING

4.2.1 Basic Theory of HRS [1.26]

HRS is the scattering of light at frequency 2w, due to orientational fluctuations of
asymmetric molecules in solution, when a liquid sample is irradiated by a light at
frequency w. Unlike ordinary scattering, the intensity of the scattering light only
depends on the first hyperpolarizability of the solute molecules and varies

quadratically with the incident light intensity.

In a typical measurement, the refractive indices as well as the solvent number
densities are assumed to be constant with the solute density for dilute solutions.
Then, in the dilute concentration limit, the relationship between the HRS intensity

(I20) and the intensity of the fundamental beam (/) can be expressed as:

Lo = G(NBE) + No(BINIG (Equation 4.1)

where N, is the number density of the chromophore, N; is the number density of
the solvent, ($2) and (#2) are the orientation averages of the square of the first
molecular hyperpolarizability tensor elements of the chromophore and solvent,
respectively, and the constant G accounts for the averages over direction cosines,
electronic measuring instrument factors and other constants. If there is a linear
absorption at the second-harmonic wavelength, the scattered intensity should be

corrected by Beer’s Law according to:
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Ly, = G(NB2) + Ny(B2))I2x10~9Ne (Equation 4.2)

where ¢ is the linear absorption cross-section at 2w (in units of cm?) for the

chromophore and | is the path length of the scattered light (in units of cm).

For donor-acceptor NLO chromophores, the [ value is assumed to arise
predominantly from charge transfer between the ground state and the excited
state. The “intrinsic hyperpolarizability” fo and dispersion factor D(w) can be
calculated through the Oudar-Chemla’s Two-Level Model using the measured

wavelength dependent Surs data. The equations are given below.

Burs2w) = BoD(w) (Equation 4.3)

w? 402

D(w) = [1- (%) [1 - (w—g)]-l (Equation 4.4)

2
g

Herein, w is the angular frequency of the fundamental beam, and wy is the angular
resonance frequency of the charge-transfer transition. It should be noted that the
Oudar-Chemla equations make reasonable approximations by neglecting the
vibronic structure of the electronic transition, finite linewidths arising from
population decay, and dephasing due to the interaction of chromophores with

solvent molecules.

4.2.2 Experimental Measurement of HRS

A typical experimental configuration as described by Clays and Persoons in
19921271 is shown in Figure 4.1. The HRS measurement setup adopted for the
studies in this Chapter is nearly the same as the original setup. The pulsed laser
beam passed through a half-wave plate and a polarizer acting as a beam attenuator
(VBA05-1064, Thorlabs). The half-wave plate was mounted on a rotational stage
with a servo motor driver (PRM1MZ8E, Thorlabs). By controlling the rotation of
the half-wave plate through a Visual Basic program, the intensity of the incident
laser could be varied, and the measurement process automated. A small portion of
the incident laser beam was then reflected towards a battery-powered photodiode

via a beam splitter. The signal from the photodiode served two purposes. Firstly, it
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monitored the intensity of the incident laser beam. Secondly, it provided the
trigger signal for the oscilloscope. The majority of the laser beam passed through a
high-pass filter and was focused into the sample by a focusing lens. The sample cell
was placed in a position where the focal point of the beam was in the middle of the

cell.

Mirror
- \

Variable Attenuator

ND Filter

:':D Beam Splitter‘w
Photodiode
PMT & monochromator
Oscilloscope I |
Collecting
| .
Lens .\/;,L Lens High Pass
N Filter
Computer [
[
Mirror
Concave .’ \
Mirror HRS Light

Figure 4.1 Schematic diagram of HRS experimental configuration.

To efficiently collect the scattered HRS light, a camera lens was placed orthogonal
to the beam propagation direction. At the other side of the sample cell was a
concave mirror reflecting the scattered light back towards the camera lens. The
camera lens was used not only to collect all the HRS light, but also to focus the light
into the opening slit of a monochromator. The monochromaor (Spex 500M)
isolated the second-harmonic frequency, which was detected with a
photomultiplier tube (PMT, R269 Hamamatzu). The signals from both the
photodiode and PMT were passed to an oscilloscope (TDS2024C, Tektronix) for
averaging and displaying. A dedicated computer with a custom Visual Basic
program acquired data from the oscilloscope and ran the measurements

automatically.

4.2.3 Calculations of HRS

For a given complex, the HRS measurement needed several milligrams of sample.

The samples were dissolved in distilled solvent, usually THF. The stock solution
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was then diluted into a series of solutions with different concentrations, and the
HRS measurements were carried out for each solution. The relationship between
the intensities of the incident laser beam and the scattered light for a dilute
solution is given by Equation 4.1. Based on this equation, a plot of I>./1.,? and the

mole concentration of the solute yields a straight line, as shown in Figure 4.2.

© 4.00x106 M

 205x106 M

7.16x10-6 M

2 X 133x10-5 M

1.37%10-5 M

HRS Intensity (V)

Incident Light Intensity (V)

y=ax+b
R?=0.99879

IZw/IJA)z

0 0000002 0000004 0000006 0000008 000001 0000012 0000014  0.000016  0.000018

Concentration of the solute (M)

Figure 4.2 Above: HRS signal as a function of incident light intensity that shows the quadratic

relationship. Below: Linear relationship between I;,/1.,% and the mole concentration of the solute.

With the slope of the line as a and the intercept as b, fc can be worked out from

Equation 4.7, since fs is known:

a = G(B?) (Equation 4.5)
b = GN,{(B?) (Equation 4.6)

(B.) = aNs(B2)/b (Equation 4.7)

4.3 Z-SCAN

The brief theory, experimental measurement and calculations of Z-scan is

described in this section due to its complexity.

139



Z-Scan, developed by Eric van Stryland and Mansoor Sheik-Bahae, is the standard
technique for determining the refractive and absorptive NLO properties of
materials [13]. The Z-scan technique is performed by translating a sample through
the beam waist of a focused beam and then measuring the power transmitted
through the sample. Z-scan has many possible configurations, such as EZ-scan [28],
White Light Z-scan [29], and Excite-Probe Z-scan 301, In this Chapter, only the
standard “open aperture” (NLA) and “closed aperture” (NLR) Z-scan are adopted

and discussed.

At a given wavelength, third-order NLO properties are related to the cubic
coefficient y, which can be divided into its imaginary and real parts as shown in
Equation 4.8. The real part of y is responsible for the nonlinear refractive
properties of the molecules, including instantaneous electronic effects such as the
Kerr effect, while the imaginary part is related to the nonlinear absorption
properties. These parameters can be determined or calculated in the Z-scan

experiment.

Yy = \[m (Equation 4.8)

Figure 4.3 illustrates the Z-scan apparatus described in this Chapter. An intense
Gaussian laser beam passed through a variable attenuator. The beam was then
spilt by a beam splitter. A fraction of the beam was sent to a photodiode (reference
photodiode). The rest of the beam then passed through an aperture that clipped
roughly half of the beam intensity. After focus, the beam was sent to a “thin”
sample that was translated through the beam waist using a motorized transition
stage. The beam after the sample was then split again by another beam splitter.
One fraction went to the open-aperture photodiode after a collecting lens. The
closed-aperture photodiode behind a pin-hole screen detected the intensity of the
beam passing through the iris. It should be noted here that it is only a “thin”
sample when the sample thickness L is no more than the Rayleigh range Zo for a

Guassian beam as seen in Equation 4.9 [31],
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L<Z,=nwi/A (Equation 4.9)

Herein, wy is the focal spot size (half-width at the 1/e? maximum in the irradiance).
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Computer
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=i ,
[
Closed Ap. Photodiode Be.am Translation  pepg Mirror
Splitter Stage

Figure 4.3 Schematic diagram of the Z-scan experimental setup. Ref.: reference, Ap.: aperture.

In this configuration, the closed-aperture detector measures the refractive index
change in the sample as a function of the intensity change and has a transmission
profile with Z-position as described in Figure 4.4. The open-aperture detector
collects all of the light split off by the second beam splitter and measures the
absorption change as the intensity increases through the sample, as illustrated in
Figure 4.4. In order to remove the distortions from laser fluctuations, the
transmittance referred to in this Chapter was normalized, normalization being
defined as the transmittance of the sample divided by the transmittance of the
sample far from focus (Z >>0). The reference detector was used to normalize the

traces by division of the open- and closed-aperture traces by the reference values.
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Figure 4.4 (a) Illustration of nonlinear refraction in the Z-scan experiment from closed-aperture
studies: Phase shift is positive - Self-focusing; Phase shift is negative - Self-defocusing. (b)
[llustration of nonlinear absorption in the Z-scan experiment from open-aperture studies: Two-

photon absorption.

Closed Aperture-Nonlinear Refraction As the sample is translated through the focal
region of the laser beam, the closed-aperture photodiode records the intensity of
the light passing through the second aperture. If the beam experiences any
nonlinear phase shift due to the sample, then the fraction of the light falling on the
photodiode varies due to the Kerr lens generated in the material by the intense
laser beam. In this case, the signal recorded by the detector exhibits a peak and
valley as the sample is translated, as seen in Figure 4.4 (a). We define the change in
transmittance between the peak and valley in a Z-scan as AT=T,-Tv where T,and
Ty are the normalized peak and valley transmittances. For a third-order nonlinear
refractive process in the absence of NLA, an empirically determined relation

between the induced phase distortion, Ado, and ATy is described in Equation 4.10.

ATy, = 0.406(1 — $)*?7|Ad,|, (JAD,| < ) (Equation 4.10)
Ad, = ZTHnZIOLeff (Equation 4.11)

Lepr=(1—e™ ™) /a (Equation 4.12)
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Herein, S is the transmittance of the aperture in the absence of a sample, n; is the
third-order nonlinear refractive index, a is the linear absorption coefficient, and
A®dg and [p are the on-axis peak nonlinear phase shift and the irradiance with the
sample at focus respectively. The accuracy of this relation is +3% for AT,y < 1. A
more precise method based on Gaussian deconvolution is presented by van

Stryland and co-workers [13] if additional accuracy is required.

Open Aperture-Nonlinear Absorption As the sample is translated through the focal
region of the laser beam, the open-aperture photodiode records the intensity of the
total transmitted light after the second beam splitter. Any deviation in the total
transmitted intensity is attributed to multi-photon absorption since only the
irradiance at the sample is changing as the sample is translated. Furthermore, the
nonlinear absorption determined in open-aperture Z-scan is dominated by two-
photon absorption (TPA) as it is related to the third-order hyperpolarizability
where higher orders are less abundant (e.g. four-photon absorption is a seventh-
order effect). The normalized change in transmitted intensity can be approximated

by the following equations:

~ T T
AT(Z) = 2VZ [1+22/22]

qo = BloLesys (Equation 4.14)

(Equation 4.13)

Here, Z is the position of the sample with respect to the focal position, Zy is the
Rayleigh range, AT(Z) is the normalized transmittance of the sample at Z, and f is
the TPA coefficient. Once the open-aperture data are collected, they can be readily
fitted to Equation 4.13 where qo is used to generate the curve as shown in Figure
4.4(b) and balance the equation. The TPA coefficient  can then be determined
through Equation 4.14. Since the value is proportional to  and the concentration
of the active compound in the sample, the TPA cross-section o2 can be calculated.
This parameter is expressed in Goeppert-Mayer units (GM, 1GM = 10-3° cm* s

photon-! molecule1) for convenience.

Overall, by fitting the theoretical curves based on Equation 4.12 and 4.13 through a
custom-written program from Prof. Marek Samoc, the third-order nonlinear

refractive index nz and TPA coefficient § can be determined. The TPA cross-section
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02, the cubic coefficients y, yreas and yimag can then be calculated based on a series of
complex equations. The parameters associated with the configuration (e.g. Iy, Lef)
can be obtained by measuring the reference Si plate and CH:Cl», respectively. More

details can be found in references [1.13],

4.4 NLO MEASUREMENTS

4.4.1 HRS Measurements

Experimentally obtained data at 1064 nm by HRS and the two-level corrected
values are shown in Table 4.1. Due to different co-ligands, the values of the
quadratic NLO parameters of the dichloro-ruthenium compounds have the trend:
f2.1a > B2.1c > Pz.1b. The ruthenium alkynyl compounds with dppf ligands possess
the greatest values. Phenyl- and nitrophenylalkynyl ligands were employed. Both
have a positive impact on the second-order NLO response compared to the
precursor chloro complexes, generally two times larger for the phenylalkynyl
compounds compared to the dichloro-ruthenium compounds, and impressively
more than ten times larger for the nitrophenylalkynyl compounds because the
nitro group is a strong electron acceptor than enhances push-pull process. Notable
is the involvement of the nitrophenylbutadiynyl groups as shown in compounds
2.6b and 2.6c: the f values are dramatically larger than those of 2.2d and 2.2f.
This suggests that the longer the m-bridge, the larger the quadratic NLO response.

Table 4.1 Experimental linear optical spectroscopic and quadratic NLO response parameters 2.

Amax (nm) ﬁex b BO ¢
No.  Complexes (¢,103 M-1cm'1) (10'30pesu) (10-30 esu)
2.1a cis-RuClz(dppf)(tBu-bpy) 297 [19.6] 77.7 49
2.1b cis-RuClz(dppe)(tBu-bpy) 294 [18.4] 38.0 24
2.1c cis-RuClz(dppb)(tBu-bpy) 295 [20.2] 58.7 38
2.2a cis-Ru(C=C-4-CsHaNO2)Cl(dppf)(Bu-bpy) 478 [17.7] 1097 169
2.2b cis-Ru(C=CPh)Cl(dppf)(*Bu-bpy) 302 [28.2] 169 105
2.2c¢c cis-Ru(C=C-4-CcH4NO2)Cl(dppe)(:Bu-bpy) 471 [15.7] 666 116
2.2d cis-Ru(C=CPh)Cl(dppe)(tBu-bpy) 297 [21.5] 104 66
2.2e cis-Ru(C=C-4-C¢H4NO2)Cl(dppb)(tBu-bpy) 472 [20.5] 535 91
2.2f cis-Ru(C=CPh)Cl(dppb)(tBu-bpy) 296 [18.0] 125 80
2.6b cis-Ru(C=CC=C-4-CsH4NO02)Cl(dppe)(tBu-bpy) 461 [15.8] 1250 253
2.6¢ cis-Ru(C=CC=C-4-CcH4NO2)Cl(dppb)(tBu-bpy) 457 [22.1] 1386 296

2 All measurements in THF solvent. All complexes are optically transparent at 1064 nm.
b HRS at 1064 nm; values +15%.

CHRS at 1064 nm corrected for resonance enhancement at 532 nm using the two-level model; damping factors not included.
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4.4.2 Z-Scan Measurements

The Z-scan measurements were carried out in distilled CH2Clz, following the lab
procedure and operation developed by Dr. Genmiao Wang and Dr. Adam Barlow.
The samples stated in this section were synthesized by members of the Humphrey

group or were obtained from collaborators.
Ruthenium-alkynyl Cruciform Molecules

One structure-NLO property relationship developed in early studies of organic
molecules is the observation of an increase in NLO properties on replacing an yne
linkage in the m-bridging unit with an E-ene linkage [32]. Contemporaneously, metal
alkynyl complexes were shown to function as efficient NLO materials [33-16],
Cruciform molecules possessing both features were prepared by Zhiwei Chen from

the Jiangnan University lab of the Humphrey group and are shown in Figure 4.5.
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Figure 4.5 Ruthenium alkynyl cruciform molecules measured by Z-scan.

Because it corresponds to a region of optical transparency for all these samples,

the third-order optical nonlinearities of the cruciform molecules were assessed at
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a benchmark wavelength of 750 nm, which may reduce the effects of resonance

enhancement. The data are collected in Table 4.2.

All complexes exhibit positive nonlinear absorption and negative nonlinear
refraction as shown in Figure 4.6, which is consistent with the presence of two-
photon resonance effects. It is difficult to develop structure-property relationships
since the real components of the cubic nonlinearities, in particular, have significant
error margins. Nevertheless, some comparisons might usefully be made. While
being mindful of variations that result from a difference in measurement
wavelength (750 versus 800 nm), the nonlinearity |y| varies little between the two
classes of complexes with yne- or E-ene-containing m bridges as illustrated by data

for complexes 4.1-4.5.

Table 4.2 Cubic nonlinear optical data for complexes 4.1-4.5.

)t Yreal Yima, |Y| o2
Complexes (103 esu) (1036 esu) (103 esu) (GM)
4.1 800 -5860 £ 770 850 + 230 5920 £ 800 210+ 60
750 -9000 £ 610 1670 + 410 9150 = 730 470+ 110
4.2 800 -14400 £ 1100 3420 £ 520 14800 + 1200 830 +120
750 -10100 £ 3500 2010720 10300 + 3600 570 £ 200
4.3 800 -25000 £ 2000 7070 £ 1900 26000 £ 2800 1720 £ 470
750 -38200 £ 7800 7370 £ 3100 38900 + 8400 2090 + 880
440 -38200 £ 7800 7370 £ 3100 38900 + 8400 2090 + 880
4.4 800 -47000 £ 7100 13500 + 4000 48900 + 8200 3280 +970
750 -36000 £ 11000 14200 £ 5800 38700 £ 12000 4020 £ 1600
393 -36000 £ 11000 14200 £ 5800 38700 £ 12000 4020 £ 1600
4.5 800 -28700 £ 4700 6480 + 1600 29400 + 5000 1570 + 400
750 -56300 + 7100 9460 £ 2600 57100 £ 7600 2680 + 740
415 -36000 + 11000 14200 + 5800 38700 + 12000 4020 + 1600
Note: Measurements are referenced to the nonlinear refractive index of silica nz = 3 x 10-16 cm2 W-1.
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Figure 4.6 The real (red) and imaginary (black) parts of the cubic hyperpolarizability of 4.1 (a)

and 4.4 (b).
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The monometallic complexes 4.1 and 4.2 have a common TPA peak at 640 nm,
with the ethenyl-linked 4.2 having a larger cross-section. The TPA maxima are at
lower energy for 4.2 than 4.1 in the range 740-900 nm, which is consistent with
the lower-energy MLCT in the linear absorption spectrum. The monometallic
compounds are building blocks for the formation for 4.4 and 4.5. Addition of the
monomer 4.1/4.2 to the core to afford 4.4/4.5 appreciably changes the TPA
spectrum. TPA maxima are shifted to lower energy by around 20-40 nm, and the
values of the cross-section at these wavelengths increase seven- to tenfold. A
strong response at around 1150 nm also appears, which correlates closely with

three times the wavelength of the lowest-energy linear absorption band.
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Figure 4.7 o:traces for complexes 4.1 (a), 4.2 (c), 4.4 (b), 4.5 (d) overlaid on the UV-Vis spectrum

(black), and plots of the UV-Vis spectrum at twice (red) and three times (green) the wavelength.

Fluorene containing complexes

The red part of the structures as shown in Figure 4.8, a conformationally locked

biphenyl and the highly strained 5-membered ring, is a kind of widely used
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fluorene functional group in the design of many two-photon absorbing materials
and dyes [37-39]. Such molecules bearing the fluorene moiety have large extinction
coefficients as well as considerable fluorescent properties. Metal alkynyl
complexes featuring the fluorene groups have been synthesized by Floriane

Malvolti, and the TPA properties were studied in this work.

M
thP\/PPhZ
7N\ /T
ON /= N
Ph,P PPh,
4.6 Bu Bu - 4.7 Bu Bu

Figure 4.8 Ruthenium alkynyl complexes with a fluorene functional group.

The two complexes listed in Figure 4.8 are types of alkynyl-ruthenium compounds.
4.6 is a mono-alkynyl complex, while 4.7 is a bis-alkynyl complex with a
nitrophenylalkynyl electron-withdrawing ligand. The optical data are summarized
in Table 4.3 and the diagrams illustrating wavelength dependence of nonlinear

absorption are displayed in Figure 4.9.

Table 4.3 Cubic nonlinear optical data for complexes 4.6 and 4.7.

)\ Yreal Yima, |Y| o2
Complexes 5 (103 esu) (1036 esu) (1036 esu) (GM)
4.6 750 42.0 £ 3.0 13.0£2.0 44.0+3.6 340 £ 60
4.7 800 -310 £ 95 60 + 13 316 + 96 1460 + 330
750 -670 + 43 54 + 8.0 672 + 44 1720 + 230

Note: Measurements are referenced to the nonlinear refractive index of silica n,=3x10-16 cm2W-1.
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Figure 4.9 Diagrams of TPA cross-sections o, for complexes 4.6 and 4.7 overlaid on the UV-Vis

spectrum (black), and plots of the UV-Vis spectrum at twice the wavelength (red).

For both complexes, the values of |y| are mainly contributed by those of yrear. Both

of the two complexes have a peak around 750 nm in the TPA cross-section spectra
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corresponding to a linear transition at 390 nm. Interestingly, the value of 4.7 is five
times of that of 4.6. The TPA cross-section traces of 4.6 closely follows the linear
absorption spectra at two-times the wavelength, while that of 4.7 does not follow
the UV-Vis spectrum strictly, which may result from the large errors on
measurements. However, we can still conclude that the nitrophenyl moiety is quite

favorable for improving the two-photon absorbing performance of the materials.
Isocyanurate and 1, 3, 5-substituted phenyl cored octupolar complexes

Molecules of octupolar geometry in nonlinear optics have been extensively studied.
However, the effect of addition of electron-withdrawing groups in such complexes
has not been broadly explored, except capping with a strong acceptor such as a
nitro-functionalized phenylethynyl ligand. A novel approach is the addition of
electron-withdrawing groups to the core in a 1,3,5-trisubstituted arrangement,
such as isocyanurate trimers [40 411, Organometallic compounds containing the
isocyanurate moiety have been synthesized by Romain Veillard as shown in Figure
4.10. 4.8 is the smallest organometallic complex with the isocyanurate moiety and
4.9 is a trimer of 4.8. Different from 4.8 and 4.9, 4.10 has a 1,3,5-substituted
phenyl core, while there is an isocyanurate core in both 4.8 and 4.9. Compared
with 4.8, 4.9 and 4.10 are both bis-alkynyl complexes containing peripheral 4-
hexylester- functionalized phenylethynyl ligands.
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Figure 4.10 Isocyanurate-cored complexes studied by Z-scan.

149



The TPA cross-sections were measured in the range 500 to 1600 nm and displayed
at the twice the wavelength to compare with the corresponding linear absorptions,
seen in Figure 4.11 and Table 4.4. All of the three compounds have a peak between
700 and 800 nm and the peaks presumably correspond to the charge-transfer
transition from ruthenium to the cores. The TPA cross-section value of 4.9, up to
684 GM, is three times that of 4.8, which is in agreement with the results of the
corresponding organic compounds measured by Paul and coworkers [#9l. However,
the result may suggest enlarging the m-delocalisation in a trimer is unhelpful for
improving the TPA performance. The TPA cross-section value of 4.10 is much
larger than those of the other two complexes due to the electron-withdrawing
group and the 1,3,5-substituted phenyl core which has a more efficient conjugation

than the isocyanurate core.

Table 4.4 Cubic nonlinear optical data for complexes 4.8, 4.9 and 4.10.

)t Yreal Yima, Y o2
Complexes (103 esu) (1036 esu) (10-|36 lesu) (GM)
4.8 700 120 £ 4.0 70209 139 4.1 236 £ 30
4.9 800 -75.0 £ 16.0 28.0 + 4.0 81417 684 + 93
4.10 700 -30.0 % 20 27.0+5.0 40.4 %21 1400 * 320

Note: Measurements are referenced to the nonlinear refractive index of silica n; = 3 x 10-16 cm2 W-1,
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Figure 4.11 Plots of TPA cross-sections o, for complexes 4.8, 4.9 and 4.10 overlaid on the UV-Vis

spectrum (black), and plots of the UV-Vis spectrum at the twice the wavelength (red).
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A diiridium complex

A diiridium complex was characterized by Z-scan. The two iridium atoms are in the

same plane, each capped by a pentamethylcyclopentadienyl ligand.

4.11

Figure 4.12 The structure of a diiridium complex

Table 4.5 Cubic nonlinear optical data for complex 4.11.

)\ Vreal Yima, Y o2
Complex ) (1036 esu) (1036 esu) (10-|36 lesu) (GM)
4.11 520 710 + 140 220 £ 60 743 £ 150 12700 + 3600
600 550 + 110 90 +27 557 + 110 4000 + 1200
720 145 + 13 29.1+3.6 148 + 13 870 + 110
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Figure 4.13 (a) TPA cross-sections plot (blue) overlaid on the UV-Vis spectrum (black) and at the

twice the wavelength (red). Insert: the same trace enlarged from 600 to 1200 nm. (b) Second

hyperpolarizability (y) dispersion.

The resultant data are shown in Table 4.5. As shown in Figure 4.13, at all
wavelengths, the complex exhibits negative nonlinear refraction and positive
nonlinear absorption, which is consistent with the presence of two-photon
resonance effects. The overall values of |y| are dominated by the large Yrea

contributions. Generally, the TPA spectrum is in good agreement with the linear
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absorption. It has three peaks at 520, 600 and 720 nm with large values,

corresponding with the linear absorption at 250, 360 and 470 nm respectively.
Ruthenium alkynyl phosphine oxides

The N-C bonds in triphenylamine are in a plane, while the P-C bonds in
triphenylphosphine and triphenylphosphine oxide are in pyramidal geometry.
Guillaume Grelaud synthesized a series of metal alkynyl-substituted
triphenylphosphine and triphenylamine complexes. The phosphine series studied
by Z-scan are displayed in Figure 4.14. The results of the nonlinear studies are

summarized in Table 4.6.

T\ I\ Y

PhoP PP, Q PhP_ PPh, o Q Ph,P_ PPh, s\@
cl —B\u%@—P CI—,R\U%OP CI—/R\u%@—P
PhP. PPh, PhP PPh, PP PPh,

4.12 4.13

4.14
M\ T\
PR PPN, Q PR PPh _ o@
Fc——=——Ru—= QP Fc——=——Ru—= = O—‘P
Ph,P" PPh \ Ph,P" PPh, \_/ \
— ju—
4.15 4.16

J

@ Ph,P PPh
VAL =0

o PhP. PPhy _ — 0 ?%
Fc——Rui—= = P PFy Fc———Ru— = P-
= )= )" A /
PhoP_ PPh, PhoP_ PPh, \_/ \ J}\,\r
417 418
™\
o PheP PPN _ 0 .
Fc— ,R\U — — O“P’ (PF6)3
PhP" PPh, \ 7 \ o
4.19

Figure 4.14 Ruthenium alkynyl-functionalized phosphine oxides studied by Z-scan.

The traces of |y| were affected greatly by those of yreal. The existence of large errors
limits the analysis of the nonlinear polarizabilities. Even so, a conclusion can be
drawn that all the complexes have positive values of yimag and negative values of

Yreal, €xcept the two salts, 4.17 and 4.19, as shown in Figure 4.15.

Several points can be made. Firstly, the maximal value of the TPA cross-section of
4.15 at 620 nm is more than five times that of 4.12, which may result from the

ferrocene ligand, a large m-delocalized system. Secondly, comparison between
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4.12, 4.13 and 4.14 suggests that the oxygen and sulfur atoms are favourable for
improving the TPA absorption, because the TPA cross-section of 4.12 is much
smaller than the other two. Thirdly, the maximal value of 4.16 is 800 GM, more
than that of 4.15, 300 GM, a result suggesting that longer m-bridge chain length
affords better nonlinear performance, consistent with previous studies. Fourthly,
complex 4.18, the trimer of 4.16 based on the triphenylphosphine oxide core, has
a large response of 2200 GM, while that of 4.16 has 800 GM. The values of the TPA
cross-section in these compounds have nearly a linear relationship, which may not
be ideal for improving TPA. Finally, the PF¢ salt complexes 4.17 and 4.19 have

negative absorption at 580 nm, which differs from the other complexes.

Table 4.6 Cubic nonlinear optical data for complexes 4.12-4.19.

Vreal Yima, |Y| o2
Complexes (1036 esu) (1036 esu) (1036 esu) (GM)
4.12 720 9+16 3.6+04 97+16 109 + 12
620 6+3.5 4108 72+36 155 + 35
4.13 720 20+34 7+1 21.2+35 212 £ 30
4.14 740 268+4.38 102422 28.7 5.3 289 + 64
4.15 700 31.1+5 17.1+3 353+5.8 543 £ 99
620 43414 21.7+3 4855 878 + 120
4.16 1250 132+ 14 356+9 137 £ 17 254 £ 90
800 -82.2+3.4 35.8 + 4.2 89.7 + 5.4 869 + 100
4.17 760 -840 + 70 156 + 32 854 + 77 4190 + 860
680 737 + 32 2404 737 £ 32 78 + 13
580 -1730 £ 540 -303 + 100 1760 + 550 -14000 + 5040
4.18 1250 197 + 14 57.3+9.2 205 + 17 570 + 92
800 226 + 10 91.7 + 12 244 £ 15 2230 + 280
620 410+ 72 40+9 412+ 73 1630 + 370
4.19 760 882+ 76 173 + 40 899 + 86 4640 + 1090
680 -1880 + 110 82.9 + 15 1880 + 120 2780 + 510
580 -2110 + 270 -287 + 65 2130 + 280 -13200 + 3000

Note: Measurements are referenced to the nonlinear refractive index of silica n; = 3 x 10-16 cm2 W-1,
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Figure 4.16 TPA cross-section plots (blue) of (a) 4.16, (b) 4.18, (c) 4.17 and (d) 4.19 overlaid on
the UV-Vis spectrum (black) and at the twice the wavelength (red).

Ruthenium alkynyl dendrimers

Dendritic structures have attracted global interest in nonlinear optics, not only for
the fact that hyper-branched structures maintain good solubility on increasing
molecular size in contrast to linear molecules, but also because the structures
disfavor centrosymmetric crystal packing. There may also be an enhancement
known as a “dendritic effect” where the properties can be enhanced to a greater
extent than expected on increasing the molecular size [42-44l. Katy Green, Torsten
Schwich and others from the Humphrey group have synthesized first- and second-
generation ruthenium alkynyl dendrimers and studied the effects of extension of
the phenyleneethynylene bridge length and of replacing the phenyl core with
nitrogen and boron cores [4> 46, Dendrimers with different peripheral groups were

provided by Bandar Babgi as shown in Figure 4.17.
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Figure 4.17 Ruthenium alkynyl dendrimers synthesized by Bandar Babgi.
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Z-scan data are tabulated in Table 4.7 and displayed in Figure 4.18. The values of
|y| are dominated by yrea for all the dendrimers here. 4.22 containing two nitro
groups has the largest yreavalue, two times that of 4.23, and is then followed in
magnitude by 4.20, 4.21 and 4.24. This suggests the electron-withdrawing group
has a positive effect on improving the hyperpolarizability. However, the TPA
results differ. The TPA spectra of the dendrimers follow the linear absorption and
have two peaks around 600 and 750 nm. The maximal TPA cross-sections of 4.20
and 4.23 up to 80000 GM are similar. 4.24 has the worst performance and has

fewer ruthenium centres.

Table 4.7 Cubic nonlinear optical data for complexes 4.20-4.24.

)t Yreal Yima, |Y| ()]
Complexes ) (1036 esu) (10-36 éqsu) (1036 esu) (GM)
4.20 1200 132 + 530 540 + 170 556 + 56 5830 + 1900
800 -1420 + 930 820 + 340 1640+ 990 20000 + 8300
580 -7350 + 350 1880 + 260 7590 + 436 87600 + 12000
4.21 1150 1700 + 1300 900 + 500 1920+ 1393 10600 + 6000
800 -2070 + 930 900 + 380 2260 +1005 21800 + 9200
780 -2960 + 730 947 + 330 3110 +802 24200 + 8500
580 -8810 + 520 1230+ 170 8900 546 56600 + 7700
4.22 950 -2050 + 300 1150 + 230 2350 £378 19700 + 4000
800 -2600 + 320 576 + 180 2660 +367 14000 + 4300
720 10800 + 640 1320+190 10900+ 667 39500 + 5600
540  -23400 + 1300 925+140 23400 +1327 49400 + 7300
4.23 1100 -1690 + 760 1120 + 400 2020 + 855 14400 + 5200
800 -1720 + 740 640 + 260 1840+ 784 15600 + 650
780 -7200 + 460 1060 + 160 7280 +486 27000 + 4000
580 ~12300 + 500 1780+280  12500+571 82200 + 13000
4.24 1300 -580 + 200 260 + 50 636 + 206 2430 + 470
800 -1790 + 200 580 + 160 1880 +256 14200 + 4000
780 -3100 + 1200 950 + 170 3240 +1212 24200 + 4400
640 -7720 + 620 960 + 100 7780 + 628 23550 + 4600

Note: Measurements are referenced to the nonlinear refractive index of silica n; = 3 x 10-16 cm2 W-1,
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Figure 4.18 TPA cross-section plots (blue) of (a) 4.20, (b) 4.22, (c) 4.23 and (d) 4.24 overlaid on

the UV-Vis spectra (black) at twice the wavelength (red) and at triple the wavelength (green).

4.4 EXPERIMENTAL

4.4.1 HRS

Materials: Measurements were conducted on THF solutions of materials placed in a
rectangular standard silica cell with Teflon stopper (45x12.5x7.5 mm). THF was
distilled over Na and benzophenone. The concentrations of the samples varied but
were typically around 10-°-10-¢ M. The samples were solids and were prepared

through the syntheses described in Chapter 2.

Methods and Instrumentation: A pulsed Nd: YAG laser (Spectra-Physics, Nd: YAG
GRC-150-30, 1064 nm, 30 Hz) with a maximum pulse energy of 200 m] was
focused into the cell with Teflon stopper containing the sample. The intensity of
the incident beam was varied by rotation of a half-wave plate between crossed
polarizers. Part of the laser pulse was sampled by a photodiode to measure the
vertically polarized incident light intensity. The frequency-doubled light was
collected and detected by a photomultiplier. The harmonic scattering and linear
scattering were distinguished by appropriate monochromators; gated integrators
were used to obtain intensities of the incident and harmonic scattered light. All
measurements were performed in distilled THF using p-nitroaniline (f =21.4 x 10-

30 esu) as a reference.

157



4.4.2 Z-Scan

Materials: Measurements were conducted on solutions of materials in CH2Cl2
placed in 1 mm optical glass cells. CH2Cl; was distilled over CaHz and subsequently
deoxygenated by sparging under N2. The concentrations of all samples varied but

were typically around 0.10-0.20 % w/w.

Methods and Instrumentation: Spectral-dependence Z-scan experiments were
conducted using a laser source consisting of a Quantronix Integra-C3.5F pumping a
Quantronix Palitra-FS optical parametric amplifier, tuneable over a wavelength
range from 460 nm to 1800 nm, which was confirmed by an Ocean Optics
USB2000+ spectrometer or an Ocean Optics NIR-Quest spectrometer (1000-1800
nm). The output delivered 130 fs pulse with a 1 kHz repetition rate. A combination
of glass filters and a Thorlabs polarizing filter was used to remove undesired
wavelengths and the power was adjusted by applying neutral density filters to
obtain nonlinear phase shifts between 0.1 to 1.3 rad. The focal length of the beam
in the experiments was either 120 mm or 75 mm, obtained by an appropriate lens.
A 120 mm lens gave a Gaussian beam waist of 25-60 mm (depending on the
wavelength) and the 75 mm lens gave 25-45 mm beam waist, both of which gave
Rayleigh lengths longer than the thickness of the sample. The sample cell travelled
along the Z axis on a Thorlabs motorized stage between 0 and 100 mm with a 120
mm lens, or between 5-45 mm with a 75 mm lens. The intensities of the beams
were detected by three types of Thorlabs photodiodes: Si based detectors (500-
900 nm), InGaAs detectors (900-1300 nm) and amplified InGaAs detectors (1300-
2000 nm). The data collected from the detectors were processed by a Tektronix
oscilloscope feeding a custom LabVIEW program written by Prof. Marek Samoc,
permitting fitting of a theoretical trace. A blank CH:Cl> sample was run at each
wavelength as an aid in referencing to a 3 mm fused silica plate; the real and
imaginary components of the second hyperpolarizability (y) of the materials were

calculated assuming additivity to these reference samples.
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A. NMR Spectra

The ordering of the spectra for individual compounds is: 1H-, 13C-, and 31P-NMR.
Each compound is annotated using different numbering scheme, which are marked
and presented in the 1H spectra. In every case, where a carbon atom has multiple
protons bound to it, all of those protons are equivalent, and therefore they are
annotated using the number of the carbon atom to which they are bound.

Phosphorus atoms within each molecule are not annotated.
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Figure A35 13C-NMR spectrum of 2.4b recorded in CDCls.
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Figure A38 13C-NMR spectrum of 2.4c recorded in CDCls.
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Figure A42 31P-NMR spectrum of 2.4d recorded in CDCls.
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Figure A50 13C-NMR spectrum of 2.6¢ recorded in CDCls.
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Figure A51 31P-NMR spectrum of 2.6¢ recorded in CDCls.
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Figure A57 31P-NMR spectrum of 2.8a recorded in CDCls.
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Figure A59 13C-NMR spectrum of 2.9b recorded in CDCls.
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Figure A60 31P-NMR spectrum of 2.9b recorded in CDCls.

650
600
550
T 400 500
300 ,450
%% 1400
100 7350
300
250
200
150
100
50

—5.32

-50

).4 9.0 8.6 8.2 7.8 7.4 7.0 6.6 6.2 5.8 5.4

Figure A61 H-NMR spectrum of 3.1a recorded in CD,Cl..
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Figure A63 31P-NMR spectrum of 3.1a recorded in CD»Cl>.
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Figure A64 'H-NMR spectrum of 3.1b recorded in CDCls.
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Figure A65 13C-NMR spectrum of 3.1b recorded in CDCls.
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Figure A67 1H-NMR spectrum of 3.2a recorded in CD,Cl..
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Figure A69 'H-NMR spectrum of 3.2b recorded in Acetone-ds.
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B. NLO Data in Chapter 4

Spectral dependent Z-scan data for 4.1.
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Figure BO1 TPA cross-section plot of 4.1 overlaid on the UV-Vis spectrum (black), and plots of the

UV-Vis spectrum at twice (red) and three times (green) the wavelengths.
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Figure BO2 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.1.
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Spectral dependent Z-scan data for 4.2.
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Figure BO3 TPA cross-section plot of 4.2 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B04 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.2.
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Spectral dependent Z-scan data for 4.3.
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Figure BO5 TPA cross-section plot of 4.3 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.

500
'++++’+*++
++¢¢¢¢o ¢ * +’*+ ode .
ok %e® 9%e0¢ ¢ 0 $ g ¢
it ¢+H ¢ M2 A ’ ' i
= s00F |, H t
(0]
L
= -1000 | \
-1500 |-
6(I)O I 8(I)O I 10|00 I 12|oo I 14|00 I 16IOO

Wavelength (nm)
Figure B06 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.3.
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Spectral dependent Z-scan data for 4.4.
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Figure BO7 TPA cross-section plot of 4.4 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure BO8 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.4.
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Spectral dependent Z-scan data for 4.5.
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Figure B09 TPA cross-section plot of 4.5 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B10 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.5.
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Spectral dependent Z-scan data for 4.6.
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Figure B11 TPA cross-section plot of 4.6 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B12 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.6.
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Spectral dependent Z-scan data for 4.7.
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Figure B13 TPA cross-section plot of 4.7 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B14 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.7.

207



Spectral dependent Z-scan data for 4.8.
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Figure B15 TPA cross-section plot of 4.8 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Spectral dependent Z-scan data for 4.9.
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Figure B17 TPA cross-section plot of 4.9 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B18 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.9.
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Spectral dependent Z-scan data for 4.10.
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Figure B19 TPA cross-section plot of 4.10 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B20 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.10.
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Spectral dependent Z-scan data for 4.11.
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Figure B21 TPA cross-section plot of 4.11 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength. Insert: the same trace enlarged from 600 - 1200 nm.
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Figure B22 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.11.
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Spectral dependent Z-scan data for 4.12.

400 — T T T T T T T T T T T T m 30
—4 25
300 +
— 20
§200 = 415 g
o) =
o 410 ©
100 | g
45
LN ¢
[ ]
0 o 2 o o o o 0 0 o of 0
1 1 1 1 1 1 1 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600

Wavelength (nm)

Figure B23 TPA cross-section plot of 4.12 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B24 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.12.
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Spectral dependent Z-scan data for 4.13.
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Figure B25 TPA cross-section plot of 4.13 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B26 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.13.
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Spectral dependent Z-scan data for 4.14.
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Figure B27 TPA cross-section plot of 4.14 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B28 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.14.
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Spectral dependent Z-scan data for 4.15.
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Figure B29 TPA cross-section plot of 4.15 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B30 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.15.

215



Spectral dependent Z-scan data for 4.16.
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Figure B31 TPA cross-section plot of 4.16 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B32 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.16.
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Spectral dependent Z-scan data for 4.17.
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Figure B33 TPA cross-section plot of 4.17 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B34 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.17.
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Spectral dependent Z-scan data for 4.18.
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Figure B35 TPA cross-section plot of 4.18 overlaid on UV-Vis spectrum (black) and at twice (red)

the wavelength.
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Figure B36 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.18.
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Spectral dependent Z-scan data for 4.19.
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Figure B37 TPA cross-section plot of 4.19 overlaid on the UV-Vis spectrum (black) and at twice

(red) the wavelength.
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Figure B38 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.19.
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Spectral dependent Z-scan data for 4.20.
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Figure B39 TPA cross-section plot of 4.20 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B40 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.20.
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Spectral dependent Z-scan data for 4.21.
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Figure B41 TPA cross-section plot of 4.21 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B42 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.21.
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Spectral dependent Z-scan data for 4.22.
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Figure B43 TPA cross-section plot of 4.22 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B44 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.22.
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Spectral dependent Z-scan data for 4.23.
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Figure B45 TPA cross-section plot of 4.23 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B46 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.23.
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Spectral dependent Z-scan data for 4.24.

75000
62500
50000

g 37500
9]

~—~

525000

12500

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure B47 TPA cross-section plot of 4.24 overlaid on the UV-Vis spectrum (black), at twice (red)

and three times (green) the wavelengths.
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Figure B48 Cubic nonlinear hyperpolarisability yreq (red) and yimqg (blue) traces of 4.24.
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C. Crystal Data in Chapter 2 & 3

Table CO1 Crystal data and refinement for compounds 2.1a and 2.1b.

2.1a 2.1b
Identification code GMO058 GMO090
Empirical formula C52H52C12FeNszRu C44H48C12N2P2RU
Formula weight 994.75 838.79
Temperature/K 150(10) 150(10)
Crystal system monoclinic monoclinic
Space group P21 Cc
a/A 14.391(3) 14.390(3)
b/A 23.473(5) 23.206(5)
c/A 20.388(4) 15.080(3)
aje 90 90
B/° 105.13(3) 106.44(3)
y/° 90 90
Volume/A3 6648(2) 4829.6(18)
Z 4 4
Pcalcg/cm3 1.5703 1.3843
u/mm-t 1.195 0.756
F(000) 3173.8 2063.9
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.2t055.92 5.78t0 57.12
Index ranges -18<h<17,-30<k<30, -19<h<19, -31<k<31,

-26<1<26 -20<1<20
Reflections collected 59444 47524

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

13638 [Rin=0.0990,
Reigma=0.1042]
13638/0/718

1.064

R;=0.0973

R1=0.1653, wRy=0.2927
2.50/-1.99

12065 [Rin=0.0450,
Reigma=0.0314]
12065/0/507

1.025

R;1=0.0462

R1=0.0510, wR2=0.1357
1.54/-1.11
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Table C02 Crystal data and refinement for compound 2.1c¢ and 2.2a.

2.1c 2.2a
Identification code GMO003 GMO036
Empirical formula C48H48C12N2P2RU C60H56C1F6N302P2Ru
Formula weight 886.83 1105.42
Temperature/K 150(10) 150(10)
Crystal system monoclinic monoclinic
Space group P21/c C2/c
a/A 15.169(3) 27.885(6)
b/A 17.186(3) 12.263(3)
c/A 20.451(3) 33.888(7)
aje 90 90
B/e 102.05(3) 111.29(3)
y/° 90 90
Volume/A3 5213.8(19) 10798(4)
Z 4 4
Pcalcg/cm3 1.2216 1.3496
u/mm-t 0.500 0.703
F(000) 1989.7 4301.3
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 2.04 to 55.84 5.86 to 55.78
Index ranges -19<h<19, -22<k<22, -30<h<36,-10<k<14,
-26<1<26 -44<1<24
Reflections collected 106725 11294

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

11986 [Rin=0.1112,
Reigma=0.0825]
11986/0/550

1.047

R;=0.0663

R1=0.1202, wR2=0.2563
2.93/-1.32

8204 [Rin=0.0371,
Reigma=0.0952]
8204/0/666

1.042

R;=0.0965

R1=0.1661, wR2=0.3282
3.04/-1.68
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Table C03 Crystal data and refinement for compound 2.2b and 2.2c.

2.2b 2.2c
Identification code GMO024 GMO027
Empirical formula C60H57C1FeN2P2Ru C52H52C1N302P2Ru
Formula weight 1060.42 949.46
Temperature/K 150(10) 150(10)
Crystal system triclinic orthorhombic
Space group P-1 Pna2,
a/A 13.597(3) 16.551(3)
b/A 20.976(4) 25.154(5)
c/A 21.755(4) 11.891(2)
aje 84.84(3) 90
B/e 80.07(3) 90
y/° 88.02(3) 90
Volume/A3 6086(2) 4950.7(17)
Z 6 4
Pcalcg/cm3 1.1916 1.388
u/mm-t 0.705 0.587
F(000) 2135.7 2136.0
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.22 t0 55.88 5.182 to 55.776

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-17<h<17, -26<k<27,
-28<1<28

111418

28688 [Rin=0.0959,
Reigma=0.1229]
28688/0/1249

1.921

R;=0.1095

R1=0.1976, wR2=0.3493
4.87/-1.84

-21<h<21, -32<k<33,
-15<1<13

57276

11141 [Rin=0.0825,
Reigma=0.0848]
11141/1/583

1.060

R1=0.0620, wR2=0.1241
R1=0.1098, wR2=0.1433
0.74/-0.42

227



Table C04 Crystal data and refinement for compound 2.2d* and 2.2e.

2.2d* 2.2e
Identification code GM284 GMO039
Empirical formula C52H53IN2P2RU C56H52C1N302P2Ru
Formula weight 995.91 997.50
Temperature/K 150(10) 150(10)
Crystal system monoclinic orthorhombic
Space group P2,/c Pca2,
a/A 11.8471(4) 26.654(5)
b/A 29.4344(10) 15.896(3)
c/A 16.0409(6) 12.420(3)
aje 90 90
B/e 92.799(4) 90
y/° 90 90
Volume/A3 5587.0(3) 5262.4(18)
Z 4 7
Pcalcg/cm3 1.468 1.2975
u/mm-t 1.214 0.553
F(000) 2488.0 2014.4
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 3.71t0 59.576 5.12 to 55.82

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-16<h<13, -37<k<40,
-20<I<19

31463

13200 [Rin=0.0849,
Reigma=0.1588]
13200/12/595

1.048

R1=0.1099, wR,=0.2629
R1=0.1856, wR,=0.3066
3.00/-1.68

-35<h<31, -14<k<20,
-15<I<16

66001

12285 [Rin=0.1053,
Reigma=0.1259]
12285/0/612

1.038

R;=0.0778

R1=0.1527, wR2=0.2259
1.70/-1.16
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Table CO5 Crystal data and refinement for compound 2.3a.

2.3a
Identification code GMO005
Empirical formula C49H48C1F6N20P3Ru
Formula weight 1024.35
Temperature/K 150(10)
Crystal system triclinic
Space group P1
a/A 10.561(2)
b/A 11.016(2)
c/A 12.532(3)
aje 101.35(3)
B/e 100.37(3)
y/° 91.10(3)
Volume/A3 1403.9(5)
Z 1
pcalcg/cm3 1.1543
u/mm-t 0.462
F(000) 475.5
Radiation MoKea (41=0.71073)
20 range for data collection/° 3.38t0 55.8

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(I)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-13<h<13, -14<k<14,
-16<I<16

26934

12178 [Rin=0.0424,
Reigma=0.0389]
12178/0/542

1.723

R;=0.1258

R1=0.1281, wR,=0.3458
7.48/-1.07
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Table C06 Crystal data and refinement for compound 2.3a-1 and 2.3a-2.

2.3a-1 2.3a-2
Identification code GM290 GM294
Empirical formula C66H63C1F6N20P4Ru C48H48C12F6N2P3RU
Formula weight 1274.63 1031.79
Temperature/K 150(10) 150(10)
Crystal system triclinic monoclinic
Space group P-1 P2,/c
a/A 13.5936(4) 16.6903(12)
b/A 13.6504(4) 15.1120(13)
c/A 18.7295(5) 19.2706(11)
aje 71.228(3) 90
B/e 72.190(3) 90.906(6)
y/° 69.087(2) 90
Volume/A3 3001.25(16) 4859.9(6)
Z 2 4
Pcalcg/cm3 1.428 1.438
u/mm-t 4.186 4.363
F(000) 1327.6 2148.0
Radiation CuKa (1=1.54184) CuKa (1=1.54184)

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

7.13 to 144.562
-11<h<16, -16<k<16,
-23<1<22

19068

10073 [Rin=0.0363,
Reigma=0.0716]
10073/18/730

1.046

R1=0.0898, wRy=0.2451
R1=0.1005, wR2=0.2585
1.95/-1.28

7.434 to 133.2
-19<h<18, -7<k<17,
-22<1<22

14839

8282 [Rin=0.0538,
Reigma=0.0851]
8282/0/592

1.086

R;=0.1331, wR2=0.3351
R1=0.1590, wR,=0.3599
3.45/-1.73
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Table CO07 Crystal data and refinement for compound 2.4a and 2.4b.

2.4a 2.4b
Identification code GM200 GMO049
Empirical formula C68H61F6FEN4O4P3RU C68H63F6FEN2P3RU
Formula weight 1362.06 1272.07
Temperature/K 150(10) 150(10)
Crystal system triclinic orthorhombic
Space group P-1 P212124
a/A 14.417(3) 14.875(3)
b/A 14.947(3) 17.126(3)
c/A 22.403(5) 24.082(5)
aje 105.51(3) 90
B/e 93.86(3) 90
y/° 114.07(2) 90
Volume/A3 4161(2) 6135(2)
Z 7 4
Pcalcg/cm3 1.3796 1.3772
u/mm-t 0.746 0.621
F(000) 1689.1 2614.8
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.1t057.32 5.48 to 55.74

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-19<h<19, -20<k<19,
-30<I<30

86153

21156 [Rin=0.0706,
Reigma=0.0547]
21156/0/417

3.726

R1=0.1787

R1=0.2073, wR2=0.4990
9.33/-7.93

-16<h<19, -22<k<22,
-29<1<31

84935

14222 [Rin=0.0968,
Reigma=0.0835]
14222/0/735

1.017

R;1=0.0488

R1=0.0848, wR,=0.1010
0.97/-0.84
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Table C08 Crystal data and refinement for compound 2.5a and 2.5b.

2.5a 2.5b
Identification code GMO050 GM086
Empirical formula C68H63C1F6N2P2Ru C60H57C1N4O4P2Ru
Formula weight 1162.55 1096.59
Temperature/K 150(10) 150(10)
Crystal system triclinic monoclinic
Space group P-1 P2,/c
a/A 12.485(3) 16.814(3)
b/A 16.145(3) 12.589(3)
c/A 18.018(4) 32.713(7)
aje 75.74(3) 90
B/e 74.33(3) 103.39(3)
y/° 87.69(3) 90
Volume/A3 3387.9(14) 6736(2)
Z 2 4
Pcalcg/cm3 1.2987 1.4162
u/mm-t 0.723 0.686
F(000) 1298.5 2946.1
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.12 to 55.96 5.12 to 55.94
Index ranges -16<h<16, -21<k<?21, -21<h<18,-16<k<15,
-23<1<23 -42<1<42
Reflections collected 66024 37384

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

16190 [Rin=0.0997,
Reigma=0.1103]
16190/0/749

1.057

R1=0.0944

R1=0.1450, wR,=0.2506
2.68/-1.55

12305 [Rin=0.0794,
Reigma=0.1388]
12305/0/708

1.298

R;=0.1216

R1=0.1957, wR,=0.3859
2.44/-1.82
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Table C09 Crystal data and refinement for compound 2.6b and 2.7a.

2.6b 2.7a
Identification code GM154 GM172
Empirical formula C54H52C1N302P2Ru C60H68C1F6N402P3Ru
Formula weight 973.48 1220.64
Temperature/K 150(10) 150(10)
Crystal system monoclinic monoclinic
Space group P2,/c C2/c
a/A 11.956(2) 23.640(5)
b/A 29.278(6) 22.445(5)
c/A 15.377(3) 27.540(6)
aje 90 90
B/e 91.86(3) 113.52(3)
y/° 90 90
Volume/A3 5379.6(19) 13399(6)
Z 4 8
Pcalcg/cm3 1.4541 1.2101
u/mm-t 0.694 0.402
F(000) 2416.1 5052.0
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.2t0 56.56 5.22t057.32

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-15<h<14,-39<k<37,
-20<1<20

78214

13306 [Rine=0.0597,
Rsigma=0.0406]
13306/0/639

1.455

R1=0.0578

R1=0.0768, wR,=0.1965
1.41/-1.39

-31<h<31, -30<k<30,
-36<1<37

152971

17136 [Rin=0.0660,
Reigma=0.0378]
17136/0/707

1.042

R;=0.1001

R1=0.1199, wR2=0.3275
4.44/-0.98
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Table C10 Crystal data and refinement for compound 2.8a and 2.8b.

2.8a 2.8b
Identification code GM074 GM353
Empirical formula C72H78C13F6N4P3RUZ C54H54C13N2P2Ru
Formula weight 1514.82 1000.39
Temperature/K 150(10) 150(10)
Crystal system monoclinic monoclinic
Space group P2/c P2,/c
a/A 17.008(3) 17.2448(4)
b/A 14.528(3) 11.9528(3)
c/A 18.840(4) 28.4144(6)
aje 90 90
B/e 107.75(3) 91.8175(18)
y/° 90 90
Volume/A3 4433.6(17) 5853.9(2)
Z 2 4
Pcalcg/cm3 1.1346 1.354
u/mm-t 0.533 0.556
F(000) 1549.1 2456.0
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.28t0 55.76 3.66 to 59.68
Index ranges -21<h<22,-19<k<19, -22<h<21, -13<k<16,
-24<1<24 -31<1<38
Reflections collected 96239 50674

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

10550 [Rin=0.0565,
Reigma=0.0266]
10550/0/562

1.474

R;=0.0896

R1=0.1055, wR2=0.3338
3.72/-0.87

14413 [Rin=0.0620,
Reigma=0.0863]
14413/0/646

1.026

R1=0.0806, wR,=0.2006
R1=0.1254, wR2=0.2322
2.13/-1.92
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Table C11 Crystal data and refinement for compound 2.9a and 2.9b.

2.9a 2.9b
Identification code GM420 GM425
Empirical formula C36H39C13N2PRU C54H63C12N4PRU
Formula weight 738.11 971.05
Temperature/K 150(10) 150(10)
Crystal system monoclinic triclinic
Space group P21/n P-1
a/A 13.8363(8) 11.9177(3)
b/A 14.1360(6) 14.7936(3)
c/A 20.0447(10) 16.3767(3)
aje 90 91.7805(15)
B/e 95.351(5) 105.9111(19)
y/° 90 108.6898(18)
Volume/A3 3903.5(3) 2607.76(10)
Z 4 1
Pcalcg/cm3 1.362 1.237
u/mm-t 5.771 3.946
F(000) 1656 1016.0
Radiation CuKa (1=1.54184) CuKa (1=1.54184)

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

7.664 to 144.432
-17<h<13, -17<k<10,
-24<1<23

14361

7530 [Rine=0.0533,
Reigma=0.0782]
7530,/0/439

1.074

R1=0.1041, wR2=0.2666
R1=0.1361, wR2=0.2999
3.67/-1.90

6.362 to 144.502
-14<h<14, -18<k<16,
-20<1<20

21940

10204 [Rin=0.0191,
Reigma=0.0294]
10204/0/571

1.122

R1=0.0605, wR,=0.1870
R1=0.0628, wR,=0.1899
2.73/-2.31
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Table C12 Crystal data and refinement for compound 3.1a and 3.1a*.

3.1a 3.1a*
Identification code GM215 GM218
Empirical formula C34H28C12N2P2RU C52H43C12N2P3Ru
Formula weight 698.53 960.81
Temperature/K 150(10) 150(10)
Crystal system triclinic triclinic
Space group P-1 P-1
a/A 10.540(2) 11.029(5)
b/A 14.272(3) 16.365(5)
c/A 15.501(3) 16.494(5)
aje 103.65(2) 109.991(5)
B/e 105.63(3) 109.339(5)
y/° 108.01(3) 93.966(5)
Volume/A3 2001.5(11) 2583.3(16)
Z 3 2
Pcalcg/cm3 1.4462 1.3443
u/mm-t 0.965 0.639
F(000) 846.2 1067.6
Radiation MoKea (41=0.71073) MoKea (41=0.71073)
20 range for data collection/° 5.58t057.4 2.7 to 54.28

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-14<h<14, -19<k<19,
-20<1<20

45207

10192 [Rin=0.0463,
Reigma=0.0292]
10192/0/432

2.504

R;=0.0809

R1=0.0871, wRy=0.2907
4.41/-2.07

-13<h<13, -19<k<20,
-20<1<20

90480

10203 [Rin=0.0744,
Reigma=0.0343]
10203/0/568

1.053

R1=0.0671

R1=0.0791, wR,=0.1854
2.42/-1.91
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Table C13 Crystal data and refinement for compound 3.2a and 3.2a*.

3.2a 3.2a*
Identification code GM242 GM219
Empirical formula C68H56C12F12N4P6RUZ C76H62C12F12N4P6RUZ
Formula weight 1616.07 1718.22
Temperature/K 150(10) 150(10)
Crystal system triclinic triclinic
Space group P-1 P-1
a/A 12.7874(8) 15.003(5)
b/A 13.5514(7) 18.077(5)
c/A 13.8196(7) 18.188(5)
aje 113.043(5) 107.344(5)
B/e 91.596(5) 91.991(5)
y/° 111.718(6) 106.712(5)
Volume/A3 2005.1(2) 4470(2)
Z 2 2
Pcalcg/cm3 1.558 1.5380
u/mm-t 6.492 0.873
F(000) 944 2008.7
Radiation CuKa (1=1.54184) MoKea (41=0.71073)
20 range for data collection/° 7.1to 144.22 2.36t0 52.16

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(1)]
Final R indexes [all data]
Largest diff. peak/hole/e A3

-15<h<10, -10<k<16,
-17<I<16

12453

7631 [Rin=0.0359]

7631/0/478

1.079

R1=0.0791, wR,=0.2168
R1=0.0903, wR2=0.2322
3.43/-1.03

-18<h<18, -22<k<21,
-22<1<19

53682

17695 [Rin=0.0567,
Reigma=0.0537]
17695/0/1053

2.483

Ry=0.1112

R1=0.1196, wR2=0.3327
5.15/-2.81
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Table C14 Crystal data and refinement for compound 3.1b and 3.2b.

3.1b 3.2b
Identification code GM248 GM252
Empirical formula C42H32C12N2P2RU C84H64C12F12N4P6RUZ
Formula weight 798.64 1816.30
Temperature/K 293(2) 293(2)
Crystal system orthorhombic monoclinic
Space group Pbca Cc
a/A 18.41896(16) 14.5449(2)
b/A 17.38214(16) 24.2257(5)
c/A 25.2621(2) 25.7756(4)
aje 90 90
B/e 90 93.3323(14)
y/° 90 90
Volume/A3 8087.95(12) 9066.9(3)
Z 8 4
Pcalcg/cm3 1.591 1.375
u/mm-t 7.817 4.417
F(000) 3920.0 3793.0
Radiation CuKa (1=1.54184) CuKa (1=1.54184)
20 range for data collection/° 7 to 144.8 7.1to 144.36

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20(I)]
Final R indexes [all data]
Largest diff. peak/hole/e A-3

-19<h<22,-19<k<21,
-30<I<30

31455

7938 [Rin=0.0279]
7938/0/496

1.032

R1=0.0259, wR,=0.0640
R1=0.0292, wR2=0.0662
0.46/-0.53

-17<h<17, -16<k<29,
-30<I<31

26869

13710 [Rine=0.0455]
13710/2/1025

1.038

R1=0.0813, wR,=0.2240
R1=0.0910, wR2=0.2435
2.07/-1.49
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D. Systems of units

In the SI system, mechanical properties are measured in mks units (length is
measured in metres (m), mass in kilograms (kg), and time in seconds (s)). In the
Gaussian system, length is measured in centimetres (cm), mass in grams (g), and

time in seconds (s).

In the Gaussian system of units, the polarization P is related to the strength of the

field E by Equation 1.3:
P= y(VE + y(2E2 + yG) E3 +... (Equation 1.3)

Both P and E have the same units; the units of P and E and the dimensions of the

susceptibilities are given as follows:

[P] — [E] _ statvolt __ statcoulomb _ (erg 1/2 (Equation 14)

cm cm? cm3

x@ is dimensionless,

2@ =|2] = om = (o "2 (Equation 1.5)

statvolt cm3

X(s):[i]: em? _ (erg)™" (Equation 1.6)

E2 statvolt?2 cm3

For simplicity, the value of the susceptibilities is given in electrostatic units (esu).

In the MKS system of units, the relationship between the polarization P and the

strength of the field E is expressed in Equation 1.2.

P = go(Y(VE+ y(DE? + ¥(3E3 + ...) (Equation 1.2)
£0=8.85x1012F/m (Equation 1.7)

Since the units of P and E, in the MKS system, are as follows:

[P] = mi (Equation 1.8)

2

[E] = % (Equation 1.9)
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and 1 Farad is equal to 1 Coulomb per Volt, the dimensions of the susceptibilities
are given as follows.

x@ is dimensionless,

1 m
)((2) = [E] =T

@ = [% =2 (Equation 1.11)

(Equation 1.10)

To convert between the two systems of units, the two equations 1.2 and 1.3 are
expressed in the following forms:

@) (g2
P = SOX(l)E [1 +X E _|_X E _|_]

pocs ey (Equation 1.2")
_ X(Z)E X(3)E2 . )
P =y®E [1 + ey + poes +] (Equation 1.3")

Based on the Equations 1.4 and 1.7 and the fact that 1 statVolt = 300 V, the
relationship of E is:

Enks = 3 x 104 Ecgs (Equation 1.12)

The displacement for a linear medium is given as

Degs = E + 4TP = E(1+ 4my(?)) (Equation 1.13)

Dwiks = €9E + P = goE(1+x(V) (Equation 1.14)

where D is the electric displacement. Thus, it is found that:

xﬁ}%s = 47T)(£;2- (Equation 1.15)

Using Equations 1.12, 1.13 and 1.14 and the power series of Equations 1.2’ and 1.3’,

the nonlinear susceptibilities in the two systems of units are related by

2 4 2 — 2 .
Xiiks = o x5) = 4.189x1074x 2} (Equation 1.16)
3) _ _ 4m 3)

_8.(3
XMKS = (3x10%)z Xegs = 1.40x10 SXEgg
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It is important to convert correctly between the two systems, and not only to
convert correctly, but also to use the corresponding dimensions correctly.
Traditionally, the SI system is common for macroscopic usage, while the Gaussian
system is used for molecular NLO parameters. Through this work, the Gaussian
system of units is adopted to permit systematic comparison with the previously

reported data.
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