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Abstract 

The field of nonlinear optics has expanded rapidly over the last 50 years as these 

nonlinear optical (NLO) effects are increasing utilised in devices. NLO involves the 

manipulation of light by as it travels through a material, which has the potential to be used 

in all optical data processing as well as intensity dependent imaging. These applications 

demand new materials with large nonlinear optical properties, of which organometallics 

and metal coordination complexes have a good reputation. Organometallics, especially 

ruthenium alkynyl complexes permit many different structural alterations which result in 

linear and nonlinear optical property tuning allowing for precise design of materials, 

however understanding of the structure-property relationships is imperative for such 

design. 

In this work, complexes with a systematically varied structure have been had their third 

order nonlinear optical properties analysed utilising the Z-scan technique covering a 

broad wavelength range; the nonlinear absorptive properties being of particular interest. 

Comparison of these results allows for determination of structural moieties that give high 

NLO response. 

Ruthenium alkynyl dendrimers have considerable nonlinear absorptive properties and the 

second part of this work covers the modification of the core structure to assess its 

potential for inclusion into larger systems. The level of core substitution (the number of 

arms branching from the core) and even the core symmetry influences the electronic 

properties of the molecule and therefore the nonlinear optical properties. The design 

limitations and synthesis of ruthenium alkynyl complexes with twelve different core 

substitutions is detailed and the optical and nonlinear optical properties discussed. 
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1.1 Introduction 

The field of nonlinear optics has been of great interest in recent years as light based 

information transmission becomes more widespread and the devices used in such 

applications become ever smaller.^-'' The ability of materials to modulate light properties, 

such as frequency, intensity and phase, makes them ideal candidates for use in these 

devices. Materials with large nonlinear optical (NLO) properties and the processes this 

field encompasses have been suggested for use in a variety of roles such as optical data 

storage, optical switching and even optical computing. In modern computing these 

functions are carried out by silicon based semiconductors using electron flow for data 

processing and control, and the materials are rapidly reaching their limits of speed and 

size. One possibility to overcome this roadblock is to change to light based transmission 

and processing, which has a better signal to noise ratio and faster transmission speed. For 

this to eventuate, methods for detection of ultrashort light pulses and materials with fast 

response times and high efficiency will be needed. The development of novel NLO 

materials is required to advance the knowledge base with the aim of producing suitable 

materials for implementation into such optical devices. 

The current applications of NLO materials are dominated by inorganic salts in crystalline 

form such as LiNbOs and KH2PO4 (KDP).'' Inorganic salts with large NLO responses are 

commonly used in frequency mixing for light generation and are found in most lasers. 

They typically have the downside of slow response times which makes them unsuitable 

for faster response applications needed for optical computing, as well as fragility and, for 

some materials, size limitations.^ Recently, research into organic dyes, polymers and 

organometallics for NLO applications has increased-^-i" Organic molecules tend to have 

better design flexibility than inorganic salts, as functional groups can be modified to a 

particular purpose or absorption maxima can be tuned to a particular wavelength. 

Investigations into organic compounds for NLO applications have led to structure-

property directed development of NLO compounds, where the effect of changing a 

molecular structure can be ascertained, leading to the design of materials for precise 

applications."-" The installation of donor - acceptor functional group pairs such as nitro 

and dialkylamino has been shown to increase nonlinear behavior in organic compounds, 

with precise selection of pairs allowing for design of effects at particular wavelengths." !^ 

Most compounds having high NLO properties typically have large conjugated systems with 

electron donating and withdrawing groups."" " 
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Organometall ic compounds have increased advantages compared to organic based 

materials as the compounds often have higher thermal stability, a l lowing use in high-

powered Iasers.i8.i9 A larger range of options for the tuning of NLO propert ies exist in 

organometall ics as the metal centre donates electron density into the conjugated ligand.20 

This al lows modification of the auxiliary ligand set, to increase or decrease electron 

density donated to the Tt-bridging ligand, which can also be af fected by oxidation of the 

metal center al lowing for switching between two states.21.22 The Humphrey research 

group has made a number of organometall ic dendrimers utilizing ruthenium alkynyl 

groups connected by highly conjugated o l igo (phenylenethynylene) l igands for NLO 

applications and this work seeks to increase the understanding of which structural 

modif ications of these systems improve these effects.23-26 

What fo l lows in this introduction is a brief summary of nonlinear optics, the origin of the 

physical characteristics used to compare NLO materials and some methods used for this 

characterisation and lastly the structure-property links known for the cubic NLO 

responses of metal alkynyl complexes. 

1.2 Nonlinear optics 

Nonlinear optical materials can be used to modi fy light in a variety of advantageous ways, 

but these ef fects are only observed when intense light sources are used, which currently 

limits their use to lasers.^"' The ef fects arise f rom the mixing of a number of intense 

oscillations f rom the electric field of light mediated by the material through which it is 

moving. The material can also have particular internal f ields or resonances which 

influence this conversion of light properties, which means the ef fects are intrinsic to the 

propert ies of the material itself When intense light is moving through a medium the 

electric fields in the material ( o r molecule ) become polarised. When the polarisation of the 

medium is not linear with respect to the contributing electric field the interaction is said to 

be nonlinear. 

(a) ( b ) 
Figure 1.1- A representation of the polarisation of a linear medium (a) and a nonlinear 
medium (b)̂  
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Figure 1.1 shows the relationship between polarisation and electric field for a dielectric 

medium and a nonlinear medium. A nonlinear material in a focused laser beam with 

sufficient intensity will be 'hyperpolarised' by the light-derived electric fields. The 

departure of the polarisation [P) from the linear norm in a nonlinear material in an 

applied electric field such as a laser beam is described in equation 1: 

P = EoCC^'^E+ (1) 

where the term x'*) is the linear polarisation (related to dielectric constant] of the material 

by the applied electric field (E) and x'^' and x^' are the electric susceptibility of the 

medium in the second- and third-order. These values indicate the susceptibility of a 

material for second-order or third-order NLO effects, and can be used in material 

development as a comparison of bulk effectiveness. For detailed structure-property 

relationship determination, to assess the effect of structural change in molecules, it is 

better to measure the molecular hyperpolarisabilites, so as to eliminate contributions 

from elements other than those in the molecule only. Values of the macroscopic 

polarisability (in equation 1} are useful for comparing conjugates or crystals and even 

solutions of material when considering the effectiveness for a particular application.'' The 

following equation (2) shows the modification of the dipole moment of a NLO active 

compound under high light intensities: 

H = Ho + aEioc + (BEfo, -I- yEfoc + (2) 

At low light levels (small values of Eioc) the response is linear and observed interactions 

can be described by (lo + aEioc, where Hoisthe molecules' intrinsic dipole and a is the linear 

hyperpolarisability. The quadratic and cubic hyperpolarisability terms ((? and y, 

respectively) make negligible contributions at low intensities and only at high light 

intensities is the dipole moment affected significantly by the hyperpolarisability terms 

describing nonlinear behaviour. The hyperpolarisability terms are tensors that describe 

the influence of the field on the molecular electron density in directions in space. Since the 

terms correspond to either the square (P) or the cube (y) of the applied field the NLO 

effects that correspond to these terms differ, as do the molecular structural design needed 

to express large NLO effects. In this Thesis the focus is the third-order term y, and the 

nonlinear optical properties of the compounds studied are reported as such, the effects 

usually being of the order of lO'^f' electro static units (esu). 
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1.3 Nonlinear optical (NLO) effects 

Equation 2 can be expanded by inserting E/oc terms originating from the electric field 

component of light emitted from the laser (equation 3): 

E(t] = EocosCoot) = l/2Eo[exp(ia)t) + exp(-/cot)] (3] 

into equation 2 to gives: 

H = Ho + aEoCOs(a)t) + l/2(BEo2 + 1/2 pEo2cos(2a)t3 + ^^^ 

3/4YEo3cos(tot) + l/4YEo3cos(3(i)t3 + ... 

= HO + l/2aEoexp(/(ot) + l/2pEo2+ 1/4 (3Eo2exp(2i(ot) + 

3/8YEo3exp0a>t) + l/8YEo3exp(3/a)t) + ... 

From equation 4 the component terms include frequency doubling (2a)) and DC for the 

first hyperpolarisability (p], and tripling (36)) and the optical Kerr effect (o)) for the 

second (Y). The observed magnitudes of these effects are generally dwrarfed by the linear 

optical effects of the material, and this intensity effect reduces further as order increases. 

To see these effects, a wavelength needs to be chosen to be outside of the intrinsic linear 

effects and absorptions of the molecule. For compounds at this wavelength with a 

permanent structural dipole the effects relating to p will be the most readily detectable. If 

the compound doesn't have a permanent dipole, or the dipole is opposed by the structural 

symmetry, the y term will dominate. 

1.3.1 Second-order NLO effects 

The frequency dependent p term from equation 4 is the source of the second-harmonic 

generation (SHG) effect where an input frequency can be doubled to generate an output 

with double the frequency (o) + o) -> 2a)). Second-order effects (in fact, all 'even' order 

effects) vanish in centrosymmetric media. SHG is commonly used in laser pointers where 

visible light is generated from a doubling of an infrared frequency. If the laser light 

applied is not monochromatic or if the material is polarized by two laser beams a 

multitude of frequency addition or subtraction effects can arise. A material influenced by 
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two laser wavelengths (coiand wz) will generate oscillations at 2a)i, 2a)2, coi + Cd2, a)i - 0)2, 

and Oo) (DC].^ 

This can be abbreviated to the Fourier components of the nonlinear polarisation, such as a 

frequency (0)3) generated by the oscillation of two other frequencies (oii and (02) at their 

respective field strengths (Ei or E2]: 

p ( 2 ) = (5) 

or for the molecular hyperpolarisability: 

(6] 

This is a convenient abbreviation as it eliminates the need for the time dependent 

quantities in equation 4 and replaces them with Fourier amplitudes which are frequency 

dependent. These effects are heavily utilized in tunable laser light generation systems 

where multiple frequencies can be generated from the same source. These include sum or 

difference frequency generation ([coi + 0)2 -> (03] or [oji - 0)2 -> ID3] in figure 1.2 (a)), 

optical parametric amplification (figure 1.2 (b)) or oscillation (figure 1.2 (c)) and 

parametric down-conversion. These effects are commonly called three-wave mixing (two 

incident waves plus a generated wave]. 

a) 

b) 

S i g n a l 0)2 | r-K 

P u m p 0)1 1 / 
^ 

C03 generated 

S i g n a l 0)2 
/ / I d l e r ( S i g n a l 0)2 

Pump Ml / 

a>2 a m p l i f i e d 

P u m p 0)1 / 

0)3 generated 

7 
Figure 1 . 2 - F o r m s of s e c o n d - o r d e r t h r e e - w a v e mixing, a) Opt ica l f r e q u e n c y c o n v e r s i o n 

(SFG}, b) optical p a r a m e t r i c ampl i f icat ion (OPA) and c) optical p a r a m e t r i c osci l lat ion 

( O P O ) . ' 
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The laser system at the Research School of Chemistry (RSC) utilizes all of these processes 

to some extent for the generation of fs timed laser light for measurement of nonl inear 

materials. 

The second-harmonic and sum and difference frequency generation are used in 

combination with optical parametric amplification to convert the 795 nm pump beam into 

wavelengths between 460 and 2400 nm. Optical parametric amplification is used in the 

pump laser itself for amplification of the weak femtosecond seed signal to a much higher 

intensity. A green nanosecond 30 W laser is used to amplify this signal to around 3 W with 

the original t iming (femtosecond) and wavelength [795 nm). 

The other term arising from expansion of the (3 coefficient in equation 2 is a direct current 

term which is independent of frequency. This results in the electro-optic effect, where the 

transmission of a light beam in the NLO material generates a voltage across the material. 

This tends to be a weak effect, but the process can be reversed in that a DC voltage put 

across the medium will create a change in the linear susceptibility, changing the material's 

refractive index. Second-order nonlinear optical effects have found many applications in 

current technology as they are orders of magnitude stronger than higher-order effects. 

1.3.2 Third-order NLO effects 

In centrosymmetric media the second-order terms reduce to zero and third-order effects 

become the dominant processes.' "' The expansion above (equation 4) gives two terms: one 

with triple the frequency which gives third-harmonic generation (THG; Y(-3a);a),(o,w); and 

the other is a (y(-(o;a),-(jd,o))) term similar to the DC component in the quadratic example, 

but in this case dependent on the intensity of the applied field rather than the square of 

the DC field. This is known as the optical Kerr effect and is the source of nonl inear 

refraction and absorption. Most interest in third-order NLO is in the refractive 

components as the third-harmonic generation is difficult to observe (3a) generally appears 

in the UV region of the spectrum with IR source lasers). The third-order properties of 

interest to this Thesis are the refraction and absorption (mostly absorption) from the 

3/8yEo3exp(-(a)t) (or y(-a);a),-co,a))) term from the molecular polarisability expansion. This 

term has a negative frequency component of the same frequency as the original though 

out of phase. This causes refractive index change which is intensity dependent: 

An = n2l (7) 
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where n is the refractive index and m is the nonlinear refractive index. This is related to 

the third-order susceptibility (xl^)] by: 

0.039 
"2 = — ( 8 ) 

The high interest in the nonlinear refractive properties of third-order materials led to 

active minimisation of observed absorption at resonant light wavelengths through 

material des ign. ! ' xhis is especially the case for nonlinear waveguides, where high 

efficiency transmission is desired at high power.2' These effects occur simultaneously and 

during characterisation, so nonlinear refractive measurements need to be corrected for 

the absorption interference. Recently nonlinear absorption has been an area of interest in 

its own right with materials designed to maximise this effect. Nonlinear absorption can 

proceed through many different processes where a NLO material absorbs intense light in a 

wavelength region it doesn't absorb in under low light conditions. One mechanism is two-

photon or multi-photon absorption, giving rise to the nonlinear absorption effect. 

Alternatively the excited-state population distribution is altered by the propagation of the 

beam through the sample, leading to excited-state absorption. Applications of nonlinear 

absorption include two-photon spectroscopy, optical power limiting and optical data 

storage. In either case, the change of transmission through a cubic nonlinear material is 

modeled by: 

AT = -al - (9) 

where (3 is the two-photon absorption coefficient related to the imaginary part of xP ' by: 

1.4 Nonlinear optical measurement techniques 

1.4.1 Second-order NLO techniques 

Several techniques exist for quantification of nonlinear optical properties (molecular 

hyperpolarisability terms). For quadratic hyperpolarisability terms two main techniques 

are used: hyper-Rayleigh scattering (HRS) and the electric field-induced second-harmonic 
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generation (EFISH) technique. The measurements and compounds presented in this 

Thesis are focused on the third-order NLO effects, so discussion of the technique to 

measure the second-order effects will be brief. 

EFISH requires the polarization of a solution of molecule with an intrinsic dipole by an 

external electric field.^s The molecules align with the field polarisation and are 

interrogated by a laser and the generation of a frequency doubled response is measured. 

Due to the alignment the molecular undertake, the value measured is a product of the 

molecules dipole and the hyperpolarisability term (^P). The dipole value (if known or 

calculated) can then be used to elucidate the true (B term. The x value obtained contains 

two terms (one (3 and one y term) and requires correction for the purely electronic third-

order hyperpolarisability (y), but this is usually a couple of orders of magnitude lower 

than the second-order term. 

HRS is now more commonly used for second-order NLO characterisation.^' HRS measures 

the scattered second-harmonic generated from a solution of an NLO material. It can 

characterise a wider variety of materials in solution from salts to octupolar compounds 

(ie. without an overall dipole moment). The scattered light is weak so the setup uses a 

mirror to collect as much 2a) light generated and direct it to a highly sensitive detector. 

Different concentrations of a sample are measured and the (3 term is calculated from the 

linear dependency of the SHG intensity on the sample concentration. Compounds which 

show fluorescence at the probing measurement wavelength (typically a 532 nm second 

harmonic corresponding to a 1064 nm laser) require corrections to the (3 term as these 

effects increase the observed value. This technique is the most commonly used, due to its 

simplicity. 

1.4.2 Third-order NLO techniques 

Degenerate four-wave mixing 

DFWM is a common technique used for determination of the magnitude of third-order 

NLO properties of materials.-t A sample material is pumped by two coherent beams of the 

same frequency and probed by a third beam of the same frequency to produce a fourth, 

which is measured. The generated beam is orthogonal and counter-propagating to the 

probe beam, which allows for the measurement of the intensity. Typically, all three beams 

are from the same source laser with a number of mirrors and beam-splitters to generate 
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and or ient them. Samples a re typically solut ions (but don ' t have to be] and usually 
referenced to CSz. 

The genera ted intensity is measured over increasing input intensity, which can be fit to 
the equation; 

'c = b'l^ump (11) 

which can then be used to calculate the x'^' value using: 

J! 
The advantages of this technique a re the conjugate beam (beam genera ted) is readily 
dist inguished f rom the o thers and the t ime dependence of the nonlinearity can be 
obtained with a slight modification to the procedure . However, the real and imaginary 
par t s of the th i rd-order susceptibili ty can't be discerned from this technique, and s t rong 
nonl inear absorp t ion can be problematic. 

The Z-scan experiment 

The most useful technique for measur ing the nonl inear absorpt ion and nonl inear 
refract ive proper t ies is the Z-scan technique.^" As previously discussed these proper t ies 
ar ise f rom the th i rd-order nonl inear polarisability t e rms (y) and a re light intensity 
dependen t . There a re two componen t s to the y hyperpolarisabil i ty f rom the nonl inear 
refract ive dependence (yreai) and the absorpt ive proper t ies (yimag) of the material as 
described by the following equat ion: 

Y = ^(rr'eal + vLag) (13) 

The se tup involves moving a sample through a focused laser beam, thereby subjecting the 
sample to an increasing light intensity (beam profile - Figure 1.3) The result ing beam is 
then split be tween two detectors : an open ape r tu re de tec tor perpendicular to the beam 
direct ion and a closed a p e r t u r e de tec tor which is behind a pin-hole screen. The closed 
a p e r t u r e de tec tor is a m e a s u r e of the refract ive index change in the sample over the 
intensi ty change and has a t ransmiss ion profile as the Z position changes described by 
t race a) or b) (Figure 1.3). The open ape r tu re de tec tor collects all the light split off f rom 
the beam spl i t ter and thus measures the absorpt ion change as the intensity increases 
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through the sample. The profile for the three possible observed traces for this detector is 

c), d), and e). The traces in figure 1.3 are ideal traces and the measurement actually takes 

an intensity reading at any value for z that should closely follow these model trends. A 

reference detector is used to normalise the traces to remove distortions from laser 

fluctuations. This is achieved by division of the closed and open aperture traces by the 

reference values. The intensity of the light used for the experiment has to be attenuated to 

get sensible traces, that is, a closed- aperture trace has to have a nonlinear phase shift 

below 1 rad (for assumptions related to the experiment to uphold). This is achieved by a 

neutral density filter before the reference detector. The beam is spatially cleaned (by 

aperture) before it is used in the experiment. 
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Tunable X laser 

-.Neutral density filter (beam attenuation) 

Beam splitter 5 " 
Aperture Lens Beam splitter 

I Open Ap. Detector 

»Lens 

Aperture 

Beam profile 

I Sample ^ 

+ Z Zo 

a ) Closed aperture trace (self focussing) 

/V 

b) Closed aperture trace (self defocussing) 

c) Open aperture trace (Two Photon Absorber) 

Closed Ap. Detector 

I 

- Z 

d) Open aperture trace (Saturable Absorber) 

e) Open aperture trace (Reverse saturable Absorber) 

Figure 1.3 -Diagram of the z-scan setup. The dashed box shows the focused beam profile, which the 

samples moves through. The open and closed aperture traces are shown underneath which display 

light transmission at the corresponding value for Z. 
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Using the traces from the open aperture experiment (c-e (figure 1.3)), a theoretical fitting 

can be done to calculate the 2PA coefficient ((3) which can then be used to calculate the 

imaginary component of x^'- The fitting uses the equation: 

where 

qo = Plaleff (15) 

The closed aperture experiment detects the shift in the focal point as the sample position 

changes. Depending on the nature of the material the focal point wil l shift closer or further 

away from the aperture [self-defocussing or self-focussing respectively) allowing more or 

less light through the pin-hole. For a self-focussing material far from the pinhole (z < 0), 

the light intensity passing through the aperture wil l be less than normal as the focal point 

of the beam will have been moved away from the aperture. The materials nonlinear 

refraction is focussing the beam tighter than before, which increases the dispersion of the 

beam at the aperture. As the sample moves towards the original focal point (defined as z = 

0), the light intensity transmitted through the aperture returns to normal. When the 

sample is close to the aperture (z > 0) the beam is then focused through the pin-hole and a 

increased transmission results. The resulting trace plotted against the z position gives the 

trace in figure 1.3 a); the nonlinear phase shift can be determined which can then be used 

to obtain n2 (nonlinear refractive index) as follows: 

w h e r e : 

a n d : 

Arp„ = 0 . 4 0 6 ( 1 - 5 ) ° " |A0ol (16) 

|A0„l = y n ^ / o V ; - (17) 

(18) 

where S is the transmittance of light through the aperture, ATpv is the difference between 

peak and valley transmittance, A())o is the nonlinear phase shift, lo\s the irradiance at the 

focus, a is the absorption coefficient, and L is the sample length. The fitting of both curves 

in the present work was done using a program written by Marek Samoc, where At)) and the 

T factor can be obtained quite easily using the input of the two detectors traces and A. 
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ATpvand/o are calculated by the program from the input values and require only an input 

of Acj) (and the beam waist extracted by fitting the closed aperture trace of fused silica) to 

model the closed-aperture trace or to obtain the T factor from the open aperture trace. 

From the values of nz derived from fitting the above equation (16) to the closed aperture 

trace and using equation (8), the x™ value can then be calculated. For 

02 = '^T^Yimag ( 1 9 ) 

Several observable effects can arise from the open- and closed-aperture detectors in the Z-

scan setup. The closed-aperture trace can have reduced or increased transmission at the z 

< 0 displacement, which as previously discussed, denote self- focusing or defocusing in the 

material (figure 1.3). The open-aperture experiment has three possible traces: the first is 

standard intensity-dependent absorption which can consist of several absorptive 

processes:- multi-photon absorption or excited state absorption (ESA), if the material has 

a non-zero absorption at the measurement wavelength, or intensity dependent scattering, 

where the input light is scattered off the line of beam propagation and isn't detected. The 

last of these effects is not desirable for characterisation of the absorptive properties of a 

material, and is generally avoided by regulating the irradiance into the experiment. The 

other two effects tend to give the plot (c) in figure 1.3. The gradient of the curve is 

dependent on the effect observed; ESA has the broadest plot and the higher the 

multiphoton absorption order the greater the gradient of the curve. Two-photon 

absorption (2PA) typically dominates as it is relates to the third-order hyperpolarisability 

where higher orders are less abundant (e.g. 4PA, which is a seventh-order effect). 

Saturable absorption is a type of ESA that can occur at or near strong linear absorption 

wavelengths and gives what appears to be an inverted 2PA trace ((d) in figure 1.3).'̂  This 

leads to negative two-photon absorption cross-sections and an effect that finds 

applications in Q-switches where intensity dependent opacity can be utilised. An effect 

known as reverse saturable absorption gives a trace like that in (e) (figure 1.3) where the 

material acts as a saturable absorber until a threshold intensity is reached, where another 

absorptive process begins to occur, and the material starts absorbing again. 

ESA covers several excitation processes that result in intensity dependent absorption. 

While not arising from the hyperpolarisability constant, its effects are still nonlinear. It 

generally occurs when the incident intensity is above the saturation intensity for the 
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material and the excited state becomes significantly populated, permitting excitation 

beyond the higher level state."* 

The five level theorem (Jablonski diagram) which is used to explain a multitude of optical 

phenomena is displayed in figure 1.4. So denotes the electronic ground state in a 

polyatomic molecule in which electrons can be excited to a higher energy state (Si) by 

electromagnetic absorption. Due to vibrational distortion in the molecule there are a 

multitude of closely associated energy states at each level; the electron will thermally 

relax to the lowest lying level at this state (dark black lines).'' 

S. ik 

So 

Tz I 

Figure 1.4 - Jablonski diagram showing four levels of excitation and the origin of several optical 

effects. 

After this initial excitation three possible events can occur: 

- Relaxation from this energy level by radiative (orange line) or nonradiative (red 

dotted line) processes back to the ground state. Radiative relaxation gives 

fluorescence. 

- Excitation with a laser with a long pulse length (ns) allows for further excitation 

from Si to Sz (red line). This is excited state absorption and is dependent on the 

population density at this energy level and the rate of relaxation from this level. 

- Inter-system crossing and relaxation to a lower lying energy level, which is not 

the ground state (triplet state)(green line). Relaxation from this state is slow, 

requiring the spin to revert to the original orientation. This is the origin of 

molecular phosphorescence (green dotted line). 
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A two-photon absorption event is also possible as shown by figure 1.4 (blue line), and 

decay from the S2 state can proceed in any of the events discussed above. Two-photon 

excited fluorescence is a often observed in organic materials with the Z-scan experiment, 

and is exploited in the two-photon fluorescence technique, which allows for 

characterisation of the 2PA cross-section. Additional excitation from the triplet state is 

allowed giving four possible transition mechanisms for light intensity attenuation. 

Relaxation from the S2 and T2 states is very quick and therefore the population density at 

these is negligible compared to those of the Si and Ti states. Under intense light the 

population density of the ground state (oo) becomes less than the excited state [oi], a 

process known as population inversion. Materials with a larger excited-state population 

are good optical limiters as the large number of excited state absorptive events possible 

can dissipate high light intensities. 

The characterisation of ruthenium alkynyl compounds typically demands the reduction of 

other absorption processes so as to focus on two-photon or multiphoton processes. This is 

achieved by controlling the input intensity and ensuring the wavelength is outside of the 

linear absorptive range to reduce the excited state population. Short pulse lengths (fs) are 

also used to reduce excited-state effects. The input intensity is controlled by the use of 

neutral density filters applied to the beam before the experiment setup (figure 1.3). 

Characterisation of the 2PA properties is also usually conducted in a transparent region of 

the material (typically above 500 nm for ruthenium alkynyl complexes). Occasionally the 

linear absorption of the molecule makes this unavoidable (e.g. compounds 55-58 in part 

2.4.4) and the excited state is populated due to linear absorption, and then excited further. 

This can be a useful effect in organometallics, as redox switching of the ruthenium alkynyl 

complexes generates a low-energy absorption band at a wavelength with significant 2PA 

in the neutral complex, demonstrating the modulation of 2PA via electronic switching. 

1.5 Structure property relat ionships in organometal l ic complexes 

The nonlinear optical properties of organometallic compounds are closely related to their 

molecular structures. By creating a large pool of NLO data of complexes with systematic 

structural changes the underlying effects which create large nonlinearities can be 

determined and ultimately exploited for purposes discussed previously. Considerably 

more structure-property determinations have been carried out on the first 

hyperpolarisability (P) effects as these are of a larger magnitude than the higher-order 
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effects. The most important structural feature for even-order terms is the permanent 

molecular dipole. Only structural features that affect the third-order nonlinearity will be 

discussed in this part, and the discussion will be focused on metal alkynyl, vinylidene and 

some alkenyl complexes. Due to the large errors inherent to the measurements used, 

precise comparison between values is difficult and observations are made to identify loose 

trends. 

1.5.1 Modification of n-delocalisable systems 

A benefit that organic and organometallic materials have is the wealth of modifications 

available to tune the underlying electronics which give rise to the NLO effects. Myers et al. 

have studied the third-order NLO effects of dialkenylbenzene-linked dizirconium 

compounds (figure 1.5).3i The change of the position of the alkenes on the benzene ring 

from meta- to para- substitution resulted in a threefold increase of the third- order 

hyperpolarisability. The ease of conjugation through the Tt-delocalised bridge is the root 

cause in this case, as the (1,4> has easier charge transfer through the benzene ring than 

the (1,3)- (this is pertinent to the study in chapter 3). The reduced conjugation causes 

isolation of the two metals and a shorter conjugation length; this alters the energy of 

transition between ground and excited states. 1 has a lower transition energy and 

therefore a higher third-order response. 

-Zr, 

< Y > ( e s u ) - 1 5 4 x 1 0 36 

Figure 1.5 - Z i rconium all<enyl complexes with meta- a n d para- d isposed l inker groups. 

Transition energy differences also exist between linkages with different bond orders in Tt-

delocalised compounds. Organic bridges between metals can be made entirely or as a 

mixture of phenyl groups, alkene or alkyne groups. Polyethenyl and polyethynyl 

structures will have the lowest transition energies but tend to lack the stability of 

poly(phenylethenylenes) and poly(phenylethynylenes).32 In figure 1.6, the two ferrocene 

terminated compounds have a similar conjugative length (4 it bonds) with greatly 

different y values.33,34 Presumably a complex with two alkene bonds in the place of the 
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phenyl ring will likely have a higher nonlinearity still, as shown by the very large values 

for 3-carotene and a synthetic carotenoid derivative with donor and acceptor functionality 

(5 and Ruthenium compounds have been made with both phenylethynylene and 

phenylethenylene bridge types and the ethenyl examples have larger y values.^M? In Table 

1.1 complex 8 with the vinylidene/alkenyl linked phenyl groups has a y value that is 20 

times larger than the metal alkynyl analogue 7, however the extended Tt-system of 9 gives 

a larger value than 8. For the dppm containing analogues the alkyne/ alkynyl 10 < 

alkyne/vinylidene 11 < alkene/alkynyl 12. 
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<y> (esu) 

504 X 10-36 

110 X 10-36 

10 000x10-36 

35 000 X 10-36 

Figure 1.6 - Effect of C hybridisation on the third-order polarisablllty. 

n 
phjp̂ pphj 

Cl-Ru 
/ \ 

Ph^P PPhj 

PhjP̂ PPhj 

PhjP%Ph, 

C l - R u - S 

PhjP^PPh, 

CI -Ru=C 

PhjP^PPh, 

PhjP^PPh, 

PhjP^PPhj 

# Yreal Yimag < Y > R e f 

(10-3' esu) (10-3' esu) (lO-s' esu) 

' 7 40 ±200 <100 

PFe 

« 650 ±500 <50 

n 
PhjP^ PPhj 

40 ±200 25 

650 ±500 25 

9 -830 ±200 320 ± 100 900 ± 200 26 

10 -160 ± 80 160 ± 60 230 ± 100 25 

N02 

NO2 

11 <500 420 ±60 420 ±60 25 

12 200 ±40 1000 ± 220 1100 ± 220 25 

Table 1.1 - Comparison of v values for ruthenium complexes with varying unsaturation 
in the n-bridge. 
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In addition to C hybridisation alteration, organic bridge length modification can also be 

used to increase the third-order NLO properties of organometallic compounds. Alkynyl 

ruthenium complexes with different bridge lengths have been synthesised and assessed 

by the Humphrey group.23 The two-photon absorption behavior increases as the bridge 

length increases from 1 to 3 phenyleneethynylene units but decreases vi'ith further 

lengthening. The reason for this may be twofold; either bridge rotation breaks the 

conjugation upon lengthening, or the distance between the metal and the nitro group 

becomes so great that the donor-acceptor interaction reduces to no longer give benefit. 

This is also observed in the UV-visible spectrum, where there is a progressive increase in 

energy of the MLCT absorption band upon chain lengthening as the nitro is progressively 

further away from the metal. 

1 3 

A 
Ph2P̂  PPh2 

a-Ru' -
PhjP PPh2 

1 0 
phjp^pphj 

a - R i i - ^ — 

phjp^pphj 

1 5 
PhiP^PPhj 

OEl 

/=\ / = \ 1 5 
C l - R u ' - ^ 

Ph2P^PPh2 

W W \ 
EIO'̂  

J-m, 

OEl 

1 6 a - R u = 

PhjP^PPlis 
ElO 

^ = 

1 7 
PhjP^PPhj 

OEl OEl 

1 7 C I - R u - = — 

PhjP^PPhj 
\J> — \J* — \ 

ElO ElO 

J K N O , 

Compound # Amax (nm) 0 2PAmax (nm) CT2(GM) 

13 473 940 135 ±13 

10 464 890 567 ±56 

15 459 890 1160±116 

16 411 840 780 ±78 

17 423 840 850 ±85 

Table 1.2 - Data s how ing the e f fec t of n -b r i dge l eng then ing on and 2PA cross sect ion. ' 
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T h e e f f e c t o f n - b r i d g e length increases has been assessed fu r the r in d i ru then ium 

c o m p l e x e s w i th up to a n o n a p h e n y l e n e e t h y n y l e n e b r i dge b e t w e e n t w o R u ( d p p e ) 2 

centres.38 H e x y l o x y g r oups w e r e used to mainta in the so lubi l i ty o f the mo l e cu l e f o r 

character isat ion o f the th i rd -o rde r NLO proper t i e s ; w h i l e s imp l e to i n co rpo ra t e 

synthet ica l ly , these g r oups have s o m e e l ec t ron ic in f luence as seen in the UV-Vis ib le 

proper t i es . T h e r e is a b lue shift in Amax va lues on increas ing the d is tance that the h e x y l o x y 

g roups are f r o m the meta l centres. On p r o c e e d i n g f r o m 18 -20 , the y and 02 va lues 

increase s l ight ly w i t h chain lengthening. For such a large structural change (3 -5 -9 

pheny l enee thyny l ene uni ts ) the increases in T P A and y va lues a r e l ow . T h e marg ina l 

impact o f this structural change is thought to be caused by con juga t i on b r eak ing due to 

out -o f -p lane pheny l rotat ion, wh i ch b e c o m e s m o r e marked as n - b r i d g e length is increased. 

In teres t ing ly the b is-a lkynyl c o m p l e x [ 2 1 ) wh i ch still has a total o f 9 p h e n y l e n e e t h y n y l e n e 

units has the largest T P A cross-sect ion. Comp lex 2 2 has a l a rger T P A cross-sec t ion than 

the nona (pheny l enee thyny l ene ) - l i nked mono-a lkyny l complex , 20 . It a lso has just a s ing le 

so lubi l is ing pheny l ene unit and poss ib ly r educed pheny l ro tat ion in the chain. Th is is 

p r obab l y the source o f the la rger NLO p rope r t i e s than the ana logues w i th th ree hexy l 

l inkers wh ich are in sequence , sugges t i ve o f s o m e ster ica l ly induced ro ta t ion and 

consequent ia l reduct ion o f the e f f e c t i v e 7t-delocalised chain. Studies are cont inu ing into an 

app rop r i a t e so lubi l is ing b r idge w i th s o m e e n f o r c e d p lanar i ty to inves t i ga te this 

possibi l i ty . 
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Complex Xmax XlPA.max Yreal Yimag < Y > 02 

( n m ) ( n m ) (10-3' esu) (10 M esu) (10-36 esu) ( G M ) ' 

18 4 5 0 8 8 0 -7 0 0 0 2 7 0 0 7 0 0 0 5 3 0 

19 4 3 8 8 8 0 -9 8 0 0 3 0 0 0 1 0 2 0 0 5 8 0 

20 4 2 5 8 8 0 - 1 2 0 0 0 3 0 0 0 1 2 3 0 0 6 3 0 

21 4 2 9 8 8 0 -9 4 0 0 5 2 0 0 1 0 7 0 0 1 0 5 0 

22 4 1 1 8 8 0 - 3 7 0 0 - 7 3 0 

* errors are within ± 10 % 

OH., pujp^pmj 

•RuCI 

Table 1.3 - Optical data for coinpounds with 3-9 phenyleneethynvlene linkers between metals. 

The nitro functional group influences the transition energy as well as the nonlinear 

properties of the compounds 13-17. Functional group modification is a quick way to 'tune' 

molecules to have a particular optical behavior (linear or otherwiseJ.^MWw Changing the 

low-energy maxima of molecules' linear absorption spectra also has the effect of changing 

the two-photon absorption maxima. Accordingly, the synthesis of organic molecules with 

differing electron donor or acceptor pairs has been pursued vigorously. In 

organometallics, the trends mimic those observed with organic compounds, but the donor 

units are generally the metal atoms which have large polarisable electron density and 

correspondingly larger NLO effects. 



24 Chapter 1 - An Introduction to the NLO Properties of Organometallic Complexes 

t Yreal Yimag <Y> Ref . 

(10-3'esu) (10-36 esu) (lo-s'esu) 

23 320 ±55 < 50 320 ± 55 40 

24 120 ±200 66 ±20 140 ± 200 37 

25 -170 ±40 71 ± 20 200 ± 50 40 

26 -300 ± 500 < 210 300 ± 500 40 

27 140 ±30 64 ±10 153 ± 30 40 

Ph2R PPh; 

c - R ^ ^ - ^ - N o , 13 170 ±34 230 ±46 290 ± 57 40 

prijp̂ pph. 

PbjP̂  PPh; 

piV'̂ pph, 
29 350 ± 100 45 ± 20 350 ± 100 37 

^ a ^ X D " " ® ' 30 300 ±60 490 ±98 534 ±110 39 
phjp̂ pph. 

Table 1.4 - Nonlinear properties of complexes furnished with differing electron withdrawing groups. 

Y values increase with the increasing electron withdrawing nature of the alkynyl ligand, 

from non-substituted (25] to fluoro- (24) substituted up to formyl- (26) and then nitro-

substituted (23). Isolation of the metal centre from the withdrawing group (e.g. in the 

nitrobiphenyl example (27)) returns the y value to non-substituted levels. Bis-alkynyl 

complexes have larger nonlinearity, especially when using an EWG as in 30 as electron 

density moves through the metal with ease. 
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1.5.2 Changing metal and ligand set 

Alteration of the organic bridge for NLO tuning results in changing energy levels in the UV-

Visible spectrum. For organometallics another electronic tuning is available: the metal 

centre itself. Many ruthenium alkynyl (indeed most organometallic) complexes have the 

metal to ligand charge transfer as the lowest energy transition. We've seen that changing 

the bridge can tune NLO properties but it is the same for the metal and it can be achieved 

through two methods. The metal itself can be changed with great effect as the larger the 

metal, the more dispersed the electron density and therefore the more polarisable the 

metal centre. Series of complexes have been synthesised incorporating metals from the 

same group to study this effect.3Mo-42 A clear trend is evident in the second-order NLO 

properties [p) of metal alkynyl complexes (Fe < Ru < Os), but the trend is not so clear for 

third-order NLO properties, possibly due to limited data sets hindering a widespread 

assessment of the result of metal change, as well as minor discrepancies between laser 

setups (Table 1.5). Another problem is the limited measurement wavelength. NLO 

properties are strongly wavelength dependent and the maximal y values may be at a 

different wavelength. The complexes shown are the best set for comparison, as they all 

possess the same alkynyl ligand (nitrophenylalkynyl) although they have different 

phosphine auxiliary ligands (which itself has an effect). For the cyclopentadienyl metal 

alkynyl complexes the y values increase from Au < Ru < Ni < Fe. 

The third-order properties of group 4 metal complexes have been investigated by Myers et 

al. showing a decrease of y in proceeding down the group (Table 1.6).3i They concluded 

that the decrease is due to reduced metal d to alkynyl n-orbital mixing, as evidenced by 

the blue shifting of the Xmax values upon metal alternation. This is a surprising result as the 

larger metals should have better orbital overlap. 
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PhjP 
•NO2 

PhjP^PPhz 

# Yreal Yimag < Y > A* Ref. 

3 1 -270 ±100 70 ±50 2 7 8 ± 1 1 0 800 41 

3 2 -230 ±70 74 ±30 240 ± 75 800 41 

3 3 -210 ±50 < 1 0 210 ±50 800 41 

3 4 120 ±40 20± 15 121 ±42 800 41 

3 5 -410 ± 200 580 ± 200 710 ±280 800 42 

3 6 170 ± 3 4 230 ± 4 6 290 + 60 800 38 

-1100 ±200 800 ±100 1360 ±220 940 2 5 " 

2 3 320 ±55 <50 320 ± 5 5 800 38 

Compounds measured in THF • measurement wavelength **run in CH2CI2 

Table 1.5 - Cubic nonlinear optical properties of selected metal alkynyl complexes. 

3 8 " T , 

3 9 

4 0 

y ( 1 0 - 3 ' e s u ) * A „ax (nm) Ref. 

9 2 

5 8 

5 1 

4 1 6 

3 7 0 

3 5 8 

3 1 

3 1 

3 1 

• THG technique. Measured at 1907 nm tripled to 636 nm • Errors are ± 
1 5 % 

Table 1.6 - Cubic nonlinear optical properties of selected metal alkynyl complexes. 



Chapter 1 - An Introduction to the NLO Proper t ies o f Organometal l ic Complexes 27 

The auxil iary l igands on organometal l ic complexes can be changed to mod i f y NLO 

behavior . Similar to the functional g roup modi f icat ion seen previously, an electron 

w i thdraw ing ligand wi l l increase the energy o f the crucial MLCT transition, resulting in a 

blue shift of Xmax and CT2n,ax. In Table 1.5 compounds 32, 33, 36 and 23 all have a d i f f e rent 

ligand set, but the same metal and alkynyl ligand. y values increase wi th increasing donor 

nature of the l igand: 32 has the more donat ing PMes to 33 ' s PPhs whi le r emov ing the Cp 

group ent i re ly to g i ve a b is -dppe/dppm ligand set increases values further, 23 's favorable 

bite angle presumably a l lowing better electron donation than the dppm. 

Using organometa l l ics a l lows fo r modi f icat ion of oxidation state of the metal and pro found 

transformat ion of the optical propert ies of the material, a useful proper ty fo r use in logic 

devices. Redox propert ies exist in organic materials also, but tend to be i rrevers ib le due to 

the react iv i ty of the ox id ised/reduced state. Organometal l ic redox processes tend to be 

revers ib le wi th comparat ive ly stable oxidised states, which frequent ly a l lows for multiple 

ox idat ion/reduct ion events per sample.''^ 

PhlCI PI'z > 
I Ru^ J 

P P 
Ph2| I 

42 

Yrcal Yimag < y > 

(10-36 esu ) ( 1 0 " esu) (10-36 esu ) ( G M ) 

4 1 - 3 3 0 ± 1 0 0 2 2 0 0 ± 5 0 0 2 2 2 0 ± 6 0 0 5 3 0 ± 1 2 0 

4 1 3 + 1 3 5 0 0 ± 3 0 0 0 - 4 7 0 0 ± 5 0 0 1 4 0 0 0 ± 3 0 0 0 - 1 2 0 0 ± 1 0 0 

4 2 - 1 0 0 ± 1 0 0 4 5 0 ± 2 0 0 4 6 0 ± 2 0 0 1 1 0 ± 5 0 

4 2 - 2 9 0 0 ± 1 0 0 0 - 1 2 0 0 ± 6 0 0 3 1 0 0 ± 1 0 0 0 - 3 0 0 ± 7 0 

'Measurement wavelength - 800 nm 

Table 1 .7 - Nonlinear optical properties of metal alkynyl complexes 4 1 and 42 and their tri- and 

mono- cations 4 1 ' and 42*.'" 
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As shown in table 1.7 the two compounds exhibit large changes in the <Y> and TPA 

properties upon oxidation to the Ru'" complex. The TPA process can therefore be 

controlled by redox stimulus, as the complexes become saturable absorbers upon 

oxidation, allowing more light through the sample with intensity increase. Oxidation 

creates an absorption band at ~ 800 nm in these alkynyl ruthenium complexes, coupled 

with a diminishing of the MLCT band. The new band has been computationally shown to 

have strong LMCT character. This new band is at the same energy as the Z-scan 

measurement, which saturates the absorptive elements in the sample causing increased 

transmission through the sample. Utilising multiple metal centres with different redox 

properties potentially permits access to many more states in the same molecule. This 

feature is under continuing examination with the synthesis in the Humphrey group of a 

compound comprising of iron and ruthenium (group 8) metals which allows 3 different 

accessible redox states." 

1.5.3 The dendritic effect 

Another recent structural modification of organometallics to be explored is hyper-

branching in dendrimers. It is difficult to incorporate certain metals and metal-Iigand sets 

into organic dendrimers without terminating the structure; ruthenium alkynyl complexes 

are easiest to incorporate as they are quite easily made unsymmetrical following the 

correct methodology [isolation of the vinylidene intermediate, removal of excess acetylene 

and then subsequent deprotonation).2M5 Dendrimers have been shown to possess 

significant third-order NLO properties, greater than the sum of the linear components, and 

even outperforming the building blocks when scaling for n-electron number or molecular 

weight. The cause of the enhancement is obscure, but is linked to dendrimer generation 

(number of branching points from the core). A summary of third-order polarisability data 

and TPA cross-section values is given in Table 1.8; there is more than a tenfold increase in 

rs2 values in proceeding from Go to Gi and to G2. 

# Vreal Ylmag <y> <J2 Ref 

(10-36 esu) (10-36 esu) (10-36 esu) (CM) 

43 Go -600 ± 200 2 900 ± 500 3 000 ±600 700 ±120 26 

44 Gi -5050 + 500 20 100 ± 2000 20 700 ±2000 4 800 ±500 26 

45 G, -29 000 ± 5 000 41 000 ± 10 000 50 000 ±11000 11 800 ± 1 0 0 0 44 

46 Gz -160 000 ±30 000 120 000 ± 20 000 200 000 ±36 000 29 000 ± 6000 
44 

Table 1.8 - Nonlinear optical properties of ruthenium alkynyl dendrimer complexes 43 - 46. 
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J i 
Figure 1.7 - Molecular structures of dendrimers 43-46. 
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Chapter 2 - Third-order NLO Properties of 
Organometallic Complexes 
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2.1 Introduction 

This Chapter details the third-order nonlinear optical property characterisation conducted 

on a number of materials prepared either by the Humphrey group or sent by other 

international material development groups. Parts 2.2.1 to 2.2.6 are spectral dependence 

Z-scan experiments, which assess the third-order merit of the compounds as the 

wavelength of the incident beam changes. Part 2.2.7 is a switching Z-scan experiment 

where the materials properties are changed by the application of acid and Z-scan 

experiments conducted on the starting and resulting material. In Part 2.2.8 the Z-scan 

experiment is used to survey the optical limiting merit of materials under high laser light 

inputs. Some graphs of interest from the Z-scan experiments are plotted in this discussion. 

This is focused on the absorptive component of the experiment and the two-photon 

absorption cross-section. Supplementary plots of NLO data can be found in the appendix. 

2.2 Z-scan Measurements 

2.2.1 Standardisation 

Most ruthenium alkynyl complexes previously studied by the Z-scan technique have been 

examined either at the Research School of Physics and Engineering (RSPE) or in The 

Institute of Physical and Theoretical Chemistry at Wroc law University of Technology, 

Poland. The laser set-ups used for characterisation have changed little over the years 

which means comparison of values of y and TPA is more accurate as deviations due to 

subtle set-up differences are minimised. Care should be taken upon comparing results 

emanating from different laser systems as sources of inaccuracies can be as small as the 

environmental stability in the laser housing (temperature or particulate), distance 

between components such as detectors or aperture width. The recent setup of a 

femtosecond laser system at the Research School of Chemistry facilitated access to Z-scan 

measurements but the consistency of results needed to be assessed. A spectral 

dependence Z-scan measurement was conducted on a compound ( 4 1 ) previously 

characterised at RSPE and the respective magnitudes and absorption ranges compared to 

assess the discrepancies between the systems.'*^ The two laser set-ups were kept as 

consistent as possible in experimental set-up and a similar power input was maintained 



Chapter 2 - Third-order NLO Properties of Organometallic Complexes 33 

through the sample. However, due to a temporary limit in the wavelength generation 

capacity of our OPA the measurement was limited to a wavelength range that could be 

confirmed by spectrophotometric means (500 - 800 nm); this affected many 

measurements discussed in this Chapter. Two measurements were conducted with 

differing focal lengths of the lens leading into the experiment (75 mm and 120 mm]. This 

was observed to result in a large change in the values obtained for similar samples at the 

same input power, as the dispersion of the beam at the closed aperture is much greater 

with the tighter focused beam. The results are shown in Figure 2.1 and Table 2.1. Traces of 

both the Yimag and Yreai can be found in the Appendix. 



34 Chapter 2 - Third-order NLO Properties of Organometallic Complexes 

2000 

1500 

§ 1000 

500 

0 

Reference 

« 1 . 1 

500 700 900 
Wavelength (nm) 

1100 

s 
13 

20000 

15000 

10000 ' 

5000 

0 

120 m m lens 

500 700 900 1100 

Wavelength (nm) 

S 
ui 

2000 

1500 

1000 

500 

0 

75 m m lens 

• 4..+ • + 

500 700 900 1100 

Wavelength (nm) 

Reference'*' 75 m m lens 120 m m lens 

X 02 X 02 X 02 

520 14 500 ±3000 

650 1 500 ±400 640 1470 ±200 640 10 000 ±4000 

845 1 050 ±400 760 880 ± 200 800 6 100 ±3000 

Figure 2.1 - Spectral dependence Z-scan plots run on three different set-ups. At the Research 
School of Physics and Engineering (top)''^ RSC at 120 mm focal length (middle) and RSC at 75 mm 
focal length (bottom), 02values compared at peak wavelengths. A trend line has been added to 
the 02 data as a visual aid. 
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The 2PA maxima at a wavelength of 640 nm are in very good agreement whereas it is 

difficult to compare the data at the 800-850 nm peak due to the large errors associated 

with the reference plot. The magnitude of the peaks for the 75 mm measurement are 

closer to the reference than are the 120 mm data, which are around 7 times larger. This 

might suggest the use of a correction or a scaling factor to allow comparison of the peak 

values between the RSP measured values or 75 mm focal length values (which are very 

similar) and the values obtained on the 120 mm set up. 

X Property Reference''^ 120 mm Ratio 75 mm Ratio 

5 7 0 

650 

845 

Vreai (10-36 esu) -3 000 ± 1 000 -151 000 ± 4 000 50 -2 300 ± 200 0.7 

VimagtlO M e s u ) 1 8 0 0 + 5 0 0 1 4 0 0 0 ± 5 0 0 0 7 .1 1 6 0 0 ± 7 5 0 0.8 

a2,max(GM) 8 5 0 ± 4 0 0 6 1 0 0 + 2 2 0 0 7 .1 8 0 0 ± 3 5 0 0.9 

Vrea iC lOMesu) - 1 6 0 0 ± 6 0 0 - 1 8 0 0 0 0 ± 4 0 0 0 1 1 5 - 1 1 0 0 ± 2 0 0 0.7 

Yimag(10-3'esu) 4 1 0 0 + 1 000 27 000 ± 8 000 6.5 3 900 ± 184 0.95 

a2,n,ax(GM) 1 5 0 0 ± 4 0 0 10 0 0 0 ± 3 0 0 0 6.6 1 4 7 0 ± 2 0 0 0 .98 

Yreai (10-36 esu) -2 000 ± 1 000 -21 000 ± 7 000 10.5 -3 300 ± 1500 1.6 

Yimag(10-3'esu) 4 700 ± 2 000 35 000 ± 7 000 7.4 1 500 ± 500 0.3 

a2,max(GM) 1 0 5 0 ± 4 0 0 6 1 0 0 ± 3 0 0 0 7.1 3 5 0 ± 1 2 0 0.3 

Table 2.1 - Comparison of v values and 02 values at selected vi/avelengths and deviation from the 

reference. 

The maximal y values from the reference have been tabulated and the values of the new 

measurements at corresponding wavelengths added for comparison. The difference 

between them has been displayed in the form of a ratio. There is a consistently larger yreai 

value from the 120 mm measurements that may be due to a larger transmission of light 

through the experiment leading to large values of S (equation 16). There doesn't appear to 

be any regularity in the difference of the Vreai values, whereas the Vimag ratio is a very 

regular 7 times the reference value. The values of the 75 mm focal length data are more 

consistent, with values for all Yreai and yimag data at or near equivalent data to the reference, 

with the exception of the 850 nm data. There is more than a 40 % error margin on these 

values in the reference, but the similarity in the 570 and 650 nm data is promising. For 

accurate scaling it would be advisable to run a standard compound with every 'batch' of 

compounds run for spectral dependence studies, as power levels at certain wavelengths 

can vary between runs despite the best efforts to use a constant input power. This is the 
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policy for current measurements, however the measurements in this chapter were all run 
on the 120 mm focal length set-up. 

2 . 2 . 2 I s o c y a n u r a t e c o r e d o c t u p o l a r c o m p l e x e s 

As discussed in part 1.5.1, functional group modification can be used to tune linear optical 
and nonlinear optical properties of organometallic compounds. Addition of donor-
acceptor pairs into a complex can favorably alter their properties. In octupolar compounds 
and (1,3,5)- substituted benzene compounds the effect of addition of electron-
withdrawing groups has not been broadly explored and has usually been done by capping 
with a strong acceptor such as a nitro- functionalised phenylethynyl ligand. A novel 
approach is the addition of electron withdrawing groups to the core in a (1,3,5)-
arrangement. This idea has been explored with many different electron-withdrawing 
functional groups such as cyanines and the isocyanurate trimers. 

p i - - -

48 " 49 50 

Figure 2.2 - Isocyanurate and triphenylbenzene cored complexes measured by Z-scan. 

Organometallic and organic compounds containing the isocyanurate moiety have been 
synthesised and the second-order NLO properties measured by the HRS technique, but 
only organic analogues have been studied for their third-order NLO properties.'^'ns The 
compounds were synthesised by Remain Veillard (48, 49 and 50) and their two-photon 
absorption properties assessed by spectral dependence Z-scan, the results being 
summarised in Table 2.2 and a plot of the wavelength trace being shown in Figure 2.2. The 
TPA cross-sections were measured in the range 500 to 1000 nm and are displayed at twice 
the frequency to compare with the corresponding linear absorptions. The compounds are 
structurally similar, with slight differences in order to develop s t ructure-property 
relationships. 48 is a mono-ruthenium complex with two tolyl- groups on the isocyanurate 
moiety, 49 is a tr iruthenium analogue of 48 and 50 is a mono-ruthenium complex with 
methyl groups at the other positions on the a 1,3,5-triphenylbenzene core. 49 and 50 are 
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also bis-alkynyl complexes containing peripheral 4-hexylester- functionalised 

phenylethynyl ligands and, the ester helping to increase the solubility of the complex. 

Amax (nm) XTPA max ( nm ) Ylmag 

(10-3'esu) 

Yreal 

(10-3'esu) 

A 2 ( G M ) 

48 3 4 2 6 8 0 1 1 1 0 - 5 9 0 0 3 7 3 ± 7 0 

49 3 7 9 7 2 0 9 3 3 0 - 8 1 2 0 0 2 7 9 4 ± 8 0 0 

50 3 8 7 6 0 0 4 7 9 0 - 3 5 4 0 2 0 6 6 ± 8 9 0 

23 4 7 7 8 0 0 < 5 0 3 2 0 1 3 5 ± 3 0 

41 4 1 3 6 4 0 2 2 0 0 - 3 3 0 5 3 0 ± 1 2 0 

Table 2.2 - Third-order NLO maxima for compounds 48-50. 

The 2PA maximises at twice the Xmax for 48 but the correspondence is not so good for the 

other two complexes, where a peak at 760 nm is expected. The maximum presumably 

corresponds to the Ru->NCO charge-transfer transition (the band at 350 nm for the 

isocyanate compounds) in 48 and 49. A charge transition between the metal centre and 

the ester solubilising group may be the origin of the principal linear absorption at 380 nm 

in the spectra of compounds 49 and 50; these do not seem to correspond to any 2PA 

peaks in the 02 traces. 

The 2PA data for similar compounds previously measured is provided for comparison. The 

2PA cross-section for 49 is larger than other trimetalled alkynyl ruthenium compounds, 

such as 41, consistent with the smaller Tt-delocalised system of that compound. 23 is of 

similar size to 48; the nitrophenylethynyl containing 23 has the smaller TPA cross-section 

maximum, despite its functional group (NO2) having a larger EWG capacity. 48 also has 

tolyl donor groups, with a greater Tt-delocalised system which may be the cause of the 

larger value. 50 has a sizeable a i value, similar to the tri-metalated complex 49. The 1,3,5-

(triphenyOphenyl core is effectively isolated from efficient conjugation to the metal centre 

due to phenyl-phenyl ortho-H repulsion (as seen in the 4-nitro-biphenylethynyl 

ruthenium complex (27, Section 1.5.1, Table 1.4)) and should have a lower TPA. The 

of this compound is the lowest of the three, which suggests a stronger donor-acceptor 

interaction than with 49 in which the ester also acts as an acceptor, perhaps the cause of 

the reduction in TPA cross section. A more electronically innocent solubilising group 

would be better for these compounds. The trimetallated organometallics appear to have 

2PA values three times those of the corresponding organic compounds measured by 

Argouarch et al. for however, their data were measured by two-photon excited 

fluorescence, making for an unfair/inaccurate comparison."' 
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Figure 2.3 - TPA cross sections for 48, 49 and 50 plotted as (l/2)\jp4 and 
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Isocyanurate containing complexes have already been shown to have promising second 

order NLO properties and have been shown in these studies to possess good third-order 

NLO responses in comparison to comparably sized organic molecules. Properties observed 

in these small molecules suggest that extension to larger dendritic compounds should 

afford complexes with significant NLO properties. 

2.2.3 Fluorene containing complexes 

The fluorene functional group has been used in the design of many two-photon absorbing 

materials and other dyes.^" " These molecules have large molar extinction coefficients as 

well as considerable fluorescent properties which is the basis of such utilisation. These 

effects arise from the conformationally locked biphenyl and the highly strained 5-

membered ring. Metal alkynyl complexes featuring fluorene groups have been made by 

Floriane Malvolti, and their 2PA properties assessed in the present work. 

n r\ 
PhjP PPh, ^ Ph;P PPhj 

Bu Bu Bu Bu Bu Bu 

51 52 53 

Figure 2.4 -Complexes with f luorenyl containing ethynyl l igands. 

The three compounds comprise two alkynyl-ruthenium complexes, one of which is a bis-

alkynyl complex with a nitrophenylalkynyl electron-withdrawing ligand, and another an 

alkynyl-iron complex with an extended Ti-bridge (Figure 2.4). Optical data are summarised 

in Table 2.3 and the 2PA cross section at half the wavelength is displayed in Figure 2.5. 

Compound ^max 02 max Ylmag (^2 max 

(nm) (nm) (lO-s'esu) (CM) 

51 3 7 3 8 0 0 3 7 5 0 9 0 8 ± 1 4 0 

52 4 8 9 7 6 0 2 8 1 0 7 5 6 ± 1 6 0 

53 4 4 8 7 6 0 2 8 9 0 9 6 9 ± 3 6 0 

T a b l e 2.3 - Optical and NLO data for f luorene complexes . 

The plots for 51 and 52 closely follow the linear absorption traces for the respective 

compounds. 52 has a nitrophenylethynyl moiety which results in a broad MLCT transition 

at 489 nm, limiting the range of wavelength dependence scans to 600 nm and longer 

wavelengths. 



40 Chapter 2 - Third-order NLO Properties of Organometallic Complexes 

n 
Phjf^ PPh2 

Cl-Ru— 
/ \ 

PhjP PPhj 

250 350 450 
A ( n m ) 

550 

52 

s 
u 

250 350 450 
X ( n m ) 

550 

D D h . 

S3 

Bu Bu 

3000 

2500 

2000 

1500 

1000 

500 

Sigma 

250 350 450 

A ( n m ) 

550 

Figure 2.5 - Optical data for fluorene complexes. Oj traces are plotted at half the measurement 
wavelengths and a trend line has been added as a visual aid. The linear spectrum of 53 was not 
supplied. 
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The maximal 2PA value of 5 2 is at 760 nm, corresponding to a linear transition at 380 nm. 

5 1 has a low energy transition at 373 and has a 2PA peak at between 800 and 900, 

roughly twice the principle absorption. The magnitude of the 2PA cross-section at this 

peak is less than 5 1 and is at a shorter wavelength, which suggests addition of the nitro 

group is unfavorable. 53 has a 2PAmax at 760 nm which is at a higher energy than the 

2PAmax wavelengths for the other two complexes, with a comparable 2PA magnitude even 

with the larger K-delocalised system. This is most likely due to the change in metal 

resulting in diminished orbital overlap with the alkynyl ligand. This is also shown in the 

UV-Visible spectrum, where the MLCT band is blue-shifted compared to the MLCT of the 

ruthenium complex. 

2.2.4 Dendrimers 

Many ruthenium alkynyl dendrimers have been synthesised and characterised by 

wavelength dependence Z-scan.^s^ w xhey show very large 2PA cross-sections as well as 

large yreai values. However it has been shown that in certain scaling methods for NLO 

property comparison these underperform compared to smaller organometallic molecules. 

NLO response per cost of synthesis is one such measure in which metalated dendrimers 

are not the most efficient NLO material. Bandar Babgi has synthesised a number of first 

generation dendrimers containing functional group modification on the periphery to gain 

some insight into the effect of unsymmetrical electronic tuning on the NLO response of 

dendrimers which have until now been symmetrical at each branching point. The 

structures of the molecules are shown in Figure 2.6. 
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[Ru] = - R u -

Ph2P^PPh2 

Figure 2.6 - Structure of the dendrimers measured. 
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Compounds 54, 56 and 58 contain unsymmetrical branching points with either a nitro 

acceptor, an essentially neutral non-substituted phenyl, or a electron-donating methoxy 

group. For comparison 55 and 57 are symmetrical and substituted with the functional 

groups listed above. Z-scan measurements were conducted between 500 and 820 nm, the 

wavelength being restricted due to problems with the OPA. The results are presented in 

Table 2.4 and the di values are plotted in Figure 2.7. 

Compound X YlmagClO " esu) Vreal(10 36 esu) 02 (GM) 

57 600 78 000 ± 26 000 -572 000 ± 120 000 61 400 ±26 000 

680 71 900 ± 20 000 -470 000 ±67 000 24 100 ±6 800 

760 38 000 ± 10 000 -16 8 000 ±28 000 10 000 ±3 000 

55 620 493 000 ± 175 000 -2 180 000 ±520 000 199 000 ±74 000 

680 187 000 + 65 000 -1 443 000 ±211 000 62 900 ±21 000 

780 104 000 ±25 100 -1 080 000 ±440 000 26 500 ±6000 

54 600 53 000 ±14 000 -906 000 ± 20 500 23 000 ±8900 

680 188 000 ±40 000 -1 002 000 ± 140 000 63 100 ± 13 000 

800 104 000 ± 7 000 -826 000 ± 75 000 25 900 ±7 100 

56 600 341 000 ± 70 000 -2 320 000 ±380 000 147 000 ± 30 300 

680 178 000 ±55 000 -1 720 000 ± 523 000 58 000 ± 18 000 

760 140 000 ±54 000 -251 000 ±220 000 37 000 ± 14 000 

58 600 91 000 ±25 000 -770 000 ± 180 000 39 000 ±11 000 

680 24 000 ±7 000 -140 000 ±41 000 8106 ±2600 

760 29 000 ±9 000 -129 000 ± 39 000 7 900 ±2 600 

120 mm focal length lens employed 

Table 2.4 - Nonlinear optical data for dendrimer complexes 54-58 at selected wavelengths. 

The Yreai values of all five dendrimers maximise at 620 nm, and are roughly an order of 

magnitude larger than those reported for similar sized and structured compounds. The 

errors are large at the Yreai maxima so meaningful comparison is difficult to carry out. The 

yimag values for the nitro- containing compounds are negative at wavelengths below 540 

nm. In Figure 2.8 the yimag trace is plotted with the UV-Visible spectrum for compound 54. 

The negative values occur at an absorptive region of the compound's linear spectrum. 

Saturable absorption occurs and the absorptive trace from channel 3 (see setup on pg. 13) 

is inverted, with an increase in transmission at the focal point. This is common in alkynyl-

ruthenium compounds which contain nitro- groups, as the MLCT band is shifted to a much 

longer wavelength and into the Z-scan measurement window. This occurs for 55 and 54 
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Figure 2.7 - 02 traces for compounds 54-58. A coloured trend line has been added as a visual aid 

only. 

Figure 2.8 - Vimag tfac^ compound 54 showing negative O; values at the region of linear 

absorption overlap. A trend line has been added to the y,mag trace as a visual aid. 
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where there is a nitrophenylethynyl hgand. The distance between metal and nitro- for 58 

and the presence of an adjacent electron donor for 56 seems to eliminate this outcome. 

The 2PA cross-section values for all five dendrimers are compared in Figure 2.7. 56 has 

the largest 02 value which is at 600 nm, the same as all except 55 which maximises at 620 

nm, probably due to the lower energy Xmax and the nitro- functionality. 54 has a 

comparatively low az value throughout the range 500-640 nm, but increases to a 

magnitude common to all five dendrimers at ca. 680 nm. There may be some dampening 

associated with the linear absorption through this region, although this isn't observed 

with 55 which has two distinct nitro- groups. Altering the donor and acceptor nature at 

the periphery of these dendrimers appears to tune the wavelength of the 2PA maximum, 

as shown by 55 with the more electron withdrawing cap giving the lower 2PA max. When 

one acceptor group is switched for an electron donor (the OMe on 56), the band splits and 

a local maximum is created at 640 nm, but maintains the common peak at 600 nm 

possessed by the other complexes. The ctz values at 800 nm are not of comparable 

magnitude to the previously measured 1st generation dendrimer (45), despite the latter 

being structurally identical to 57. The 600 nm comparison is more promising with the bis-

NO2 complex (55) having the highest TPA cross-section followed in magnitude by the 

unsymmetrical donor-acceptor complex (56). The values are near doubled at this 

wavelength compared to the value for 45. 58 has the smallest TPA value as this compound 

has three less metal centres than the others, while 54 and 57 underperform as well. 

Overall, the breaking of symmetry of the peripheral capping groups seems to diminish the 

TPA cross-section, with the exception of the donor-acceptor containing analogue 56, 

which has a slight reduction at peak and a concomitant generation of a lower energy 

maximum. A bis-OMe analogue would be interesting to compare to this set, to confirm that 

symmetry in 55 is the source of the better TPA cross-section. 



Chapter 2 - Third-order NLO Properties of OrganometalUc Complexes 45 

Compound A 02(GM) 

57 800 6490 ± 1 300 

600 61 400 ±26 000 

55 800 25 800 ± 7 000 

620 199 0001 74 000 

54 800 25 890 ± 7 000 

600 23 000 ± 8 900 

56 800 23 600 ± 6 200 

600 147 000 ±30 300 

58 800 1 800 ± 600 

600 39 000 ± 1 1 000 

45 800 11800 + 1 000 

560* 14 000 + 2 100 

* TPA local maximum 

Table 2.5 - Scaled nonlinear optical data for dendrimer complexes. 

2.2.5 Metal content of dendrimers 

Organometalhc NLO materials tend to have larger linear absorption and larger two-

photon absorption cross-sections than organic based counterparts.^' This seems to be due 

to electron donation from the electron-rich metal into the organic Tt-delocalised system. 

To develop an understanding on the extent of the enhancement organic systems obtain in 

these compounds, Alistair Watson and later Peter Simpson synthesised compounds with 

increasing metal number in the phenylethynyl 'scaffold' of a first-generation dendrimer. 

Three compounds were measured through the range 540 - 1100 nm and the results are 

shown in Figure 2.10 and Table 2.6. 
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Figure 2.9 - The molecular structures of dendrimers 59-61 with varying metal content investigated 
in this section. 

The three compounds have a 2PA maximum at 800 nm as well as another peak at 680 nm. 

The peaks are consistent with the linear absorption bands for 60, but are slightly off-

resonant for the other two. The band at 424 nm is most likely a MLCT band, whereas the 

333 nm band is a mix of the Tt-Tt* in either the phenylethynyl ligand or the auxiliary dppe 

phenyl rings. 61 has a very broad tt-it* absorption covering the MLCT, with the 2PA 

maximum likely corresponding to a linear absorption under this broad ti-tt* band. The all 

organic 59 has a 2PA band at a wavelength longer than expected when compared to the 

UV maximum; the 2PA band at 800 nm is anomalous as there isn't a corresponding linear 

band at ca. 400 nm. 
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^max X o2max Ylmag Yrcal Oz 02/M 

(nm) (10 esu) (10 " esu) (GM) (GM/amu) 

5 9 365 (sh) 800 14 000 ±4000 -14 000 ±4 300 3300 ±970 0.98 

341 680 9560 ±2000 -111 000 ± 16 000 3210± 760 0.96 

60 424 800 26 600 ±8500 -9 150 ±1000 6450 ± 2000 1.05 

333 680 79 500 ± 12 000 -179 000 ± 15 000 26700 ±4300 4.37 

6 1 423 (sh) 800 136 000 ± 38 000 -66 100 ± 17 000 33 000 ±9000 2.83 

391 680 218 000 ± 60 000 -681 000 ± 160 73000 ±22 000 6.29 

000 

120 mm focal length employed 

Table 2.6 - Third-order NLO data at selected wavelengths for dendrimer complexes 59, 
60 and 61. 
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Figure 2.10 - O; plot for dendrimer complexes 59, 60 and 61. A trend line has been added as a visual 

aid only. 
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Comparison of the data reveals an increase of 02 with increasing metal number in the 

dendrimer. The nona-ruthenium complex has a 5-fold greater a i value than the tri-

ruthenium and a 10-fold greater 02 value than the organic analogue. When scaled by 

molecular wfeight the increase isn't as great, with 61 at 2.8 GM/amu, 60 at 1.05 and the 

organic 59 is 0.95 GM/amu. It is important to scale by weight in this set as the metals 

bring additional chromophores in the form of the auxiliary ligands. The additional mass 

added to the molecule needs to be justified in terms of NLO output. There is a benefit to 

the NLO response above the linear contribution of making the molecule larger, ie a 4-fold 

increase in mass (59 to 61) gives a 10-fold increase in the 02 value. 

2.2.6 Porphyrin Complexes 

Porphyrins have long been used as dyes and have also found use as NLO materials. They 

are highly absorptive in the visible spectrum which should mean that the 2PA peaks 

corresponding to visible maxima should be firmly in the NIR region. This is of great 

interest as telecommunications exploit wavelengths in this region, and 2PA or SPA in this 

window could lead to a development of molecular switches from such materials. The 

combination of the redox and large 2PA properties of alkynyl-ruthenium complexes with 

the large absorption coefficients of porphyrins promises interesting NLO effects. Areej 

Merhi has synthesised two zinc porphyrin-cored dendrimers with four peripheral 

ruthenium-ferrocene conjugates or tri-ruthenium wedges (Figure 2.11) and a limited 

range Z-scan study was therefore performed. 
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Figure 2.11- UV-Vis data (red) for compounds 62 (top) and 63 (bottom) overlaid with 02 data (blue) 
plotted at half the wavelength. A trend line has been added as a visual aid only. 

Z-scan measurements were performed on the two compounds between 500 and 800 nm 

with some difficulty. In this range the measurement is competing with the linear 

absorption in these compounds, which can cause problems with accurate fitting. To 

accomplish this the concentration of the solutions of the samples were reduced 

significantly; usually a 0.2 % w / w concentration is used for large dendritic species but 

here a 0.007 % w / w was used. 

Strong 2PA peaks are observed near to twice the linear absorption wavelength for both 

complexes. The maximal 02 value for 62 has a large error margin as it falls in the low-

energy absorption region. This value could probably be discounted as the local max imum 

in favor of the 680 nm which aligns better with twice the wavelength of the corresponding 

linear absorption and has a smaller error margin. 63 has a blue-shifted 2PA maximum at 
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6 4 0 nm ( 1 3 0 0 0 0 GM); the smal ler a i value is expected due to a smal ler u-con jugated 

s t ruc ture and the less absorpt ive ferrocenyl moiet ies . The 2PA t race is suggestive of a 

fur ther m a x i m u m beyond 8 0 0 nm in 62, possibly a 2PA peak corresponding to the zinc-

porphyrin subunit . Previous studies of porphyrin containing compounds reveal significant 

saturable absorpt ion behaviour be low 6 4 0 nm due to the s trong l inear absorpt ion at these 

wavelengths . T h e fitting t races of the data shown above do s h o w the beginnings of 

sa turable absorpt ion behaviour (gradual increase in t ransmiss ion) at the per iphery o f the 

t race , h o w e v e r as the focal point of the laser is reached the two-photon absorpt ion 

p r o c e s s e s appear to dominate . This may be an effect intrinsic to the s t ructure of the 

c o m p o u n d s reviewed or perhaps the result of the high dilution of the samples required for 

good data to be obtained. Fur ther study is required to ascerta in the cause o f this 

d iscrepancy of behaviour b e t w e e n structural ly similar compounds. 

2.2.7 Protic Switching 

63 has the potential for redox switching of s tates with different optical propert ies . 

Molecules which can be revers ibly switched would have an greater utility in optical 

devices as multiple s tates can perform multiple roles. Many different types of optical 

proper ty switching exist, which can be accessed by a multitude of stimuli.^' Protic 

switching occurs using a proton source to bind to a target area on a compound to change 

the optical property . This has been used commonly in alkynyl ruthenium complexes , as the 

3 carbon on the metal bound alkynyl ligand is susceptible to e lectrophihc addition. After 

proton addition there is a strong molar extinction coefficient change and the MLCT band of 

the complex (typically at 3 8 0 - 4 0 0 nm) diminishes. Such s trong l inear optical property 

c h a n g e s a r e associated with changes in the 2PA propert ies , with a blue shift of CTZ max 

assoc ia ted with the removal of the MLCT band. Matthew Walkey of the Koutsantonis 

research group at UWA has synthesised a ruthenium alkynyl complex bear ing a 

spiropyran moiety. T r e a t m e n t of 64 with tr i f luoroacetic acid protonates both the alkynyl 

and the pyran units which forms 64a, drastically altering the optical propert ies of the 

compound. It is even possible to selectively deprotonate the generated vinylidene complex 

to c r e a t e 64b, giving a three mode protic switch. 
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nu " " 

P h - P ' \ ^ 
Ph'^'" 64b J 

Figure 2.12- The three accessible forms of 64. The box represents the colour of each complex. 
Compound 64b was too thermally unstable for UV or Z-scan measurements 

Each version of the complex has a different colour. The neutral species is yellow, the 

diprotic is red and the monoprotic is a deep blue. The compound 64b is quite unstable at 

room temperature, but stable for a least an hour in a dry ice/acetone bath [ca. -78 "C). 

Unfortunately, optical investigation into this species was not possible with the facilities 

available. A low-temperature UV or Z-scan cell is required, as the phenol is quite 

nucleophilic and rapidly reverts to the starting material at room temperature. The 

mechanism is not known, but it appears that it generates a fourth, colourless compound 

(most likely 64 with a protonated amine group), which can then regenerate the yellow 

starting complex by the addition of base (triethylamine). Z-scan measurements were run 

on 64 and 64a at two wavelengths (500 nm and 610 nm). 
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Figure 2.13 - Open aperture experiment traces for 64 (red) and 
64a (blue) at 500 nm 
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X (nm) 64 64a 

5 0 0 Ylmag(10 36 esu) 870 ± 60 -780 ±70 

Yre. l (10"eSU) -3 600 ± 1 500 -4 300 ±300 

CT2(GM) 540 ± 50 -485 ± 70 

6 1 0 Yim.e(10^'esu) 770 ±100 23 ±2 

Yreal(10 3'esu) -2 700 ±250 -2 400 ±230 

<J2(GM) 323 ±40 10 ±3 

Table 2.7 - Tabulated third-order NLO data of 64 and 64a at 500 and 610 nm (bottom). 

The neutral complex appears to have quite a large az value for such a small complex at 

both wavelengths, but as this measurement was carried out on a ns pulsed laser, some 

excited-state absorption is almost certainly present which will cause overestimation of the 

value. The protonated analogue has a nearby broad absorption band centered at 490 nm 

and a non-zero absorption at about 590 nm. The compound is a strong saturable absorber 

at wavelengths up to 600 nm; at 610 nm, it is a weak nonlinear absorber. This compound 

is promising as a protic switch but a method is required for analysis of 6 4 b in order to 

increase its potential as a molecular switch. It may be possible to generate this state in situ 

in a low temperature cell, a possibility currently being investigated. 

2.2.8 Molybdenum and Niobium cluster complexes 

2.2.8.1 Molybdenum cluster complexes 

The optical limiting merit of metal clusters has been of great interest as the heavier 

elements favour intersystem crossing and tend to have more energy sub-levels than 

organic materials. Both of these properties create a multitude of energy absorption and 

dissipation mechanisms ideal for intensity dependent beam attenuation. The linear and 

nonlinear absorptive properties of trimolybdenum clusters has been studied previously 

by a collaboration of the Llusar and Humphrey groups.'Ms 
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Figure 2.14 - Complexes 65 to 74 used in optical limiting measurements. 

New clusters equipped with bipyridine (bpy) and 2-thioxo-l ,3-dithiol-4,5,-dithiolato 

(dmit) ligands were synthesised in an effort to increase the suitability of these complexes 

for optical limiting by broadening the linear absorption range, with the intention of also 

increase their optical limiting capacity. The complexes have a similar metal cluster core 

structure with the exception of 6 5 which is a di-molybdenum complex with a modified 

dmit ligand containing two pyridine units instead of a thione. 6 6 - 7 1 have tetra-bromo 

substitution on the core cluster, except for 6 9 which has a tetra chloro composition. They 

all have a bipy ligand with varied functional groups at the 4/4' position on bipy; methyl, 

carboxyl, methyl carboxylate or a linear nonyl chain. 6 7 is the exception with a fused 

backbone with an alkene added to the 5/5' position. 7 2 - 7 4 are composed of the core 
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cluster with dmit ligands with either carboxyl, methyl carboxylate or a nonyl chain in the 

4/4' position on the bipy. 

The modification of the bipy has a small effect on the UV-Vis properties of the complex 

(displayed in Table 2.8], Most of the tetrabromo- and tetrachloro- (66-71) compounds 

have flat, broad transitions from 280 to 650 nm with X3 (being the lowest energy 

transition) at around 450-470 nm. Compound 68 substituted with carboxy groups possess 

the lowest X3 of this set of compounds at around 520 nm, the strongly withdrawing 

carboxyl presumably lowering the MLCT transition. The addition of the dmit ligand in 72-

74 further decreases the energy and increases the molar absorptivity of X3 as the u-

conjugation per molecule is increased. 

The Z-scan experiment was conducted at 570 nm for all compounds as they all have a 

small absorption at this wavelength without significant linear absorption interfering with 

the experiment. The experiments were conducted on a nanosecond pulsed laser, as 

opposed to a femtosecond pulsed laser used in the previous measurements. The 

measurement of 65 was troublesome at this wavelength as sufficient nonlinear absorption 

is not present. The concentration for this compound was then increased until satisfactory 

results were obtained. The open aperture experiment trace was converted to 

transmittance vs. fluence graphs to obtain the Fi5% value in Table 2.8, and this value used 

for the calculation of the excited state cross-sections. The threshold limiting fluence (in 

this case the Fi5% value) is used to measure limiting ability. 



Optical abs X, nm (E Iflt dm^ mol-i cm-i) Cross Section (lO-is cm^) 

Cluster A 2 ( E 2 ) A 3 ( E 3 ) ^ m (^m)* 
FI5% 

(J cm 2 ) - Ground state, ao Excited State, Oeff 

65 341 (3.2) 423 (sh,1.01) 525 (0.24) 5 7 0 ( 1 5 9 0 ) 0.32 6.1 5.5 

66 313 (1.6) 370 (0.52) 471 (0.24) 570 (790) 0.13 3.0 3.2 

67 304 (sh,1.4) 352(sh,0 .61) 493 (Sh,0.19) 570 (820) 0.20 3.1 3.9 

68 329 (sh, 1.91) 4 0 6 (0.42) 519 (sh, 0.36) 570 (2100) 0.18 8.0 8.7 

69 320 (sh, 1.1) 370 (sh, 0.53) 450 (0.23) 570 (310) 0.25 1.2 2.1 

70 313 (sh,2.1) 375 (sh,0.75) 461 (0.37) 570 (830) 0.14 3.2 3.4 

71 3 1 4 ( 2 . 4 ) 371 (sh,0.71) 466 (sh, 0.34) 5 7 0 ( 4 2 0 ) 0.23 1.6 1.8 

72 311 (sh, 2.48) 335 (sh, 1.7) 500 (0.97) 570 (3060) 0.20 11.6 12.7 

73 332 (sh, 1.7) 407 (sh, 0.74) 493 (1.1) 570 (1790) 0.06 6.8 12.4 

74 307 (2.7) - 497 (1.02) 570 (4410) 0.05 16.8 21.3 

* Measurement Wavelength (E of complex at Xmin dm^ mol-i cm i). **Fi5% is the incident fluence which reduces the transmittance by 15 

Table 2.8 - UV-Visible and Optical limiting properties of 65-74. 
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Figure 2.15 - Transmittance-fluence plots of 72 (left) and 68 (right) at 570 nm. 

T h e r e is a s trong inverse correlat ion b e t w e e n Em and Fi5% in that the m o r e absorpt ive the 

complex at the m e a s u r e m e n t wavelength, the less energy per unit area ( f luence] required 

for a reduction in t ransmit tance . This trend also carr ies through to the differences 

b e t w e e n the ground and excited s ta te cross-sect ions with the complexes with a larger E570 

having g r e a t e r g r o u n d / e x c i t e d s ta te cross-sect ion differences. Optical limiting meri t 

increases with the metal content of the clusters, and lower energy absorpt ion bands due to 

increasing u-con jugated ligand content (dmit addition) and subsequent tuning by 

functional group modification (e lectron-donat ing subst i tuent 's being favoured here) . This 

is evident f rom the Fi5% trend: 7 4 ^ 7 3 < 6 6 - 7 0 < 6 8 - 7 2 ^ 6 7 ^ 7 1 < 6 9 < 6 5 . 

2.2.8 .2 N i o b i u m c luster c o m p l e x e s 

Niobium clusters with similar bipy ligands as those in 2 .2 .8 .1 [ 7 5 - 7 7 ) w e r e also 

investigated for optical l imiting ability. T h e complexes feature an unsaturated nonyl chain 

( 7 6 ) and methyl carboxylate subst i tuted ligands ( 7 7 ) , as well as unfunctionalised bipy on 

a b inuclear Nb core ( 7 5 ) . 

INEUk 

NCSg NCS i T 

|NEl,l2 

NCSS NCS 

77 

Figure 2.16 - Niobium clusters 75-77. 
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Figure 2.17 - UV-Visible spectra of 75-77. 

The optical and optical limiting data for these complexes is displayed in Table 2.9 and the 

Uv-Visible spectra in Figure 2.17. The linear optical profile of complexes 75-77 is broad 

and flat from 370 to around 680 nm. 600 nm was selected as a wavelength with a good 

response and was used for measurement of these compounds. The absorptivity at this 

wavelength for the niobium clusters is greater than for the molybdenum clusters, which 

indicates that they may be more suitable materials for optical limiting at this wavelength. 

The threshold optical limiting fluence is of the same order as for the tetrabromo- Mo 

clusters (68-72, 0.25-0.3 J cm-2), however, the ground state to excited state cross-section 

difference is much greater, the excited state having an order or two greater cross section 

that the ground state. This seems to suggest the ground state rapidly saturates to favour 

excited state absorption, a beneficial mechanism for the dissipation of energy, as discussed 

in the introduction. 

Cross Section (10 " cm') 

Cluster nm it") EMO" f ' Ground, Oo Excited, Orf, 

75 465 (sh, 0.5) 1750 0 .253 0 .66 6.47 

76 465 (sh, 0.4) 1137 0.33 0 .43 15.3 

77 558 (sh, 0.6) 1919 0 .236 0 .73 2 .48 

A units - dm^ mol"^ cm '. ® Fluence required to reduce transmittance by 15 % (J cm'^). 

Table 2.9 - UV-Vis and optical limiting properties of compounds 75-77. 
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Figure 2.18 - Transmittance-fluence plots of 75 (top left), 76 (top right) and 
77 (bottom) at 600 nm. 

The nonyl functionalised 76 seems to have a weaker nonlinear absorption response at this 

wavelength requiring more energy to reduce transmittance than the other two. 76 also 

has less linear absorption at this wavelength, both details contrary to what was observed 

for this ligand in the molybdenum cluster, 74. The order of threshold saturation fluence 

is 77 75 < 76, the electron-withdrawing carboxylate-containing cluster possessing the 

lowest fluence threshold. 

2.3 Experimental 

2.3.1.1 Materials 

Measurements were conducted on solutions of material in either CH2CI2 (47-64b) or DMF 

(65-77) placed in 1 mm glass cells. CH2CI2 was distilled over CaHz and deoxygenated 

subsequently by sparging under N2, DMF was dried using 4A molecular sieves. The 

concentrations of all samples varied but were typically around 0.10-0.20 % w / w ; 0.007 % 

and 0.01 % w / w were used for 62 and 63, and 0.35 % for 65. 
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2.4.1.2 Methods and Instrumentation 

Spectral dependence Z-scan experiments were run using a light source consisting of a 

Quantronix lntegra-C3.5F pumping a Quantronix Palitra-FS optical parametric amplifier, 

tuneable over a wavelength range from 460 nm to 900 nm or 1400 nm (were specified]. 

The output delivered 130 fs pulse with a 1 kHz repetition rate. Coloured glass filters and a 

Thorlabs polarizing filter were used to remove unwanted wavelengths and the power 

adjusted by use of neutral density filters to obtain nonlinear phase shifts between 0.1 to 

1.3 rad. The focal length of the beam at the experiment was either 120 mm or 75 mm 

(where specified], obtained by the use of an appropriate lens. A 120 mm lens gave a 

Gaussian beam waist of 25-60 mm (depending on wavelength] and the 75 mm lens gave 

25-45 mm beam waist, both of which give Rayleigh lengths longer than the sample 

thickness. Samples travelled down the Z axis on a Thorlabs motorised stage between 0 and 

100 mm with a 120 mm lens, and between 5-45 mm with a 75 mm lens. Data was collected 

by three Thorlabs photodiodes, 500-900 with Si based detectors, 900-1300 nm with 

InGaAs detectors and 1300-2000 nm with amplified InCaAs detectors. Data from the 

detectors were collected by a Tektronix oscilloscope feeding a custom LabVlEW program 

(written by Marek Samoc] permitting fitting of a theoretical trace. A sample of CHaChwas 

run at each wavelength as an aid in referencing to a 3 mm fused silica plate; the real and 

imaginary components of the second hyperpolarisability (y] of the materials were 

calculated assuming additivity to these reference samples. 

UV-Vis traces for optical limiting samples were run on samples in DM F in 1 cm quartz cells 

on a Varian Cary 5 spectrophotometer over a 270 to 800 nm range. The optical limiting 

experiments were performed with a light source from a Opolette (HE] 355 II (Opotek] ns 

laser system tuneable to a range from 400- 2200 nm (20 Hz repetition rate, 5 ns pulses]. 

The power of the beam was moderated using a polarising filter to obtain a power that 

wouldn't damage the sample and was recorded with a Coherent Fieldmate laser power 

meter. The open aperture Z-scan data was converted into transmittance vs fluence plots 

assuming Gaussian character of the beam, with the beam waist being derived from the 

closed aperture experiment. 
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3.1 Introduction 

Ruthenium all<ynyl compounds have been used extensively in the development of 

materials with large nonlinear optical responses.ws.zwwo These range in structural 

diversity from linear complexes to hyperbranched dendrimers [Figure 3.1), the latter 

showing large TPA values with generational increase. Dendrimers have typically used a 

1,3,5 substitution pattern at the core^^'^^ gnd branching points of the molecule mainly due 

to steric considerations, as well as maintaining the octupolar substructure for maximising 

the NLO effects.63 

02 (800nm): 900±200 GM 

"•O 
02 (80 0nm);4800±500GM 

Figure 3.1- Two dendrimers with a 1,3,5-substituted core synthesised for investigation of two-photon 
absorption properties."'"''" |Rul = Ru(dppe)2 

Modifying the core structure of dendrimers or star shaped compounds has been 

undertaken with heteroatoms (B'', NS, P " ) , hexagonally arranged donor or acceptor 

groups (isocyanuratest", t r iaz ine") and finally metal complex cored compounds 

(porphyrin'^5^ Ru(b ipy ) 3 " ) with promising NLO results. With a focus on compounds with a 

benzene core, we are limited to modification of substitution and therefore symmetry of 

the core. The substitutions previously studied mainly cover (1,33-66; (i,4).6o,66; (i,3,5)-6i.66; 

(1,2,4,5)-"; and hexa^s-'o substitutions, but not all twelve possible 'substitutional' variants 

as displayed in Figure 3.2. This area is of interest to expand the possible modifications on 

existing dendrimer structures to widen the design for materials with large NLO properties. 

This Chapter will focus on the synthesis and properties of linearly extended cores only, 

which should be adequate to demonstrate the effect of modification without the need for 

the preparation of dendrimers. 



66 Chapter 3 - Core Modi f icat ion in A lkynyl Ruthenium Stars 

Figure 3.2 • The twelve possible benzene substitutional variants. The colour of the benzene in this 
diagram Is assigned to all compounds with this core substitution pattern throughout this chapter 
for both structure and UV-Vis traces. 

3.1.1 Core substitution level in NLO materials 

Kondo et al. carried out the first NLO investigations o f substitutionally var ied compounds 

in 1995.^' They tested 3 core substitutions of a s imple tolane structure (F igure 3.3) wi th 

the degenerate f our -wave mixing technique to de termine the x'^' value in ch lo ro f o rm 

solutions. Values increase f rom the 1,3,5 to the 1,2,4,5 and again to the hexa-substituted 

compound. The authors linked the increased ir-conjugation through the molecule to the 

observed increase in third-order NLO propert ies. 

5 . 6x10 ' 2 e su 1.1 x 1 0 " e s u a .Sx IO 'Oesu 

Figure 3.3 - Compounds studied by Kondo et. al. showing increased NLO behaviour with core 
substitution change.^^ 

Multi-annulene compounds wi th var ied core substitution have also been synthes ised. ' i 

Bhasker etal. synthesised annulenes wi th (1,4]-, (1,2,3,4)-, (1,2,4,5)- and hexa-substituted 

cores (F igure 3.4). 
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Figure 3.4 - Butadiyne linked compounds with core modification synthesised by Bhasker et. al. Tlie 
2PA cross section is shown to increase with core geometry change. This has been scaled per n-electron 
(Oj') to accurately compare large and small compounds. 

Two-photon absorption cross-sections were measured by the two-photon excited 

fluorescence technique which showed the higher symmetry substitution gives the higher 

TPA cross-sections. The elimination of the effect of having more chromophoric elements 

(more butadiyne linkers) was achieved by dividing the TPA cross-section values by the 

number of it-electrons in the molecule. This seemed to suggest that the symmetry plays a 

role in NLO properties of a molecule, as shown by the dif ference between IX and VIII 

((1,2,3,4)- and ( l ,2,4,5)-isomers). The only apparent dif ference between the two 

structures is core substitution, however the efficacy of core conjugation is not considered 

and may become important in further study. 
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3.1.2 Organometallic compounds 

Research into the NLO properties of core substituted organometallic compounds is 

limited. Hexa-substituted compounds with organometallic groups have been synthesised 

before, with the NLO properties of only one having been measured. 

Hexakis(ferrocenylethynyl3benzene synthesized by Diallo et al shows the solubility 

problems that occur when incorporating metals into hexaethynylbenzene, the red solid XII 

being insoluble in most common solvents (Scheme S.l).^^ 

Br 
Br ,Br 

B r ^ ^ ' B r 

Br 

' Fe 
-ZnCI a) 

Scheme 3.1- Diallo et al. synthesis of hexakis(ferrocenvlethynyl)benzene. a) PdlPPhj),, toluene, 
THF, 7 days . " 

Huang et al. synthesised a hexa-metallated compound with AufPCys) around the 

periphery.68 xhis required phenylethynyl extended spacers to accommodate six bulky 

metal centres around the core. The tri(cyclohexyl)phosphine auxiliary ligand on the gold 

centre was used to aid the solubility of the complex. This compound was resynthesised by 

the Humphrey group for NLO studies, in which wavelength dependence two-photon 

absorption studies were conducted." The two-photon absorption cross-section maximizes 

at 600 nm for both complexes with a large difference in az value (XIII; 80 GM, XIV: 9000 

GM) (Figure 3.1). 
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F i g u r e 3 . 5 - Alkynylgotd compounds measured by Corkery et al. 
molar mass (a2/M} and n-electrons (a2'). 

tj2 values have been scaled by 

W h e n scaled by mola r mass t h e hexa-subs t i tu ted c o m p o u n d o u t p e r f o r m e d the l inear 
compound. ' " ' For cons is tency of compar i son wi th the c o m p o u n d s r epo r t ed by Bhasker et 
al. th i s da ta h a s been scaled by n -e l ec t rons (Figure 3.4) and t h e value is still t w o o r d e r s of 
m a g n i t u d e g rea te r . This w a s a p romis ing resul t for o rganometa l l i cs with modif ied co re 
s t r u c t u r e s bu t to increase the utility of t h e c o m p o u n d s r u t h e n i u m metal c e n t r e s w e r e 
des i red . R u t h e n i u m g r o u p s conta in ing t w o l , 2 - ( d i p h e n y l p h o s p h i n o ) e t h a n e l igands w e r e 
ident i f ied a s t h e bes t for use as complexes employing this trons-Ru(dppe)2 can be 
e x t e n d e d to la rger d e n d r i m e r s and have revers ib le redox p rope r t i e s useful for 
e lec t rochemica l switching. 

3.1.3 Previous work with alkynylruthenium compounds 

In 2 0 0 9 - 2 0 1 0 , PhD s t u d e n t Chris Corkery a t t e m p t e d to syn thes i se a ser ies of 
o rganometa l l i c s t a r s to inves t igate the NLO r e s p o n s e u p o n changing the subs t i tu t ion 
p a t t e r n a r o u n d a b e n z e n e core. He t a rge ted the s y m m e t r i c ana logues : (1)-, (1,4)-, (1,3,5)-, 
(1,2,4,5)- and hexa subs t i tu t ion p a t t e r n s (Figure 3.6). '" The s t r u c t u r e of the t h r e e s t a r s 
and t w o l inear molecules in Figure 3.6 w e r e kep t as s imilar a s possible in o r d e r to 
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investigate the effect of changing substitution pattern around the core. Solubilising ethoxy 

groups were incorporated into the arms to aid the solubility of the complexes. The 

Sonogashira cross-coupling of hexabromobenzene and the bulky ethoxy arm to form XV 

was hampered by a side reaction where protonation of the benzene core occurs after the 

cross-coupling addition of five acetylene arms (XXJ en route to XV (Scheme 3.2). This 

side reaction has been investigated extensively and resolved by Neirle et al. by coupling an 

aryl iodide arm to a hexaethynylbenzene core rather than an extended acetylene arm to 

hexabromobenzene." 

î pph. 

Figure 3.6 - Corkery's target compounds. 
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Scheme 3.2 - Corkery's attempted synthesis of XV. a) PdCljIPPhs);, Cul, NEts. 

3.1.2 Synthetic considerations 

3.1.2.1 Hexaethynyibenzene 

Many syntheses of compounds containing a hexaethynyibenzene moiety exist and some of 

these are presented here to assess their viability for use in this synthes is . ' "? The 

synthesis of the hexa analogue of any suite of compounds for this investigation is the most 

difficult, and the design of the set of compounds needs to satisfy these demands. The first 

synthesis of hexaethynyibenzene w^as by Peter Vollhardt and coworkers using a 

Sonogashira cross-coupling reaction on hexabromobenzene with either 

trimethylsilylacetylene or dimethylpropargylalcohol ( D M P A ) . " Deprotection of the TMS 

protected species with K2CO3 yielded the heat, air and light sensitive hexaethynyibenzene. 

The DM PA protected species was less successful, requiring heat and a stronger base for 

deprotection. Nierle and coworkers used this methodology to add phenylacetylene to 

bromobenzene with little success, generating instead the pentaethynyl species, originating 

from protonation of the core after pentasubstitution." They changed procedure, accessing 

the hexatolane through a two-step procedure of addition of a smaller acetylene (TMSA), 

deprotection and subsequent Sonogashira coupling to access the desired compound. 

Sonada et al. used a Negishi cross-coupling reaction to access TMS-protected 

hexaethynyibenzene." They reported higher yields than previously obtained by the 

Sonogashira method but didn't discuss why this is observed. Haley et al. in 2001 modified 

the standard Sonogashira coupling to allow the functionalisation of hexaiodobenzene 
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using a catalyst with a much higher reactivity and a favorable solvent system to enhance 

solubility." This methodology was trialed in the present study with no success. 

3.1.2.2 Solubilising functional groups 

Solubilising groups have been included into the design of many large organic, 

organometallic and hexaethynyl-cored compounds."™.' ! . " These take the form of long 

linear aliphatic or branched functional groups with the purpose of increasing the solubility 

of the final compound as well as synthetic intermediates for ease of synthesis and 

characterisation. Many characterisation techniques require solutions of materials in order 

to measure, such as NMR, mass spectrometry and Z-scan. Phenylethynyl-containing 

compounds can become quite insoluble as the chain lengthens, mainly due to the flat 

structure of the compounds. The incorporation of solubilising groups into these high 

symmetry compounds gives the added bonus of providing a H or C NMR 'handle' to aid 

characterisation, as well as the main purpose, namely to increase the solubility of the 

compounds. The 2,6-diethyl containing ring was incorporated into the design of the 

present series of compounds to maintain symmetry and increase the solubility. 

3.1.2.3 Chain length 

The "spacer" between the metal and the core benzene needs to be at least 2 

phenyleneethynylene units long.'"' In his PhD Thesis, Chris Corkery reported Spartan 

modelling to assess the feasibility of putting the desired RuCl(dppe}2 units around 

hexaethynylbenzene. The vinylidene intermediate for generation of the alkynyl-ruthenium 

species is more sterically demanding than the product itself. This is shown in the synthesis 

of the dendritic wedge [branching unit) that is commonly employed by the Humphrey 

group (Scheme 3.3)." The steric bulk of the first two vinylidenes prevent the coordination 

of the third. 

Phjc i Ph j 

P h / r ^ l C H , C I , 3 5 X ^ 

^Ru^ ^ 
Ph2P' I ^C! 

2+ 

Ru, 

Scheme 3.3 - Metallation of 1,3,5-triethynylbenzene with RuCl2{dppe)2 showing the sterically 
demanding intermediate. ^̂  
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The solubilising group can impose steric demands.'^ The 2,5-bis-(2-ethylhexyl] 

solubilising group previously utilised by the Humphrey group has such a requirement: an 

additional phenyleneethynylene "spacer" between the metal and the core."'"' The 2,6-

diethyl- solubilising group also requires a spacer to accomodate the vinylidene 

intermediates of the organic bridge. 

3.2 Synthesis 

Note: Full structures and numbering legend can be found in foldout figures in the 

appendix 4.3 (pg 273). 

3.2.1 Synthetic design 

To minimise the number of synthetic steps in total, a strategy that reduces the 

manipulations after core attachment is desired. The straightforward method for synthesis 

would be to add a metalated tri(phenyleneethynylene) arm to each of the 12 ethynyl 

benzene substitution variants (Scheme 3.4). This may be a viable procedure for bis-

alkynyl complex where attachment to the metal is blocked by the presence of another 

acetylide ligand, but for mono-alkynyl complexes, the target alkyne can coordinate to the 

ruthenium. The next shortest route is to add silyl-protected tri(phenyleneethynylene) 

moieties to the ethynyl-functionalised core, subsequent deprotection and then 

metallation, and this was the procedure that was ultimately employed. 

Phaci Ph2 
' P y^p 

n 
PhgP PPhg 

C l - R u ^ ^ 

Ph jP^PPha 
n = 0-5 

Sonogash i ra || 
Protocol 

/ / V ^^ PPhp 

n = 0-5 

Scheme 3.4 - The ideal preparation of target compounds. Unlikely to work due to 

the labile chloride ligand 



74 Chapter 3 - Core Modification in Alkynyl Ruthenium Stars 

3.2.2 Preparation of a trilPhenyleneethynylene) containing arm 

The synthesis of the t r i fphenyleneethynylene] a rm was achieved by a ser ies of 

deprotect ions and selective Sonogashira reactions. By design, the final silyl protect ing 

group on the compound was a triisopropylsilyl g roup to aid solubility of the larger organic 

compounds assembled using the arm. The iodide terminal group was also desired to 

obtain high yields from the Sonogashira reaction with the core-ethynylbenzenes, in 

part icular hexaethynylbenzene, which is heat, light and oxygen sensitive.^' Start ing with 

2,6-diethylaniline, the para-posit ion was iodinated with an in-situ genera ted iodonium 

acetate (Scheme S.S).®" This was then reacted via a Sonogashira cross-coupling with 

trimethylsilylacetylene to afford 1. This was then reacted with tert-butyl nitrite to obtain 

the diazonium salt, which was immediately reacted with sodium iodide to afford the 

iodinated compound 2. A fu r the r Sonogashira reaction, this t ime with 

triisopropylsilylacetylene gave 3. This reaction was best carried out with heat, as the 

iodide is sterically hindered by the adjacent ethyl groups. This h indrance prevents cross-

coupling with larger acetylenes (such as 4-tri isopropylsilylethynylphenylacetylene, which 

would reduce the overall s teps r equ i r ed ) . " 

- S i -

NH . I .HsOs / PdCl2(PPh3)2,Cul 
' \ NEt, 

8 5 % 

AcoH y ^ 
• H S N ^ V I 

8 h , RT ^ 4 h, RT 
• HjN 

9 6 % 

1) BuONO, BF3 OEtj 
EtsO 

-20°C, 2 h 

11) Nal, I2, MeCN 
RT, 2 h 

6 4 % 

, Pd(PPh3)4, CUI , Y 
— NEt., \_<!>i_ 

\ 
RT 18 h 

9 5 % 

Scheme 3.5 - The preparation of compounds 1-3 
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l - O - B r 

Pd(PPh3)4, Cul 

i) BuLi, E t jO 

il) I2, T H F 
-78°C - > RT 

8 4 % 

Scheme 3.6 - The preparation of 4-8. 

Selective deprotection of the TMS group occurred rapidly with a mild base to give 4, which 

was then reacted under Sonogashira conditions with l-bromo-4-iodobenzene at 0°C to 

bias substitution at the iodide [Scheme 3.6). 5 was then deprotected with TBAF to give the 

free acetylene 6, which was reacted via another selective Sonogashira reaction at 0°C with 

l-(trimethylsilyl)-2-(4-iodophenyl)ethyne. Trons-halogenation gave the desired 

tri(phenyleneethynylene} iodide 8. Crystals of 8 suitable for diffraction were grown from 

diffusion of MeOH into a CH2CI2 solution (Figure 3.7). All three phenyl groups are in a 

planar arrangement. 

Figure 3.7 - The crystal structure of 8 solved by Dr Graeme Moxey. 

3.2.3 TMS-protected cores 
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Sonada et al. have prepared the TMS protected hexaethynylbenzene using a Negishi 

coupling to hexabromobenzene.'s This seemed to be the best route into the hexa-

ethynylbenzene, as this removes the protons generated in Sonogashira type coupling as 

well as the need for the copper co-catalyst. Sonada et al. also reported generation of the 

penta-substituted species although at a lower yield (10%)."^ The source of the penta 

species is unclear, but it may be possible that the palladated pentaethynyl species is stable, 

and exists in an appreciable amount upon workup, while the excess zinc chloride is 

quenched with the addition of acid. 

B ' ^ y ' ^ B t PdlPPhJ, 
Br THF / toluene 

100'C 

60% 

Scheme 3.7 - The synthesis of hexa- and pentaethynylbenzene. 

The hexa- (25) and penta- (24) substituted TMS-protected cores were synthesised from 

the same Negishi reaction and separated by column chromatography (Scheme 3.7). The 

reaction can be upscaled to multigram levels but requires at least two chromatography 

columns to separate large amounts. Several other TMS-protected cores were synthesised 

by this method (16, 18, 19, 20, 21 and 22 (Scheme 3.9)), as reaction times tend to be 

quicker. Using Sonogashira reactions with aryl bromides usually required multiple 

additions of alkyne due to a competing homocoupling reaction at high temperatures. This 

depleted the acetylenes before the reaction had gone to completion and is thought to be 

due to the presence of copper. The use of the Negishi cross-coupling protocol removed the 

requirement for copper, as the acetylene proton is already removed. This also made the 

acetylene more stable, as even after 4 days at 100°C the chloro-zinc alkynyl complex can 

still be present. 
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SiMej 

Me iS i -

16 
80% 

Cl-Zn r r SiMe, 

MejSi^ SiMej 

/ 

PcKPPhj), 
THF/toluene 

100X 

MejS i -

18 

60% 

MejSi, 

MesSi-

SiMe, 

SIMe, 

MejSI 

MejSi 

MejSi 

SiMe, 

19 
69% 

Scheme 3.9 - The Negishi reaction was preferred for the cross coupling to aryl bromides (18 and 21 were 

synthesised from 11 and 13). 

i) NaNOs, H2SO4 „ n. 
Br 0-C Br Sn._HCI , f 

NaNO;. H2SO4, EtOH j N a N O s , H j S O j , EtOH 

54% 

13 

Scheme 3.8 - The preparation of 9-13. The pentahalo analogue is also accessible by 

this route. 
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Compounds 18, 2 1 and 22 have unique core geometries. The bromobenzene precursors, 

while commercially obtainable, were not available for this synthesis. 1,2,3-Tri and 1,2,3,4-

tetra chloride analogues were obtained and cross-coupling attempted on these 

compounds using methodology applied by Langer eta/.^i on the hexachloro analogue. This 

approach was found to be inappropriate probably due to the choice of acetylene used. 

Langer eta/, used mainly phenyl-substituted acetylenes which are less volatile; the TIPS-

and TMS-protected acetylenes used here yielded no product. Aryl-chloride Kumada cross-

coupling as outlined in Sonada et at. was also unsuccessful.'^ Bromo- or iodo- containing 

analogues of these compounds were then synthesised (Scheme 3.9). Starting from 2,6-

dibromo-4-nitroaniline all three compounds can be accessed by reduction, halogenation 

or deamination reactions. This also provides a route to prepare the (1,2,3,5)- and the 

penta-halogenated core, both of which were ultimately not required. 22 was prepared by 

tri-bromination of aniline with molecular bromine and a subsequent Sandmeyer reaction 

to install an iodine. Compound 9, 10 and 11 have previously been synthesised by different 

routes.82 

The amine on 2,6-dibromo-4-nitroaniline was replaced with iodine by a standard 

Sandmeyer reaction protocol for a moderate yield of 9 (previously synthesised by a 

different method)^^. iodine was preferred because quenching the diazonium salt with 

potassium iodide generates considerable diatomic iodine, which does not react further, 

whereas diatomic bromine can undergo electrophilic ring substitution leading to 

undesirable side products. Bromine addition was attempted with standard methodologies 

to minimize diatomic bromine generation (urea to quench residual nitrous acid; dilution 

of the diazonium solution; use of copper bromide as a halogen source) but to no avail. 

Reduction to the aniline 10 was facile. Deamination to give 11 was rapid with good 

conversion that is not reflected in the yield. A side product was formed in this procedure, 

thought to be the reaction of surplus nitrous acid with the benzene ring. This impurity 

gave a singlet in the iH NMR consistent with an atyl-nitroso moiety and repeated 

recrystallization from hexane the only successful way to remove it. This compound was 

also previously reported by Karim et al. although synthesised by a different method.84 The 

authors performed a Sandmeyer reaction on commercially sourced 2,6-dibromoaniline, 

which resulted in higher yields than achieved in the method shown in Scheme 3.9. Mono-

bromination of 10 gives 12, which works best in EtOH; CHCh or MeCN gives multiple 

halogenation products. Deamination to give 13 does not give any problematic side product 

as this procedure did for compound 11. 
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a ' 

6" 

Pd(PPh3)4. Ciil 
NEtj 
RT 

Pd(PPh3)4. Cul 
NEtj 
RT 

14 
97% 

15 
95% 

PcKPPhj),. Cul 
NB3 MejSi 

- S i M e s 

B r ^ ^ PdCl2(PPh3)2. Cul 
Br NE.3 

Scheme 3.10 - The synthetic protocol for compounds 14,15,17 and 

23. 

14 ,15 ,17 and 23 were prepared by standard Sonogashira coupling (Scheme 3.10). 14 ,15 

and 17 were prepared from the aryl iodide, which occurs rapidly at room temperature and 

avoids the homocoupling problem seen in the aryl-bromide case. 23 was made from the 

aryl bromide by normal Sonogashira reaction. 14 wasn't required for the synthesis of the 

corresponding alkyne (commercially derived phenyl acetylene was used), but was 

synthesised for comparison of optical properties to other TMS-containing cores. The 

reported physical data for many of the TMS-protected cores are also inconsistent and thus 

collating this data may be helpful.s^ The NMR data for these compounds were very useful 

for aiding the assignment of the NMR spectra of the larger extended organic analogues. 

Therefore 'H NMR, " C NMR, El mass spectrometry and UV-Visible data for all twelve TMS 

protected core compounds is provided in the experimental section. Only 18 and 22 are 

previously unreported compounds, with 18 being crystallised for X-ray diffraction from 

the slow evaporation of solvent from a methanolic solution. Crystals of 22 were also 

obtained by this method but the X-ray diffraction data could not be refined past a 

confirmation of atomic composition and bond connectivity. 
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Figure 3.8 - Crystal structure of 18 collected by Dr 
Graeme Moxey. 

3.2.4 Core synthesis and metallation 

The assembly of the organic cores starts with a Sonogashira cross-coupling reaction of the 

appropriate ethynyl-substituted core and the tri(phenyleneethynylene) (8). Some of the 

required ethynyl benzenes are air and light sensitive, which necessitates fresh preparation 

with exclusion from air and light, similar to the procedure used by Schmittel et alJ^ 

Vollhardt noted this sensitivity in his first synthesis of hexaethynylbenzene." This is also a 

property of the higher substituted analogues [the penta, the (1,2,3)- and the (1,2,3,43-]. 

The (1,3,5)- and (1,2,4,5)- analogues have been used before in the Humphrey group and 

are reported as having stability for days under standard lab conditions. This seems to 

suggest that the (1,2,3)- arrangement is behind this sensitive behavior. Desilylation of the 

TMS-protected cores was carried out with K2CO3 over 2 hours in a mixture of 

deoxygenated CH2CI2 and MeOH (Scheme 3.11). The workup and solvent removal was also 

carried out under an inert atmosphere. iH NMR was used to monitor the extent of reaction 

to ensure complete desilylation of the material, by looking for the disappearance of the 

0.25 ppm TMS peak and the introduction of a terminal acetylene peak in the range of 3.1 

ppm to 3.3 ppm. Incomplete deprotection was never observed. 
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f iPS 

SIMe 

.SiMegX 

TIPS 

Scheme 3.11 - Synthesis of the extended organic cores from the appropriate TMS cores. The first column of values 
are the core benzene substitution pattern, the second column Is the yield of reaction over two steps. 

For several species two or three acetylenic proton peaks were observed, as in the case of 

the (1,2,3]- analogue, which has the expected 2:1 integration, as the magnetic 

environment of the central ethynyl proton is influenced by the two adjacent ethynyl 

groups, causing it to shift downfield. The ethynylbenzenes were then added to a mixture 

of the catalyst and the tri(phenyleneethynylene) (8) by cannula. The reaction time was 

varied depending on extent of substitution, the singly and doubly substituted versions 

needing shorter reaction times. The yields of these reactions are moderate, no clear trend 

being observed. 

The extended cores were then desilylated using tetra-n-butylammonium fluoride (Scheme 

3.12). The (1,4)- example (36) has extremely low solubilty in common solvents so was not 

fully characterised and used without purification in the metallation step. The deprotection 

reaction is high yielding, with an easy clean-up. Methanol was added to precipitate the 

compound, which was recovered by filtration. Thorough washing with methanol removed 

the residual silane and TBAF. Column chromatography was not needed, but was employed 

for the lower substitution levels. These compounds appear to have a low stability over 

t ime which precluded characterisation by microanalysis. 
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TIPS 

1 
1,2 
1.3 
1.4 
1.2.3 
1.2.4 
1.3.5 
1.2.3.4 
1.2.3.5 
1.2,4.5 
1,2,3,4,5 
1.2.3.4.5.6 

- 95 % 27 
- 76 % 30 
- 65 % 33 
- - % 36 
- 85 % 39 
- 87 % 42 
- 96 % 45 
- 89 % 48 
- 90 % 51 
- 82 % 54 
- 99 % 57 

9 7 ' 60 

Scheme 3.12 - Desilylation of the extended organic cores. The first column of values are the core 

benzene substitution pattern, the second column is the yield of reaction. 

Finally metallation of the organic cores (Scheme 3.13) with the five-coordinate species 

[RuCl(dppe)2]PF6 under an inert atmosphere formed the vinylidene complexes which 

were subsequently converted to the alkynyl complexes with triethylamine. It was 

necessary that the vinylidene complex was isolated by precipitation to prevent the 

formation of unwanted products, such as bis-alkynyl complexes or tronx-[RuCl2(dppe)2] 

which can form following base addition. The reaction was also conducted with excess 

[RuCl(dppe)2]PF6 to ensure the complete reaction of all ethynyl groups. The vinylidenes 

were washed with MeOH to remove NaCl and the surplus metal species before addition to 

CH2CI2 and NEts. The resulting metal complexes are passed through a short pad of alumina 

to remove the triethylammonium hexafluorophosphate salts. 

The yields are diminished for the higher substitutions, even after a longer reaction time. A 

possible explanation is that reactions ofthe higher substituted complexes were carried out 

on a much smaller scale and therefore have a higher mechanical loss, or lose more 



Chapter 3 - Core Modification in Alkynyl Ruthenium Stars 83 

substance at the precipitation step. The synthesis of 37 was marred by the insolubility of 

the intermediate terminal acetylene as previously discussed. Compound 28 was obtained 

as a bright yellow solid whereas 61 is a red-brown colour. The compounds in between 

progressively darken upon increased substitution. 

Scheme 3.13 - Metallation of the deprotected organic cores. The first column of values are the core benzene 
substitution pattern, the second column is the yield of reaction. 

Crystals of the singly substituted compound (28) were grown from a slow infusion of 

petrol into a dichloromethane solution (Figure 3.9). Crystallisation of the larger metallated 

compounds was attempted but was unsuccessful. The compounds were characterised by 

iH, " C and ^ip NMR spectroscopies, however, mass spectrometry was again difficult for 

the complexes larger than 28. Due to the large molecular weight of the compounds, ESI 

mass spectrometry is required and a spectrum was obtained only for compound 28. ESI 

mass spectrometry of the other compounds was unsuccessful, most likely due to the lack 

of solubility in solvents required for ES ionization (MeCN and MeOH used at the ANU MS 

unit). Attempts to obtain mass analysis resulted in the observation of peaks with mass 

corresponding to the free RuCl(dppe)2 with acetonitrile or carbonyl ligands denoting 

degradation of the complex. 
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C o m p o u n d 8 w a s deprotected w i th T B A F to f o rm the termina l acety lene ( 6 2 ) for c oup l i n g 

to a r u t h e n i u m metal centre to f o rm 63 . T h e s t ructure of 6 3 w a s e luc idated f r om a s ing le -

crystal x - ray dif fract ion s t udy for w h i c h su i table crysta l s w e r e obta ined b y a d i f fus ion of 

petrol into a so lu t ion of CH2CI2 . 

TBAF 
DCM 

RT, 1 h 

PhsP^ PPhj 
C l - R u — ^ 

PhjP' 'pph; 

1) DCM 
ii) NEI3 

PhjP PPh2 

Cl-Ru 

PhsP' PPhj 

Scheme 3.14 - The preparation of 63. 

Figure 3.9 - The molecular structure of 28. Hydrogen atoms and the lattice dichloromethane 
molecule are omitted for clarity. Selected bond lengths (A) and angles (s): Ru l -C l 1.992(3), Rul-
P1 2.3943(8), Rul-P2 2.3596(8), Rul-P3 2.3597(8), Rul-P4 2.3626(8), Rul-CI l 2.5065(8), C l -Ru l -
Cll 175.21(8), C l -Ru l -P l 85.56(8), Pl-Rul-CI l 98.44(2), Cl-Rul-P2 83.49(8), P2-Rul-Cll 99.61(2), 
P2-RU1-P1 82.23(2), Cl-Rul-P3 91.04(8), P3-Rul-Cll 85.01(2), P3-Rul-Pl 176.42(3), P2-Rul-P3 
96.29(3), C1-RU1-P4 91.29(8), P4-Rul-Cll 85.54(2), P I Rul-P4 98.39(2), P2-Rul-P4 174.68(3), P3-
Rul-P4 82.77(3). Structure collected by Dr Graeme Moxey 
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- o 

Figure 3.10- The molecular structure of 63. HytJrogen atoms ancJ the lattice dichloromethane 
molecule are omitted for clarity. Selected bond lengths ( A ) and angles ( s ) : Ru l -C l 1.992(3), Rul -P l 
2.3943(8), Rul-P2 2.3596(8), Rul-P3 2.3597(8), Rul-P4 2.3626(8), Rul-CIl 2.5065(8), Cl-Rul-CI l 
175.21(8), C l -Ru l -P l 85.56(8), Pl-Rul-CI l 98.44(2), Cl-Rul-P2 83.49(8), P2-Rul-Cll 99.61(2), P2-
Ru l -P l 82.23(2), C1-RU1-P3 91.04(8), P3-Rul-Cll 85.01(2), P3-Rul-Pl 176.42(3), P2-Rul-P3 96.29(3), 
C1-RU1-P4 91.29(8), P4-Rul-Cll 85.54(2), Pl-Rul-P4 98.39(2), P2-RU1-P4 174.68(3), P3-Rul-P4 
82.77(3). Collected by Dr Graeme Moxey. 

3.3 NMR analysis 

Note: a foldout figure with atom labeling can be found in appendix 4.3 (from pg. 273). 

3.3.1 Extending arm 

The iH and " C NMR spectra of compounds 1 to 8 are included in the Appendix. They are 

mostly unremarkable with the exception of those of 7 and 8. The major difference 

between 7 and 8 is the AA 'BB ' spin system in the aryl region from protons Hie and Hi?. The 

aryl iodide has a larger ppm difference between the two pseudo-doublets than does the 

aryl bromide (d at 7.25 and 7.69 ppm (1) vs d at 7.35 and 7.62 ppm (Br)), which is due to 

heavy atom effects. This enables rapid assessment of completion for later stage reactions 

as the peaks are clear of the aryl protons of the product (Figure 3.11). 

Compound 8 
Compound 26 

Figure 3.11 - ^H N M R comparison of 8 and 26. 
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Hi6 and Hi? converge to either a singlet or a multiplet after coupling to the ethynyl core. 

The solubilising group is useful for correct assignment of the carbon environments in the 

compound. With three linked phenyl-ethynyl units, the proton and carbon environments 

become difficult to distinguish, particularly the acetylenic carbons. Assignment for 

compound 8 started with H4 and Hs which appear as a singlet, however there is some 

second-order coupling occurring and some very fine splitting. Inspection of the i^C NMR 

shows the parent carbon environments are different (by 1 ppm] and HMBC permits 

absolute assignment from ĵ̂ .H coupling to the very different Cz and C7 acetylenic 

environments. Here H4 is very slightly upfield in the iH NMR and C4 is downfield in the ^K 

NMR. Assignment of the quaternary phenyl environments is not possible as C3 and Ce are 

too near to discern. There is distortion in the cross peak between the H4/H5 resonance and 

the C3/C6 peaks which would suggest Ce more downfield than C3 but higher resolution is 

required. HMBC can be subsequently used to assign all acetylene peaks ( 8 8 - 1 0 4 ppm) 

except for Cs which is more than 4 bonds from the nearest iH due to the ethyl substituent. 

Fully annotated spectra for compounds 1 to 8 can be found in the Appendix. 

3.3.2 IMS cores 

The TMS-substituted cores have very different " c NMR spectra, yet similar ^H NMR 

spectra. At the upfield end of the spectrum, compounds 14-25 have from 1 to 3 TMS 

resonances, depending on the symmetry of the molecule. For instance, the (1,2,4)-
analogue has three resonances (one at 0 . 2 3 and two at 0 . 2 6 ppm [ 0 . 0 1 ppm separation]) 

stemming from the different magnetic environments around the core; the upfield 

resonance at 0 . 2 3 ppm corresponds to the TMS group attached to the 4 position, while the 

other two resonances correspond to the 1 and 2 positions deshielded by the CsC triple 

bonds attached to the adjacent TMS group. The TMS group on arm 2 appears downfield 

from that of arm 1 due to its (1,3)- substitution compared to arm 4. This is consistent for 

all compounds that exhibit a (1,3)- arrangement. The mono-substituted TMS core (14) has 

a resonance corresponding to the TMS group in the 'H NMR spectrum at 0 . 2 5 , as does the 

(1,4)- arranged analogue (17). Taking this as a "baseline" chemical shift for TMS protected 

ethynyl benzenes, compounds with a 1 , 2 arrangement (15, 18, 19, 21and 22) are 

downfield-shifted to 0.26 ppm while the (1,3)- substituted (16, 20) appear an upfield-

shifted at 0.24 ppm and the internal TMS group in a (1,2,3)- arrangement resonates at 

0.28-0.29 ppm. Combinations of these effects rationalize the more complex arrangements; 

the (1,2,3,5)- (22) has 2 TMS groups with an effective (1,2)- arrangement, one with a 
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[1,3)- and one with a [1,2,3)-- The spectrum then shows three TMS peaks with a 1:2:1 ratio 

at 0.29 (1,2,3,)-, 0.26 and 0.23 ppm. This pattern is present also in the i^c NMR for the 

TMS methyl environments. The greater the resonance for a TMS environment is shifted 

downfie ld in the iH NMR, the further it appears downfield in the " C NMR spectrum. 

The aryl protons from the TMS cores behave as expected. The spectrum of 14 has two 

multiplets as per an AA'MM'X spin system for monsubstituted phenyl rings. 15 has AA'BB' 

multiple! with Hcz being the downfield resonance. 16 and 19 have complex AMX systems, 

which leads to Hc2 in 16 and Hc3 in 19 superficially appearing as singlets, but displaying 

fine splitting due to long range coupling to protons on the other side of the aryl ring (Hc4 in 

16 and Hcs in 19). The spectra of both compounds have an apparent doublet upfield; 16 

also has an apparent triplet and 19 a doublet of doublets. The spectrum of 18 exhibits a 

doublet and a triplet, which don't appear to have any second-order coupling, while those 

of 20-24 all have singlets in the aryl region and that of 25 hasn't any aryl iH resonances. 

Considering the mono-substituted ( 1 4 ) as a baseline for resonances in the " C NMR of the 

TMS-substituted cores, the acetylene carbons of 15 have both shifted due to the close 

proximity of the ethynyl groups. C19, the alkynyl carbon furthest from the core is shifted 

downfie ld while C20 is shifted upfield from that of the mono- analogue. The equivalent 

environments in 1 6 , 1 7 and 20 resonate at the same chemical shift as that of 14 due to the 

distance between them. In 18 the (1,2,3)- relationship gives a 2:1 ratio of C20 and C19 

environments, with C192 and C202 shifted downfield. 19 has the least symmetry and 

therefore the most resonances in the NMR; the chemical shifts of C m and C204 are similar 

to those of 14 for the acetylene in the 4 position, while C20 and C202 are upfield and C192 / 

Ci9 resonances are downfield. With 21 and 22 the C202 resonances appear downfield of the 

C20, as seen for the (1,2,3)- analogue. The spectrum of 23 is similar to 15 as it is essentially 

two fused (1,2)- systems, however the (1,3)- disposition gives a further upfield shift for C20 

and downfie ld shift for C19 resulting in the two resonances being very close (101.9 and 

100.8 ppm). This is also the case for C20 and C19 in the penta-substituted species (101.8 

and 101.9 ppm). Surprisingly C202 is downfield of C203. The hexa-substituted compound has 

only one environment for each arm carbon, with C20 at the same chemical shift as in 14 but 

Ci9 significantly downfield (to 94 ppm). The " C resonances of the quaternary core carbons 

resonate between 123 - 128 ppm, the more substituted species having the more downfield 

resonances. The tertiary carbons of the core resonate in the region 128-132 ppm, the most 

downfie ld resonances being those between two acetylene groups. 



88 Chapter 3 - Core Modification in Alkynyl Ruthenium Stars 

3.3.3 Organic cores 

The iH NMR spectra for the organic cores are similar to those of the individual arm with 

some notable differences. Most carbon environments (C1-C13) remain the same as the 

tr i (phenyleneethynylene) ( 8 ) starting material. Unsurprisingly there is the introduction of 

the core proton environments which are usually obscured by the aryl protons of the 

tr i (phenyleneethynylene) (the Hie and Hi? multiplet). For the less substituted compounds 

(26-35) the core protons resonate with the same multiplicity and chemical shift as those 

in the TMS core analogues. The arm protons H16 and Hi? shift from the w ide pseudo-

doublets of the AA'BB' coupling system at 7.25 and 7.79 ppm to either a singlet (as in 26, 

32,35 and 44) at around 7.52 ppm or a pseudo-quartet (actually a AA'BB' system) at 7.57 

(29, 38, 41, 47, 50, 53, 56 and 59). This multiplicity is caused by having a (1,2)-

arrangement in the molecule, as the proximity to the other phenyl rings around the core 

cause small dif ferences in the magnetic environment. Obtaining the iH NMR spectrum of 

the larger systems can be difficult as the compounds have relatively f ew proton 

environments considering the size of the molecule and unfortunately running the 

spectrum at high concentrations causes shimming difficulties and therefore broadening of 

peaks. 

13C NMR spectra were obtained for these compounds and were assigned with the aid of a 

f ew HSQC and HMBC 2D NMR experiments of some of the smaller analogue compounds. 

TIPS and ethyl carbons resonate between 14 and 29 ppm, alkynyl carbons from 89-95 

ppm (terminal acetylenes upon TIPS deprotection at 78), quaternary phenyl carbons at 

120-124 ppm and the tertiary phenyl carbons at 125-131 ppm. Acquiring the " C NMR 

spectra was hampered by the solubility limitations of the compounds, as well as an 

abundance of quaternary carbon environments, some with a single environment per 

molecule ( for instance 41 has 6 individual core carbon environments with three of them 

quaternary). The carbon environments f rom Ci to Cu didn't change significantly from the 

tr i (phenyleneethynylene) ( 8 ) and were used to guide assignment. C u t o C20 were shifted 

by the proximity of the phenyl-ethynyl units of the other arms on the compound and the 

core carbons underwent similar change. This is related to symmetry, with the more 

symmetrical compounds having f ewer peaks. Full assignment of the (1-), (1,2)-, (1,3)- and 

(1,4)- was achieved using HSQC and HMBC 2D NMR techniques as these compounds are 

sufficiently soluble, and the carbon environments are populated by more than one atom 

per molecule al lowing for sufficient signal. Knowing the assignment for the (1,2,4)-

analogue it is then useful for assigning the larger complexes as it has common resonances 
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and magnetic environments exhibited by the others. The HMBC technique was used for 

this core arrangement but the benzene core, alkyne and quaternary phenyl carbons were 

insufficiently abundant to ascertain coupling cross-peaks for assignment. These 

resonances were assigned based on the assignments of the smaller bis-substituted 

compounds. 

As shown in Figure 3.12, assignment of C19 and C20 in compound 41 can be achieved by 

comparison with 29 and 35. C20 appears to become three different environments in 

compound 41. It has a peak at 91.6 ppm (C204), which is the same as the C20 environment 

in 35, one at 93.9 ppm (C20), which is the same as the C20, in 29 and C202 which is further 

downfield due to the influence from both extending arms at the 1 and 4 positions. C19 

follows the same trend except the shift is upfield and Cu and Co have smaller differences 

consistent with their increased distance from the other arms. The quaternary phenyl 

carbons are difficult to accurately assign due to weak coupling to distant protons. C9 can 

be assigned by coupling to Hioi of the methylene protons and Ci2is within 3 bonds of Hu. 

C3 and Ce can be assigned by coupling with H4 and Hs as with Cis and Cis to Hie and Hi?. Cis 

and Ci5 show multiple resonances. 

35 (1,4)-

2 7 1 13 20 14 8 
19 

41 (1,2,4)-

2 

J 

7 

I 

20 ' " 14,142 « 

29 (1,2)-

2 

1 

7 

I 

20 1 13 19 8 
14 

1 1 1 .L 1 

Figure 3.12 - Alkynyl carbon resonances for Compounds 29, 35 and 41. 

Deprotection of the TIPS protected organics to form the terminal alkynyl compounds is 

characterised in the ^H NMR by the formation of an alkyne peak at 3.19 ppm and the 
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disappearance of the 1.15 ppm TIPS protons. This results in an upfield shift of Ci and C2 to 

78.9 and 83.3 ppm, respectively. The removal of the electron donating silyl group also 

causes C3 Cthe quaternary phenyl peak) to shift upfield 3 ppm due to the same magnetic 

anisotropic effects. 

3.3.4 Ruthenium alkynyl compounds 

Metallation of the terminal acetylene results in little change in the ^H NMR except the 

addition of the dppe aryl protons and the loss of the alkyne proton. H4 is shifted upfield to 

6.5 ppm due to the proximity of the ruthenium centre and the shielding by the dppe-

bound phenyl groups. Hs also has a shift upfield to around 7.00 ppm, which is obscured by 

the dppe proton environments but can be shown by HSQC techniques. Torsten Schwich 

has investigated these complexes in great detail in his 2013 thesis with full assignment of 

all peaks of both mono- and bis- acetylide complexes." He showed that subtle electronic 

differences between the alkynyl and the chloride ligands cause a doubling of the dppe aryl 

peaks in both the carbon and proton NMR. The phenyl groups on the same side as the 

alkynyl ligand (assuming division along the Ru-P plane) are shifted downfield relative to 

those on the chloride side. This seems to affect the ortho- and meta- positions more than 

the para- [which has a very small change) as these are held closer to the metal and ligand. 

The doubling of these peaks disappears upon bis-substitution and a return to local 

symmetry (the acetylide ligands may still be unsymmetrically substituted). 

The " C NMR spectra were obtained for all complexes however all carbon environments 

were only observed for the complexes up to the tetra-substitutions. The hexa and penta 

analogues were soluble enough to only see a few of the alkynyl and quaternary phenyl 

peaks, however the dppe derived " c peaks are characteristic of mono-substituted 

ruthenium alkynyl complex. Upon metallation the terminal acetylene carbon peaks (Ci and 

C2) shift downfield though Ci is typically not observed. The literature shows this carbon 

couples to the phosphorus atoms around the metal and should exist as a quintet around 

131 ppm.®"^ It is therefore a small peak and probably obscured by the aryl environment in 

the molecule. C4 and Cs shift slightly upfield upon metallation as do C3 and Ce, the 

quaternary phenyl environments on the ring immediately adjacent to the metal. The dppe 

ligands have two ortho- carbon resonances at 136 ppm (for the same reasons for the 

doubling of the corresponding protons) and meta- resonances at 126 ppm; the alkynyl 

facing rings possess the most downfield resonance. The para positions appear at 128 as a 

singlet. The carbon backbone of the dppe (Cb) and the ipso- position of the dppe aryl rings 

are multiplets (due to C-P coupling) and appear at 30.6 ppm (Cb) and 136 or 135 (Cn a„d Ci2 

respectively). 
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T h e a l k y n y l r u t h e n i u m c o m p l e x e s al l h a v e t h e s a m e ^'P N M R r e s o n a n c e a t 4 9 . 3 p p m , 

w h i c h is e v i d e n c e t h a t t h e c o r e a r r a n g e m e n t h a s l i t t le e f f e c t o n t h e m e t a l c e n t r e . 3ip N M R 

is a u s e f u l t e c h n i q u e f o r m o n i t o r i n g t h e p r o g r e s s o f m e t a l a l k y n y l a d d i t i o n . L i g a n d 

s u b s t i t u t i o n o n t h e m e t a l l e a d s t o l a r g e c h a n g e in c h e m i c a l s h i f t a n d is a g o o d p r e l i m i n a r y 

m e a s u r e o f p u r i t y d u r i n g s y n t h e s i s . M a n y p o s s i b l e s i d e r e a c t i o n s o r i m p u r i t i e s c a n b e 

f o r m e d in t h e s e c o u p l i n g s , m o s t l y d u e t o r e a c t i o n o f o x y g e n , s o l v e n t s o r a d v e n t i t i o u s 

c h l o r i d e g e n e r a t i o n f r o m c h l o r i n a t e d s o l v e n t s . T h r o u g h o u t t h e s y n t h e s i s o f r u t h e n i u m 

d p p e c o m p l e x e s t h e c h e m i c a l s h i f t o f v a r i o u s s i d e p r o d u c t s a n d e v e n p r o d u c t s h a v e b e e n 

d o c u m e n t e d a n d t a b u l a t e d in T a b l e 3 . 1 . 

" P S h i f t ( p p m ) S p e c i e s N o t e s ( r e m o v a l ) 

- 1 1 . 6 

3 4 . 0 

3 4 . 7 

3 5 

3 6 . 8 

3 7 . 6 (t), 5 2 . 3 

(t) 
4 1 . 8 (s ) 

4 2 . 

4 5 . 7 (s ) 

4 9 . 2 (s ) 

4 9 . 9 (s) 

5 2 . 3 (t) 3 7 . 6 (t) 

5 4 . 5 (s ) 

5 6 . 9 (t) 8 4 . 8 (t) 

5 9 . 2 (t) 60.0 (t) 

60.0 (t) 5 9 . 2 (t) 

6 8 . 0 (s) 

d p p e f r e e l i g a n d 

t - [Ru(C=CHC6H4-4-

N 0 2 ) C I ( d p p e ) 2 ] P F 6 

t - [ R u C l 2 ( d p p e O ) 2 ] 

t - [ R u ( C = C H C 6 H 5 ) C l ( d p p e ) 2 ] P F 6 

t - [ R u ( C = C C 6 H 5 ) ( C = C H C 6 H 5 ) ( d p p e ) 2 ] 

PF6 

c - [ R u C l 2 ( d p p e ) 2 ] 

C - [ R u ( C 0 ) C l ( d p p e ) 2 ] 

t - [ R u C l 2 ( d p p e ) 2 ] 

t - [ R u C s C C 6 H 4 - 4 - N 0 2 ) C l ( d p p e ) 2 ] 

t - [ R u ( C = C C 6 H 5 ) C l ( d p p e ) 2 ] 

c - [ R u C l 2 ( d p p e ) 2 ] 

t - [ R u ( C = C C 6 H 5 ) 2 ( d p p e ) 2 ] 

[ R u C I ( d p p e ) 2 ] P F 6 

c - [ R u ( 0 2 C 2 H s ) ( d p p e ) 2 ] 

c - [ R u ( 0 2 C 2 H 5 ) ( d p p e ) 2 ] 

t - [ R u ( C = C C 6 H 5 ) H ( d p p e ) 2 ] 

8 4 . 8 (t) 5 6 . 9 (t) [ R u C l ( d p p e ) 2 ] P F 6 

V i n y l i d e n e 

M a y a l s o b e a s i n g l e P - o x i d e 

( C o l u m n : a l u m i n a o r T H F / 

M e O H c r y s t . ) 

V i n y l i d e n e 

V i n y l i d e n e 

C l e a v a g e / o x i d a t i o n o f 

v i n y l i d e n e ( C o l u m n : a l u m i n a 

o r a c e t o n e p p t ' n ) . 

2 : 1 : 0 . 5 P / D / N E t s w a s h o f f A l 

( 2 : 1 : 0 . 5 P / D / N E t s c o l u m n : 

A l u m i n a o r a c e t o n e p p t ' n ) 

I m p u r e NaPFe f r o m r e c r y s t . 

a c e t a t e f r o m i m p u r e M e C N . 

(3-el imination o f M e O H 

( 2 : 1 : 0 . 5 P / D / N E t s C o l u m n : 

a l u m i n a ) 

M e O H p p t ' n 

Table 3.1 - A list of common " P NMR impurities observed in aikynyi ruthenium complex syntheses (for bis-dppe 

auxiliary ligands only). 

F o r t h e c o m p l e x e s s y n t h e s i s e d in t h i s c h a p t e r t h e m o s t c o m m o n i m p u r i t y w a s t h e 

g e n e r a t i o n o f t r o n j - [ R u C l 2 ( d p p e ) 2 ] , w h i c h w a s r e m o v e d b y p r e c i p i t a t i o n f r o m a c e t o n e , o r 

r e s i d u a l [ R u C l ( d p p e ) 2 ] P F 6 , w h i c h w a s r e m o v e d b y p r e c i p i t a t i o n f r o m M e O H . A c e t o n e m a y 



92 Chapter 3 - Core Modification in Alkynyl Ruthenium Stars 

be unsuitable for compounds with smaller alkynyl ligands but works well for mono-

acetylides with over three phenylethynylene units in the ligand. 

3.4 Linear optical properties 

3.4.1 UV-Visible properties 

The UV-Visible spectra of the TMS-protected core compounds, the TlPS-protected 

compounds and the metal complexes were obtained. There is a substantial change in the 

UV-Vis spectra between the different core substitutions, which was expected for the T M S 

cores due to the observation of Sonada et al. with phenyleneethynylene substituted 

compounds.'^ 

3.4.2 T M S cores 

The UV-Visible data for the TMS-protected cores are provided in two figures for clarity 

(Figure 3.13 and Figure 3.14). They all exhibit a similar absorption at 260 nm with a 

similar shape, which is similar to the UV-Vis spectra of the tolanes synthesised by Kondo et 

al although the lack of distinct low energy transitions is reduced because of the relative 

similarity of Tt-electron density (Kondo et al. had phenyl substitution}.!^ j h e molar 

absorptivity also increases with a higher substitution level, which is expected as the 

effective Tt-conjugation is increased. 1 5 has a unique intense peak at 2 41 nm where 1 7 has 

two lower energy peaks (279 and 294 nm). This may be due to the ease of conjugation 

through the core benzene, as the (1,4)- has the lowest energy barrier for resonance 

through the core. Compound 1 9 also has this band but at lower energy, owing to the larger 

u-conjugation as well as a (1,4)- substitution motif. Both 1 6 and 2 0 have a (1,3)-

arrangement and also exhibit near identical absorption profiles. 1 8 has a weak absorption 

at 284 nm which is similar to the lowest energy band of 15 , which may suggest a 

transition with (1,2)- nature. 
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Figure 3.13 • Molecular structure (top) and UV-Vis spectra (bottom) of compounds 14-20. 

Compound 21 has a (1,4)- substitution motif, and has a low energy transition at 309 nm 

(similar to other (1,4)- motif containing compounds). The lowest energy transition is 

common to the penta- (24) and hexa- (25) at 324 nm. The biggest difference between 

these spectra is the second lowest energy band at 305 nm for 25 and 290 nm for 24. The 

level of substitution is fundamental to this difference. In the compounds with at least one 

(1,4)- arrangement the lowest transition energy decreases as a function of the number of 

(1,4)- relationships and the increase of it conjugation (ie. 17 > 19 > 21 a 22 > 23 > 24 k 

25). 
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Figure 3.14 - Molecular structure (top) and UV-Vis spectra of compounds 21-25 (14 included for comparison). 

3.4.3 TIPS-protected organic cores 

During synthesis, the TIPS-protected organics were found to be highly fluorescent with 

some effects observed in natural light. 59 gives a strong green sheen on exposure, to 

natural hght so UV-Visible and fluorescence measurements were conducted. In the UV-Vis 

spectra of the TIPS-protected compounds there appears to be three overlapping 

transitions, which are difficult to assign. The spectra (Figure 3 .15 ) again display a 

bathochromic shift as the substitution level increases, as well as corresponding increases 

in molar absorptivity as was observed with the TMS-protected core compounds. There is 

also a shift of about 10 nm on increasing the extent of (1 ,4)- substitution at the core 

(increasing the ease of conjugation through the core of the compound). 53, which contains 

effectively two (1,4)- relationships, has a much lower energy transition than 47 or 50, 
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which have only one (1,4)- disposed arrangement, even though they are all tetra-

substituted. The same transitions in the spectra of compounds 26 and 29 are much higher 

in energy than the spectra of 35. This is also seen with the tri- and tetra- substitution 

groups. 59 has the highest Xmanas it has a larger n-conjugation. There is a clear separation 

of the two major peaks, which may be due to steric influences in the molecule, causing 

rotation of an arm and effectively breaking the conjugation path. This will be discussed 

further in later sections. 

26 29 32 35 38 41 44 

230 280 380 430 

Wavelength (nm) 

Figure 3.15 - UV-Vis spectra of the mono-, bis- and tris- TIPS-protected core compounds. 

A summary of peak data for these compounds is given in Table 3.2. 26, 29 and 32 are 

quite similar which is anomalous considering the differences observed in the T M S core 

compounds of the same substitution [15 and 16). 
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- 2 6 47 50 ~ 53 56 59 

230 280 330 380 430 480 530 580 
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Figure 3.16 - The UV-Vis spectra for the tetra-, penta- and hexa-TIPS-protected cores (26 (mono-) added for 
comparison). 

Compound Core 

arrangement 
X ( nm) [E ( ICM-icm-i)] 

26 m- 376 [sh, 6.2] 352 [9.2] 339 [sh,7.3] 274 [1.8] 

29 (12)- 379 [sh,9.9] 357 [13.9] 340 [sh, 11.9] 274 [3.4] 

32 (13)- 378 [sh, 11.1] 356 [14.9] 338 [sh, 12.0] 274 [3.5] 

3 5 (14)- 389 [sh, 9.8] 378 [11.6] - 288 [2.8] 

38 (123)- 378 [sh, 16.2] 358 [19.9] - 280 [4.4] 

4 1 (124)- 377 [sh, 16.6] 362 [17.5] - 275 [3.2] 

4 4 (135)- 367 [sh, 19.8] 359 [21.2] - 271 [3.9] 

4 7 (1234)- 395 [sh, 15.6] 372 [22.2] - -

50 (1235)- 378 [sh, 19.3] 366 [20.8] - -

53 (1245)- 401 [sh, 11.9] 372 [21.3] -

56 (12345)- 397 [sh, 25.4] 383 [31.6] 335 [22.6] -

59 (123456)- 420 [sh, 24.8] 397 [36.6] 348 [26.1] 

Table 3.2 - Summary of UV-Vis optical absorption maxima data for the TIPS protected organic cores. 

The fluorescence of the TIPS-protected cores was analysed by measuring the excitation 

and emission maxima for each compound. The excitation maxima differ from the 

absorption maxima of the complex, in that the emission scan displays the optimal input 

wavelength for the largest resultant emission. The compounds show excitation bands from 

380 nm to 420 nm. Compounds containing more than four substitutions have two 

excitation peaks. The emission peaks for all compounds have a low-energy shoulder at ca. 
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400 to 430 nm for most, with the penta- and hexa- substituted compounds having the 

lowest emission maximum at 448 and 472 nm, respectively. 

Compound Core 
arrangement 

Excitation Maximum Emission Maximum 

26 (1 ) - 390 408 
29 (1.2)- 406 418 

32 (1.3)- 351 408 
35 (1.4)- 381 406 
38 (1,2,3)- 393 409 

41 (1.2.4)- 373 417 

44 (1.3,5)- 391 410 
47 (1,2,3,4)- 406 430 

50 (1,2,3,5)- 407 434 

53 (1,2,4,5)- 407 433 

56 (1,2,3,4,5)- 423 448 

59 (1,2,3,4,5,6)- 390 472 
Table 3.3 - Fluorescence data for the TIPS-protected cores (26-59). 

- Excitation -Emiss ion 

250 300 350 400 450 500 
Wavelength (nm) 

Figure 3.17 - The excitation (blue) and emission (red) traces for compound 59. 

550 600 

The di f ference between the excitation and emission peaks (Stokes shift) loosely 

represents the non-radiative energy loss of the excited state. Thus, the hexa-substituted 

compound has the largest Stokes shift of around 80 nm, while the others have Stokes 

shifts of 20-30 nm. There is little correlation in the tabulated data to the UV absorption 

maxima. It should be noted that the excitation spectra differs from the absorption maxima. 

Again, the core geometry influences the excitation energy for all compounds. Compounds 

with a (1,2]- structural motif appear to have a lower excitation energy with 29, 47, 50 and 

53 all having similar energies; the exception is the (1,2,33-substituted (38). 56 has the 

lowest at 423 nm but 59 strangely is similar to 26. 32 has the highest excitation energy. 
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possibly related to the (1,3)- substitution, however 4 4 is closer to the other tris-

substituted ( 3 8 and 4 1 ] and even the ( l ,4]-substituted ( 3 5 ] . The excitation-emission 

spectrum for 5 9 is shown in Figure 3.17. As previously stated the excitation has two peaks 

and the emission shows a major peak at 472 nm, which has a shoulder peak of a possible 

vibrational transition at ca. 490 nm. T ime resolved florescence measurements are 

probably needed to comment further as there may be more effects contributing to these 

values. 

3.4.4 Metallated cores 

The UV-Visible spectra of the metallated species (Figure 3.18 and Figure 3.19) are quite 

similar to those of the precursor organic compounds with an additional MLCT band at 

around 420-430 nm. Erandi Kulasekera has modeled the UV-Vis spectra of these 

compounds computationally with good agreement to experimental values, which may 

make some assignments possible.®' 

— 28 — 3 1 40 — 4 3 

120 

h 

Wavelength (nm) 

Figure 3.18 - UV-Vis spectra of the mono-, bis- and tris-substituted alkynyl ruthenium complexes (28,31,34,37,40 
and 46). 

The compounds with lower metal content ( 2 8 , 3 1 , 3 4 , 3 7 , 4 0 and 4 3 ) clearly show the 

MLCT band at 420 nm (Figure 3.18). There is surprisingly little change of the MLCT 

transition wavelength as the extent of core substitution increases. It would be expected 

that as the overall it-conjugation length increases the energy levels would change, 

resulting in a lower transition energy. This may suggest that the metal centre is isolated 

f rom the core electronically, which is likely due to out of plane rotation of the phenyl rings 
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re lat ive to each other. The crystal structure of 2 8 (Figure 3.9) would seem to support this. 

The larger compounds ( 4 6 - 6 1 ) possess blue shifted MLCT bands in this region (420-390 

nm) , which seem to be an over lap of several d i f ferent bands. There is a continuing 

decrease in energy of the tt-tt* transition bands as the extent of substitution increases to a 

point whe r e the band in 6 1 over laps the MLCT band entirely and has a much higher molar 

absorptiv ity. Based on the lack of change in the smaller complexes it is most likely there is 

no change in the MLCT band and the ti-ti* band obscures the direct observation. This is 

appl icable to complexes 58 and 61. 

- 28 49 52 55 58 61 

"50 Wavelength (nm) 650 

Figure 3.19 - UV-Vis spectra of the tetra-, penta- and hexa-substituted alkynyl ruthenium complexes (mono- (28) for 
comparison). 

Cmpd Core 
arrangement 

X ( n m ) [£ ( l O i M - i c m - i ) ] 

28 (1 ) - 426 [7.46] 367 [sh,9.1] 341 [9.5] 254 [sh, 7.5] 

3 1 (1,2)- 425 [11.7] 369 [sh,12.0] 342 [15.1] 257 [sh,13.6] 

3 4 (1.3)- 428 [11.6] 367 [12.1] 341 [15.4] 254 [sh,14.1] 

37 (1,4)- 432 [sh,10.6] 378 [18.5] -

4 0 (1,2,3)- 429 [sh,15.3] 353 [28.8] -

43 (1.2,4)- 431 [sh,14.9] 368 [20.9] -

4 6 (1,3,5)- 430 [15.0] 357 [24.0] - -

4 9 (1,2,3,4)- 430 [sh,18.4] 375 [26.6] 315 [sh,16.3] -

52 (1,2,3,5)- 434 [sh,16.2] 355 [30.7] -

55 (1,2.4,5)- 436 [sh,16.5] 404 [26.5] 369 [31.1] -

58 (1,2,3,4,5)- 388 [sh,38.0] - 332 [25.] -

6 1 (1,2,3,4,5,6)- 406 [sh,39.7] - 335 [23.4] -

Table 3.4 - Summary of UV-Vis data for the alkynyl ruthenium complexes 28-61. 
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The band at around 340 nm can be assigned as a tt-ti* transition localized on the organic 

phenylethynyl ligand. There is a slight blue shift in this band upon addition of a metal. The 

hexa- and penta-substituted compounds have a second tt-it* transition at a high energy, at 

a similar energy to the third transition of the mono-substituted compound. This may be a 

transition caused by isolation of a single arm from the core since it is mainly observed in 

the more sterically demanding compounds. This is also observed in the (1,2,3,4)-

• / v 

I 

I T 
LUMO 
34b lu 

Figure 3.20 - HOMO and LUMOs in the hexa-substituted compound (61) that align with the 335 nm 
transition (calculations performed by Erandi Kulasekera}. 

substituted compound, although it is weaker and is obscured in the (1,2,3]- analogue by 

the primary ti-tt* band. 

The complexes have similar features to the complexes Chris Corkery had made (Figure 

3.6). The MLCT bands are at ca. 400 - 430 nm (c./ 405 - 445 nm of the Corkery set). This is 

inconsistent virith precedents in which replacement of ethyl with ethoxy groups usually 

resulting in a blue shift in the MLCT bands. The k-h* transitions in his complexes also 

show the bathochromic shift upon substitution level increase; the (l,4)-substituted 

however is outlying of this trend. The UV-Vis tt-tt* maxima of the ethoxy compounds 

appear at 308 nm for the (1)- substituted, 326 nm for the (1,4)-, 315 nm for the (1,3,5)-

and 320 nm for the (l,2,4,5)-substituted. Based on the trend observed for the ethyl 

solubilised complexes the (1,4)- should be at higher energy than the (1,2,4,5)- due to a 

longer effective Tt-conjugation in the latter complex. This would suggest that inclusion of 
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the ethoxy moiety changes the conjugation through the core due to steric effects, therefore 

the larger complexes would have a higher energy TT-TT* transition. 

3.5 Electrochemistry 

3.5.1 Cyclic vo l t ammet ry and spect roe lect rochemist ry 

Cyclic voltammetry data of the ruthenium complexes are summarised in Table 3.5. Cyclic 

voltammetry studies for all complexes revealed a reversible process at around 0.6 V. The 

voltammograms also show? irreversible processes at around 1.5 V common to these 

complexes, probably an oxidation of the organic component. Employing a switching 

potential of 1.6 V with these complexes can lead to misshapen peaks on the reverse sweep 

due to deposition of the degraded compounds onto the electrodes. To counter this, a 

preliminary run is carried out in the potential range 1.6 V to -1.6 V to observe all processes 

followed by cleaning of the electrode before the next scan. A limited scan was then run 

from 0 to 1.2 V which afforded processes satisfying the reversibility / quasi-reversibility 

conditions, from which E1/2 and reversibility values were calculated. 

Compound Core arrangement Ei/2 RuII/III (V) [ipc/ipa] 

2 8 0.58 [0.90] 

3 1 ( U ) - 0.59 [0.95] 

3 4 ( U ) - 0.59 [0.95] 

3 7 (1.4)- 0.59 [1.0] 

4 0 (1,2,3)- 0.60 [1.0] 

4 3 (1.2,4)- 0.59 [1.0] 

4 6 (1,3,5)- 0.61 [0.96] 

4 9 (1,2,3,4)- 0.59 [0.96] 

5 2 (1,2,3,5)- 0.58 [0.95] 

5 5 (1,2,4,5)- 0.58 [0.90] 

5 8 (1,2,3,4,5)- 0.62 [1.0] 

6 1 (1,2,3,4,5,6)- 0.59 [1.0] 

Table 3.5 - Summary of cyclic v/oltammetry data for ruthenium complexes. 

The oxidation potentials of these complexes are in a similar range to previously reported 

values for ruthenium mono-alkynyl complexes with auxiliary dppe ligands (usually 0.50 -

0.58 V).'"•''2 There doesn't seem to be any trend in the CV data as the core structure is 

altered, which is further evidence that the phenylethynyl ligand has little effect on the 

metal centre. Alterations on the ligand can lead to changes in the oxidation potential in the 

metal centre, as seen in Rigamonti et al. with studies on lengthening the phenylethynyl 

chain.''^ The researchers had a nitro- functionalized ligand which exhibited lower 

oxidation potentials as the bridge length was increased, which is most likely due to 

increasing rotation of the oligo(phenyleneethynylene) rings isolating and eventually 
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decoupling the metal donor and nitro- acceptor. Figure 3.1 shows the reversibility of 

complex 2 8 , with mult iple scans at different rates. 
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Figure 3.21- Cyclic voltammetry of the mono-complex (28) run at four different rates 

The complexes do not behave reversibly in the OTTLE cell (Figure 3.22) when run at room 

temperature. Complexes 28, 31, 37, 46, 55 and 61 were used for spectroelectrochemistry 

measurements as these have the highest symmetry (31 excepted) and are representative 

of each substitution group. When running the experiment the absorptions at 426-430 nm 

(MLCT bands) and 341 nm reduce and new bands at 487 nm and 922-935 nm grow in on 

oxidation. The voltage is increased progressively from 0.5 to 1.2 V to oxidise the metal 

centre with sufficient speed. Upon switching the voltage back to 0 V to regenerate the 

starting complex the 426-430 nm peak grows back in very slowly and the 920 - 930 nm 

band reduces. The poor reversibility is probably an issue with the OTTLE cell used, as the 

cell isn't constantly under a flow of argon. It is also possible that the complex just isn't 

stable for long periods of time oxidized at room temperature. This type of measurement is 

preferably run at greatly reduced temperature to prevent complex degradation. The new 

bands formed are lowest for 3 7 at 935 nm, 933 nm for 28, 929 nm for 3 1 and 61, 922 nm 

for 4 6 and 909 nm for 55. The difference in the wavelength is probably of little 

significance however, 55 was run after 61, which had significant deposition on the 

electrode during the scan. The 55 trace is therefore contorted and oxidation is incomplete 

which gives the strange, broad shaped peak at 909 nm. The reported value for this peak 

should then be regarded with caution. 
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Figure 3.22 - Six spectroelectrochemical plots of complexes 28, 31, 37, 46, 55 and 61. Arrows denote changes in 
absorption with oxidation of the complexes. 55 is distorted due to incomplete oxidation and optical interference 
from deposited compounds. 
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3.6 Nonl inear optical propert ies 

The third-order nonlinear optical properties of the TIPS-protected cores and the 

ruthenium alkynyl complexes were measured over a broad spectral range ( 5 0 0 - 1 8 0 0 nm) 

by the Z-scan technique. The access to long wavelengths was a recent development for the 

RSC laser set-up and difficulty was encountered fitting the traces at very long wavelengths 

within the limited sample progression width with the lens focal length of 120 mm. As the 

wavelength of the beam increases the beam waist also increases, which correspondingly 

increases the size of the closed and open aperture traces. This created problems with 

fitting curves above 1500 nm as the closed aperture curve peaks got progressively closer 

to the window edge. A 75 mm lens was used for subsequent measurements, which meant 

the TIPS-protected cores are run with a 75 mm lens, whereas the ruthenium alkynyl 

complexes are run with a 120 mm lens. This means the comparison between the organic 

and organometallic compounds is difficult, although comparison within the organics or 

organometallics permissible. 

3.6.1 TIPS-protected cores 

The nonlinear optical data for the TIPS-protected compounds are summarised in Table 

3.6. Data are reported at the two-photon absorption maximum for the respective 

compound (580 nm for 26 and 6 2 0 nm for the rest). Compound 35 had insufficient 

solubility in CH2CI2 at a high enough concentration for measurement. Vreai values broadly 

increase as the extent of substitution increases, maximising with compound 59 . 4 1 , the 

least symmetrical compound, appears to have a high yreai value surpassing those of the 

other tris-substituted as well as those of the tetra-substituted. It is difficult to rationalise 

this observation as these values tend to have large error margins at wavelengths with 

strong nonlinear absorption. The yreai value shown for compound 38 should be considered 

with caution, as it is very low compared to even the bis-substituted compounds. This 

carries over into the absolute y value for this material; the majority following the trend of 

increased substitution leading to an increase in value. The compounds were typically self-

defocusing from 500 - 9 0 0 nm, switching to self-focusing at longer wavelengths. The two-

photon absorption maximum for the smallest compound (26) is at 5 8 0 nm where the rest 

appear at 6 2 0 nm. This is expected as the Tt-delocalisation is greater for the others, 

however this doesn't go further, as one could imagine the largest (59) having a 2PA max at 

longer wavelength than the rest. The two-photon absorption cross-section also increases 

as the extent of substitution increases, the largest value being for 59 at 5 6 0 0 GM. This is a 

large value for an organic compound. 
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Core 

arrangement 
^max 

(nm) 
2PAmax 

X (nm) 
Yreal 

(10 3'esu) 
yimag. 

(1036esu) 

<y> 
(10"esu) Oz.max (GM) 

26 (1)- 3 5 2 5 8 0 -3 1 9 5 1 5 0 3 3 5 3 1 6 9 4 ± 80 

29 (1 .2)- 3 5 7 6 2 0 -8 2 0 0 2 8 0 0 8 6 6 5 1 1 3 5 ± 1 2 0 

32 (1 .3)- 3 5 6 6 2 0 -9 7 8 0 3 5 5 0 10 4 0 4 1 4 3 8 ± 1 9 0 

35* (1 ,4)- 3 7 8 

38 (1 ,2 ,3 )- 3 5 8 6 2 0 -810 4 8 4 9 4 9 1 6 1 9 5 9 ± 2 7 0 

41 (1 .2 ,4)- 3 6 2 6 2 0 -14 9 0 0 5 4 1 0 15 8 6 0 2 1 9 7 ± 2 1 0 

44 (1 ,3 ,5 )- 3 5 9 6 2 0 -10 4 0 0 4 6 9 1 1 1 4 0 9 1 8 9 5 ± 2 1 0 

47 (1 ,2 ,3 ,4 )- 3 7 2 6 2 0 -7 1 1 4 7 3 0 0 10 1 9 3 2 9 4 9 ± 4 9 0 

50 (1 ,2 ,3 ,5 )- 3 6 6 6 2 0 -15 4 4 5 7 7 5 8 17 2 8 4 3 1 3 4 ± 6 3 0 

53 (1 ,2 ,4 ,5 )- 3 7 2 6 2 0 -10 3 0 0 8 4 1 0 13 2 9 7 3 3 9 7 ± 4 4 0 

56 (1 ,2 ,3 ,4 ,5 )- 3 8 3 6 2 0 -30 4 7 8 10 4 1 4 3 2 2 0 8 4 2 0 7 ± 8 7 0 

59 (1 ,2 ,3 ,4 ,5 ,6 )- 3 9 7 6 2 0 -37 5 9 6 13 9 5 5 4 0 1 0 2 5 6 3 8 ± 8 5 0 

* 3 5 had insufficient solubility in CH2CI2 for the experiment requirements. 75 m m lens utilised. 

Table 3.6 - NLO data for the TIPS-protected organic compounds at the TPA maximum. 

The 2PA cross-section is also highest for the most symmetrical species (59 and 53) with 

the exception of 44 [1,3,5-substituted), which is comparable to or smaller than other tris-

compounds. In this case the (1,2,4)- compound is slightly larger which may due to the 1,4-

disposed moiety, as all compounds with at least one 1,4 substitution have a 2PA cross-

section above 2000 GM. This proposition would be stronger with the data for compound 

35. The relative efficiency of two-photon absorption for each TIPS-protected compound is 

shown in Table 3.7. 

Core 

arrangement 
<l2.max(GM) az.max / n e-

(GM/e) 
<J2.inaji / M 

(GM/amu) 

26 ( D - 6 9 4 ± 8 0 34 . 7 1.1 

29 (1 .2)- 1 1 3 5 ± 1 2 0 32 . 4 1.0 

32 (1 .3)- 1 4 3 8 ± 1 9 0 4 1 . 1 1.2 

35* (1 .4)-

38 (1 .2 ,3)- 1 9 5 9 ± 2 7 0 39 .2 1.2 

41 (1 .2 .4)- 3 0 7 6 ± 3 3 0 4 3 . 9 1.3 

44 (1 ,3 ,5)- 1 8 9 5 ± 2 1 0 3 7 . 9 1.1 

47 (1 ,2 ,3 ,4 )- 2 9 4 9 ± 4 9 0 4 5 . 4 1.3 

50 (1 ,2 ,3 ,5 )- 3 1 3 4 ± 6 3 0 48 . 2 1 .4 

53 (1 ,2 ,4 ,5)- 3 3 9 7 ± 4 4 0 5 2 . 3 1.5 

56 (1 ,2 ,3 ,4 ,5 )- 4 2 0 7 ± 8 7 0 5 2 . 6 1.5 

59 (1 ,2 ,3 ,4 ,5 ,6 )- 5 6 3 8 ± 8 5 0 59 . 3 1.7 

Table 3.7 - TPA efficiency data of the TIPS-protected organics scaling by Oj per n-electron or molecular weight. 
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The best performing compound by these metrics is the hexa-substituted complex with 

values of 59 GM per it-electron. The (1,2,4,5) configuration (53) has a comparable 

efficiency to the penta-substituted (56). 

• 2 6 - 2 9 32 

500 600 700 800 900 
Wavelength (nm) 

1000 1100 

Figure 3.23 - TPA cross-section traces for mono-, bis-, and tris-substituted TIPS-protected organic compounds (28, 
29, 32, 38, 41 and 44). A trend line has been added as a visual aid. 

Comparative plots of the 2PA cross-section (02) traces between the TIPS-protected 

complexes are plotted in Figure 3.23 and Figure 3 . 2 ^ Error bars have been omitted for 

clarity. All traces show the maximum 2PA cross-section at 620 nm (580 nm for 28 ) as well 

as local maxima at 560 nm. There is also a common maximum at 700 nm for the larger 

compounds, most prominent in 53, 56 and 59. These compounds have 2 (or more) (1,4)-

26 - 4 7 -50 -53 56 -59 

500 600 700 800 900 

Wavelength (nm) 
1000 1100 

Figure 3.2^- TPA cross-section traces for mono-, tetra-, penta, and hexa-substituted TIPS-protected organic 
compounds (28, 47, 50, 53, 56 and 59). A trend line has been added as a visual aid. 
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disposed arms which may be the cause of this maximum. During the measurement of these 

compounds some two-photon fluorescence was observed in the infrared wavelengths 

(700-1100 nm). At the intersection of the beam with the sample deep blue or aqua light 

emission was observed, which correlates well with the excitation-emission data discussed 

previously (part 3.4.3), the larger compounds having a lower energy emission. Second 

harmonic generation was ruled out, as the emission colour did not change with a change in 

wavelength, suggesting the two-photon excitation degrades to a common energy level 

before radiative emission to the ground state. 

40 

35 
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25 ' e 490 540 590 

20 S 

15 i . 
w 

10 

5 

0 Wavelength (nm) 

Figure 3.25 - y,eai (blue) and yimag, (red) values for 59 at half the measurement wavelength overlaid on the UV-Vis 
spectrum (black). A trend line has been added to the y traces as a visual aid. 

Based on the limited scaling factors considered, the highest 2PA max efficiency TIPS-

protected core is the hexa-substituted core, closely followed by the penta- and tetra-

substituted cores ( 5 9 > 5 6 ~ 5 3 > 5 0 > 4 7 ) . This follows 2PA cross-section trends 

observed by Bhasker et at for the authors symmetrically varied annulenes discussed in 

the introduction.'! 

3.6 .2 R u t h e n i u m a lkyny l c o m p l e x e s 

A summary of the third-order NLO properties of the ruthenium alkynyl complexes at the 

two-photon absorption maxima is shown in Table 3.8. All twelve complexes have two local 

maxima at 660-740 nm and 850 nm with the 850 nm being consistent with other 

ruthenium alkynyl complexes (see Chapters 1 and 2). The values at 850 nm are similar 

between complexes with the same extent of substitution, in particular the bis-substituted 

around 4000 GM and the tetra-substituted around 8000 CM. 



First 02 maximum Second 02 maximum 

Complex Core 
arrangement Xmax (nm) XtPAitiax (nm) <Y> 

( 1 0 36 esu)* az (GM) XxPAmax 
(GM) 

<y> 
( 1 0 36 esu)» 02 (GM) 

28 

31 

34 

37 

40 

43 

4 6 

49 

52 

55 

58 

61 

(1)-

(1.2)-

( 1 .3 ) -

(1 .4)-

( 1 .2 .3)-

(1.2.4)-

(1.3.5)-

(1.2.3.4)-

(1.2.3.5)-

(1,2,4,5)-

(1,2,3,4,5)-

(1,2,3,4,5,6)-

426 

425 

428 

432 

429 

431 

430 

434 

434 

436 

388 

406 

680 

680 

680 

660 

680 

680 

680 

740 

720 

700 

740 

700 

47 600 

103 400 

132 500 

42 400 

159 000 

256 600 

149 400 

107 000 

121400 

229 000 

159 300 

355 000 

2 080 ± 4 3 0 

5 540 ± 660 

3 770 ± 6 9 0 

3 060 ± 9 0 0 

5 810 ± 1 1 4 0 

9 5 7 0 ± 1 9 4 0 

6 9 9 0 ± 1 1 9 0 

10 080 ± 2370 

8 580 ± 2280 

15 430 ± 2840 

13 560 ± 4 5 6 0 

11910 ± 1 8 2 3 

850 

850 

850 

850 

850 

850 

850 

850 

850 

850 

850 

850 

2 1 9 2 0 

94 360 

5 0 9 1 0 

2 1 4 5 0 

71 270 

165 200 

237 230 

310 720 

248 940 

274 500 

251250 

265 190 

2 240 ± 800 

4 410 ± 1 2 0 0 

4 9 6 0 ± 1 3 0 0 

3 770 ± 1 0 3 0 

3 840 ± 3840 

7 550 ± 2 8 6 0 

4 6 3 0 ± 1 3 2 0 

7 570 ± 3 2 0 0 

7 660 ± 3400 

7 970 ± 2 2 0 0 

8 390 ± 2 0 6 0 

10 800 + 2160 

* Error margins for these values are on the o rder o f 20 -25 % . Experiment utilised a 120 m m lens. 

Table 3.8 - Third-order nonlinear optical data for alkynyl ruthenium complexes. 
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The TPA cross-section values broadly increase with increase in extent of substitution, with 

61 having the largest TPA value (10 800 CM], 43 doesn't follow this trend with a 2PA 

value almost twice that of the other tris-substituted compounds. 

There doesn't appear to be any observable trend in the TPA cross-section data at the first 

02 maximum. The smaller complexes from mono- to tris-substitution tend to have the 

maximum at 680 nm, with the tetra-, penta- and hexa- having erratically trending values 

(from 700 - 740 nm). Here the (l,2,4.5)-substituted (55) has the larger cross-section (15 

000 GM) followed by the penta- (58) then the hexa-. The complexes were typically self-

focusing on the closed-aperture experiment. A 120 mm lens was used for this set of 

compounds and, as discussed in Chapter 2, the longer focal length lens typically causes 

overestimation of the Yreai values due to increased transmission through the aperture. This 

may be reflected in the <Y> values displayed in Table 3.8 which shows no clear trend at 

the first 02 maximum, however those at the second max increase with extent of 

substitution. The 680 - 740 nm range correlates well to twice the tt-tt* transition in these 

complexes, which may be the origin of this maxima, however this would require accurate 

comparison to the organic analogues, which further requires measurement with a 75 mm 

lens. This is currently underway. 

1100 1300 

Wavelength (nm) 

Figure 3.26 - 2PA cross-sect ion compar i son for c ompound s 28, 46, 55 and 61. 

A 2PA comparison plot of compounds 28, 46, 55 and 61 is displayed in Figure 3.26. These 

four compounds were chosen as these are the most commonly used core structures in 

ruthenium alkynyl complexes for nonlinear optics, and assessing the NLO response for 
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each will help for future investigations. The high symmetry of these compounds is 

desirable for the ease of synthesis and characterisation as discussed earlier in this 

Chapter. 55 has the highest 2PA cross-section at 700 nm yet 61 is highest at 850 nm. 46, 

55 and 61 all have a very long wavelength maximum between 1600 and 1700 nm. 

Considering the gradient of the open-aperture trace at this wavelength it is very likely this 

is a combination of multi-photon absorption events. The magnitude of the band at 1700 

nm for compound 61 appears a bit extreme as it is over twice that for the other complexes. 

The (1,2,4,5)- and hexa-substituted cores outperform the (1,3,5]- at most wavelengths for 

2PA cross-section values. This would suggest their utilisation in alkynyl ruthenium 

dendrimers would be beneficial to the 2PA properties of such complexes. The 2PA 

efficiency of the complexes are shown in Table 3.9 and appear to show the hexa-

substituted complex does not perform the best when judged by these metrics. 2PA cross-

section per Ti-electron or mass appears to favor the (l,2,4)-substituted complex, which is 

hard to justiiy on a structural basis. The az value is very high compared to the other tris-

substituted compounds and seems to be overestimated. Further investigation is required 

to rationalise this result; the ability to compare between the organic and organometallic 

analogue would be ideal. 

Core 
Xmax 

( nm ) 

2 P A „ a x X 

( nm ) 
(CM) 

Oz.max / I t e-

( G M / e ) ' 

02,max / M 

( G M / a m u ) 

28 ( D - 4 2 6 8 5 0 2 2 4 0 ± 5 1 2 5 3 . 3 1 .6 

31 Cl-2)- 4 2 5 8 5 0 4 4 1 3 ± 1 2 1 4 5 9 . 6 1 .6 

34 (1 .3)- 4 2 8 8 5 0 4 9 6 6 ± 1 6 6 7 6 7 . 1 1 .8 

37 (1 .4)- 4 3 2 8 5 0 3 7 7 1 ± 1 0 3 7 5 1 . 0 1 .4 

40 (1 ,2 ,3 )- 4 2 9 8 5 0 3 8 4 4 ± 1 3 8 3 3 6 . 3 1 .0 

43 (1 .2 .4)- 4 3 1 8 5 0 7 5 5 3 ± 2 8 6 0 7 1 . 3 1 .9 

46 (1 ,3 ,5)- 4 3 0 8 5 0 4 6 3 3 ± 1 3 2 0 4 3 . 7 1 .2 

49 (1 ,2 ,34 )- 4 3 0 8 5 0 7 5 7 3 ± 3 2 8 0 5 4 . 9 1 .4 

51 (1 ,2 ,3 ,5)- 4 3 4 8 5 0 8 3 3 0 ± 3 6 5 0 5 5 . 5 1 .4 

55 (1 ,2 ,4 ,5 )- 4 3 6 8 5 0 7 9 6 8 ± 2 3 8 0 5 7 . 7 1.5 

58 (1 ,2 ,3 ,4 ,5 )- 3 8 8 8 5 0 8 3 8 9 ± 2 0 7 0 4 9 . 3 1.3 

61 (1 ,2 ,3 ,4 ,5 ,6 )- 4 0 6 8 5 0 10 8 0 0 ± 2 1 6 0 5 3 . 5 1 .4 

120 mm lens utilised. Ruthenium considered as contributing 2 electrons 

Table 3.9 - 2PA efficiency at the cross-section maximum 

The three-photon absorption cross-section values for the twelve complexes were 

calculated from 1100 nm to 1800 nm and the maximum displayed in Table 3.10. The 03,max 

values have two maxima, the largest at 1700 nm, in a region expecting four-photon 

absorption (roughly four times Xmax), and another at 1250-1300 nm (three times Xmax). The 

03 values at 1250-1300 nm are comparable in magnitude to previously characterised 

ruthenium alkynyl complexes (2-5 x 10 " cm<i s^ ) " with the exception of the (1,2,3,5)-

analogue which is at 8.5 xlO " although the error for this value is considerable. There 
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seems to be no common structural motif between 40, 46 and 58 to explain the maximum 

at 1250 nm rather than 1300 nm. 61 has a longer wavelength maximum at 1400 nm. The 

nature of the second peak is difficult to assign. It is within the expected region for four-

photon absorption, however the fitting of the open aperture trace at this wavelength is 

indicative of more than one multi-photon absorption event, or perhaps excited-state 

absorption in combination with one of the effects mentioned previously. Further 

investigation is required to deconvolute the processes occurring here, however for 

discussions sake, assume three-photon absorption. The as values for 46, 49 and 51 

maximise at 1650 nm rather than 1700 nm as the others do. This may be an issue with the 

sample size utilised at the IR wavelengths (measurements at every 50 nm]. It may be that 

the maximum is between 1650 and 1700 nm as seen in the 03 plot of the 43, 46, 49, 51 

and 55 where there are only small differences between the values at the two measured 

wavelengths. Due to the long times required to obtain measurements for a single 

wavelength it isn't realistic to measure at smaller sampling rates, however wavelength of 

interest may be sampled at a more frequent rate. This wavelength range will be 

investigated over more points in the subsequent measurements for these compounds. 

First Second 

Core 
^max 

( nm) 

X 

( nm) 

03 
(10 " cm ' s2) 

\ 
(nm) 

<T3 

(10 " cm ' s2) 

28 (D- 426 1300 0.08 ±0.03 1700 1.54 ±0.05 

31 (1.2)- 425 1300 3.87 ± 2.04 1700 10.85 ±0.27 

34 (1.3)- 428 1300 1.20 ± 0.47 1700 3.86 ±0.09 

37 (1.4)- 432 1300 2.35 ±1.19 1700 1.18 + 0.03 

40 (1,2,3)- 429 1250 1.34 ±0.11 1700 6.64 ± 0.17 

43 (1.2.4)- 431 1300 6.38 ±3.57 1700 1.80 ±0.05 

46 (1,3,5)- 430 1250 1.27 ±0.25 1650 4.68 ±0.11 

49 (1,2,3,4)- 430 1300 3.40 ±1.80 1650 8.55 ±1.13 

51 (1.2.3,5)- 434 1300 8.52 ±4.23 1650 10.07 ±0.29 

55 (1,2,4,5)- 436 1300 5.64 ± 2.84 1700 10.52 ±0.28 

58 (1,2,3,4,5)- 388 1250 1.61 ±0.03 1700 12.48 ±0.35 

61 (1,2,3,4,5,6)- 406 1400 2.83 ± 0.79 1700 84.10 ±2.03 

Table 3.9 - 3PA cross-sections of the alkynyl ruthenium complexes. 

The hexa-substituted (61) has the largest as at 1700 nm, eight times that of the tetra- (49, 

51, 55) and penta- (58) and the (l,2)-substituted (31), which has a value on the same 

order as these complexes. The (1,2,4)- complex (43), which shows a large 2PA cross-

section and high 2PA efficacy underperforms as a 3PA material at 1700 nm, but has the 

second highest value at 1300 nm, albeit with a large margin of error. 
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The ruthenium alkynyl complexes have larger 2PA cross-sections than the organic 

analogues and they follow the same trend of increasing 2PA values with increasing core 

substitution. However, the efficacy of 2PA, considering the two scaling metrics used, does 

not follow as the hexa-substituted complex performs worse by these metrics than lower 

substituted complexes. There is no straightforward trend between similarly sized 

complexes of different substitution pattern in the observed NLO responses. This is also the 

case for the SPA data, in which the larger complexes have considerably larger cross-

sections, a topic requiring further investigation. 

3.7 Concluding remarks 

A series of star-shaped ruthenium alkynyl complexes with twelve different core 

substitution patterns were synthesised. The composition of the complexes and precursor 

compounds were confirmed by ^H, i^c and ^'P NMR techniques. Differences in the 'H and 

î C NMR spectra between each substitution pattern were limited to the nuclei on and 

around the core; those on the periphery remain the same, ^ip NMR chemical shifts were 

equivalent for all core substitutions. All compounds except the linear analogue were too 

large for analysis by the mass spectrometry techniques available. The UV-vis spectra were 

collected and compared. The energy of the main Tt-tt* transition was lowered upon 

increased substitution level as well as increased conjugation through the core in the form 

of 1,4-substitution moieties. The MLCT in the alkynyl ruthenium complexes is unaffected 

by core substitution, suggesting that there is appreciable isolation from the core. Longer 

conjugation lengths afforded by favorable core conjugation paths should lower the MLCT 

band, as seen in other ruthenium alkynyl examples. The electrochemical behaviour of the 

ruthenium alkynyl complexes are similar to others previously synthesised, with oxidation 

potentials at around 0.6 V; isolation from the molecular core results in identical potentials. 

The electrospectrochemical properties were also similar with an introduction of an 

absorption band at around 900 nm upon oxidation. The third-order NLO properties of the 

TlPS-protected organic compounds and the ruthenium alkynyl complexes were obtained 

by the Z-scan technique. The TlPS-protected organic molecules have large 2PA cross-

sections, which maximize at 620 nm (580 nm for the smallest molecule (26)) with the 

hexa-substituted compound having the largest oz value of the set. The hexa-substituted 

compound maintains oz supremacy even when scaled for molecular weight and ir-electron 

number. The 1,4- disposed analogue was not soluble enough for a concentration sufficient 

for Z-scan analysis. The alkynyl ruthenium complexes show large 2PA cross-sections at 



Chapter 3 - Core Modification in Alkynyl Ruthenium Starsl 13 

850 nm, and substantial 3PA at longer wavelengths. In absolute terms, the hexa-

substituted complex has the highest 2PA value and would be an interesting structural 

motif to incorporate in larger dendrimer complexes. When 2PA cross-section is scaled for 

molecular mass and Ti-electron count the (l,2,4)-substituted complex (43) has higher 2PA 

efficiency, which may make a case for future investigations into low symmetry complexes. 

The ability to accurately compare the organic and organometallic complexes synthesised 

would shed light on this result, and Z-scan measurements are currently being conducted 

on a 75 mm lens set-up. 
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3.8 Experimental section 

3.8.1 Atom labeling 

Protons and carbons are labeled 1 through 20 from the terminal acetylene [1 ) to the arene 

core-attached acetylene (20). The ethyl solubilising groups' C and H atoms are labeled by 

the carbon number to which they are attached to (10 ) fo l lowed by the number of carbons 

from the attached atom (1 or 2). The silyl protecting groups' Hs and Cs are labe led 's ' to 

denote silyl attachment, fo l lowed by the carbon number the to which the silyl is attached 

(e.g. 7) and finally the number of carbons from the silicon (i.e. 1 for the methyne and 2 for 

the methyl moiety on TIPS). The ruthenium dppe Hs and Cs are labeled with a letter 

denoting the phenyl position (i.e. i for the P-bound ipso position), fo l lowed by a number 

designating which side the phenyl group sits on the metal and phosphorus group plane: 1 

is for the alkynyl-bound face and 2 for the chloro-bound face, b denotes the dppe 

backbone H or C. The arene core labeling starts with 'c' denoting a core derived atom, 

fo l lowed by a number (1-6) based on counting around the ring in the standard lUPAC 

fashion. Magnetically equivalent atoms are assigned the same label. An example is 

provided for the (l,2,4)-substituted core. In some instances, atoms are magnetically 

inequivalent with others in a similar structural environment in the molecule (e.g. C17-C20 in 

the 1,2,4- substituted core). A number denoting core carbon number attachment is added 

to the end of the atom label (i.e. C20 attached to C2 on the core becomes C202). 

Br 

HS,921 R — C " ^C,—I 

H H,„, ^ "s72s V c 2̂02 H 

/ A H4 Ha 

Silyl-Group Labeling Core labeling (1.2.4) 
H„ 

p h g R T ^ p p h s 
\ / /C4-C5 C,„-C„ C,5-C„ C«-Cc3 

C l - R u C,EC2-C3 \C,2-C„ZC»-CC gEC^oc/ ,Cc4-H« 

ri 
C - ' 

CL 
'HI 

Hp 

Figure 3.21 - Atom assignment in NMR spectra. 
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3.8.2 Materials 

All commercially available materials were used as received with the exception of ZnClz 

which was dessicated at 110 °C under vacuum for 18 h prior to use. The compounds 

[RuCl(dppe)2]PF6®® and (2-(4-iodophenyl)ethynyl]triisopropylsilane8'' were prepared 

following literature procedures. All reactions were carried out under Schlenk conditions 

unless otherwise stated. Diethyl ether, toluene and THF were dried by distilling over 

sodium/benzophenone before use. CH2CI2 was dried by distillation over CaHz. Petrol 

refers to a fraction of petroleum spirits with a boiling range 60 - 80 °C. Chromatography 

was on silica gel (230-400 mesh) or basic alumina. 

3.8.3 Instrumentation 

Mass spectra were recorded by the ANU Mass Spectrometry Unit staff using a 

Micromass/Water's LC-ZMD single quadrupole liquid chomatograph-MS ((ESI») MS, both 

unit resolution and HR on acetonitrile solutions), a VG Quattro II triple quadrupole MS (El 

MS, unit resolution on CH2CI2 solutions) and a VG AutoSpec M series sector (EBE) MS 

(HRMS (El») on CH2CI2 solutions). Unit resolution EI» data are reported as m/z (fragment, 

abundance (a.u.)); HR EI* and ESI» are reported as m/z (calcd [elemental composition] 

m/z). UV-vis spectra were recorded in CH2CI2 in 1 cm quartz cells using a Cary 5 

spectrophotometer and are reported in the form wavelength (nm) [extinction coefficient 

( lot M-i cm-i). Microanalyses were carried out by either the Microanalytical Unit staff at 

the Research School of Chemistry at the Australian National University or at London 

Metropolitan University. Instability precuded analysis of the terminal alkyne species of the 

organic cores. 'H-NMR spectra were recorded using a Varian MR-400 FT NMR 

spectrometer or a Bruker Avance-400 HD FT NMR spectrometer; spectra are referenced to 

residual chloroform (7.26 ppm). "C-NMR spectra were recorded using a Varian MR-400 

FT NMR spectrometer and are referenced to d-chloroform (77.0 ppm). ^ip-NMR spectra 

were recorded using a Bruker Avance-400 HD FT NMR spectrometer and are referenced 

to external 85% H3PO4 (0.0 ppm). HMBC and HSQC NMR Spectra were obtained with a 

Varian MR-400 FT NMR spectrometer. Fluorescence data were obtained using a Cary 

Eclipse fluorescence spectrophotometer in 1 cm quartz vials using solutions in distilled 

CH2CI2. Cyclic voltammetric measurements were recorded using a MacLab 400 interface 

and potentiostat from eDaq. Measurements were performed on CH2CI2 solutions 

containing 0.1 M (BU4N)PF6 with ca. 5 mg of complex, using Pt working, Pt auxiliary and 
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Ag-AgCl reference electrodes. All scans were performed under an argon atmosphere. Scan 
rates of 50, 80, 100 and 120 mV S'l were used to ascertain reversibility ratios. Ei/z values 
are referenced to an internal sample of ferrocene (E1/2 - 0.56 V). UV-Vis spectra of the 
oxidised species were obtained at 298 K by generation in an OTTLE cell at potentials 
above the Ei/z of the complex with 0.1 M (Bu4N)PF6 as supporting electrolyte. 

Spectral dependence Z-scan experiments were run using a light 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 1600 nm, which was confirmed by a 
Ocean optics USB2000+ spectrometer (500-1000 nm) or an Ocean optics NIR-Quest 
spectrometer (1000-1800 nm). The output delivered 130 fs pulse with a 1 kHz repetition 
rate. Coloured glass filters and a Thorlabs polarizing filter were used to remove unwanted 
wavelengths and the power adjusted by use of neutral density filters to obtain nonlinear 
phase shifts between 0.1 to 1.3 rad. The focal length of the beam at the experiment was 
either 120 mm or 75 mm (where specified), obtained by the use of an appropriate lens. A 
120 mm lens gave a Gaussian beam waist of 25-60 nm (depending on wavelength) and the 
75 mm lens gave 25-45 nm beam waist, both of which give Rayleigh lengths longer than 
the sample thickness. Samples travelled down the Z axis on a Thorlabs motorised stage 
between 0 and 100 mm with a 120 mm lens, and between 5-45 mm with a 75 mm lens. 
Data was collected by three Thorlabs photodiodes, 500-900 with Si based detectors, 900-
1300 nm with InGaAs detectors and 1300-2000 nm with amplified InGaAs detectors. Data 
from the detectors were collected by a Tektronix oscilloscope feeding a custom LabVIEW 
program (written by Marek Samoc) permitting fitting of a theoretical trace. A sample of 
CH2CI2 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 hyperpolarisability (y) of the materials were 
calculated assuming additivity to these reference samples. 

3.8.4 Experimental data for compounds 1 - 61 

Synthesis of 2,6-diethyl-4-((trimelhyhilyl)ethynyl)amline (1) 

2,6-Diethyl-4-iodoaniline (3.1 g, 11.3 mmol) was added to a mixture of PdCl2(PPh3)2 (20 mg, 
1.37 mmol) and Cul (19 mg, 0.50 mmol) in deoxygenated triethylamine (50 mL). 
Trimethylsilylacetylene (1.6 mL, 11.4 mmol) was added and the mixture stirred at room 
temperature for 12 h. The mixture was filtered to remove the precipitate and the filtrate added to 
ether and then extracted with an aqueous solution of NH4CI and then brine. The solvent was 
removed from the organic phase under vacuum and the residue purified by column 
chromatography on silica, eluting with a mixture of n-hexane and ethyl acetate (10:1). The 
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solvent was removed to give a waxy brown solid, which was then crystallised f rom methanol 

and water. 2,6-Diethyl-4-((tr imethylsi lyl)ethynyl)anil ine was obtained as light brown crystals 

(2.45 g, 88 %). / JKhexaneiEtOAc, 10:1) - 0.15. MS ( e O : 245.1 ( [ M f . 92), 230.1 ([M - Me]", 

100). H R M S ( E O : [ M ] * 245.1603 (calcd [ C i s H j j N S i ] 245.1603). Anal, calcd for C . s H j s N S i : C, 

73.41; H, 9.44; N, 5.71. Found: C, 73.42; H, 9.65; N, 5.82. iH NMR (6, 4 0 0 MHz, CDCb): 0 ,23 

( s , 9 H , H S M I ) , 1 . 2 5 ( t , 6 H , H i o i . h n = 7 . 6 H z ) , 2 . 4 8 ( q , 4 H , H , O I , y H H = 7 . 6 H z ) , 3 . 7 9 ( b s , 2 H , 

NHz), 7 . 1 1 (s, 2H, H n ) . " C NMR (6, 101 .5 MHz, CDCb): 0.2 (Csui) , 12.7 ( C 1 0 2 ) , 23 .9 (Cio:), 

90 .7 ( C 1 4 ) , 106 .8 (C13), 111 .9 ( C 1 2 ) , 127 .1 (Cio), 129 .9 (Cn) , 142 .3 [ C 9 ) . 

Synthesis of (3,5-diethyl-4-iodophenyl)ethynyltnmethylsilane (2) 

2,6-Diethyl-4-((tr imethylsilyl)ethynyl)anil ine (2.15 g, 10.7 mmol) was added to distilled ether 

(60 m L ) and the resultant mixture cooled to -20 °C in a dry ice / acetone bath. BF3.(OEt2) (12 

mL, 45.5 mmol , 50% solution in ether) was added to the mixture dropwisc over 30 min. tert-

Butyl nitrite (4.4 mL, 34.1 mmol ) was then added and the mixture stirred at -20 °C for 30 min 

and then al lowed to warm to 5 °C over 10 min. Cold ether (50 mL) was added and a yellow 

precipitate was formed after 20 min stirring. This was collected by filtration, washed with cold 

ether and then added to MeCN (20 mL). A mixture o f N a l (3.2 g, 21.6 mmol) and I2 (0.2 g, 0.8 

mmol ) in MeCN (10 m L ) was then added dropwise and the mixture stirred overnight. An 

aqueous solution of Na2S203 was then added to the stirring mixture. The product was extracted 

with ether and the organic layer dried with Na2S04. The solvent was removed and the residue 

purif ied by column chromatography using silica, eluting with hexane. The solvent was removed 

f rom the eluate under reduced pressure to give (3,5-diethyl-4-iodophenyl) 

ethynyltr imethylsi lane as a colourless solid (2.07 g, 64 %). (hexane) - 0.64. MS ( E f ) : 356.1, 

( [ M f , 60), 341.0 ([M - M e f , 100). H R M S ( E f ) : [M] ' 356.0464 (calc. [CisHjiISi] 356.0464). 

Anal, calcd for Ci5H2ilSi: C, 50.56; H, 5.94. Found: C, 50.89; H. 6.08. iH NMR (6, 4 0 0 MHz, 

CDCb): 0 . 2 4 (s, 9H, Hsui ) , 1 .21 (t, 6H, Hio2,yHH = 7.6 Hz), 2 .77 (q, 4H, Hioi,yHH = 7.6 Hz), 7 .14 

(s, 2H, H n ) . " C NMR ( 6 , 101 .5 MHz, C D C I 3 ) : 0 .1 (Csui) , 14.5 ( C 1 0 2 ) , 35 .4 (Cioi), 94 .7 (Cii), 

104 .5 CC13) , 107 .9 ( C 9 ) , 122 .9 ( C 1 2 ) 129 .0 (Cn) , 147 .3 (Cio). 

Synthesis of'Pr,SiC^CiHr2,6-Et2-4-C^SiMe3 (3) 

3,5-Diethyl-4-iodophenyl)ethynyltr imethylsi lane (2.05 g, 5.75 mmol ) was added to 

t r ie thylamine (40 mL) and the resultant mixture deoxygenated. Pd(PPh3)4 (20 mg, 0.01 mmol ) 

and Cul (30 mg, 0.15 mmol ) were added and the mixture stirred at room temperature for 5 min. 

Tri isopropylsi lylacetylene (1.35 mL, 5.8 mmol) was then added and the mixture stirred at room 
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temperature for 12 h. The solvent was removed under reduced pressure and the residue purified 
by column chromatography on silica, eluting with petrol. The solvent was removed to give 
'Pr3SiCsCC6H2-2,6-Et2-4-CsCSiMe3 as a colourless solid (2.25 g, 95 %). (petrol) - 0.50. MS 
( E f ) : 410.3 ( [ M r , 40), 395.3 ([M - M e f , 20), 367.2 ([M - 'P r ] \ 100). HRMS (El"): 410.2825 

(calcd [C26H42Si2] 410.2825. Anal, calcd for C26H42Si2: C, 76.02; H, 10.31. Found: C, 75 .89 ; H, 
10.38. iH NMR (6, 400 MHz, CDCb): 0 . 2 4 (s, 9H, Hsui), 1 . 1 3 (s, 2 1 H , Hs7i + Hs72), 1 . 2 2 (t, 6H, 

Hio2,;hh = 7 .6 H z ) . 2 . 8 1 ( q , 4 H , HioiJhh = 7 . 6 H z ] , 7 . 1 6 ( s , 2 H , Hn) . " C N M R ( 6 , 1 0 1 . 5 M H z , 

CDCb); 0 . 1 (Csui), 1 1 . 4 (Cs7i), 14.7 (C102), 18.6 (Cs72), 2 8 . 1 (Cioi), 94.9 (Cu), 100.2 (Cs), 

103.2 (C13), 105.387 (C7), 1 2 2 . 3 (C12), 1 2 2 . 5 (C9), 128.8 (Cn), 146.9 (Cio). 

Synthesis of'PrjSiC^CfJi^-l, 6-Eh-4-C^H (4) 

(Note: This reaction was not conducted under an inert atmosphere.) 

'Pr3SiC=CC6H2-2,6-Et2-4-CsCSiMe3 (1.77 g, 4.30 mmol) was added to a mixture of CH2CI2 and 
methanol (1:1, 30 mL) followed by K2CO3 (0.7 g, 5.1 mmol) and the mixture stirred for 2 h. 
Water was added, the product was extracted with CH2CI2 and the organic phase was dried with 
Na2S04. After filtration, the solvent was removed from the filtrate under reduced pressure to 
give 'Pr3SiC=CC6H2-2,6-Et2-4-C=CH as a colourless liquid (1.26 g, 86 %). «f (hexane) - 0.57. 
MS ( E f ) : 338.2 ([M]", 40), 295.2 ([M - 'Pr]*, 100). HRMS (El*): [M]' 338.2432 (calcd 
[C23H34Si] 338.2430). iH NMR (6, 400 MHz, CDCI3): 1.15 (s, 21H, Hs7i + Hsjz], 1.25 (t, 6H, 
Hio2,/hh = 7 . 6 H z ) , 2 . 8 1 ( q , 4H, Hioi,yHH = 7 . 6 H z ) , 3 . 1 0 ( s , I H , H u ) , 7 . 1 9 ( s , 2 H , H n ) . " C 

NMR (6, 101.5 MHz, CDCI3): 11.5 (Cs7i), 14.9 (C102), 18.8 (Cs72), 28.2 (Cioi), 77.9 (Cu), 84.1 
(C13), 100.8 (Cs), 103.2 [C7), 121.5 (C12), 122.8 (C,), 129.1 (Cn), 147.1 (Cio). 

Synthesis of'Pr3SiC^C6H2-2,6-Et2-4-C^C6H4-4-Br (5) 

'Pr3SiCsCC6H2-2,6-Et2-4-CsCH (2.9 g, 12.1 mmol) and 4 - b r o m o i o d o b e n z e n e (3.40 g, 12.1 
mmol) w e r e added to deoxygenated t r ie thylamine (40 mL) and the solut ion cooled in an 
ice bath. Pd(PPh3)4(25 mg, 0.02 mmol) and Cul (16 mg, 0.08 mmol ) w e r e then added and 
the mixture s t i r red for 3 h mainta ining the t e m p e r a t u r e at 0 °C. The solvent w a s then 
removed u n d e r vacuum and the res idue passed through a shor t pad of silica, elut ing with 
petrol . The solvent w a s removed u n d e r vacuum to give 'Pr3SiC=CC6H2-2,6-Et2-4-CsCC6H4-
4-Br as a colourless liquid (3.1 g, 92 %). R, (hexane) - 0.48. MS (Eh): 494.2 ([M]», 55), 451 .1 
([M - P r ] \ 100). HRMS (Eh); [M]\ 494 .1830 (calcd [C29H378iBrSi] 494 .1827) . iH NMR (6, 
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400 MHz, CDCU): 1.15 (s, 21H, Hsti + Hsjz), 1.26 (t, 6H, Hio2,yHH = 7.6 Hz), 2.84 (q, 4H, Cioi, 

yHH = 7.6 Hz), 7,22 (s, 2H, Hn), 7.38 (appd (AA'BB"), 2H, Hi6, JAB = 8 Hz), 7.48 (appd 

(AA'BB'), 2H, Hi7,yAB = 8 Hz). " C NMR (8, 101.5 MHz, CDCb); 11.3 (Cs7i), 14.8 (Cioi). 18.6 

(Cs72), 28.0 (Cioi), 89.1 CCi4), 90.8 (Cn), 100.4 (Ca), 103.2 (C7), 122.2 (C15 and Cis), 122.4 

(Cu), 122.7 (C9), 128.4 (Cn), 131.6 (C,?), 132.9 (Cie), 147.0 (C,o). 

Synthesis ofHC^C6H2-2.6-Et2-4-C=CC6H4-4-Br (6) 

'Pr3SiC=CC6H2-2,6-Et2-4-C=CC6H4-4-Br (10.30 g, 20.87 mmol) followed by TBAF (21 mL, 21 

mmol, 1 M in THF) was added to CH2CI2 (30 mL) and the solution stirred for 2 h. Water 

was added and the organic layer separated, dried with MgS04, and the solvent removed 

under vacuum. The residue was purified using column chromatography on silica, eluting 

with hexane. The solvent was removed and the residue crystallised by slow diffusion of 

MeOH into a CH2CI2 solution. HCsCC6H2-2,6-Et2-4-C=CC6H4-4-Br was isolated as colourless 

crystals (6.08 g, 95 %). «f(hexane) - 0.42. MS (EI-): 338.0 ([M]», 100). HRMS (ESI-): [M]», 

338.0489 (calcd [C2oHi78iBr] 338.0489). Anal calcd for C2oHi7Br: C, 71.23; H, 5.10. Found: 

C, 71.29; H, 5.10. iH NMR (6, 400 MHz, CDCb): 1.28 (t, 6H, Hio2,yHH = 7.8 Hz), 2.82 (q, 4H, 

Hioi.yHH = 7.8 Hz), 3.53 (s, IH, H?), 7.23 (s, 2H, Hn), 7.37 (appd (AA'BB'), 2H, Hi7,yAB = 8 

Hz), 7.48 (appd (AA'BB'), 2H, Hi6,yAB = 8 Hz). " C NMR (6, 101.5 MHz, CDCb): 14.8 (C102), 

28.0 (Cioi), 80.2 (Ca), 86.14 (C7), 89.2 (C14), 90.6 (C13), 120.9 (Cu), 122.2 (C9), 122.4 (Cis), 

122.7 (C15), 128.4 (Cn), 131.6 (C17), 132.9 (Cis), 147.0 (Cio). 

Synthesis of'Pr3SiC^CeHi-4-C=CC6H2-2,6-Et2-4-C^UH4-4-Br (7) 

HCsCC6H2-2,6-Et2-4-CsCC6H4-4-Br (1.14 g 2.61 mmol) was added to a mixture of 

Pd(PPh3)4 (55 mg, 0.05 mmol), Cul (35 mg, 0.18 mmol), and (2-(4-

iodophenyl)ethynyl)triisopropylsilane (0.85 g, 3.0 mmol) in deoxygenated NEts (30 mL) 

cooled to 0 °C in an ice bath. The mixture was stirred for 2 h. The solvent was then 

removed and the residue purified by column chromatography on silica, eluting with 

petrol. iPr3SiC=CC6H4-4-CsCC6H2-2,6-Et2-4-CsCC6H4-4-Br was isolated as a colourless solid 

(1.55 g, 91 %). /?f(hexane) - 0.33. MS (Eh): 594.2 ([M]^ 100), 551.2 ([M - •Pr]^ 55). HRMS 

(El»): [M]* 592.2161 (calcd [C37H4i"BrSi] 592.2161). Anal, calcd for C37H4iBrSi: C, 74.85; H, 

6.96. Found: C, 75.12; H, 7.29. iH NMR (6, 400 MHz, CDCb): 1.14 (s, 21H, Hsii + H^n), 1.26 

(t, 6H, H,o2, yHH = 7.8 Hz), 2.80 (q, 4H, Cioi, JHH = 7.8 Hz), 7,25 (s, 2H, Hn), 7.35 (appd 
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(AA'BB' ) , 2H, H i tJa b = 8 Hz) , 7.44 (s, 4H, H, +H5), 7.62 (appd (AA 'BB' ) , 2H, H i sJa b = 8 Hz) . 

" C NMR (6, 101.5 MHz, CDCI3): 11.3 (Csii), 14.6 (C102), 18.7 (Csi2), 27.9 (Cioi ) , 88.1 (Cs), 

8 9 . 4 (Cn ] , 9 0 . 9 (Cu ) , 9 2 . 9 (Ci ) , 9 8 . 2 (C7), 1 0 6 . 6 (C2), 1 2 1 . 8 (Cn ) , 1 2 2 . 2 (C9), 1 2 2 . 5 (C15 and 

Cis), 123.4 [CsandCs] , 128.5 [Cu) , 131.1 (Cs), 131.6 (Cis), 132.0 (C4), 133.0 CC17), 146.5 

(Cio). 

Synthesis ofiPr3SiC^C6H4-4-C^C6H2-2,6-Et2-4-C^C6H4-4-l ( 8 ) 

'Pr3SiC=CC6H4-4-C=CC6H2-2,6-Et2-4-CsCC6H4-4-Br (4.00 g, 6.73 m m o l ) was added to 

diethyl ether (20 mL ) and the mixture was cooled to -78°C in a dry ice / acetone bath. 

"Butyl lithium (5.6 mL, 6.95 mmol, 2.5 M in hexane) was s lowly added and the mixture 

stirred f o r 2 h. Iodine (2.00 g, 7.90 m m o l ) in THF (25 m L ) was added and the mixture 

warmed to room temperature. Aqueous NaS203 (20 m L ) was added to the stirring mixture 

and the product extracted with CH2CI2, washing we l l with water . The organic layer was 

dried with MgS04 and the solvent removed. 'Pr3SiCsCC6H4-4-CsCC6H2-2,6-Et2-4-CsCC6H4-

4-1 was obtained as a colourless solid (3.62 g, 84 % ) . (hexane) - 0.16. MS (EI « ) : 640.1 

( [M]* , 100), 597.1 ( [M - Pr]*, 55). HRMS (Eh ) : [M]* 640.2018 (calcd [C37H4iISi] 640.2022) . 

Anal, calcd for C37H4ilSi: C, 69.36; H, 6.45. Found: C, 69.54; H, 6.71. iH NMR (6, 400 MHz, 

CDCI3): 1.13 (s, 21H, Hsii + Hsi2), 1.31 (t, 6H, Hio2,yHH = 7.6 Hz), 2.88 (q, 4H, Hioi,yHH = 7.6 

Hz), 7.25 (appd (AA'BB' ) , 2H, Hi7,yAB = 8 Hz), 7.27 (s, 2H, Hn ) , 7.45 (s, 4H, H 4 + Hs), 7.69 

(appd (AA'BB' ) , 2H, Hi6,yAB = 8 Hz). " C NMR (6, 101.5 MHz, CDCI3): 11.3 (Csn), 14.6 (C102), 

18.7 (Csi2), 27.9 (Cioi), 88.2 (Cs), 89.5 (Cis), 91.1 (C13), 92.9 (Ci ) , 94.2 (Cu ) , 98.2 (C7), 106.6 

(C2), 121.8 (C12), 122.5 (C9), 122.7 (C15), 123.4 + 123.42 (C3 and Ce), 128.5 (Cn ) , 131.1 (Cs), 

132.0 (C17), 133.0 (C4), 137.5 (Cie), 146.6 (Cio). 

Synthesis of3,5-dibromo-4-iodo-nitrobenzene (9)»i9i'* 

2,6-Dibromo-4-nitroanil ine (7.0 g, 23.4 m m o l ) was added to 5 0 % H2SO4 in H2O (150 m L ) 

and cooled in an ice bath. A solution of NaNOz (2.0 g, 28.9 m m o l ) in H2O (25 m L ) was 

added dropwise , ensuring the temperature remained be l ow 3''C. A f t e r addit ion the 

mixture was stirred for 2 h. A solution of K1 (4.8 g, 28.9 m m o l ) in wa te r (25 m L ) w a s then 

added dropwise . The mixture was then wa rmed to room temperature and stirred for 5 h. 

CH2CI2 was added and the organic layer was recovered, washed with aqueous Na2S203 and 

dried with MgS04. A f t e r fi ltration, the solvent was r emoved under vacuum and the residue 

was recrystallised f rom n-hexane to g ive red crystals (6.25 g, 65 % ) . RF(5: l , Petrol/CH2Cl2) 
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- 0 . 3 4 . MS (EI*) : 4 0 6 . 7 ( [M]\ 1 0 0 ) , 3 6 0 . 7 ([M - NO2], 3 5 ) . HRMS ( E h ) : 4 0 6 . 7 4 6 9 (calcd 

[CeHz^BrzINOz] 4 0 6 . 7 4 5 6 ) . 'H NMR (6, 4 0 0 MHz, CDCI3): 8 . 3 8 (s, 2H, Hc4). " C NMR (6, 

1 2 1 . 5 MHz, CDCI3): 1 1 8 . 8 (Cc2), 1 2 5 . 2 (Crt), 1 3 2 . 1 (Cci), 1 4 8 . 0 (Ccs). 

•Previously prepared by different methodology in ref. 85 and ref. 90 with no NMR or MS characterisation. 

Synthesis of 3,5-dibromo-4-iodoamUne (10)®^* 

3 , 5 - D i b r o m o - 4 - i o d o - n i t r o b e n z e n e (7 .0 g, 17 .2 mmol ) was added to concentrated HCl ( 1 0 0 

m L ) and then tin metal ( 1 0 . 1 g, 8 6 . 4 m m o l ) was added port ionwise. A c o n d e n s e r was 

fitted and the react ion heated to 8 0 °C for 1 0 h. W a t e r ( 1 0 0 mL) was added and the pH 

ad justed to 10 with Na2C03. T h e product was extracted with CH2CI2 and recrystal l ised 

from MeOH and H2O to give pale yel low crystals of 3 ,5 -dibromo-4- iodoani l ine ( 6 . 4 9 g, 7 3 

% ) . RF ( 2 :1 , Petrol/CH2Cl2) - 0 . 44 . MS ( E h ) : 3 7 6 . 8 ( [M]\ 1 0 0 ) , 2 4 9 . 8 ( [ M 2 1 ) . HRMS 

( E I ^ : 3 7 5 . 1 6 5 5 (calcd [CtHs^BrlN] 3 7 5 . 1 6 5 0 ) . iH NMR (6, 4 0 0 MHz, CDCI3): 3 .77 (s, 2H, 

NH2), 6 . 9 3 (s, 2H, HC2). " C NMR (6, 1 0 1 . 5 MHz, CDCI3): 9 3 . 3 (CC4), 1 1 7 . 3 (CC2), 1 3 1 . 1 (CC3), 

1 4 8 . 0 (Cci). 

•Previously synthesised in ref. 83 using an iron and acetic acid reduction methodology. NMR data are 

consistent. 

Synthesis of l,3-dibromo-2-iodobenzene (11)81* 

3 ,5 -Dibromo-4- iodoani l ine ( 1 . 9 6 g, 5.2 m m o l ) was added to a solution of H2SO4 in EtOH 

( 1 0 % v/v, 4 0 mL) and the solution heated to 70°C, be fore NaN02 (0 .40 g, 5 .8 m m o l ) was 

added. After 3 0 min, w a t e r ( 1 0 0 mL) w a s added and the resulting solid col lected by 

fi l tration. T h e solid w a s purified by column chromatography on silica, eluting with hexane . 

T h e res idue was then recrystal l ised from hexane to give l , 3 - d i b r o m o - 2 - i o d o b e n z e n e as a 

co lour less solid ( 0 . 8 0 g, 4 4 % ) . fif(Hexane) - 0 . 75 . MS (El*) : 3 6 1 . 8 ( [M]\ 5 0 ) . HRMS (ESU): 

3 6 1 . 7 6 2 8 (calcd [CsHs^BrSiBrl] 3 6 1 . 7 6 2 6 ) . iH NMR (6, 4 0 0 MHz, CDCI3): 7 . 07 (t, IH, Hcs, 

VHH = 8 Hz), 7 . 5 8 (d, 2H, HC4,7HH = 8 Hz). " C NMR (6, 1 0 1 . 5 MHz, CDCI3): 1 0 9 . 4 (Ccz), 1 3 0 . 3 

(Cci), 1 3 1 . 1 (Cc4 ) , 1 3 1 . 3 (Cc5) . 

• Previously synthesised in ref. 84 from 2,6-dibromoaniline. The physical data are consistent. 
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Synthesis of2,3,5-tribromo-4-iodoaniline ( 1 2 ) 

T o 3,5-dibromo-4- iodoani l ine (1.51 g, 4.01 m m o l ] in ch lo ro f o rm (30 m L ] was added N-

bromosucc in imide (0.72 g, 4.04 m m o l ) and the mixture a l l owed to stir f o r 3 h. W a t e r ( 100 

m L ) was added and the organic layer recovered , dry ing wi th MgS04. The so lvent w a s 

r emoved under vacuum and the residue recrystal l ised f r om petrol . 2 ,3 ,5-Tr ibromo-4-

iodoani l ine w a s obtained as bright orange crystals (1.13 g, 62 % ) . MS (EI » ) : 454.7 ( [M ] * , 

100). HRMS (ESh) : 454.6836 (calcd [CeHs^Br j IN ] 454.6840) . iH NMR (6, 400 MHz, 

CDC13): 4.37 (bs, 2H, N H 2 ) , 7.10 (s, IH , Hce). " C NMR (6, 101.5 MHz, C D C I 3 ) : 93.7 (Cc4), 

109.7 (Ccs), 116 (Cce), 129.6 (Ca ) , 133.5 (Ccz), 146.1 (Cci). 

Synthesis of l,2,4-tribromo-3-iodobenzene (13 ) . 

2 ,3,5-Tr ibromo-4- iodoani l ine (2.0 g, 4.38 m m o l ) was added to a solution o f H 2 S O 4 in EtOH 

( 1 0 % v/v, 40 m L ) and the solution heated to 70°C be fo re NaNOz (0.40 g, 5.79 m m o l ) w a s 

added. A f t e r 30 min wa te r (100 m L ) w a s added and the result ing solid col lected by 

f i ltration. The solid was puri f ied by column chromatography on silica, eluting wi th hexane. 

The so lvent was r emoved to g ive l ,2 ,4 - t r ibromo-3- iodobenzene as a pale y e l l o w solid (1.1 

g, 54 % ) . « f ( H e x a n e ) - 0.74. MS (Eh ) : 439.7 ( [ M ] \ 100), 312.7 ( [M - I]*, 37 ) . HRMS (ESI*): 

439.6731 (calcd [CeHz^Brz^Br l ] 439.6731) . iH NMR (6, 400 MHz, CDC13): 7.45 (d, IH , Hcs, 

yHH = 8 Hz) , 7.48 (d, IH , Hc5,yHH = 8 Hz) , i^c NMR (6, 101.5 MHz, CDCb) : 110.7 (Ccz). 122.6 

(Cc4). 129.9 (Cci), 131.7 (Cc6) , 132.7 (Cc3), 133.9 (Ccs). 

Synthesis of trimethylsilylethynylbenzene ( 1 4 ) 

l odobenzene ( 1 mL, 8.96 m m o l ) w a s added to t r ie thy lamine ( 20 m L ) and the mixture w a s 

deoxygenated under vacuum and backfi l led wi th N2. Pd(PPh3)4 (3 mg, 0.003 m m o l ) and 

Cul (2 mg, 0.01 m m o l ) w e r e added f o l l owed by ( t r imethy ls i l y l )ace ty lene (1.3 mL, 9.28 

m m o l ) and the mixture st irred f o r 2 h. The prec ipi tate w a s r e m o v e d by f i l tration, wash ing 

with petrol and the f i l trate so lvent r emoved under vacuum. The res idue w a s pur i f ied by 

column chromatography on silica eluting wi th petrol . The so lvent w a s r e m o v e d under 

vacuum to g i ve t r imethy ls i l y le thyny lbenzene as a colourless oil (1.5 g, 97 % ) . Rf ( P e t r o l ) -

0.47. MS (El- ) : 174.1 ( [ M ] \ 30), 159.1 ( [ M - Me] » , 100) . HRMS (ESh ) : 174.0862 (calcd 
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[CiiHi4Si] 1 7 4 . 0 8 6 5 ) . UV-Vis: 2 7 0 [5 .10] , 2 6 1 [7 .56] , 2 4 1 [6 .10] , iH NMR (6, 4 0 0 MHz, 

CDCls]: 0 . 2 5 (s, 9H, Hsi9i), 7 . 3 0 (m (AA'BB'X), 3H. Hcs + Hc4), 7 . 47 (m (AA'BB'X], 2H, Hc2]. 

" C NMR (6, 1 0 1 . 5 MHz, CDCb); - 0 . 0 2 (Csi9i), 9 4 . 1 CC19), 1 0 5 . 1 (C20), 1 2 3 . 1 (Cci), 1 2 8 . 2 [Ccs). 

1 2 8 . 4 (Cc4), 1 3 1 . 9 (Cc2]. 

• Previously synthesised in ref 9 1 and ref 92 . NMR data are consistent. 

Synthesis of l,2-bis(thmethylsilylethynyl)benzene (15)'3* 

1 ,2 -Di iodobenzene ( 1 . 0 0 g, 3 . 03 m m o l ) was added to t r ie thylamine ( 2 0 mL) and the 

mixture deoxygenated under vacuum. Pd(PPh3)4(5 mg, 0 . 0 0 4 mmol ) and Cul (2 mg, 0 . 0 1 

m m o l ) w e r e added followed by ( tr imethyls i ly l )acetylene ( 0 . 8 5 mL, 6 .1 mmol ) and the 

mixture s t i rred for 2 h. The prec ipi ta te was removed by filtration, washing with petrol, 

and the f i l trate solvent w a s removed under vacuum. The residue was purified by column 

c h r o m a t o g r a p h y on silica, eluting with petrol. T h e solvent was removed under vacuum to 

give l ,2 -b is ( t r imethyls i ly le thynyl ) b e n z e n e as a pale yel low oil (0.7 g, 8 5 % ) . Rf (Petro l ) -

0 .35 . MS (El*) : 2 7 0 . 1 ( [M]\ 6 5 ) , 2 5 5 . 1 ([M - Me]^ 1 0 0 ) . HRMS (ESI*): 2 7 0 . 1 2 6 0 (calcd 

[CieHzzSiz] 2 7 0 . 1 2 6 0 ) . UV-Vis: 2 8 5 [2.8] , 2 7 9 [4.6], 2 7 0 [14 .7] , 2 6 3 [18 .3] . 'H NMR (6, 4 0 0 

MHz, CDCb): 0 . 2 7 (s, 18H, Hswi) , 7 . 2 4 (m (AA'BB'), 2H, Hcs), 7 . 4 4 (m (AA'BB'), 2H, Hc4). " C 

NMR (6, 1 0 1 . 5 MHz, CDCb): - 0 . 0 4 (Csi9i), 9 8 . 4 (C19), 1 0 3 . 2 (C20), 125 .7 (Cci), 1 2 8 . 0 (Ccs), 

1 3 2 . 3 (Cc2). 

• Previously synthesised in r e f 9 3 . No NMR data is reported. 

Synthesis ofl,3-bis(trimethylsilyIeChynyl)benzene ( 1 6 ) ' " * 

1 , 3 - D i b r o m o b e n z e n e (2 .0 g, 8 . 47 mmol ) and Pd(PPh3)4 (20 mg, 0 . 0 1 7 m m o l ) w e r e added 

to distil led to luene ( 8 0 mL) and the mixture deoxygenated under vacuum and backfil led 

with Nz. (Tr imethyls i lylethynyl)zinc chloride in THF ( 5 0 mL, 0 .5 M, 2 5 m m o l ) was added 

by cannula and the mixture heated to 9 0 °C and st irred for 4 d. Dilute HCl solution ( 1 0 0 

mL, 2 M in H2O) was added and the organic layer recovered, dried with MgS04 and the 

so lvent r e m o v e d under vacuum. T h e residue was purified by silica co lumn 

c h r o m a t o g r a p h y eluting with petrol to give l , 3 -b i s ( t r imethyls i ly le thynyl )benzene as a 

co lour less solid (1 .8 g, 8 0 % ) . Rf - 0 . 3 4 (Petrol) . MS (El*) : 2 7 0 . 1 ([M]*, 3 5 ) , 2 5 5 . 1 ([M - Me]*, 

1 0 0 ) . HRMS (El*) : 2 7 0 . 1 2 6 3 (calcd [Ci6H22Si2] 2 7 0 . 1 2 6 0 ) . UV-Vis: 2 6 9 [18 .0] , 2 6 3 [23 .5] , 

2 5 1 [13 .6 ] . I H NMR (6, 4 0 0 MHz, CDCb): 0 . 2 4 (s, 18H, H s m ) , 7 . 5 8 (t, IH, HCS,7HH = 8 H Z ), 
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7.39 (dd. 2H. Hc4,yHHcra,o = 8 Hz, 3/„H„EU = 1.6 Hz }, 7.22 (t, IH. HCZJHH = 1.6 Hz). " C NMR (6, 

101.5 MHz, CDCb): 0.10 (C.191), 94.8 ( C i , ) , 104.0 (C20), 123.3 (Cci), 128.2 (Ccs), 131.7 (Cc4), 

135.4 (Cc2). 

•Previously synthesised in ref 94 by a different method. A higher field NMR instrument allows for better 

resolution of the aryl region, as a result the multiplicity is inconsistant. 

Synthesis of lA-bis(trimeChylsilylethynyl)benzene 

1,4-Diiodobenzene (1.5 g, 4.54 mmol) was added to triethylamine (30 mL) and the 

mixture deoxygenated under vacuum. Pd(PPh3)4(7 mg, 0.006 mmol ) and Cul (4 mg, 0.02 

mmol) were added followed by (trimethylsilyl)acetylene (1.3 mL, 9.3 mmol ) and the 

mixture stirred for 2 h. The precipitate was removed by filtration, washing with petrol, 

and the solvent of the filtrate was removed under vacuum. The residue was purified by 

column chromatography on silica, eluting with petrol. The solvent was removed to give 

trimethylsilylethynylbenzene as a colourless solid (1.18 g, 96 %) . Rf (2: l , Petrol/CHzCh) -

0.37. MS (EI»): 270.1 ([M]-, 45), 255.1 ( [M - Me]», 100). HRMS (ESI»); 270.1259 (calcd 

[Ci6H22Si2] 270.1260). UV-Vis: 295 [4.6], 280 [4.4], 270 [14.7], 263 [18.3]. 'H NMR (6, 400 

MHz, CDCb); 0.25 (s, 18H, Hsi9i), 7.39 (s, 4H, Hc2). " C NMR (6, 101.5 MHz, C D C I 3 ) : 0.10 

(CS19I),96.3 (C19), 104.5 (C20), 123.1 (Cci), 131.7 (Cc2). 

* Previously synthesised in ref 93. No NMR data is reported. 

Synthesis ofl,2,3-tris(trimethylsilylethynyl)benzene ( 1 8 ) 

l,3-Dibromo-2-iodobenzene (1 g, 2.76 mmol) and Pd(PPh3)4(15 mg, 0.013 mmol ) were 

added to distilled toluene (60 mL) and the mixture deoxygenated under vacuum and 

backfilled with N2. (Trimethylsilylethynyl)zinc chloride in THF (30 mL, 0.4 M, 12 mmol ) 

was added by cannula and the mixture heated to 90 °C and stirred for 4 d. HCl solution (40 

mL, 1 M in H2O) was added and the organic layer recovered, dried with MgS04 and the 

solvent removed under vacuum. The residue was purified by column chromatography on 

silica, eluting with petrol. The solvent was removed under vacuum to give 1,2,3-

tris(trimethylsilylethynyl)benzene as a pale yel low solid (0.60 g, 60 %) . Rf (Petrol ) - 0.17. 

MS (El*): 366 ( [M]^ 100), 351 ( [M - Me]*, 60). HRMS (ESI*): 366.1651 (calcd [C2iH3oSi3] 

366.1655). UV-Vis: 285 [0.7], 269 [21.0], 263 [26.2], 255 [20.9]. iH NMR (6, 400 MHz, 

CDCb): 0.26 (s, 18H, H.191), 0.29 (s, 9H, Hsi92i), 7.15 (t, IH, Hc4,yHH = 8 Hz) 7.40 (d, 2H, Hcs, 

J H » = 8 Hz). " C NMR (6, 101.5 MHz, CDCb); 0.00 (Csi92i), 0.12 (Csi9i), 98.8 (C19), 101.6 

(C192), 102.6 (C20), 103.2 (C202), 126.3 (Cci), 127.4 (Ccs), 128.0 [Ccz], 132.1 (Cc4). 
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Synthesis of 1,2,4-tns(trimethyIsilyIetbynyI)benzene 

1,2,4-Tribromobenzene (1.0 g, 3.17 mmol) and Pd(PPh3)4 (15 mg, 0.013 mmol) were 

added to distilled toluene (60 mL) and the mixture deoxygenated under vacuum. 

(Trimethylsilylethynyl)zinc chloride in THF (40 mL, 0.4 M, 16 mmol) was added by 

cannula and the mixture heated to 90 °C and stirred for 4 d. HCl solution (50 mL, 1 M in 

H2O) was added and the organic layer recovered, dried with MgS04 and the solvent 

removed under vacuum. The residue was purified by column chromatography on silica, 

eluting with petrol. The solvent was removed under vacuum to give 1,2,4-

tris(trimethylsilylethynyl)benzene as a pale yellow solid (0.80 g, 69 %). Rt (Petrol) - 0.25. 

MS (EI-): 367 ( [M + H]*, 91), 249.8 ( [M - Me]^ 100). HRMS (ESI*): 366.1654 (calcd 

[CziHsoSis] 366.1655). UV-Vis: 305 [4.3], 288 [3.8], 241 [6.1], 269 [12.8], 258 [20.0]. iH 

NMR (6, 400 MHz, CDCI3) : 0.23 (s, 9H, Hsi94i), 0.260 (s, 9H, Hswi), 0.265 (s, 9H, Hsi92i), 7.30 

( d d , I H , H c 5 , YHH = 8 H Z , 7 „ H = 1 .6 H z ) , 7 . 3 8 ( d , I H , HC6,7HH = 8 H z ) , 7 . 5 7 ( d , I H , HC3,YHH = 1 .6 

Hz). " C NMR (6, 101.5 MHz, CDCI3) ; -0.13 (Csi94i), 0.00 (Csi9i + Csi92i), 96.9 (Ci94), 99.2 

(C192), 100.5 (C19), 102.3 (C202), 102.9 (C20), 103.7 (C204), 123.0 (Cc4), 125.5 (Cc2), 125.9 

(Cci), 131.2 (Cc6), 132.1 (Ccs), 135.7 (Ccs). 

•Previously synthesised by ref 95 with a di f ferent methodology. NMR data are consistent. 

Synthesis of l,3,5-tns(trimethylsilylethynyl)benzene (ZO)""* 

1,3,5-Tribromobenzene (2.6 g, 8.2 mmol) and Pd(PPh3)4(15 mg, 0.013 mmol) were added 

to distilled toluene (80 mL) and the mixture deoxygenated under vacuum. 

(Trimethylsilylethynyl)zinc chloride in THF (60 mL, 0.5 M, 30 mmol) was added by 

cannula and the mixture heated to 90 "C for 3 d. HCl solution (30 mL, 1 M in H2O) was 

added and the organic layer recovered, dried with MgS04 and the solvent removed under 

vacuum. The residue was purified by column chromatography on silica, eluting with 

petrol. The solvent was removed under vacuum to give 1,3,5-

tris (trimethylsilylethynyl)benzene as a colourless solid (2.8 g, 93 %). Ri (petrol) - 0.29. MS 

( E l i : 366 ( [M]\ 40), 351 ( [M - Me] ' , 100). HRMS (ESI'): 366.1655 (calcd [C2iH3oSi3] 

366.1655). UV-Vis: 269 [18.2], 262 [23.1], 255 [20.9]. iH NMR (6, 400 MHz, CDCI3) : 0.23 

(s, 27H, HSI9I), 7.49 (s, 3H, Hc2). " C NMR (6, 101.5 MHz, CDCI3) : -0.17 (Cswi), 95.6 (C19), 

103.1 (C20), 123.6 (Cci), 134.9 (Cc2). 
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' P r e v i ous l y synthesised in ref 96. 

Synthesis of 1,2,3,4-tetrakis(trimethylsilyIeChynyl)benzene ( 2 1 ) " * 

l ,2 ,4 -Tr ibromo-3- iodobenzene (0.70 g, 1.6 m m o l ) and Pd(PPh3)4 ( 20 mg, 0.017 m m o l ) 

w e r e added to distil led to luene (50 m L ) and the mixture deoxygenated . 

(Tr imethy ls i ly le thyny l ) z inc chlor ide in THF (40 mL, 0.2 M, 8.1 m m o l ) w a s added by 

cannula and the mixture heated to 90 °C f o r 4 d. HCl solution (20 mL, 1 M in HzO) was 

added and the organic layer recovered , dr ied wi th MgS04 and the so lvent r e m o v e d under 

vacuum. The residue w a s puri f ied by co lumn chromatography on silica, e luting w i th a 

mixture o f petrol and CH2CI2 (4 :1 ) . The so lvent w a s r emoved under vacuum to g i ve 1,2,3,4-

tetrakis ( t r imethyls i ly le thynyl ) benzene as a colourless solid (0.53 g, 72 % ) . /?f (4:1, Pe t ro l/ 

CH2CI2) - 0.42. MS (EI*) : 462 ( [ M ] \ 100). HRMS (ES l^ : 462.2053 (calcd [C26H38Si4] 

462.2051) . UV-Vis: 309 [1.7], 290 [2.4], 271 [28.1], 261 [29.1], 235 [22.3]. iH N M R (6, 400 

MHz, CDCI3): 0.26 (s, 9H, Hswi) , 0.29 (s, 9H, Hsi92i), 7.31 (s, 2H, Hcs). " C N M R (6, 101.5 

MHz, CDCI3): -0.06 (Csi9i) , 0.07 (Csi92i), 100.6 (C192), 101.2 (C19), 102.6 (C202), 103.5 (C20), 

125.9 (Cc2), 128.4 (Cci), 131.3 (Ccs). 

* Prev iously synthesised in ref 97 by a d i f f e rent methodo logy . 

Synthesis of 1,2,3,5-tetrakis(trimethylsilylethynyl)benzene ( 2 2 ) 

l ,3 ,5 -Tr ibromo-2- iodobenzene (0.80 g, 1.85 m m o l ) and Pd (PPh3 )4 (15 mg, 0.013 m m o l ) 

w e r e added to distil led to luene (50 m L ) and the mixture deoxygena ted under vacuum. 

(Tr imethy ls i ly le thynyl ) z inc chlor ide in THF (45 mL, 0.24 M, 11 m m o l ) w a s added by 

cannula and the mixture heated to 90 °C f o r 4 d. HCl (40mL, 1 M in H2O) w a s added and 

the organic layer recovered , dried with MgS04 and the so lvent r e m o v e d under vacuum. 

The residue was puri f ied by column chromatography on silica, e lut ing w i th a mixture o f 

petrol and CH2CI2 (2 ;1 ) . The so lvent w a s r e m o v e d under vacuum to g i ve 1,2,3,5-

te t rak is ( t r imethy ls i ly le thyny l )benzene as a pale y e l l ow gum (0.53 g, 63 % ) . Rs (2:1, Pe t ro l/ 

CH2CI2) - 0.60. El MS: 462 ( [ M ] \ 100) , 447 ( [ M - Me]* , 30) . HRMS (ESI*) : 462.2050 (calcd 

[C26H38Si4] 462.2051) . UV-Vis: 311 [3.0], 299 [1.1], 270 [23.8], 263 [30.6], 257 [24.0]. iH 

NMR (8, 400 MHz, CDCI3): 0.25 (s, 9H, Hsi9si) , 0.26 (s, 18H, H s m ) , 0.29 (s, 9H, Hsi92i), 7.50 

(s, 2H, HC4). " C NMR (6, 101.5 MHz, CDCI3): -0.21 (Csi9Si), -0.08 (Csi9i) , 0.04 (Csi92i), 97.3 
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( C 1 9 ) , 9 9 . 4 (C192), 1 0 1 . 2 CC,95), 1 0 2 . 0 (C202), 1 0 2 . 8 (C205), 1 0 4 . 9 (C20), 1 2 2 . 7 (Ccs), 1 2 6 . 5 (Cci) , 

1 2 7 . 5 (Cc2), 1 3 5 . 0 (Cc4). 

Synthesis of 1,2,4,5-tetrakis(trimethylsilylethynyt)benzene (23)'®* 

1,2,4,5-Tetrabromobenzene (2.0 g, 5.08 mmol) was added to a deoxygenated mixture of 

toluene and diisopropylamine (10 %, 80 mL) followed by Pd(PPh334(15 mg, 0.013 mmol] 

and Cul (25 mg, mmol). TMSA (3.4 mL, 24.3 mmol) was added and the mixture was heated 

to 70 "C for 2 d. The progress was checked by TLC and additional (trimethylsilyl)acetlyene 

(1 mL, 7.14 mmol) was added. The mixture stirred at 70 °C for 1 d. NH4CI solution (50 mL, 

2 M in H2O) was added and the organic layer recovered and dried with MgS04. The solvent 

was removed under vacuum. The residue was purified by column chromatography using 

silica, eluting with a mixture of petrol and CH2CI2 (4;1). The solvent was removed under 

vacuum to give l,2,4,5-tetrakis(trimethylsilylethynyl)benzene as a colourless solid (1.5 g, 

66 %). Rf(4:l, Petrol/CHzCh) - 0.76. MS (El*): 462 ([M]\ 100), 447 ([M - Me]', 38). HRMS 

(ESI»); 462.2051 (calcd [C26H38Si4] 462.2051). UV-Vis: 323 [1.5], 309 [1.7], 270 [34.9], 263 

[39.5], 256 [30.2], Ĥ NMR (6, 400 MHz, CDCI3): 0.25 (s, 36H, Hsi9i), 7.56 (s, 4H, Hc2). "C 

N M R ( 6 , 1 0 1 . 5 MHz, C D C I 3 ) : - 0 . 1 (Csi9i) , 1 0 0 . 8 (C19), 1 0 1 . 9 (C20), 1 2 5 . 3 (Cci), 1 3 5 . 9 (Cc2). 

*Previously synthesised in ref 98 by different method. 

Synthesis of pental<is(trimethylsilylethynyl)benzene and 

hexakis(trimethylsilylethynyl)benzene (24 and 25)'^* 

1,2,3,4,5,6-Hexabromobenzene (2.0 g, 3.6 mmol) and Pd(PPh3)4 (100 mg, 0.086 mmol) 

were added to distilled toluene (80 mL) and the mixture deoxygenated. 

(Trimethylsilylethynyl)zinc chloride in THF (80 mL, 0.5 M, 40 mmol) was added by 

cannula and the mixture heated to 90 °C for 5 d. HCl (50 mL, 1 M in H2O) was added and 

the organic layer recovered, washed with thoroughly with water, dried with MgS04. The 

solvent removed under vacuum and the residue was purified by column chromatography 

silica, eluting with a polarity gradient from petrol to 4;1 petrol : CH2CI2 to give 1,2,3,4,5-

pentakis(trimethylsilylethynyl)benzene (0.40 g, 16 %) eluting first, followed by 

1,2,3,4,5,6-hexakis(trimethylsilylethynyl)benzene (1.2 g, 50 %). Both compounds were 

pale yellow solids. (24) - R, (4:1, Petrol/CHzCh) - 0.62. MS (El»): 558 ([M]\ 100). HRMS 
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(ESI*]: 558.2447 (calcd [C3iH46Si5] 558.2446) . UV-Vis: 323 [11.9], 313 [12.4], 300 [14.9], 

289 [34.3], 269 [32.9], 263 [34.4]. iH NMR (6, 400 MHz, C D C b ) : 0.25 (s, 9H, H s m ] , 0.28 (s, 

27H, HSI92I+H,I93I), 7.50 (s, 2H, Hc6). NMR (6, 101.5 MHz, C D C h ) : -0.1 ( C s m ] , 0.01 (Csi92 

+ CSI93), 100.8 [ C i 9 ) , 100.9 (C193), 101.0 (C192), 101.8 (C20), 103.9 (C203), 105.1 (C2023. 125.5 

[ C c O , 127.7 (Cc2), 128.9 (Cc3), 135.1 (Cce). ( 2 5 ) • fir (4:1, P e t r o l / C H z C b ) - 0.48. M S ( E h ) : 654 

( [M] - , 100). HRMS ( E S h ) : 654.2840 (calcd [C36H54Si6] 654.2841) . UV-Vis: 324 [11.9], 312 

[9.8], 305 [22.2], 294 [10.3], 269 [32.9], 263 [38.7]. iH NMR (6 , 400 MHz, C D C I 3 ) ; 0.28 (s, 

54H, HS19I). " C NMR (6, 101.5 MHz, C D C b ) : 0.02 ( C s i 9 i ) , 100.9 ( C 1 9 ) , 105.2 (C20), 127.9 

(Cc l ) . 

•Methodology applied from ref 76. N M R data are consistent. 

Synthesis ofiPr3SiC=CC6H4-4-C=C-C6H2-2,6-Et2-4-C=CC6H4-4-C=CPh (26) 

iPr3SiC=CC6H4-4-C = C-C6H2-2,6-Et2-4-C^CC6H4-4-l (0.15 g, 0.27 m m o l ) was added to NEt3 

(15 m L ) and the solution deoxygenated under vacuum. Pd(PPh3)4 (16 mg, 0.01 m m o l ) and 

Cul (5 mg, 0.02 m m o l ) w e r e added and the mixture st irred at r oom temperature fo r 1 min. 

Phenylacety lene (28 mg, 0.27 m m o l ) was then added and the reaction stirred fo r 1 h. The 

solvent was r emoved under vacuum and the residue was puri f ied by co lumn 

chromatography on silica and eluting with petrol . 'Pr3SiC = CC6H4-4-C = C-C6H2-2,6-Et2-4-C 

= CC6H4-4-C = C-Phwas obtained as a colourless solid (0.18 g, 93 % ) . R, ( Pe t ro l ) - 0.55. MS 

(ESh) : 614.3 ( [M]* , 100). HRMS (ESI*): 614.3365 (calc. [C45H46Si] 614.3369) . Anal, calc f o r 

C45H46Si: C, 87.89; H, 7.54. Found: C, 87.95; H, 7.73. UV-vis: 376 [sh, 6.2], 352 [sh, 9.2], 339 

[7.3], 274 [1.8], IH NMR (6, 400 MHz, C D C I 3 ) : 1.14 (s, 21H, HS7I +HS72), 1.32 (t, 6H, HIO2 , /HH 

= 7.2 Hz), 2.89 (q, 4H, HIOI,;HH = 7.2 Hz) , 7.28 (s, 2H, Hn ) , 7.34-7.36 (m (AA 'BB'X) , 2H, H23 + 

H24), 7.45 (s, 4H, H4 + H 5 ) , 7.51 (s, 4H, H16+ Hn ) , 7.52-7.55 (m (AA 'BB'X) , 3H, H22). " C N M R 

(6, 101.5 MHz, CDCb): 11.3 (Cs i i ) , 14.6 (C102), 18.6 (Csu) , 27.9 (Cioi ) , 88.2 (Cs), 89.1 (C19), 

90.2 (C13), 91.3 (C20), 91.6 (C14), 92.9 (C i ) , 98.2 (C7), 106.6 (C2) , 121.8 ( C 1 2 ) , 122.6 (C9), 

123.0 ( C i s X c i ) , 123.1 (Cis ) 123.3 (C6), 123.4 ( C 3 ) , 128.4 (Cc3+ Cc4), 128.5 ( C n ) , 131.1 (Cs), 

131.5 (C16 + C17), 131.6 (Ccz), 132.0 (C4), 146.7 (Cio). 

Synthesis ofHC=CUH4-4-CsCCf.H2-2,6-Et2-4-C=CC6H4-4-C = CPh ( 2 7 ) 

' P r 3 S i C = CC6H4-4-C = C - C 6 H 2-2,6 - E t 2-4-C = CC6H4-4-C = C -Ph (0 .31 g, 0.51 m m o l ) and then 

TBAF (0.6 mL, 1 M in T H F ) w e r e added to C H 2 C I 2 (10 m L ) and the resultant mixture 
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s t i r r e d f o r 2 h . W a t e r w a s a d d e d a n d t h e p r o d u c t e x t r a c t e d w i t h CH2CI2. T h e s o l v e n t w a s 

r e m o v e d f r o m t h e o r g a n i c p h a s e a n d t h e r e s i d u e p u r i f i e d b y c o l u m n c h r o m a t o g r a p h y o n 

s i l ica , e l u t i n g w i t h a m i x t u r e of p e t r o l a n d CH2CI2 ( 2 :1 ) . T h e s o l v e n t w a s r e m o v e d t o g ive 

HC = CC6H4-4-C = C-C6H2-2,6-Et2-4-C = C C 6 H 4 - 4 - C s C - P h a s a l igh t y e l l o w so l id ( 0 . 2 5 g, 9 5 

% l Rf (pe t ro l/CH2Cl2 , 2 ; 1 ) - 0 . 4 4 . MS ( E I ^ : 4 5 8 . 2 ( [ M ] \ 1 0 0 ) ) . HRMS ( E S h ) : 4 5 8 . 2 0 2 8 

( c a l c d [C36H26] 4 5 8 . 2 0 3 5 ) . Anal, c a l cd f o r C36H26: C, 9 4 . 2 9 ; H. 5 . 7 1 . F o u n d : C, 9 4 . 1 2 ; H, 5 .61 . 

iH NMR (6, 3 0 0 MHz, CDCI3): 1 . 30 (t, 6H, Hio2,yHH = 7.2 Hz), 2 . 8 6 (q, 4H, Hioi,yHH = 7.2 Hz), 

3 . 1 6 (s , I H , H i ) , 7 . 2 8 (s, 2H, H n ) , 7 . 3 4 - 7 . 3 6 ( m (AA'BB'X), 2H, H23+ H24), 7 . 4 5 (s, 4H, H4 

+H5), 7 . 5 1 (s, 4H, H16+ H17), 7 . 5 2 - 7 . 5 5 ( m (AA'BB'X), 3H, H22). " C NMR (6, 1 0 1 . 5 MHz, 

CDCI3): 1 4 . 6 (C102), 2 7 . 9 (C102), 7 9 . 1 (Ci) , 8 3 . 3 (C2), 8 8 . 5 (Cs), 8 9 . 1 ( C u ) , 9 0 . 3 (C19), 9 1 . 4 

(C13), 9 1 . 6 (C20), 9 8 . 0 (C7), 1 2 1 . 8 (C9), 1 2 1 . 9 (C3), 1 2 2 . 8 (C21), 1 2 3 . 0 (Cl5•^ Cie), 1 2 3 . 2 (C12), 

1 2 4 . 1 (Ce), 1 2 8 . 4 ( C n ) , 1 2 8 . 5 (C23 + C24), 1 3 1 . 2 (C5), 1 3 1 . 6 (C16 + C u ) , 1 3 1 . 7 (C22), 1 3 2 . 5 

(C4), 1 4 6 . 7 (Cio). 

5>n t / i e s i so / t r an5 -^RuC/ fC=CC6W4-4-C=CC6H2-2 ,6 -£ ' t 2 -4 -C=CaW4-4-C=CP/ i j fdppe ;27 (28 ) 

HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = CPh (0 .20 g , 0 . 4 3 m m o l ) w a s a d d e d t o 

d i s t i l l e d a n d d e o x y g e n a t e d CH2CI2 ( 2 0 mL) . [RuCl (dppe )2 ]PF6 ( 0 . 4 8 g, 0 . 4 4 m m o l ) w a s 

a d d e d a n d t h e r e a c t i o n s t i r r e d f o r 10 h. T h e s o l v e n t leve l w a s r e d u c e d t o 5 m L u n d e r 

v a c u u m a n d t h e m i x t u r e a d d e d t o s t i r r i n g d e o x y g e n a t e d p e t r o l ( 1 0 0 mL) . T h e y e l l o w so l id 

w a s c o l l e c t e d a n d d r i e d u n d e r a N2 f l o w . T h e so l id w a s t h e n a d d e d t o a d e o x y g e n a t e d 

m i x t u r e of CH2CI2 a n d NEts ( 1 0 : 1 , 1 5 m L ) a n d s t i r r e d f o r 1 0 m i n . T h e m i x t u r e w a s t h e n 

p a s s e d t h r o u g h a s h o r t p a d of a l u m i n a , e l u t i n g w i t h a m i x t u r e of p e t r o l , CH2CI2 a n d NEts 

( 1 0 : 1 0 : 1 , 1 5 0 mL) . T h e s o l v e n t w a s r e m o v e d u n d e r v a c u u m t o g ive 2 8 a s a y e l l o w p o w d e r 

( 0 . 5 1 g, 8 2 % ) . MS ( E S h ) : 1 3 9 6 . 4 3 ([M - CI + MeCN]- , 1 0 0 ) , HRMS (ESI-) : 1 3 9 6 . 4 0 3 7 

( ca l cd [C90H76NP4RU] 1 3 9 6 . 3 9 7 2 ) . Anal ca lcd f o r C88H73CIP4RU: C, 7 5 . 9 9 ; H, 5 .29 . F o u n d : C, 

7 5 . 6 8 ; H, 5 . 4 5 . UV-vis: 4 2 6 [7.4] , 3 6 7 [sh ,9 .1] , 3 4 1 [9.5], 2 5 4 [7.5] . 3 ip NMR (6, 1 6 1 MHz, 

CDCI3); 4 9 . 3 . iH NMR (6, 4 0 0 MHz, CDCI3): 1 .35 (t, 6H, Hio2,yHH = 7.2 Hz), 2 . 6 8 (bs , 8H, Hb), 

2 . 9 3 (q , 4H, Hioi.yHH = 7.2 Hz), 6 . 5 9 (d, 2H, H4,yHH= 8 Hz), 6 . 9 5 - 7 . 0 2 (m, 18H, Hml-^ Hm2 + 

Hs), 7 . 1 7 - 7 . 2 1 (m, 8H, HP), 7 . 2 8 - 7 . 3 0 (m, lOH, H11+ Hoi), 7 . 3 5 - 7 . 3 9 ( m , 2H, Hcs Hc4), 7 . 4 8 -

7 . 5 8 ( m , 1 5 H , Hc3+ Ho2-^ H16+ H17). " C NMR (6, 1 0 1 . 5 MHz, CDCI3): 14 .6 (C102), 27 .9 (Cioi), 

3 0 . 6 ( m , Cb), 8 6 . 5 (C20), 8 9 . 1 (Ce), 8 9 . 9 ( C u ) , 9 1 . 2 (C19), 9 1 . 8 (C13), 1 0 0 . 1 (C7), 1 1 4 . 5 (C3), 

1 1 7 . 0 (Ce), 1 2 1 . 8 (C12), 1 2 2 . 8 (C,) , 1 2 3 . 0 ( C c Cis), 1 2 3 . 2 (C15), 1 2 6 . 9 (C„i), 1 2 7 . 2 (C02), 

1 2 8 . 3 (Ci i ) , 1 2 8 . 4 (Cc3 ->• M , 1 2 8 . 8 (Cp), 1 2 8 . 8 (Cp), 1 2 9 . 9 (Ce), 1 3 0 . 4 (C4), 1 3 1 . 2 (C5), 1 3 1 . 6 

(C16 + C17), 1 3 1 . 7 (Cc2), 1 3 4 . 2 (Cmi), 1 3 4 . 4 (Cm2), 1 3 5 , 6 (m, Cn), 1 3 6 . 3 (m, Ca) , 1 4 6 . 7 (Cio). 

Ci n o t o b s e r v e d . 
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Synthesis of l,2-CPr3SiC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)2C6H4 (29) 

1,2-Bis(trimethylsilylethynyl)benzene (90 mg, 0.33 mmoi) was added to deoxygenated 

CH2CI2 (15 mL) and deoxygenated MeOH (15 mL) was added. K2CO3 (0.10 g, 0.72 mmol ) 

was then added and the mixture stirred for 2 h. The mixture was added to deoxygenated 

water (80 mL) and the organic layer recovered and dried with CaClz- The solvent was 

removed under vacuum and the residue dissolved in deoxygenated NEts (10 mL). The 

solution was added by cannula to a deoxygenated mixture of 8 (0.41 g, 0.64 mmol), 

Pd(PPh3)4 (25 mg, 0.02 mmol), Cul (25 mg, 0.13 mmol) and NEt3, (15 mL) and the 

mixture stirred for 6 h. The solvent was removed under vacuum and the residue was 

purified by column chromatography on silica, eluting with a mixture of petrol and CH2CI2 

(2:1). 29was obtained as a colourless solid (0.29 g, 76 %). fif (petrol/CHiCb (2:1) - 0.36. 

Anal, calcd for C84H86Si2: C, 87.60; H, 7.53. Found: C, 87.68; H, 7.49. UV-Vis: 379 [sh, 9.9], 

357 [13.9], 340 [sh, 11.9], 274 [3.4]. iH NMR (6, 400 MHz, CDCI3): 1.14 (s, 42H, Hs7i +Hs72), 

1.32 (t, 12H, Hio2,yHH = 7.6 Hz), 2.89 (q, 8H, Hioi./hh = 7.2 Hz), 7.29 (s, 4H, HU), 7.31-7.35 

(m (AA'BB'), 2H, Hc3), 7.45 (s, 8H, H4 + Hs), 7.52 (appq (AA'BB'), 8H, Hn +H,6,yAB = 7.2 Hz), 

7.57-7.58 (m (AA'BB"), 2H, Hc4}. " C NMR (6,101.5 MHz, CDCI3): 11.3 (Cs7i), 14.6 (C102), 18.6 

(Cs72), 27.9 (Cioi), 88.3 (Cb), 90.0 (Cu), 90.1 (C19), 91.7 (C13), 92.9 (Ci), 93.4 (C20), 98.2 (C7), 

1 0 6 . 6 ( C 2 ) , 1 2 1 . 8 ( C 9 ) , 1 2 2 . 6 ( C 1 2 ) , 1 2 3 . 0 (C15), 1 2 3 . 3 (CIS), 1 2 3 . 4 (CE), 1 2 3 . 5 (C3 ) , 1 2 5 . 6 

(Cci), 1 2 8 . 2 (Cc3), 1 2 8 . 5 ( C n ) , 1 3 1 . 1 (Cs), 1 3 1 . 5 ( C 1 6 + C17), 1 3 1 . 7 (Cc2), 1 3 2 . 0 (C4 ) , 1 4 6 . 6 

(Cio). 

Synthesis ofl,2-(HC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C ^Q^CeHi (30) 

l,2-(iPr3SiCsCC6H4-4-CsC-C6H2-2,6-Et2-4-CsCC6H4-4-C=C)2C6H4 (0.070 g, 0.060 mmol ) 

was added to CH2CI2 (15 mL) and TBAF (0.12 mL, 1 M in THF) was then added. The 

mixture was stirred for 2 h before water was added. The organic layer was recovered and 

dried with MgS04. The solvent was removed and the residue purified by column 

chromatography on silica, eluting with a mixture of petrol and CH2CI2 (5:1). 30 was 

obtained as a pale yel low solid (0.035 g, 65 %). R, (petrol/CH2Cl2 (2:1) - 0.36. Anal, calcd 

for C66H46: C, 93.36; H, 5.58. Found: C, 93.68; H, 5.76. 'H NMR (6, 400 MHz, CDCI3): 1.32 (t, 

6H, Hi02,/hh = 7.6 Hz), 2.89 (q, 4H, Hioi.yHH = 7.6 Hz), 3.19 (s, IH, Hi), 7.29 (s, 2H, Hu), 7.32 

- 7.34 (m, 2H, Hcs), 7.48 (s, 4H, H4 +H5), 7.52 (appq (AA'BB'), 8H, H17 + His./ab = 8 Hz), 

7.57-7.58 (m, 2H, Hc2). " C NMR (6, 101.5 MHz, CDCI3): 14.6 (C102), 27.9 (Cioi), 78.9 (Ci), 
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83.3 (Cz), 88.4 (Cs), 90.1 (Cu + Cw), 91.8 (C13), 93.4 [C20). 97.9 (C7), 121.8 (C9}, 121.9 (C3), 

122.6 (C12), 123.0 [Cis], 123.3 (Cis), 124.0 (Ce), 125.6 (Cci), 128.2 (Ccs), 128.5 (Cii], 131.2 

(Cs), 131.6 (C16}, 131.6 (C17), 131.7 (Ccz), 132.1 (C4}, 146.6 (Cio). 

Synthesis of l,2-(trans-[RuCI(dppe)2(C=CC6Ht-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-CsC)])2C6H4 

(31) 

1,2-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6Hi-4-C = C)2-CCH4 (0.05 g, 0.06 mmol) and 

[RuCl(dppe32]PF6 (0.15 g, 0.14 mmol ) were added to distilled and deoxygenated CH2CI2. 

The mixture was stirred for 8 h and was then poured into deoxygenated petrol (100 mL). 

The solid was recovered by filtration and washed with deoxygenated MeOH (10 mL). The 

solid was then dissolved in a deoxygenated mixture of CH2CI2 and NEta (60 mL, 10:1) and 

stirred for 10 min. The mixture was then passed through a short pad of alumina eluting 

with a mixture of CH2CI2, petrol and NEts (30 mL, 10:10:1). The solvent was removed form 

the eluate under vacuum to afford 31 as a yellow solid (0.16 g, 76 %) . Anal, calcd for 

C170H140CI2P8RU2: C, 75.52; H, 5.22. Found: C. 75.54; H, 5.42. UV-vis: 425 [11.7], 369 [sh, 

12.0], 342 [15.1], 257 [13.6], ^H NMR (6, 400 MHz, CDCb): 1.36 (t, 12H, H,o2,;hh = 7.2 Hz), 

2.68 (bs, 16H, Hb), 2.93 (q, 8H, Hioi,yHH = 7.2 Hz), 6.59 (bs, 4H, H4), 6.95-7.02 (m, 32H, Hmi 

+ Hm2), 7.17-7.21 (m, 16H, Hp), 7.28-7.30 (m, 26H, Hc3 + H11+ H„i+ Hs), 7.48-7.58 (m, 26H, 

H02+ H16+ Hi7 + Hc2). NMR (6, 161 MHz, CDCb): 49.3. " C NMR (6, 101.5 MHz, CDCls): 

14.6 (C102), 27.9 (Cioi), 30.6 (m, Cb), 86.6 (Cs), 89.9 (C19), 90.1 (C13), 92.1 (C20), 93.5 (Cu), 

100.1 (C7), 117.0 (C6), 121.8 (C12), 122.7 (C9), 122.9 (Cis), 123.5 (Cis), 125.7 (Cci), 126.9 

(Col), 127.2 (C„2), 128.2 (CC3), 128.4 (Cn), 128.8 (Cp,), 128.8 (Cpa), 130.1 (C5), 130.5 (C4), 

131.5 (C16 + C17), 131.6 (Cc2), 134.2 (Coi), 134.4 (Coz), 135.5 (m, Cu), 136.3 (m, Ciz), 146.7 

(Cio). Ci, Cz and C3 not observed. 

Synthesis of l,3-CPr3SiC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)2C6H4 [32) 

8 (0.36 g, 0.56 mmol ) was added to NEt3 (15 mL) and the solution deoxygenated. 

Pd(PPh3)4 (10 mg, 0.008 mmol ) and Cul (10 mg, 0.05 mmol ) were added and then a 

solution of 1,3-diethynylbenzene (36 mg, 0.28 mmol ) in NEt3 (5 mL) was added by 

cannula. The mixture was stirred for 6 h. The solvent was removed under vacuum and the 

residue was purified by column chromatography on silica, eluting with a mixture of petrol 

and CHzClz (3:1). 32 was obtained as a light yellow solid (0.25 g, 78 %). R, (petrol/CHzClz 

(3:1)) - 0.15. Anal, calcd for C84H86Si2: C, 87.60; H, 7.53. Found: C, 87.81; H, 7.79. UV-Vis: 

378 [sh, 11.1], 356 [14.9], 338 [sh, 12.0], 274 [3.5]. iH NMR (6, 400 MHz, CDCI3): 1.14 (s, 

42H, Hsii + Hsi2), 1.32 (t, 12H, HiozJhh = 7.2 Hz), 2.89 (q, 8H, Hioi,yHH = 7.2 Hz), 7.28 (s, 4H, 
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H I I ] , 7 . 3 5 ( t , I H , H C 4 , Y H H = 8 H z ) , 7 . 4 5 ( s , 8 H , H 4 + H s ) , 7 . 4 9 ( d d , 2 H , H C S J H H = 8 H Z J H H = 1 - 6 

Hz), 7.52 (s, 8H, H17 + Hie), 7.72 (t, IH, Hc2,yHH = 1.6 Hz). " C NMR (6, 101.5 MHz, CDCI3): 

11.3 (C.n), 14.6 (H102), 18.6 (C.n), 27.9 (Cioi), 88.2 (Cs), 89.8 (C19), 90.1 (C13), 90.3 (C20), 

91.7 (C14), 92.9 (Ci), 98.2 (C7), 106.6 (C2), 121.8 (C12), 122.6 (C9), 122.8 (Cci), 123.3 (Cia), 

123.4 (C6) 123.4 (C3), 123.5 (C15), 128.4 ( C „ ) , 128.5 (Cc4), 131.1 (Cs), 131.4 [Ccs), 131.5 (C16 

+ C17), 132.0 (C4), 134.6 (Ccz), 146.6 (Cio). 

Synthesis of l,3-(HC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)2C6H4 (33) 

l,3-CPr3SiCsCC6H4-4-C=CC6H2-2,6-Et2-4-CsCC6H4-4-C=C)2C6H4 (0.070 g, 0.060 mmol ) 

was added to CH2CI2 (15 mL) and TBAF (0.12 mL, 1 M in THF) was then added. The 

mixture was stirred for 2 h before water was added. The organic layer was recovered and 

dried with MgS04. The solvent was removed and the residue purified by column 

chromatography on silica, eluting with petrol and CH2CI2 (5:1). 33 was obtained as a pale 

ye l low solid (0.035 g, 65 %) . R, (petrol/CH2Cl2 (3 :1 ) ) - 0.15. Anal, calcd for C66H46: C, 94.47; 

H, 5.53. Found: C, 94.38; H, 5.56. iH NMR (6, 400 MHz, CDCI3): 1.32 (t, 12H, Hio2,yHH = 8 

H z ) , 2 . 8 9 ( q , 8 H , H I O I . V H H = 8 H z ) , 3 . 1 8 ( s , 2 H , H , ) , 7 . 2 9 ( s , 4 H , H n ) , 7 . 3 5 ( t , I H , H c 5 , Y H H = 8 

Hz), 7.45 (m, lOH, H4 + H5 + Hc4), 7.52 (s, 8H, H17 +H16), 7.72 (t, IH , Hc2.yHH= 1.6 Hz), i^c 

NMR (6,101.5 MHz, CDCI3); 14.6 (C102), 27.9 (Cioi), 78.9 (C,), 83.2 (C2), 88.4 (Cs), 89.8 (Cu) , 

90.1 (C19), 90.3 (C20), 91.7 (C13), 97.9 (C7), 121.7 (C3), 121.8 (C9),122.7 (C12), 122.8 (Cci), 

123.3 (C15+ Cia), 123.4 (C21) 123.4 (Cs), 128.5 (Cn), 128.6 (Cc4), 131.1 (Cs), 131.4 (Ccs), 

131.6 (C16 + C17), 132.1 (C4), 134.6 (Cc2), 146.6 (Cio). 

Synthesis of l,3-(trans-[Rua(dppe)2(C=C-C6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C]))2C6H4 

(34) 

l,3-(HC=CC6H4-4-C=CC6H2-2,6-Et2-4-CsCC6H4-4-C=C)2C6H4 (0.080 g, 0.090 mmol ) was 

added to deoxygenated and distilled CH2CI2 fo l lowed by [RuCI(dppe)2]PF6 (0.20 g, 0.18 

mmol) . The mixture was stirred for 16 h and then poured into deoxygenated petrol (100 

mL). The solid was recovered by filtration and washed with deoxygenated MeOH (20 mL). 

The solid was then dissolved in a deoxygenated mixture of CH2CI2 and NEt3 (60 mL, 10:1) 

and stirred for 10 min. The mixture was then passed through a short pad of alumina 

eluting with a mixture of CH2CI2, petrol and NEts (30 mL, 10:10:1). The solvent was 

removed to afford 34 as a ye l low solid (0.21 g, 83 % ) . UV-vis: 426 [11.6], 367 [12.1], 341 
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[15.4], 2 5 4 [14.1] , IH NMR (6, 400 MHz, CDCh); 1 .36 (t, 12H, Hwi. Jm = 7.2 Hz], 2.68 (bs, 

8H, Hb), 2,93 (q, 8H, Hioi.yHH = 7.2 Hz), 6.59 (d, 4H, H^Jm = 8 Hz), 6.95-7.02 (m, 32H, H„i + 

Hm2), 7 . 1 7 - 7 . 2 1 (m, 16H, Hp), 7.28-7.30 (m, 27H, Hc3 + Hc4 + H i , + H„i+ Hs), 7 .48-7.58 (m, 

24H, H„2+ H i 6 + H i7), 7 .73 (bs, IH, Hcz). ^ip NMR (6, 1 6 1 MHz, CDCI3): 49.3. " C NMR (6, 

1 0 1 . 5 MHz, CDCI3): 14.8 (C102), 28.3 (Cioi), 86.5 (Cs), 89.8 (C13 + C19), 90.3 (C20), 92.0 ( C h ) , 

100.2 (C7), 1 1 4 . 5 (C3), 1 1 7 . 0 (C6), 1 2 1 . 7 (C12), 122.7 (C9), 122.8 (Cis), 123.5 (Cis), 126.9 

(Cmi), 1 2 7 . 2 (Cm2), 128.4 (Cii), 128.8 (Cpi), 128.9 (Cp2), 129.9 (C5), 130.4 (Cc3), 130.6 (C4), 

1 3 1 . 5 (Cc2), 1 3 1 . 6 (C16 + C17), 134.2 (Coi), 134 .4 (C„2), 136.6 (Ci,), 136 .4 (Ci2), 146 .1 (Cio). Ci 

not o b s e r v e d . 

5>'Mt/iesiso/i,4-fPrjSi-C=CC6H4-4-C=CC6H2-2,6-£'t^-4-C=CC6W4-4-C=g2C6H4f35;. 

1 ,4-Bis(( tr imethyls i ly])ethynyl)benzene (0.77 g, 2.85 mmol) w a s added to a mixture of 

CH2CI2 and MeOH (30 mL, ( 1 : 1 ) ) and the mixture deoxygenated. K2CO3 (0.80 g, 5.80 mmol) 

w a s then added and the mixture stirred for 2 h. The mixture w a s added to deoxygenated 

w a t e r ( 1 0 0 mL) and the organic layer recovered, drying with MgS04. Af ter filtration, the 

solvent w a s r e m o v e d from the filtrate under v a c u u m and the residue redissolved in 

d e o x y g e n a t e d NEts (10 mL). The solution w a s then added to a mixture of 8 (0.36 g, 0.56 

mmol) , Pd(PPh3)4 (10 mg, 0.008 mmol), Cul (10 mg, 0.05 mmol) and NEt3 (20 mL) by 

cannula. T h e mixture w a s stirred for 6 h. The solvent w a s r e m o v e d under vacuum and the 

res idue w a s purif ied by column chromatography on silica, eluting with a mixture of petrol 

and CH2CI2 (3:1). 3 5 w a s obtained as a light ye l low solid (0.25 g, 78 % ) . Anal, calc for 

C84H86Si2: C, 87.60; H, 7.53. Found: C, 87.53; H, 7.47. UV-Vis: 389 [sh, 9.8], 378 [11.6], 288 

[2.8]. 'H NMR (6, 400 MHz, CDCI3): 1 . 1 4 (s, 21H, Hsii + Hsn), 1 .32 (t, 6H, Hio2,yHH = 7.6 Hz), 

2.89 (q, 4H, Hioi,yHH = 7.6 Hz), 7.28 (s, 2H, Hn), 7.46 (s, 4H, H4 + Hs), 7.52 (s, 6H, Hi? + His + 

H22). " C NMR (6, 1 0 1 . 5 MHz, CDCb): 1 1 . 3 (Csii), 14.6 (C102), 18.6 (Csiz), 27.9 (Cioi), 88.2 

(Cb), 89.8 (C14), 90.1 (C19), 90.3 (C20), 91 .7 (C13), 92.9 (Ci), 98.2 (C7), 106.6 (C2), 1 2 1 . 8 (C9), 

122 .6 (C12), 123.3 (Ci5 + C18). 123.4 (Cci) 123.4 (Cs), 123.5 (C3), 128.5 (Cii), 1 3 1 . 1 (C5), 

1 3 1 . 5 (C16 + Ci7 + Cc2), 132.0 (C4), 146.6 (Cio). 

Synthesis of 3,4-ftrans-^RuC/fdppf;j2fC=CC6H4-4-C=CC6W2-2,6-£'t2-4-C=CaW4-4-C=gyjC6H4 
(37). 

3,4-fPr3S/CsCC6W4-4-C=CC6H2-2,6-£'b-4-C=CC6W4-4-C=g2C6H4 ( 3 5 ) (0.018, 0.014 mmol) 

and T B A F (0.05 mL, 1 M in THF) w a s added to deoxygenated CH2CI2 (50 mL) and the 

mixture st irred for 2 h. MeOH (80 mL) w a s added and the precipitate w a s recovered by 
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filtration. The precipitate was identified as l,4-(HC=CC6H4-4-CsCC6H2-2,6-Et2-4-C=CC6H4-

4-C=C)2C6H4 (36) by iH N M R only, but could not be characterised by other techniques due 

to solubility limitations. The solid was then added to a mixture of deoxygenated and 

distilled CH2CI2 and [RuCl(dppe)2]PF6 (0.030 g, 0.046 mmol) and the mixture stirred for 2 

d. The mixture was added to deoxygenated stirring petrol (100 mL) and the precipitate 

recovered and washed with methanol (20 mL). The solid was then added to a mixture of 

deoxygenated CH2CI2 and NEt3C20 mL, 10:1). Petrol (10 mL) was added and the mixture 

passed through a short pad of alumina, eluting with a mixture of CH2CI2, petrol and NEts 

(2:1:0.1). The solvent was removed from the filtrate under vacuum and the residue 

dissolved in CH2CI2 [2 mL) and precipitated from MeOH (18 mL). The yellow precipitate 

was recovered by filtration to afford 37 as a yellow solid (0.027 g, 65 % ) . Anal, calc for 

C170H140CI2P8RU2: C, 75.52; H, 5.22. Found: C, 75.45; H, 5.08. UV-Vis: 432 [9.8], 378 [18.5]. 

iH N M R (6, 400 MHz, CDCI3): 1.36 (t, 12H, Hio2,yHH = 8 Hz), 2.69 (b. 16H, Hb), 2.93 (q, 8H, 

Hioi,yHH = 8 Hz), 6.60 (d, 4H, H4,yHH = 8 Hz), 6.90-7.1 (m, 32H, Hmi+ Hm2), 7.20-7.25 (m, 

16H, Hp), 7.27-7.30 (m, 24H, H11+ Hoi + H4), 7.47-7.53 (m, 28H, H02 + H16 + H n + Hc2)."P 

N M R (6,161 MHz, CDCI3): 49.3. " C N M R (6, 101.5 MHz, CDCI3); 14.6 (C102), 27.9 (Cioi), 30.6 

(m, Cb), 86.5 (Cs), 89.8 (C13), 90.9 (C19), 91.2 (C20), 92.0 (C14), 100.1 (C7), 114.53 (Ce), 117.0 

(C3), 121.8 (C,2), 122.7 (C9), 122.8 (Cis), 123.0 (Cci), 123.5 (Cis), 127.0 (C„i), 127.2 (C„2), 

128.4 (Cii), 128.8 (Cpi+Cp2), 130.0 (C5), 130.6 (C4), 131.5 (C16+ C17+ Cc2) 134.2 (Coi), 134.4 

(C02), 135.6 (m, Cii), 136.3 (m, Ci2), 146.1 (Cio). Ci not observed. 

Synthesis ofl,2,3-(<Pr3SiC = CC6H4-4-C=CC6H2-2,6-Et2-4-C = CC6H4-4-C=C)3C6H3(38). 

1,2,3-Tris(trimethylsilylethynyl)benzene (0.11 g, 0.28 mmol) was added to a mixture of 

MeOH and CH2CI2 (30 mL, 1:1) and was deoxygenated thoroughly by sparging with N2. 

K2CO3 (0.110 g, 0.79 mmol) was added and the mixture stirred for 3 h. The mixture was 

added to deoxygenated water (100 mL) and the product extracted with deoxygenated 

CH2CI2, and the organic phase dried with MgS04. After filtration, the solvent was removed 

from the filtrate under vacuum and the residue dissolved in deoxygenated NEts (20 mL). 

The solution was then added via cannula to a deoxygenated mixture of Pd(PPh3)4 (20 mg, 

0.017 mmol), Cul (30 mg, 0.15 mmol) and 8 (0.55 g, 0.86 mmol) in NEt3 (30 mL). The 

mixture was stirred for 12 h before the solvent was removed. The residue was purified by 

column chromatography on silica, eluting with a gradient of solvent polarity from petrol to 

a mixture of petrol and CH2CI2 (3:1). The eluate was removed under vacuum to afford 38 

as a yellow solid (0.18 g, 36 % ) . R/(3: l petrol/CH2Cl2) - 0.35. Anal, calcd for Ci23Hi26Si3: C, 

87.49; H, 7.52. Found: C, 87.38; H, 7.60. UV-Vis: 378 [sh. 16.2], 358 [19.9], 280 [4.4]. iH 

N M R (6, 400 MHz, CDCI3): 1.14 (s, 63H, Hsii + Hsi2), 1.32 (t, 18H, Hio2,yHH = 8 Hz), 2.90 (q, 
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1 2 H , CIOIJHH = 8 Hz) , 7 . 3 0 (s , 6H, H n ) , 7 . 3 3 (d , 2 H , HCSJHH = 8 Hz) , 7 . 4 6 (s , 1 2 H , H4 + H5), 

7 . 5 2 - 7 . 6 0 Cm, 1 3 H , Hc4+ H u + H17). " C N M R [6, 1 0 1 . 5 MHz, C D C b ) : 1 1 . 3 (Cs i i ) , 1 4 . 6 (Cioz), 

1 8 . 6 (CSI2), 2 7 . 9 (Cio i ) , 8 8 . 2 (CB), 8 9 . 3 (C192), 8 9 . 8 ( C , , ) , 9 0 . 2 (C13) , 9 1 . 9 ( C u ) , 9 2 . 0 [C142), 

9 2 . 9 ( C i ) , 9 3 . 8 (C20), 9 7 . 8 (C202), 9 8 . 3 (C7), 1 0 6 . 6 (C2), 1 2 1 . 8 (C12) , 1 2 2 . 6 (C9), 1 2 2 . 8 (C15) , 

1 2 3 . 1 (C152) 1 2 3 . 4 (Cs), 1 2 3 . 4 (Cs), 1 2 3 . 5 (C is ) , 1 2 3 . 6 (C182), 1 2 6 . 1 (Cci), 1 2 7 . 9 (Ccz), 1 2 8 

(Cc4), 1 2 8 . 5 (Gil), 1 3 1 . 1 [Cs), 1 3 1 . 5 (Ccs), 1 3 1 . 6 + 1 3 1 . 7 ( C 1 6 + C17), 1 3 2 . 0 (C4), 1 4 6 . 7 (Cio). 

Synthesis of 1,2,3-(HC=C-C6H4-4-C = CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)3C6H3[39). 

l , 2 , 3 - C P r 3 S i C = CC6H4-4-C = CC6H2-2 ,6-Et2-4-C = CC6H4-4-C = C)3C6H3 ( 0 . 0 7 0 g, 0 . 0 4 0 

m m o l ) a n d T B A F ( 0 . 1 2 m L , 1 M in T H F ) w e r e a d d e d t o CH2CI2 ( 1 5 m L ) a n d t h e m i x t u r e 

w a s s t i r r e d f o r 2 h. M e O H ( 8 0 m L ) w a s a d d e d a n d t h e r e s u l t a n t p r e c i p i t a t e w a s r e c o v e r e d 

b y f i l t r a t i o n a n d w a s h e d w i t h M e O H . 3 9 w a s o b t a i n e d a s a y e l l o w s o l i d ( 0 . 0 4 8 g, 9 0 % ) . iH 

N M R (6, 4 0 0 MHz, CDCI3): 1 . 3 2 (t, 1 2 H , Hio2,yHH = 8 Hz) , 2 . 8 9 (q, 8 H , Hioi.ynH = 8 Hz) , 3 . 1 8 

(s , 3 H , Hi) , 7 . 3 0 (s , 4 H , H n ) , 7 . 3 3 (t, I H , Hc3,yHH = 8 Hz), 7 . 4 8 (s, 1 2 H , H4 + Hs), 7 . 5 0 - 7 . 5 9 ( m , 

1 3 H , H4 HI7 +HI6) . " C N M R (6, 1 0 1 . 5 MHz, CDCI3); 1 4 . 6 (C102), 2 7 . 9 (Cioi) , 7 8 . 9 (C i ) , 8 3 . 3 

(C2), 8 8 . 4 (Cs) , 8 9 . 4 (C192), 8 9 . 8 (C19), 9 0 . 2 (C13) , 9 1 . 9 + 9 2 . 0 (C14 + C142), 9 3 . 8 (C20), 9 7 . 8 

(C202), 9 8 . 0 (C7), 1 2 1 . 7 (C,2) , 1 2 1 . 9 (C3), 1 2 2 . 7 (C9), 1 2 2 . 9 (Cis) , 1 2 3 . 1 (C182), 1 2 3 . 5 (C15) 

1 2 3 . 6 (Ci52), 1 2 4 . 0 (Ce), 1 2 6 . 1 (Cci) , 1 2 7 . 8 (Ccz), 1 2 8 . 5 ( C n Cc4), 1 3 1 . 2 (C5), 1 3 1 . 5 (Ccs), 

1 3 1 . 6 (C16 + C17), 1 3 2 . 1 (C4), 1 4 6 . 6 (Cio). 

Synthesis of l,2.3-(trans-[RuCI(dppe)2(C=CC6H4-4-C=CC6H2-2,6-Etr4-C=CC6H4-4-

C=C]))3C6H3(40). 

3 9 ( 0 . 0 3 5 g, 0 . 0 3 m m o l ) w a s a d d e d to d e o x y g e n a t e d a n d d i s t i l l e d CH2CI2 ( 1 5 m L ) . 

[ R u C l ( d p p e ) 2 ] P F 6 ( 0 . 1 0 g, 0 . 0 9 0 m m o l ) w a s t h e n a d d e d a n d t h e m i x t u r e s t i r r e d f o r 1 6 h. 

T h e s o l u t i o n w a s t h e n p o u r e d i n t o r a p i d l y s t i r r i n g d e o x y g e n a t e d p e t r o l ( 1 5 0 m L ) a n d t h e 

p r e c i p i t a t e r e c o v e r e d . T h e s o l i d w a s w a s h e d w i t h M e O H ( 3 0 m L ) a n d t h e n a d d e d to a 

d e o x y g e n a t e d m i x t u r e o f CH2CI2 a n d N E t s ( 2 0 m L , 1 0 : 1 ) a n d s t i r r e d f o r 2 0 m i n . T h e 

s o l u t i o n w a s p a s s e d t h o r o u g h a s h o r t p a d of a l u m i n a , e l u t i n g w i t h a m i x t u r e of CH2CI2 a n d 

NEt3 ( 1 0 : 1 ) . 4 0 w a s o b t a i n e d a s a n o r a n g e s o l i d ( 0 . 0 8 6 g, 7 9 % ) . U V - V i s : 4 2 9 [ 1 5 . 3 ] , 3 5 3 

[ 2 8 . 8 ] , iH N M R (6, 4 0 0 MHz, CDCI3): 1 . 3 9 (t, 1 8 H , Hio2,yHH = 8 Hz) , 2 . 7 1 ( b s , 2 4 H , Hb), 2 . 9 7 

(q , 1 2 H , H,oi,YHH = 8 Hz) , 6 . 6 2 (d, 6H, H4), 6 . 9 7 - 7 . 0 0 ( m , 4 8 H , H „ i + H„,2), 7 . 2 2 ( m , 2 4 H , Hp), 

7 . 3 3 ( m , 3 2 H , H , i + H„i + Hc4), 7 . 4 8 - 7 . 5 9 ( m , 4 3 H , Hs + Hcs H„2 H u + H n ) . ^ ip N M R (6, 

1 6 1 M H z , C D C b ) : 4 9 . 3 . N M R (6, 1 0 1 . 5 M H z , CDCI3): 1 4 . 6 ( C i o 2 ) , 2 7 . 9 (Cioi) , 3 0 . 6 (Cb), 
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86.5 (Cs), 89.7 (C192), 89.8 (C,3+ C19), 89.9 (Cu +C142), 93.8 CC20), 97.9 (C202), 101.2 (C7), 

114.5 (Ce), 117.0 (C3), 121.7 (Ciz), 122.7 + 122.8 (C9 + Cie), 122.9 (Cisz], 123.7 (Cis), 123.8 

(C1S2), 126.9 (Cci), 127.2 (C„ i ) , 128.4 (C^z), 128.4 (CiO, 128.8 (Cpi + Cp2), 129.9 (C4), 130.1 

(Cc4), 130.6 (Cs), 131.6 (C16 + C17}, 134.2 (Coi), 134.3 (Coi), 135.5 (Ci2), 136.3 (Ci23, 146.1 

(Cio). Ci, C2 and Ccs not observed. 

Synthesis of l,2A-CPr3SiC=CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)3C6H3{4iy 

1,2,4-Tris(trimethylsilylethynyl)benzene (0.10 g, 0.27 mmol ) in a mixture of MeOH and 

CH2CI2 (30 mL, 1:1) was deoxygenated thoroughly by sparging with N2. K2CO3 (0.12 g, 0.86 

m m o l ) was added and the mixture stirred for 2 h. The mixture was added to deoxygenated 

water (100 mL) and the solvent extracted with deoxygenated CH2CI2, drying with MgS04. 

The solvent was removed under vacuum and the residue dissolved in deoxygenated 

triethylamine (20 mL). The mixture was then added via cannula to a deoxygenated 

mixture of Pd(PPh3)4 (20 mg, 0.017 mmol) , Cul (30 mg, 0.15 mmol ) and 8 (0.52 g, 0.81 

m m o l ) in NEts (30 mL). The mixture was stirred for 12 h be fore the solvent was removed 

under vacuum. The residue was purified by column chromatography on silica, eluting with 

a gradient solvent polarity from petrol to a mixture of petrol and CH2CI2 (3 :1) . 4 1 was 

obtained as a ye l low solid (0.31 g, 68 % ) . Rf(petrol)- 0.21 Anal, calcd for Ci23Hi26Si3: C, 

87.42; H, 7.63. Found; C, 87.49; H, 7.42. UV-Vis: 377 [16.6], 362 [17.5], 275 [3.2]. iH NMR 

(6, 400 MHz, CDCI3): 1.14 (s, 63H, H^n + Hsn), 1.32 (t, 18H, Hio2,yHH = 8 Hz), 2.89 (q, 12H, 

Hioi,yHH = 8 Hz), 7.29 (s, 6H, Hn), 7.45 (s, 13H, H4 + Hs + Hcs), 7 .50-7.59 (m, 13H, H17 +H16 + 

Hc6), 7.75 (bs, IH, Hc3) . "C NMR (6, 101.5 MHz, CDCI3): 11.3 (Csn), 14.6 (C102), 18.6 (Csiz), 

27.9 (Cioi), 88.2 (Cs), 89.3 (C192), 89.9 (C,9), 90.1 (C13), 90.2 (Ci,4), 91.4 (C204), 91.9 (C,44), 

91.5 (C14), 91,6 (C142), 92.9 (CI), 93,9 (C20), 95.2 (C202), 98.3 (C7), 106.6 (C2), 121.8 (C12), 

122.6 (C9), 122.8 (C18+ C182), 123.1 ( C m ) 123.37 (Ce), 123.41 (C3), 123.42 (C154), 123.6 

(C15.C152), 125.4 (Cci), 126.0 (Cc2), 128.48 (Cc4), 128.5 (Cu), 131.1 (Cs), 131.5 (Ccs), 131.6 

(C16+ C17), 131.8 (Ccs), 132,0 (C4), 134.7 (Cc3), 146.7 (Cio). 

Synthesis ofl,2,4-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)3C6H3 (42). 

l,2,4-(iPr3SiC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)3C6H3 (0.020 g, 0 .012 

m m o l ) and TBAF (0.5 mL, 1 M in THF) w e r e added to deoxygenated CH2CI2 (10 mL) and 

the mixture was stirred for 2 h. MeOH (80 mL) was added and the resulting precipitate 

was recovered by filtration and washed with MeOH. 4 2 was obtained as a ye l low solid 
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(0.013 g, 87 %). iH NMR (8, 400 MHz, CDCb]: 1.33 (t, 18H, HiozJhh = 8 Hz), 2.90 (q, 12H, 
Hioi,/hh = 8 Hz), 3.19 (s, 3H, Hi), 7.29 (s, 12H, Hn), 7.45 (s, 12H, H, + Hs), 7.50-7.59 (m, 
14H, HC5 + HC6 + Hi7 + HI6), 7.75 (bs, IH, Hcs). "C NMR (6,101.5 MHz, CDCb): 14.6 (C102), 

27.9 (Cioi), 78.9 (Ci), 83.3 (C2), 88.4 (Cs), 89.9 (Co), 90.2 (C194), 91.60 + 91.65 (Cw* C192), 

94.6 (C204), 94.6 (Cu + C144), 94.6 (Cu), 95.2 (C7), 98.0 (C7), 98.9 (C20), 100.7 (C202), 121.7 
(C12), 121.9 (Ce), 122.7 (C9), 122.8 (C18+C182), 123.1 (Cm) 123.37 (C6), 123.41 (C3), 123.42 
(C154), 123.6 (Ci5 + C152), 125.4 (Cci), 126.0 [Ccz], 128.48 (Cc4), 128.5 (Cn), 131.2 (Cs), 131.6 
(Cc6), 1 3 1 . 7 ( C 1 6 + C 1 7 ) , 1 3 2 . 1 (C4), 1 3 4 . 7 (Ccs), 1 3 7 . 2 (Ccs), 1 4 6 . 6 (Cio). 

S y n t h e s i s o f l , 2 , 4 - ( t r a n s - [ R u C l ( d p p e ) 2 (C=CC6H4-4-C=CC6H2-2,6-4-Et2-C=CC6H4-4-

C=C)])3C6H3(43). 

l,2,4-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)3C6H3 (0.034 g, 0.028 mmol) 
was added to distilled CH2CI2 (10 mL) and the mixture deoxygenated by sparging with N2. 

[RuCl(dppe)2]PF6(0.10 g, 0.093 mmol) was then added and the mixture stirred for 12 h. 
The solution was then added by cannula to deoxygenated rapidly stirring petrol (150 mL) 
and the precipitate recovered. The solid was washed with MeOH (15 mL) and then added 
to a mixture of deoxygenated CH2CI2 and NEts (20 mL, 10:1) and stirred for 20 min. The 
solution was filtered through a short pad of alumina eluting with a mixture of CH2CI2 and 
NEt3 (10:1). 43 was obtained as an yellow solid (0.068 g, 74 %). UV-Vis: 431 [14.9], 368 
[20.9]. IH NMR (6, 400 MHz, CDCI3): 1.36 (t, 18H, Hio2,yHH = 8 Hz), 2.68 (bs, 24H, Ht), 2.83 
(q, 12H, Cioi,yHH = 8 Hz), 6.60 (appd (AA'BB'), H4,yAB= 7.96), 7.00 (m, 48H, Hmi + Hm2), 7.20 
(m, 24H, Hp), 7.29 (s, 2H, Ar), 7.31 (m, 31H, H„i + H5 + Hcs), 7.50 (m, 25H, H„2 + Hc6), 7.56 
(m(AA'BB'), 12H, His + H17,), 7.77 (apps, IH, Hcs). " P NMR (6, 161 MHz, CDCI3): 49.3. "C 
NMR (6,101.5 MHz, CDCI3): 14.6 (C102), 27.9 (Cioi), 78.9 (Ci), 83.3 (C2), 88.4 (Cs), 89.9 (C13), 

90.2 (C194), 91.60 + 91.65 (C19.C192), 94.6 (C204), 94.6 (C14 + C144), 94.6 (C14), 95.2 (C7), 98.0 
(C7), 98.9 (C20), 100.7 (C202), 121.7 (C12), 121.9 (Cs), 122.7 (C9), 122.8 (Cis + C182), 123.1 
(Ci84) 123.37 (Ce), 123.41 (C3), 123.42 (C154), 123.6 (Ci5»Ci52), 125.4 (Cci), 126.0 (Ccz), 

128.48 (Cc4), 128.5 (Cn), 128.8 (C4), 130.6 (Cs), 131.6 (Cce), 131.6 (C16 + C17), 132.1 (C4), 
134.3 (Cmi), 134.4 (Cm2), 135.7 (Cn), 136.4 (Ci2), 146.1 (Cio). Ccs, Ccsnot observed. 

5ynt/jes/xo/J,3,5-f'Pr55/CsCC6H4-4-C=CC6H2.2,6-£-t2-4-CsCC6W4-4-C=g3C6H3(44). 

8 (0.93 g, 1.45 mmol) was added to NEt3 (30 mL) and the solution deoxygenated under 
vacuum. Pd(PPh3)4 (10 mg, 0.008 mmol) and Cul (10 mg, 0.05 mmol) was added followed 
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by a deoxygenated solution of 1,3,5-triethynylbenzene (73 mg, 0.49 mmol) in NEt3 (5 mL] 

added by cannula. The reaction was stirred for 6 h. The solvent was removed under 

vacuum and the residue was purified by column chromatography on silica, eluting with a 

gradient of solvent polarity from petrol to petrol and CH2CI2 (3:1). 44 was obtained as a 

light yel low solid (0.63 g , 77 %) . Rf(petrol ) - 0.15. Anal, calcd for CizsHizeSis: C, 87.49; H, 

7.52. Found: C, 87.39; H, 7.64. UV-Vis; 353 [sh., 17.1], 367 [sh., 19.8], 359 [21.2], 271 [3.9], 

IH NMR (6, 400 MHz, CDCI3) : 1.16 (s, 63H, Hsii + Hsiz), 1.35 (t, 18H, HIO2,;HH = 8 Hz), 2.92 

(q, 4H, Hioi,yHH = 8 Hz), 7.31 (s, 6H, Hn), 7.54 (s, 12H, H4 + Hs), 7.67 (s, 12H, H17 + His), 

7.67 (s, 3H, Hc2). " C NMR (8, 101.5 MHz, CDCI3) : 11.3 (Csii), 14.6 (C102), 18.6 (CSN), 27.9 

(Cioi), 88.3 (Cs), 89.6 (C19), 90.1 (C13), 90.4 (Cu), 91.9 (C20), 92.9 (Ci), 98.3 (C7), 106.7 (C2), 

121.8 (C12), 122.5 (C9), 122.6 (Cis), 123.4 (Ce), 123.5 (C3) 123.6 (C15), 123 .9 (Cci), 128.5 

(Cii), 131.1 (C5), 131.6 (C16), 131.7 (C17), 132.0 (C4), 134,1 (Cc2), 146.7 (Cio). 

Synthesis ofl.3,5-(HC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)3C6H3 (45). 

l,3,5-('Pr3SiC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)3C6H3 (0.07 g, 0.04 mmol ) 

and TBAF (0.15 mL, 1 M in THF) were added to CH2CI2 (15 mL) and the resultant mixture 

was stirred for 2 h. Water (30 mL) was added and the organic layer recovered and dried 

with MgS04. The solvent was removed under vacuum and the residue purified by column 

chromatography on silica, eluting with petrol and CH2CI2 (2:1). 44 was obtained as a pale 

yel low solid (0.03 g, 96 %). iH NMR (6, 400 MHz, CDCI3) : 1.33 (t, 18H, Hio2,yHH = 8 Hz), 2.90 

(q, 12H, Hioi,yHH = 8 Hz), 3.19 (s, 3H, H,), 7.29 (s, 6H, Hn), 7.48 (s, 12H, H4 + Hs), 7.53 (s, 

12H, HI7 + His), 7.66 (s, 3H, Hc2). " C NMR (6, 101.5 MHz, C D C I 3 ) : 14.6 (C102), 27.9 (Cioi), 

78.9 (Ci), 83.3 (C2), 88.4 (Cs), 89.6 (C13), 90.1 (C19), 90.4 (C20), 91.8 (Cu), 98.0 (C7), 121.7 

(C12), 121.9 (C3), 122.5 (C9), 122.7 (Cci), 123.5 (Cis), 123.9 (C15), 124.0 (Ce), 128.5 (Cu) , 

131.2 (Cs), 131.6 (C16+ C17), 132.0 (C4), 134.1 (Cc2), 146,6 (Cio). 

Synthesis of 1,3.5-(trans-[RuCl(dppe)2(C=C-C6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-

C=C)])3C6H3{46). 

l,3,5-(HC = CC6H4-4-C=CC6H2-2,6-Et2-4-C = CC6H4-4-C=C)sC6H3{0.030 g, 0.028 mmol ) was 

added to deoxygenated and distilled CH2CI2 (10 mL). [RuCI(dppe)2]PF6 (0.10 g, 0.093 

mmol) was then added and the mixture stirred for 12 h. The solution was then added to 
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deoxygenated rapidly stirring petrol (150 mL) and the precipitate recovered by filtration 

under an Nz flow. The solid was washed with MeOH (20 mL] and then added to a mixture 

of CH2CI2 and NEt3 (10:1) and stirred for 20 min. The solution was then filtered through a 

short pad of alumina eluting with a mixture of CH2CI2 and NEtS (10:1). 4 6 was obtained as 

a yellow sohd (0.07 g, 74 %). Anal, calc for C252H207CI3P12RU3: C, 75.36; H, 5.19. Found: C, 

75.27; H, 5.13. UV-Vis: 430 [15.0], 357 [24.0]. iH NMR (6, 400 MHz. CDCh): 1.36 (t, 18H, 

Hio2,yHH = 8 Hz), 2.68 (bs, 18H, Hb), 2.93 (q, 12H, HioiJhh = 8 Hz), 6.60 (d, 6H, H4), 6.95-

7.02 (m, 48H, Hmi + Hm2), 7.17-7.21 (m, 24H, Hp), 7.28-7.30 (m, 36H, Hs + H11+ Hoi) 7.45-

7.58 (m, 36H, H„2 + Hu + H17), 7.69 (s, 3H, Hc2). " P NMR (6,161 MHz, CDCh): 49.3. "C NMR 

(6, 1 0 1 . 5 MHz, CDCh): 14 .6 (C102), 27 .9 (Cioi), 30 .6 , (m, Cb), 8 6 . 5 (Cs), 89 .5 (C13), 9 0 . 4 (C20), 

9 2 . 1 (C14), 1 0 0 . 1 (C7), 1 1 4 . 5 (C3), 116.9(C6), 1 2 1 . 7 (Ciz), 1 2 2 . 4 (C9), 1 2 2 . 8 (Cis), 1 2 3 . 6 (C15), 

123.9 (Cci), 126.9 + 127.22 (Cmi + C„2), 128.5 (Cn), 128.8 (Cp, + Cp2), 129.9 (C4), 130.6 (Cs), 

1 3 1 . 6 (C16 + C17), 1 3 2 . 1 (Cc2), 1 3 4 . 2 (C„,), 1 3 4 . 6 (C02), 1 3 5 . 7 (m, Cn), 136 .3 (m, Ci2), 1 4 6 . 1 

(Cio). 

Synthesis of 1,2,3A-['Pr3SiC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)4C6H2(^^^^ 

I,2,3,4-Tetrakis(trimethylsilylethynyl)benzene (0.090 g, 0.190 mmol) in a mixture of 

MeOH and CH2CI2 (30 mL, 1:1) was deoxygenated thoroughly by sparging with N2. K2CO3 

(0.12 g, 0.86 mmol) was added and the mixture stirred for 3 h. The mixture was added to 

deoxygenated water (100 mL) and the solvent extracted with CH2CI2, drying with MgS04. 

The solvent was removed under vacuum and the residue dissolved in deoxygenated NEt3 

(20 mL). The mixture was then added via cannula to a deoxygenated mixture of Pd(PPh3)4 

(15 mg, 0.012 mmol ), Cul (25 mg, 0.13 mmol) and 8 (0.51 g, 0.79 mmol) in triethylamine 

(30 mL) and stirred for 12 h. The solvent was removed under vacuum and the residue 

purified by column chromatography on silica, eluting with a gradient solvent polarity from 

petrol to a mixture of petrol and CH2CI2 (3:1). 4 7 was obtained as a yellow solid (0.19 g, 46 

%). Rf- 0.31 (3:1, petrol/CH2Cl2). Anal, calc for Ci62Hi66Si4: C, 87.43; H, 7.52. Found: C, 

87.41; H, 7.46. UV-Vis: 395 [15.6], 372 [22.2]. iH NMR (6, 400 MHz, CDCI3): 1.15 (s, 84H, 

H.ii + Hsi2), 1.33 (t, 24H, Hio2,7hh = 8 Hz), 2.90 (q, 16H, Cioi,yHH = 8 Hz), 7.30 (s, 8H, Hu), 

7.46 (s, 16H, H4 + Hs), 7.52-7.60 (m, 13H, Hc5+ His + H17). "C NMR (6, 101.5 MHz, CDCb): 

I I . 3 (Csii), 1 4 . 6 (C102), 18 .6 (Csi2), 27 .9 (Cioi), 8 8 . 2 (Ca), 89 .3 (C192), 8 9 . 8 (C19), 9 0 . 2 (Cn) , 

9 1 . 9 (C14), 9 2 . 0 (C142), 9 2 . 9 (C,), 9 3 . 8 (C20), 9 7 . 8 (C202), 98 .3 (C7), 1 0 6 . 6 (C2), 1 2 1 . 8 (C12), 

1 2 2 . 6 (C9), 1 2 2 . 8 (Cis), 1 2 3 . 1 (C1S2) 1 2 3 . 4 (Cs), 1 2 3 . 4 (C3), 1 2 3 . 5 (Cie), 1 2 3 . 6 (C182), 1 2 6 . 1 

(Cci), 1 2 7 . 9 (Cc2), 1 2 8 . 0 (Ccs), 1 2 8 . 5 (Cn) , 1 3 1 . 1 (Cs), 1 3 1 . 5 (Cc3), 1 3 1 . 6 -f 131 .7 (Cis + C17), 

1 3 2 . 0 (C4), 1 4 6 . 7 (Cio). 
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Synthesis ofl,2,3,4-[HC=CC6H4-4-C = CC6H2-2,6-EC2-4-C=CC6H4-4-C=C)4C6H2 (48). 

l , 2 , 3 , 4-( 'Pr3SiC s C C 6 H 4 - 4 - C = C C 6 H 2 - 2 , 6 - E t 2 - 4 - C = C C 6 H 4 - 4 - C = C ) 4 C 6 H 2 (0.040 g, 0.017 
mmol) and TBAF (0.10 mL, 1 M in THF) were added to CH2CI2 (10 mL). The mixture was 
stirred for 2 h, then MeOH (60 mL) was added. The precipitate was recovered by filtration 
and washed thoroughly with MeOH. 48 was obtained as a yellow solid (0.025 g, 89 %}. iH 
NMR (6, 400 MHz, CDCI3); 1.31 (t, 24H, HiozJhh = 8 Hz), 2.89 (q, 16H, Hioi.ynH = 8 Hz), 3.17 
(s, 4H,Hi), 7.47-7.58 (m, 32H, H4.Hs,Hi6.Hi7.Hc5). "C NMR (6, 101.5 MHz, CDCI3); 14.6 
( H 1 0 2 ) , 2 7 . 9 ( H 1 0 9 ) , 7 9 . 9 ( C i ) , 8 3 . 4 (C2), 8 8 . 4 ( C s ) , 8 9 . 8 ( C 1 9 ) , 9 0 . 1 ( C 1 9 2 ) , 9 0 . 3 (C13), 9 1 . 7 

(C20), 9 2 . 0 ( C u ) , 9 5 . 5 (C202), 9 7 . 9 ( C 7 ) , 1 2 1 . 7 (C12), 1 2 1 . 8 (C3) , 1 2 2 . 7 ( C 9 ) , 1 2 2 . 8 ( C i s + C182) , 

1 2 3 . 6 ( C 1 5 + C1S2), 1 2 3 . 4 ( C e ) 1 2 6 . 2 ( C c i + Cc2) , 1 2 8 . 5 ( C n + Cc4) , 1 3 1 , 1 ( C s ) , 1 3 1 . 5 ( C 1 6 + C17) , 

132.1 (C4), 146.6 (Cio). 

Synthesis of l,2,3.4-(trans-[Rua(dppe)2(C=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CCeH4-4-

C=C)])4C6H2(49). 

l,2,3,4-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)4C6H2 (0.025 g, 0.015 mmol) 
was added to deoxygenated and distilled C H 2 C I 2 (10 mL). [RuCl(dppe)2]PF6(0.07 g, 0.065 
mmol) was then added and the mixture stirred for 8 h. The solution was then added to 
rapidly stirring deoxygenated petrol (100 mL) and the precipitate recovered. The solid 
was washed with deoxygenated MeOH and then added to a mixture of C H 2 C I 2 and NEts 
(10:1) and stirred for 20 min. The solution was then put through a short pad of alumina, 
eluting with a mixture of C H 2 C I 2 and NEt3 (10:1). 49 was obtained as a yellow solid (0.05 g, 
60 %). Anal, calcd for C 3 3 4 H 2 7 4 C I 4 P 1 6 R U 4 : C, 75.27; H, 5.18. Found: C, 75.18; H, 5.17. UV-Vis: 
430 [18.4], 375 [26.6], 315 [16.3]. 'H NMR (6, 400 MHz, C D C I 3 ) ; 1.36 (t, 24H, H 1 0 2 , ) , 2.68 
(bs, 32H, Hb), 2.93 (q, 16H, Hioi), 6.60 (d, 8H, H4), 6.95-7.00 (m, 64H, Hmi + Hm2), 7.17-7.21 
(m, 32H, Hp), 7.28-7.30 (m, 52H, Hs Hn-f Hoi) 7.45-7.58 (m, 50H, H02 + H16 + H17+ Hcs). 
"C NMR (6, 101.5 MHz, C D C I 3 ) : 14,6 ( C , o 2 ) , 27.9 (Cioi), 30.6, (m, Cb), 86.5 (Cs), 89.5 ( C 1 3 ) , 

90.0 (C19), 91.6 ( C 2 0 ) , 92,2 (Cu), 94.0 ( C 7 ) , 100.1 ( C 7 ) , 114.5 ( C 3 ) , 1 1 6 . 9 ( C 6 ) , 121.7 ( C 1 2 ) , 

122.7 (C9), 122.8 (C,8 + C182), 123.6 (C15 C152), 125.9 (Cci + Cc2), 126.8 (Cmi), 126.9 (C,„2), 
1 2 7 . 2 ( C c 3 ) , 1 2 8 . 5 ( C n ) , 1 2 8 . 8 ( C p i + Cp2) , 1 2 9 . 9 ( C 4 ) , 1 3 0 . 6 ( C s ) , 1 3 1 . 6 ( C i e + C 1 7 ) , 1 3 2 . 1 

(Cc2), 134.2 ( C o l ) , 134.3 (C„2), 135.7 (m, C , i ) , 136.3 (m, Ci2), 146.1 (Cio). 
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Synthesis of 1,2,3,5CPr3SiCsCC6H4-4-C^CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)4C6H2(,50). 

1,2,3,5-Tetrakis(trimethylsilylethynyl3benzene (0.050 g, 0.120 mmol) in a mixture of 

MeOH and CH2CI2 (1:1, 20 mL) was deoxygenated by sparging with N2. K2C03(0.11 g, 0.79 

mmol] was added and the mixture stirred for 4 h. The mixture was added to deoxygenated 

water (100 mL) by cannula and the product extracted with deoxygenated CH2CI2, drying 

with MgS04. The solvent was removed under vacuum and the residue dissolved in 

deoxygenated triethylamine (20 mL). The mixture was then added via cannula to a 

deoxygenated mixture of Pd(PPh3)4 (20 mg, 0.017 mmol), Cul (30 mg, 0.15 mmol) and 8 

(0.33 g, 0.51 mmol) in triethylamine (SO mL). The mixture was stirred for 12 h before the 

solvent was removed under vacuum. The residue was purified by column chromatography 

using silica, eluting with a gradient solvent polarity from petrol to a mixture of petrol and 

CH2CI2 (3:1). 5 0 was obtained as a yellow solid (0.17 g, 64 %). R/(3:l , petrol/CHzClz) -

0.25. Anal, calcd for Ci62H,66Si4: C, 87.43; H, 7.52. Found: C, 87.38; H, 7.61. UV-Vis: 378 

[19.3], 366 [20.8]. iH NMR (6, 400 MHz, CDCh): 1.14 (s, 63H, Hsii + Hsi2), 1.32 (t, 18H, H102, 

JHH = 8 Hz), 2.90 (q, 12H, Cioi,yHH = 8 Hz), 7.30 (s, 6H, Hn), 7.33 (d, 2H, Hcs), 7.46 (s, 12H, H4 

+ Hs). 7.52-7.60 (m, 13H, Hc4+ H16 + H17). " C NMR (6, 101.5 MHz, CDCb): 11.3 (Csii), 14.6 

(C102), 18.6 (Csi2), 27.9 (Cioi), 88.2 (Cs), 89.3 (C192), 89.8 (C19), 90.2 (C13), 91.9 (C14), 92.0 

(C142), 92.9 (Ci), 93.8 (C20), 97.8 (C202), 98.3 (C7), 106.6 (C2), 121.8 (C,2), 122.6 (C9), 122.8 

(C15), 123.1 (C152) 123.4 (Cs), 123.4 (C3), 123.5 (Cis), 123.6 (C182), 126.1 (Cci), 127.9 (Cc2), 

128 (Cc4), 128.5 (Cn), 131.1 (Cs), 131.5 (Ccs), 131.6 (Cs), 131.7 (C16 + C17), 132.0 (C4), 146.7 

(Cio). 

Synthesis of 1,2,3,5-(H-C = C-C6H,-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)4C6H2 (51). 

l,2,3,5-('Pr3SiC s CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C s C)4C6H2 (0.080, 0.035 

mmol) and TBAF (0.10 mL, 1 M in THF) were added to CH2CI2 (40 mL) and the mixture 

was stirred for 2 h. MeOH (100 mL) was added and the precipitate was recovered by 

filtration and washed thoroughly with MeOH. 5 1 was obtained as a yellow solid (0.051 g, 

90 %) . ' H NMR (6, 400 MHz, CDCI3): 1-35 (t, 24H, Hio2,yHH = 8 Hz), 2.92 (q, 16H, H io i , /hh = 8 

Hz), 3.21 (s, 4H, Hi), 7.33 (s, 8H, Hn), 7.56 (s, IH, H4+ Hs), 7.57-7.63 (m, 16H, H16+ Hn), 

7.72 (s, 2H, Hc4). i^C NMR (6, 101.5 MHz, CDCI3): 14.6 (C102), 27.9 (Cioi), 78.9 (Ci), 83.28 

(C2), 88.4 (Cs), 88.4 (C,,), 88.9 (C,92 +Ci,5), 90.3 (C20), 90.1 (C13), 92.1 (Cu), 94.2 (C20), 98.4 

(C7), 99.4 (C202). 121.8 (C12), 121.9 (Cs), 122.7 (C9), 123.1 (C ib), 123.7 (Ci5+ C152 + Ciss), 

124.0 (Cc4 + C6), 126.4 (Cci), 127.5 (Cc2 + Ccs), 128.5 (Cn), 131.2 (C5), 131.7 (C16 + C17), 

131.6 (C22), 132.1 (C4), 134.1 (CC4), 146.6 (Cio). 
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Synthesis of 1.2,3,5-(trans-[Rua(dppe)2(C = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C ^ 

C)])4C6H2i52). 

l,2,3,5-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)4C6H2 (0.040 g, 0.025 mmo l ) 

was added to deoxygenated and distilled CH2CI2 (15 mL). [RuCl(dppe)2]PF6 (0.11 g, 0.11 

mmo l ) was then added and the mixture stirred for 8 h. The solution was then added to 

rapidly stirring deoxygenated petrol (100 mL ) and the precipitate recovered. The solid 

was washed with deoxygenated MeOH and then added to a mixture of CH2CI2 and NEts 

(10:1) and stirred for 20 min. The solution was then passed through a short pad of 

alumina, eluting with a mixture of CH2CI2 and NEts (10:1). 52 was obtained as an orange 

solid (0.10 g, 76 VolAnal. calcd for C334H274CI4P16RU4: C, 75.27; H, 5.18. Found: C, 75.33; H. 

5.14. UV-Vis: 434 [16.2], 404 [26.5], 369 [31.1]. iH NMR (6, 400 MHz, CDCb): 1.36 (t, 24H, 

Hio2,yHH = 8 Hz), 2.68 (bs, 32H, Hb), 2.93 (q, 16H, Hioi./hh = 8 Hz), 6.60 (d, 8H, H4), 7.02-

7.22 (m, 96H, H^i + Hm2 + Hp), 7.31-7.60 (m, 91H, H„ i+ H„2+ H,6 + H17), 7.69 (s, 2H, Hc4). ^'P 

NMR: 49.3.3ip NMR: 49.3. " C NMR (6, 101.5 MHz, CDCb): 14.6 (C102), 27.9 (Cioi), 30.6, (m, 

Cb), 126.8 (C „2) , 126.9 (Cmi), 128.5 (Cn) , 128.8 (Cpi + Cp2), 129.9 (C4), 130.6 (Cs), 131.6 (C16 

+ C17), 134.2 (Col), 134.3 (C02), 135.7 (m, Cii), 136.3 (m, Ciz), 146.1 (Cio). Quaternary and 

core carbon environments not observed. 

Synthesis of 1,2,4,5-CPr3SiC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)4C6H2[53). 

1,2,4,5-Tetrakis(trimethylsilylethynyl)benzene (0.090 g, 0.190 mmol ) in a mixture of 

MeOH and CH2CI2 (1:1, 30 mL) was deoxygneated thoroughly by sparging with N2. K2CO3 

(0.110 g, 0.79 mmo l ) was added and the mixture stirred for 3 h. The mixture was added to 

deoxygenated water (100 mL ) and the product extracted with CH2CI2, drying the organic 

layer with MgS04. A f ter filtration, the solvent was removed f rom the filtrate under vacuum 

and the residue dissolved in deoxygenated NEts (20 mL). The mixture was then added via 

cannula to a deoxygenated mixture of Pd(PPh3)4 (15 mg, 0.013 mmol ) , Cul (25 mg, 0.13 

mmo l ) and 8 (0.50 g, 0.78 mmo l ) in NEts (30 mL). The mixture was stirred for 12 h be fore 

the solvent was removed under vacuum. The residue was purif ied by column 

chromatography on silica, eluting with a gradient solvent polarity from petrol to a mixture 

of petrol and CH2CI2 (3:1). 53 was obtained as a ye l l ow solid (0.33 g, 77 % ) . R, 

(petrol /CH2Cl2 ( 3 :1 ) ) - 0.21. Anal, calcd for Ci62Hi66Si4: C, 87.43; H, 7.52. Found: C, 87.48; H, 

7.52. UV-Vis: 401 [11.9], 372 [21.3]. iH NMR (6, 400 MHz, CDCI3): 1.14 (s, 84H, Hsu + Hsu), 
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1 . 3 4 ( t , 2 4 H , H i 0 2 , Y H H = 7 . 6 H z ) , 2 . 9 0 ( q , 1 6 H , H I O I J H H = 7 . 6 H z ) , 7 . 2 9 ( s , 8 H , H n ) , 7 . 4 5 ( s , 

16H, H 4 + H S ) , 7.52 (s, 16H, Hn +Hi6), 7.72 (s, 2H, Hcs). " C NMR (6, 101.5 MHz, C D C B ) : 11.3 

(CsiO, 14.6 [Cioz), 18.6 (Csi2), 27.9 (Cioi), 88.2 (Cg), 89.3 (Ci , ) , 90.1 (C13), 92.13 (C20), 92.9 

(C14), 95.5 (Ci), 98.3 (C7), 106.6 (C2), 121.9 (C12), 122.6 (C, + Cis), 123.3 + 123.4 (C3 + C6), 

123.7 (C15), 125,7 [Cci), 128.5 (Cu), 131.1 (C5), 131.6 (C16 + C17), 132.0 (C4), 134.8 (Cc3), 

146.6 (Cio). 

Synthesis of l,2,4.5-(HC=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=q4C6H2i54l 

l,2,4,5-CPr3SiC = CC6H4-4-C s CC6H2-2,6-Et2-4-C s CC6H,-4-C = C)4C6H2 (0.021 g, 0.009 

m m o l ) and TBAF (0.05 mL, 1 M in THF) were added to CH2CI2 (15 mL) and the mixture 

was stirred for 2 h. MeOH (80 mL) was then added and the precipitate was recovered by 

filtration and washed with MeOH. 5 4 was obtained as a ye l low solid (0.017 g, 82 %) . 'H 

NMR (6, 400 MHz, CDCb): 1.32 (t, 24H, H I O 2 , ; H H = 7.6 Hz), 2.90 (q, 16H, H I O I , / H H = 7.6 Hz), 

3.19 (s, 4H, Hi), 7.29 (s, 8H, Hn), 7.48 (s, 16H, H, + Hs), 7.54 (s, 16H, Hn + Hie), 7.76 (s, 2H, 

Hc3). " C NMR (6, 101.5 MHz, CDCb); 14.6 (C102), 27.9 (Cioi), 78.9 (Ci), 83.3 (C2), 88.4 (Cs), 

89.3 (C14), 90.1 (C13), 92.1 (C20), 95.5 (Cw), 98.0 (C7), 121.7 (C9), 121.9 (Cs), 122.6 (Cis), 

122.7 (C15) 123.7 (C3), 124.1 (C12), 125.3 (Cci), 128.5 (Cu) , 131.2 (Cs), 131.6 (C16+ C17), 

132.1 (C4), 134.8 (Cc3), 146.6 (Cio). 

Synthesis of l,2,4,5-(trans-[Rua(dppe)2(C = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CCeH4-4-C = 

C)})4CeH2 (.551 

l ,2,4,5-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)4C6H2 (0.017 g, 0.01 mmol ) 

was added to distilled CH2CI2 (15 mL) and the mixture deoxygenated under vacuum, 

backfilling with N2. [RuCl(dppe)2]PF6 (0.050 g, 0.046 mmol ) was then added and the 

mixture stirred for 8 h. The solution was then added to deoxygenated petrol (150 mL) and 

the precipitate recovered. The solid was washed with deoxygenated MeOH (30 mL) and 

then added to a mixture of CH2CI2 and NEt3 (10 :1) and stirred for 20 min. The solution was 

passed through a short pad of alumina eluting with a mixture of CH2CI2 and NEts (10:1) . 5 5 

was obtained as an orange solid (0.034 g, 61 %) . UV-Vis: 436 [16.5], 404 [26.5], 369 

[31.1].1H NMR (6, 400 MHz, CDCb): 1.35 (t, 24H, Hio2,yHH = 8 Hz), 2.68 (bs, 32H, Hb), 2.94 

(q, 16H, Hioi,yHH = 8 Hz), 6.60 (d, 8H, H4), 6 .95-7,02 (m, 64H, H^i + H,„2), 7.17-7.21 (m, 32H, 

Hp), 7.28-7.30 (m, 52H, Hs + H11+ Hoi) 7.45-7.58 (m, 48H, H02 + His + H17), 7.69 (s, 2H, 

HC3)."C NMR (6, 101.5 MHz, CDCb): 14.6 (C102), 27.9 (Cioi), 30.6, (m, CJ, 86.5 (Cs), 89.5 
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(C13), 90.0 (C„) , 91,6 (C20), 92.2 (Cu), 94.0 (C7}, 100.1 (C7], 114.5 (C3), 116.9CC6). 121.7 

(C12), 122.4 (C9), 122.7 (C9), 122.8 (Cia), 123.6 (Cis), 125.9 (Cci), 126.8 (Cmz), 126.9 (Cmi), 

127.2 (Cc3), 128.5 (Cii), 128.8 (Cpi + Cpz}, 129.9 (C4), 130.6 (C5), 131.6 (Cie + C17), 132.1 

(Ccz), 134.2 (Col), 134.3 [Coz), 135.7 (m, Cii), 136.3 (m, C12), 146.1 (Cio). 

Synthesis of 1.2,3,4.5-CPr3SiC=C6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)sC6H [56). 

1,2,3,4,5-Pentakis(trimethylsilylethynyl)benzene (0.053 g, 0.095 mmol) in a mixture of 

MeOH and CH2CI2 (50 mL, 1:1) was deoxygenated thoroughly by sparging with Nz. K2CO3 

(0.070 g, 0.51 mmol) was added and the mixture stirred for 3 h. The mixture was added to 

deoxygenated water (100 mL) and the organic layer recovered, drying with CaCh. After 

filtration, the solvent was removed from the filtrate under vacuum and the residue 

dissolved in deoxygenated NEts (20 mL). The mixture was then added via cannula to a 

deoxygenated mixture of Pd(PPh3)4 (30 mg, 0.026 mmol), Cul (50 mg, 0.26 mmol) and 8 

(0.33 g, 0.51 mmol) in NEt3 (30 mL). The mixture was stirred for 12 h at room 

temperature before the solvent was removed. The residue was purified by column 

chromatography on silica and eluting with a gradient solvent polarity from petrol to a 

mixture of petrol and CH2CI2 (3:1). 56 was obtained as a yellow solid (0.18 g, 69 %). 

fif(petrol/CH2Cl2 (3:1))- 0.15. UV-Vis: 397 [sh, 25.4], 383 [31.6], 335 [22.6]. iH NMR (6, 400 

MHz, CDCI3): 1.15 (s, 105H, Hsii + Hsi2), 1.32 (t, BOH, Hio2,yHH = 8 Hz), 2.89 (q, 20H, Cioi./hh 

= 8 Hz), 7.28 (s, lOH, Hn), 7.46 (s, 20H, H4 + Hs), 7.52-7.59 (m, 20H, H17 +H16), 7.72 (s, IH, 

Hce). "C NMR (6, 101.5 MHz, CDCI3): 11.3 (C^ii), 14.6 (C102), 18.6 (Csi2), 27.9 (Cioi), 88.2 

(Cs), 88.9 (C19), 89.2 (C192+ C193), 90.1 (C13), 92.1 + 92.2 + 92.3 (C14 +C142 + C143), 92.8 (C7), 

95.3 (C20), 98.3 (Ci), 99.4 (C202 + C203), 106.6 (C2), 121.8 (C9), 122.5 (C182 + Ciss), 122.6 (C12), 

122.8 (Ci52 + C153), 123.3 + 123.4 (C3+ Ce) 123.7 (Cis), 123.8 (C15), 125.3 (Cci), 127.5 (Cc2 + 

Cc3), 128.5 (Cn), 131.1 (C5), 131.4 (Ccs), 131.6 (C16 + C17), 132.0 (C4), 133.8 (Cce), 146.6 

(Cio). 

Synthesis of 1,2,3,4,5-(HC^CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-C=C)5C6H (57). 

l,2,3,4,5-0Pr3SiC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)5C6H (0.032 g, 0.012 

mmol) and TBAF (0.11 mL, 1 M in THE) were added to CH2CI2 (10 mL) and the mixture 

was stirred for 2 h. MeOH (70 mL) was added and the precipitate was recovered by 

filtration and washed with MeOH. 56 was obtained as a yellow solid (0.023 g, 99 %). iH 

NMR (6, 400 MHz, CDCI3): 1.32 (t, 30H, Hio2,;hh = 8 Hz), 2.89 (q, 20H, Hioi,yHH = 8 Hz), 3.18 



Chapter 3 - Core Modification in Alkynyl Ruthenium Starsl45 

(s, 5H, Hi), 7.29 (s, lOH, Hn), 7.35-7.60 (m, 41H, H4 + Hs + Hie + Hn + Hce). i^C NMR (6, 

101.5 MHz, CDCb]; 14.6 (C102), 27.9 (Cioi), 78.9 [Ci), 83.28 (C2), 88.4 (Cs), 89.0 + 89.8 + 

89.2 (C19), 90.2 (C13), 92.1 + 92.2 (Cu+ C142 + Ci43), 95.5 (C20), 98.0 (C?), 99.4 (C202 + C203), 

121.7 (C3), 121.8 (C12), 122.5 (Cis), 122.7 (C9), 122.8 [C182 + C183), 123.7 (C15+ C152+ C153), 

124.0 (Ce) 125.3 (Cci), 127.4 (Cc2 + Ccs), 128.5 (Cn), 131.1 (C5), 131.6 (C16 + C17], 132.0 (C4), 

133.8 (Cce), 146.6 (Cio). 

Synthesis of 1,2,3,4,5-(trans-[RuCI(dppe)2(C=CC6H4-4-C=CC6H2-2,6-Etz-4-C=CC6H4-4-

C=C)])5C6H (58). 

l,2,3,4,5-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C]5C6H (0.011 g, 0.005 mmol) 

was added to distilled and deoxygenated CH2CI2 (10 mL). [RuCl(dppe)2]PF6 (0.028 g, 0.026 

mmol ] was then added and the mixture stirred for 14 h. The solution was then added to 

rapidly stirring deoxygenated petrol (150 mL) and the precipitate recovered by filtration. 

The solid was washed with deoxygenated MeOH (30 mL) and then added to a mixture of 

CH2CI2 and NEt3 (10:1) and stirred for 10 min. The solution was added dropwise to stirring 

MeOH (100 mL) and the precipitate recovered by filtration. The solid was washed with 

acetone (10 mL) and dried under vacuum to give 58 as an orange solid (0.014 g, 42 %) . 

UV-Vis: 388 [38.0], 332 [25.2]. iH NMR (6, 400 MHz, CDCI3): 1.39 (t, 30H, Hio2,yHH = 8 Hz), 

2.70 (bs, 40H, Hb), 2.98 (q, 20H, HIOI./HH = 8 Hz), 6.60 (d, lOH, H4), 6.95-7.02 (m, 80H, H^i 

+ Hm2), 7.17-7.21 (m, 40H, Hp), 7.28-7.30 (m, 60H, Hs + H n + H„i) 7.45-7.58 (m, 61H, H„2 + 

HI6 + HI7 + HC6), 7.69 (s, 2H, Hcsj.^'P NMR: 49.9. " C NMR (6, 101.5 MHz, CDCI3): 14.6 (C102), 

27.9 (Cioi), 30.6, (m, Cb), 126.8 (C,„2), 126.9 (Cmi), 128.5 (Cn) , 128.8 (Cpi + Cp2), 129.9 (C4), 

130.6 (Cs), 131.6 (C16 + C17), 134.2 (Coi), 134.3 (C„2), 135.7 (m, Cn) , 136.3 (m, Ciz), 146.1 

(Cio). Quaternary and core carbon environments not observed. 

Synthesis of 1,2,3,4,5,6-pPr3SiC = CC6H4-4-C=CC6H2-2,6-Et2-4-C = CC6Hf4-C=C)6C6(S9). 

1,2,3,4,5,6-Hexakis(trimethylsilylethynyl)benzene (0.015 g, 0.023 mmol) in a mixture of 

MeOH and CH2CI2 (1:1, 30 mL) was deoxygenated thoroughly by sparging with N2. K2CO3 

(0.040 g, 0.28 mmol) was added and the mixture stirred for 2 h. The mixture was added to 

deoxygenated water (100 mL) and organic layer recovered, drying with MgS04. The 

solvent was removed under vacuum and the residue dissolved in deoxygenated NEt3 (20 

mL). The mixture was then added via cannula to a deoxygenated mixture of Pd(PPh3)4 (5 

mg, 0.043 mmol) , Cul (10 mg, 0.052 mmol) and 8 (0.10 g, 0.86 mmol) in triethylamine (30 
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mL). The mixture was st irred for 12 h be fore the solvent was removed u n d e r vacuum. The 
res idue w a s purified by column ch roma tography on silica, eluting with a g rad ien t solvent 
polari ty f rom petrol to a mixture of petrol and CH2CI2 (3:1). 59 was obta ined as a yel low 
solid [0.055 g, 74 %). Rf (3 : l Petrol/CH2Cl2) - 03S. Anal, calcd for C24oH246Si6: C, 87.38: H, 
7.52. Found: C, 87.31: H, 7.58. UV-Vis: 420 [sh, 24.8], 397 [36.6], 348 [26.1]. iH NMR (6, 
400 MHz, CDCh): 1.14 (s, 126H, Hsii + Hsi2), 1.28 (t, 36H, Hio2,yHH = 8 Hz), 2.90 (q, 24H, 
Hioi,7hh = 8 Hz), 7.30 (s, 12H, Hh), 7.46 (s, 24H, H4 + Hs), 7.52-7.60 (m [AA'BB'), 24H, (Hi6 
+ Hi7). " C NMR (6, 101.5 MHz, CDCb): 11.3 (Csii), 14.6 (C102), 18.6 (C^n), 27.9 (Cioi), 88.3 
(Cs), 8 9 . 8 (C19), 9 0 . 2 (C13), 9 2 . 3 (C14), 9 2 . 9 (C20), 9 8 . 3 (Ci), 9 8 . 5 ( C 7 ) , 1 0 6 . 6 (C2}, 1 2 1 . 8 (C12), 

1 2 2 . 6 (C12), 1 2 2 . 8 (C9), 1 2 3 . 3 (Cis), 1 2 3 . 4 (C3 + Ce), 1 2 3 . 5 (C15), 1 2 7 . 4 (Cci), 1 2 8 . 5 (Cn), 

131.1 (Cs), 131.6 (C16+ C17), 132.0 (C4), 146.7 (Cio). 

Synthesis of 1,2,3.4,5,6-(HC=CC6H4-4-C = CC6H2-2,6-Et2-4-C=CC6H4-4-C=Q6C6(60). 

l,2,3,4,5,6-(iPr3SiC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C = C)6C6 (0.040 g, 0 .012 
mmol) and TBAF (0.12 mL, 1 M in THE) w e r e added to CH2CI2 (5 mL) and the mixture w a s 
s t i r red for 2 h. MeOH (50 mL) w a s then added and the precipi ta te was recovered by 
filtration and washed with MeOH. 60 was obtained as a orange solid (0.028 g, 97 %). iH 
NMR (6, 400 MHz, CDCI3): 1.32 (t, 36H, Hio2,yHH = 8 Hz), 2.89 (q, 24H, Hioi,;hh = 8 Hz), 3.18 
(s, 6H, Hi), 7.33 (s, 12H, Hn), 7.50 (s, 24H, H4 + Hs), 7.55-7.70 (appq (AA'BB"), 24H, H16 + 
Hit). " C NMR (6, 101.5 MHz, CDCb); 14.5 (C102), 27.9 (Cioi), 78.9 (Ci), 83.3 (C2), 88.5 (Cs), 
89.6 (C19), 90.4 (C13), 92.1 (C14), 97.9 (C7), 99.2 (C20), 121.6 (C12), 121.7 (C3), 122.8 (C9), 
1 2 3 . 0 (Cis), 1 2 3 . 5 (Cis), 1 2 4 . 0 (Ce) 1 2 7 . 3 (Cci), 1 2 8 . 4 ( C n ) , 1 3 1 . 1 (Cs), 1 3 1 . 5 ( C 1 6 + C17), 

132.1 (C4), 134.6 ( C c o 2 ) , 146.6 (Cio). 

Synthesis of l,2,3,4,5,6-(trans-[RuCI(dppe)2(C=CC6H4-4-C=CC6H2-2,6-Et2-4-C=CC6H4-4-
C=C)C6(61). 

l,2,3,4,5,6-(HC = CC6H4-4-C = CC6H2-2,6-Et2-4-C = CC6H4-4-C=C)6C6 ( 0 . 0 1 3 g, 0 . 0 0 6 m m o l ) 
was added to distilled and deoxygenated CH2CI2 (15 mL) followed by [RuCl(dppe)2]PF6 

(0 .041 g, 0 .038 mmol ) .The mixture w a s s t i r red for 16 h. The solution was then added to 
rapidly s t i r r ing deoxygenated petrol (100 mL) and the prec ip i ta te recovered by fi l trat ion. 
The solid was washed with MeOH (30 mL) and then added to a mixture of CH2CI2 and NEts 
(10:1) and s t i r red for 20 min. The solution was filtered through a shor t pad of a lumina 
eluting with a mixture of CH2CI2 and NEts (10:1). 61 w a s obta ined as a red solid (0.035 g. 
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74 %lAnal. calcd for C498H408CI6P24RU6: C, 75.19; H, 5,17. Found: C, 74.99; H, 5.19. UV-Vis: 

406 [39.7], 335 [23.4]. iH NMR (6, 400 MHz, CDCI3): 1.26 (t, 36H, Hio2,y™ = 8 Hz), 2.83 (q, 

24H, HWJHH = 8 Hz), 6.61 (d, 12H, HI, JHH = 8 Hz), 6.9-7.10 (m, 96H, H ^ I + H^z). 7.20 (m, 

48H, Hp), 7.30-7.42 (m, 60H, Hn + Hoi), 7.50-7.63 (m, 56H Hs + Hoz), 7.65-7.69 (m, 16H, H16 

+ H17). 13C NMR (6, 101.5 MHz, CDCh); 14.6 (C102), 27.9 (Cioi). 30.6, (m, Cb), 126.8 (C„2), 

126.9 (C,„i), 128.5 (Cn), 128.8 (Cpi + Cpz), 129.9 (C4), 130.6 (Cs), 131.6 (C16 + C17), 134.2 

(Col), 134.3 (C02), 135.7 (m, Cii), 136.3 (m, C12), 146.1 (Cio). Quaternary and core carbon 

environments not observed. 
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Spectral dependent Z-scan data for 4 7 [75 mm). 
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Spectral dependent Z-scan data for 47a. 
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Spectral dependent Z-scan data for 48. 
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Spectral dependent Z-scan data for 49. 
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Spectral dependent Z-scan data for 50. 
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Spectral dependent Z-scan data for 51. 
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Spectral dependent Z-scan data for 52. 
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to the V values to aid observat ion 
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Spectral dependent Z-scan data for 53. 
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TPA cross-section plot (red) of 53 plotted at half the measurement 
wavelength. 
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The Vreai (blue) and Vim8g.(red) data of 53. A trend line has been added to the 
V values to aid observation 
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Spectral dependent Z-scan data 54. 
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wavelength overlaid on the UV-Vis spectrum (red). 
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The Vreai (blue) and Vimag ired) data of 54 plotted at half the measurement 
w/avelength overlaid on the UV-Vis spectrum (green). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 55. 
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TPA cross-section plot (blue) of 55 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (red). 
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The Vresi (blue) and VimaE.(i'ed) data of 55 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (green). A trend line has been 

added to the v values to aid observation 
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Spectral dependent Z-scan data for 56. 
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TPA cross-section plot (blue) of 56 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (red). 
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The v,e,i (blue) and Yim.B (red) data of 56 plotted at half the measurement 
w/avelength overlaid on the UV-Vis spectrum(green). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 57 

100000 

90000 

80000 

70000 

s 60000 

iS. 50000 
tT 40000 

30000 

20000 

10000 

240 340 440 540 

Wavelength (nm) 

TPA cross-section plot (blue) of 57 plotted at half the measurement 
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The Vreai (blue) and Vimag-lred) data of 57 plotted at half the measurement 

w/avelength overlaid on the UV-Vis spectrum (green). A trend line has been 

added to the y values to aid observation 
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The Vreai (blue) and Vimsg (red) data of 58 A trend line has been added to the 
V values to aid observation 
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Spectral dependent Z-scan data for 59. 
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TPA cross-section plot (blue) of 59 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (red). 
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The Vrsai (blue) and Vim,g.(red) data of 59 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (green). A trend line has been 

added to the v values to aid observation 
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Spectral dependent Z-scan data 60. 
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TPA cross-section plot (blue) of 60 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (red). 
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The Vreai (blue) and Vimag (red) data of 60 plotted at half the measurement 
wjavelength overlaid on the UV-Vis spectrum (green). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data 61 
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TPA cross-section plot (blue) of 61 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (red). 
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The Y,e,i (blue) and Vimag'(red) data of 61 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (green). A trend line has been 
added to the y values to aid observation 
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TPA cross-section plot (blue) of 62 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (red). 
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The Y r « i (blue) and Vimag-(red) data of 61 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (green). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data 63. 

20000 

18000 

16000 

14000 

s 12000 
52. 10000 
0 8000 

6000 

4000 

2000 

440 540 

Wavelength (nm) 
TPA cross-section plot (blue) of 63 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (red). 
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The Vreai (blue) and Vim>g.(''ed) data of 63 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (blacl(). A trend line has been 
added to the v values to aid observation 
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UV-VIs and open aperture experiment traces of 64 and 64a. 
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UV-Vis of complexes 65-74 
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4.2.2 Chapter 3 NLO data 

Spectral dependent Z-scan data for 26 (75 mm). 
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TPA cross section of 26 (blue) plotted at half the measurement wavelength 
overlaid on UV-vIs spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vrea i (blue) and Vim>g.(red) data of 26 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 29 (75 mm). 
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TPA cross section of 29 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vreai (blue) and Vimag (''ed) data of 29 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the v values to aid observation 
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Spectral dependent Z-scan data for 3 2 (75 mm). 
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TPA cross section of 32 (blue) plotted at half the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The v,eai (blue) and Vimsg.(red) data of 32 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spectral dependent Z-scan data for 38 (75 mm]. 
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TPA cross section of 38 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vreal (blue) and Vim.g.(red) data of 38 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 4 1 (75 mm). 
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TPA cross section of 41 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vreai (blue) and Yimag.(red) data of 41 plotted at half the measurement 
w/avelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 4 4 (75 mm). 
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TPA cross section of 44 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Yreii (blue) and Vim.6.(red) data of 44 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the v values to aid observation 
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Spectral dependent Z-scan data for 47 [75 mm). 
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TPA cross section of 47 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The v,„i (blue) and Vimag lred) data of 47 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 50 [75 mm). 
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TPA cross section of 50 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vreai (blue) and Vimsg.lred) data of 50 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 53 (75 mm). 
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TPA cross section of S3 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The v,eai (blue) and Vimag.(red) data of 53 plotted at half the measurement 
v^avelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 56 (75 mm). 
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TPA cross section of 56 (blue) plotted at half the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The Vre.1 (blue) and v,ma8.(red) data of 56 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spectral dependent Z-scan data for 59 (75 mm) . 
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TPA cross section of 59 (blue) plotted at half the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The Vreai (blue) and Vimag.(red) data of 59 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spectral dependent Z-scan data for 28 (120 mm) . 
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TPA cross section of 28 (blue) plotted at half the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The Vreai (blue) and Vimag tred) data of 28 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spectral dependent Z-scan data for 31 (120 mm]. 
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TPA cross section of 31 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vrt.i (blue) and Vimag (red) data of 31 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 34 (120 mm]. 
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TPA cross section of 34 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The v„ai (blue) and Vimig-lred) data of 34 plotted at half the measurement 
w/avelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the v values to aid observation 
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Spectral dependent Z-scan data for 37 [120 mm). 

6000 ^ 

240 340 440 540 640 740 

Wavelength (nm) 
840 940 

r 30 

25 

20% 
u 

15 i 
h 
rH 

^ l o i : 

5 

0 

TPA cross section of 37 (blue) plotted at half the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The (blue) and v,™B.(red) data of 37 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spectral dependent Z-scan data for 40 (120 mm). 
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overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The Yreai (blue) and VimaB-(red) data of 40 plotted at half the measurement 

w/avelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spectral dependent Z-scan data for 43 (120 mm). 
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TPA cross section of 43 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The Vre.i (blue) and Vimag.(red) data of 43 plotted at half the measurement 
wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 46 (120 mm). 
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TPA cross section of 46 (blue) plotted at half the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 
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The Vreai (blue) and Vimas-fi'ed) data of 46 plotted at half the measurement 

wjavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the v values to aid observation 
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Spectral dependent Z-scan data for 49 (120 mm). 
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TPA cross section of 49 (blue) plotted at halt the measurement wavelength 

overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 

as a visual aid only. 

40 

35 

^ « t I { 1* 30 

.. ' 44n , ^40 • 64n 740 '840 ~ 
' « 

740 
I 

840 
» 

Wavelength (nm) 

25 E 
U 

20 S 

15 
u 

10 

5 

0 

The Vreai (blue) and Vimag ired) data of 49 plotted at half the measurement 

wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Spec t r a l d e p e n d e n t Z-scan d a t a f o r 5 2 ( 1 2 0 m m ] . 
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TPA cross section of 52 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the y values to aid observation 
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Spectral dependent Z-scan data for 55 (120 mm]. 
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TPA cross section of 55 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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Spectral dependent Z-scan data for 58 (120 mm). 
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TPA cross section of 58 (blue) plotted at half the measurement wavelength 
overlaid on UV-vis spectrum (red). A trend line has been added to the TPA 
as a visual aid only. 
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The v,e.i (blue) and Vi™B.(red) data of 58 plotted at half the measurement 
w/avelength overlaid on the UV-Vis spectrum (black). A trend line has been 
added to the v values to aid observation 
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Spectral d e p e n d e n t Z-scan data for 6 1 [ 1 2 0 m m ) . 

25000 

20000 

2 15000 

10000 -

5000 

60 

50 

40=1 
J ' 

30 5 
h 

20 r 

» 
I 

! 10 

- M - i t - i ^ l . * * 0 

440 540 640 740 840 

Wavelength (nm) 
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as a visual aid only. 
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wavelength overlaid on the UV-Vis spectrum (black). A trend line has been 

added to the y values to aid observation 
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Foldout Figure 4.3.1 Structures of Compounds in Core Modification Series - Part 1 
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Foldout Figure 4.3.1 Structures of Compounds in Core Modification Series - Part 1 
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Foldout Figure 4.3.2 Structures of Compounds in Core Modification Series - Part 2 



Foldout Figure 4.3.2 Structures of Compounds in Core Modification Series - Part 2 
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Foldout Figure 4.3.3 Structures of Compounds in Core Modification Series - Part 3 



Foldout Figure 4.3.3 Structures of Compounds in Core Modification Series - Part 3 
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Foldout Figure 4.3.4 Structures of Compounds in Core Modification Series - Part 4 



Foldout Figure 4.3.4 Structures of Compounds in Core Modification Series - Part 4 
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Foldout Figure 4.3.5 Structures of Compounds in Core Modification Series - Part 5 



Foldout Figure 4.3.5 Structures of Compounds in Core IVIodification Series - Part 5 
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Foldout Figure 4.3.6 NMR atom labeling for compounds 1 - 61. 

Protons and carbons are labeled 1 through 20 from the terminal acetylene (1) to the 

arene core-attached acetylene (20]. The ethyl solubilising groups' C and H atoms are 

labeled by the carbon number to which they are attached to (10) followed by the number 

of carbons from the attached atom (1 or 2). The silyl protecting groups' Hs and Cs are 

labeled's' to denote silyl attachment, followed by the carbon number the to which the 

silyl is attached (e.g. 7) and finally the number of carbons from the silicon (i.e. 1 for the 

methyne and 2 for the methyl moiety on TIPS). The ruthenium dppe Hs and Cs are 

labeled with a letter denoting the phenyl position (i.e. i for the P-bound ipso position), 

followed by a number designating which side the phenyl group sits on the metal and 

phosphorus group plane: 1 is for the alkynyl-bound face and 2 for the chloro-bound face, 

b denotes the dppe backbone H or C. The arene core labeling starts with 'c' denoting a 

core derived atom, followed by a number (1-6) based on counting around the ring in the 

standard lUPAC fashion. Magnetically equivalent atoms are assigned the same label. An 

example is provided for the (l,2,4)-substituted core. In some instances, atoms are 

magnetically inequivalent with others in a similar structural environment in the molecule 

(e.g. C17-C20 in the 1,2,4- substituted core). A number denoting core carbon number 

attachment is added to the end of the atom label (i.e. C20 attached to C2 on the core 

becomes C202). 
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Foldout Figure 4.3.6 NMR atom labeling for compounds 1 - 61. 


